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ABSTRACT

The development dbsSn films on copper as coatings for accelerating cavities is a viable option to
potentiallycover the specifications of next generation particle accelerators, stiobFagure Circular
Collider (FCQO), while taking care of the optimization of key aspects like energy consumption. The
successful development of NbsSn on copper(NbsSn/Cu) scalable prototype would allow for the
operati on of Supdreendectngadio EraqeencygIRE)system at 4.%, resulting in a
reduction of the needed cryogenic power by a factor 3 with respect toswloatnally requiredfor bulk
niobium (Nb) cavities, operated at R. Nowadays, the niobiurnoated coppe(Nb/Cu) technology
developedwith Physical Vapor Depositio(PVD) techniquesjs a wellestablishedapproachfor the
production of SRF cavities, whose effectiveness is demonstrated by particle acceleratorstisech as
Large ElectrorPositroncollider (LEP-11) andthe Large Hadron Collider(LHC) for elliptical cavities

coated viaDirect Current Magnetron Sputtering (DCM&hd theAcceleratore Lineare Per [o(ALPI)

and the Isotope Separator On Line DevicESQLDE) for quarterwave resonatorgoated viaDC
sputtering As for these precursors, the developmemM@Sn/Cu cavities can be pursued \DECMS. At

Istituto Nazionale di Fisica Nuclearéaboratori Nazionali di LegnardFN-LNL) an optimized recipe

for NbsSnfilms deposited via DCMS has been established on small flat samples via the refinement of
the deposition parameters based on the analysis of the film propértidgss framework, the next
challenge lies in the scalability of the coating recipe to an ellipticalGH3 cavity prototype.The
experimental work within this project focuses on the design of a new coating system for the deposition
via DCMS ofNbsSnfilms onelliptical 1.3 GHz copper cavities. The system features a fixed rectangular
magnetrorsputtering sourchosting a stoichiometrib:Sncommercial target, around which the cavity

to be coated wilbxially rotate toproducea homogeneous coatingagnetic simulationsvereconducted

to determine the best configuration for the magnets, including their material and shape, in order to
optimize theNbsSnthin film sputtering proces3.he dedicated vacuusystemandmagnetrorwere also
designed and produced within the context of this stlilg. successful operatia thefinalized system

would contributeto validating the feasibility of Nb3Sn/Cu via DCMS technology for 1.3 GHz cavities

in the developmertdf nextgeneration particle acceleratthsit requiresuchcavities and paving the path

for the scalability of the technology toward larger machines operating at lower fregqeanhyas the
FCCee.



ABSTRAC T(italiano)

Lo sviluppo di film sottili di NBSn su rame(NbsSnCu) per cavita acceleratrici rappresenta un
promettente progetto per soddisfare le specifiche dei futuri acceleratori di particelle, come il Future
Circular Collider(FCC),dove particolare attenzione e data al loomsumo energetico. La costruzione

di un prototipo scalabile di NBn/Cu consentirebbe di operale cavita acceleratrici superconduttive a
radiofrequenza (SRR 4.5 K, riducendo | consumo energeti cdountered | 61
rispetto a quantaormalmenteichiesto per le cavita iniobio bulk, cheoperanca 2 K. Attualmente, la
tecnologia dehiobio su rame (Nb/Cu), sviluppata tramite tecniche di deposizione da fase vapore (PVD)

e ben consolidata per la produzione di cavita SRF, la cui efficacia € dimostrata da acceleratori come |l
Large Electron Positron Collid@tEP-11) eil Large Hadron Collider (LHC) peravitaellittiche rivestite

tramite Direct Current Magnetron Sputtering (DCMS)| 6 Accel erat ore Lineare
Separator On Line Device (1 SoreHerquesimprecurspbonat o
sviluppo di cavita NE5n/Cu puo essere perseguitamite DCMS. Presso l'lstituto Nazionale di Fisica
Nucleare- Laboratori Nazionali di Legnaro (INFNNL) si & eseguito uno studio di ottimizzazione dei
parametri di deposizione di film dibsSn, realizzati tramitéramite Direct Current Magnetron Sputtering
(DCMS) su piccoli campioni planarbasatosull'analisi delle proprieta dei filmll prossimo passo
consste nel rendere scalabile questa procedura, passando dai campioni planari a un prototipo di cavita
ellittica da 13 GHz.ll lavoro svolto inquesta tesi si concentra sulla progettazione di un nuovo sistema
per la deposizione di film di NBn su cavita ellittiche di rame da 1.3 GHz tramite DCMS. Il sistema
comprende u@ sorgente magnetron sputterirggtangolare fissche ospita un target commerciale di

NbsSn in composizione stechiometrida cavita, inserita assialmente sul magnetvame fatta ruotare

attorno al target in modo da garantire un rivestimento omogeneo. Sono state condotte sindilazioni
campo magneticper determinare la migliore configuraziothe magneti, il materiale e la forma, al fine

di ottimizzare il processo di sputtering del film sottile disSlb. Il sistemada vuoto dedicat e il
magnetrorsono stati progettati e realizzati nel contesto di questo siQdiesto sistema rappresenta un
contributo perconvalidare la fattibilita della tecnologia p8n/Cu tramite DCMS per cavita d815Hz

nello sviluppo di acceleratori di particelle di nuova generazion@aebessitano dali cavita, aprendo la

strada alla scalabilita della tecnologia verso macchine piu grandi che operano a frequenze piu basse,
come I'FCCee.
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1.FUNDAMENTALSOF SUPERCONDUCTIVITY

This chapter provides thestical background of superconductivity, offering readers an understanding
of the concepts that will be presented in the upcoming chapters

1.1. Definition of Superconductivity
Superconductivity isa phenomenomccording to whicha normal conduatig material exhibits zero
electrical resistity belowa certain temperature, which is typical of the material, addressadieal
temperaturgTc). In 19081], thediscoveryby Kamerlingh Onnesf helium liquefactiorextendedhe
temperature range close absolute zerdacilitating future experimentsn this temperaturenterval. It
wasknown back thethatthe electrical resistity is temperaturalependentand it was observed thals
temperaturalecreaseghe electrical resistity decreases lineafly]. However this decreasbecomes
less pronounced ake temperature approach the lower end of tiemperature rangdased on this
knowledge, Onnebegan investigating the electrical resistivity of metaldew years later, in 1918e
observedhat at the boilingooint of helium (4.2K) and below the resistivity of mercuryvould take
values below the instrumental sensitijify This was an exceptional result becatlse resistivity
decrease only in a narroVjl] temperature intervatesemblingmore ofa suddenjump rather than a
continuousdecline, as shown in thieigurel.1 a). This was thediscoveryof a new state called the
superconducting phasi&t a macroscopic level, the electrical resistance in the superconducting state can

be consideredegligible Twenty-two years laterin 1933, W. Meissner and R. Ochsenfeld discovered

that a superconductor expels a magnetic inducBfnom its interiof2]. When the temperature is above

the critical temperature Y “Y as shown in thé&igurel.1l b), the magnetic induction penetrates the

material. However, in the superconducting state ('Y , the magnetic inductio®is expelled from the
material. Field expulsiors caused byuperconducting surface currents flog/within a thin surface
layer,whose depth iknown ad_ondonpenetration depthref) and itsmeaning will be clarified later on
The expulsion othe magnetic inductiontogether with the loss of electrical resistivitgpresents a

necessary conditioto considerthe superconducting state as a new thermodynamgepha
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Figurel.1l a) Superconductivity in Mercury found by K. Onnes; b) Meissner, Effiet{1]

1.2. Brief Introduction to Theories
The theories developed for superconductivity can be categorized
phenomenologicaland microscopictheories Phenomenological theories provide a mathematical

into two broad groups:

description of experimental observations, whereas microscopic theories explain phenomena #dased on
theoretical frameworKThe theories that here will be described are: The London ThEoeyGinzburg

Landau and Bardee@ooperSchrieffer Theory. The London theory can becategorized as a
phenomenological theory, the Ginzbtirgndau theory as aemiphenomenological one and the

BardeerCooperSchrieffertheory as a microscopic theoihe main theoriesf superconductivity will

be described in the following section.

1.2.1. The London Theory

Il n nor mal met al s jo el€&trangalso al a macr@spid levealsl establiskes a
proportional relationshipetween current density asttength of the electric fielat a microscopic level

This relationshipholds true for bothdirect current(DC) and alternating current (ACat low

frequencieS]:

p ,0 (1.1

The London brothers developed the fpeenomenological theory of superconductivity. To account for

zero electrical resistivitpbserved in superconductpthey reformulatedMaxwell equations undethe
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assumption that the supercurrent can fedso in absence @hn electric field.This is embodied in the

first London equation:

2 9 1.2)

wherem, -eand¢ are the mass, electric charge and number densibestiperconducting carriers. By

applying the Ampéerdaw,n @® * @, where' is the magnetic permeability, we can derive the

second London equation:
® 11088 (1.3)

Here,l represents the London penetration depth, the distance over which the magnetic field decreases

exponentially from the surface of the superconductor towards its interior:

1] ——38 (1.4)

By further manipulating the above equation and making use of the following refei@btain the
Helmholtzequation:

Ny —P . (1.5

The above equation is valid becat®@8® mand can be rewritten as:

nH —@. (1.6)

The second London equatishows thatheLondonadaptatiorof the Maxwell equationsffectively and
mathematically predistthe Meissnegffect: the supercurrents generate a magnetic field in the opposite
direction of theexternallyappliedmagnetidield. Both the current density and the magnetic field decay

exponentially inwards.
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1.2.2.  The GinzburgLandau Theory
In 1950, V.L. Ginzburg and L.D. Landau introduced a phenomenological theory that describes the
superconducting electrons densityas spatially variable within the superconductor, and the transition

from the normal conducting to the superconducting state as a thermodynamical phase transition of second

ordef2. I n Landauds t heowbhysdefimdasor der parameter
b TAID "Yh (1.7)
b p&EI"O mh (1.8)

wherebis the position vector.
Another characteristic length arises frorstheory, the Ginzburgtandau coherence length

— (1.9)

where R h are, respectively, the Planck constant, the mass of a Cooper pair and the constant from GL
theory. It is possible now to define the Ginzblugndau parameter, independent of temperature and

magnetic field, as the ratio of the London penetration deptietodherence length:

e —. (1.10)

This parameter is used to distinguish between type | and type Il superconductors, according to the

following:

(@)}

= 0 o R (1.11)

(@)
|

=0 0 wriom (112



13

Type I Superconductor Type I Superconductor

=

Normal

Applied magnetic field
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Superconducting
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Figurel.3 Temperature in function of magnetic field applied in type | and type Il supercondu
from [2].

Type | superconductors switch abruptly from the Meissner state to one of full penetration of magnetic
flux, the normal state, at a walkfined critical fieldd which depends on temperature, as depicted in
Figurel1.3. The Gibbs functions allow to calculate the behavior of a superconductor in the presence of
an applied external inductiah 8Under specific conditions, this leads to the identification of a lower
critical induction 6 0 ) and an upper critical inductior® 0 ), for which the conditions
discussed above type Il superconductors adplge Il superconductors are characterized by two critical
fields,6 and6 , both of which depend on temperature. When the magnetic field is in the range of
m 6 0O ,the material is in the Meissner staite which the magnetic field is completely excluded

from within the superconductor. Intherange 6 6 ,the material transitions into a mixed phase,

often referred to as Shubnikov phase, where part of the magnetic field penetrates the material through

magnetic flux lines known as Abrikoswortices. The core of an Abrikosov vortex is normal conducting.

[¥] 3
$oL!

%AL

—

normal core

@ (b)

Figurel.2 Schematic illustration ia) of superconductor of th&hubnikov phasend in b) the spatial distribution of a magneti
flux and of the order of parameter of Abrikosov vortiegm [1]
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For magnetic fields greater than the superconducting state ceases to exist altogether. The Shubnikov
phase is schematically illustrated gurel1.2 a) while the spatial distribution of the magnetic field and
of the order parameter at a single flux line is depicteigure 1.2 b), with the characteristic lengths

_ andsgL also indicated.

1.2.3. The BardeenCooperSchrieffer (BCS)Theory
The microscopic theory ;fuperconductivity was developed by Bardeen, Cooper and Schrieffer (BCS)
in 19574], 46 years after the discovery of the phenomenon by Okhres that time, no other theory
had explained thenicroscopicnature of superconductivity. The BCS theory provides a microscopic
explanation by describing superconductivity as the result of coupling of elefiroriag new entities
known as Cooper pairghichare the result of interaction between electexthangng virtual phonons
These pairs consist ofvd electronsvith opposite spins and momentasultingin a systenwith total
final spin andnomentum equal to zerdhechange fronhalf-integer (single electrons are fermions with
spin 1/2) to a total integespin (the pair is a boson and has spidétermineghe collectivebehaviorof
the Cooper pairsyhich can condense into a collective state, followinggbseEinstein statistics
The attractive interaction arises when the energy difference between electronicsdegsedhan the
phonon energy] near theFermilevel O . A conceptual representation Gboper Pair formation is
shown inFigure1.4: asan electrormovesthrough the latticgt is attractedo the positivechargedons
of the latticecausing a deformatiorhis deformation leads teirtual-phonons emissiqrecreating a
positively charged region that attracts another electidrerefore, the two electrerwhich would
typically repeleach otheiare instead bound by this attractive interactioediated by phonond his
interactiongives rise to an energy gatbetween the BCS ground state and the excited s8t&stiss
believedthat superconductivity was fully understood and could ewtur at temperaturesdove 30 K
theoretical limitset in relation with the weakteraction between electrons of B2E The BCS theory

B -
L | i b + +
@ electron @~ & Cooper pair

Figurel.4 Cooper Pair formation from [2].
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is used to predict all the thermodynamic, electromagnetic, and spectroscopic properties of the

superconductors known at the time, referred alsmagentionakuperconductof2].

1.2.4. Two-Fluid Model
L. Tiszd5] developeda twofluid modelstarting from thadeaproposed by. Londor{6] that helium
might undergo Bos€&instein condensation when cooleelow 2.2 K The twofluid model describes
superfluid helium as twdluids, the normal fluid and the superfluiach of these fluids has its own
velocity and inertiawith minimal to no exchange of momentum between thEms model isalso
applied to superconductivity, the normal flur@presenting viscous liquid related to the electron gas in

the metal while the superfluid is a frictionledtuid related to thelectronghat cause supercurrents.

The charge carriedensites are m and r, respectively fornormal conducting and superconducting
carrigsreferring to each fluid. The tal charge carrier densityis the sum of two ani represented as

follow:

E : & (1.13)

By introducing thenormal and sup#éuid fractionsx, and % so that x +xs = 1, the total carries density

can be rearranged as follows:

Eta o, (1.14)

The model describes also a temperature dependétize superconducting carrier density:

¢ ot (1.15)

Therefore, the total current explained as the sum of two distirgectd independent components as

follows:

p ,0 p b, (1.16)

Wh e r ig thelsunof the conductivity of the normal conducting and superconductnguctivities
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R O K (1.17)

1.3. ACSuperconductivity

1.3.1. Surfacelmpedanceof Normal Conductors
The solution 6Maxwell equationgor the interaction caused by the collisiorenfelectranagnetic wave

with the surface o normal conductogives a complex surface impedaZs@xpressed as:

” Q. 11

5 P9 (L.18)

where,& s t he el ectrical conductivity and rwfthes t h
incident electromagnetic fieldFor the equatio(iL.18, the approximation | 1 -wasmade, wher e

the pemittivity. The relation caberearranged into a real part and an imaginary asfellows:

G Y 'Qdb (1.19)

where R is the surface resistance andiXthe reactanceyhile the skin depth is expressed as:

A — (1.20)

So,considering the approximatign | 1 - the surface resistancan be expressed as:

v (1.22)

The above relationsold trueunderthe conditionthatthe skin depth is muchreater than the etctron
me an f r ee ,whihjustfigsthe loeatitycbngitionof the Maxwell equation. In the case where
U & wsually at low temperatures and highguencief’], thelocal conditions are no more valid the

éanomaloudskin deptharisesii® ( ¥ °)



17

1.3.2. Surface Impedance of Superconductors
The complex surface impedance of a superconductor depends on HfleitMconductivity, and it is
represented as:

— 1.22)

By rearranging the equati@nd considering that just below, T2 >(> ; idistill valid, areal part and an

imaginary part arextracted as follow:

Y -1 (1.23)

O 1 _. 1.24)
Equation(1.23 shows thathe surface resistance of superconductsrproportional to thesquared
frequency meaning thatpy decreasinghe frequency,the surface resistancef the superconductors
lowers much fastecompared to normal conductonglost of the superconducting systemvork at
temperaturesbove0 K, at which not all electrons form Cooper pass, that bothCooper pairs and
normal conducting electronsoexistin the material. When a electromagnetic fieldpenetrateghe
superconductor surfaceithin thepenetratiordepth the resistance that the material wihibitis called
BCS resistangewhich is associated to thexistence of the unpaired electroffie BCSresistance is

defined as follow:

N

(1.25)

where A isa constant and dependsspecificproperties of theuperconductoiSuperconductorsan be
divided irto two categories, clean and dirty, basedtloarelationship betweethe electronmean free

pathandthe Recswhich is indicative of the material purjtgs follows:

QO QOEN Q1 wé ¢NQF6 o€ h (1.26)
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(of

It was observe@®] that Recs, below a certain temperaturgould cease to followthe exponential trend
andapproach a constant value. This is taken into account by the residual restsdasoethathefinal

expressioror thesurface resistance can be written as:

YooY Y (1.29)

where Resaccounts for theonstantsuperconductoresistance showas the temperature tends to 0 K
Thecauses fothe Rescan bediverse butthe purity of the material is certainly involved.

TheResiduaResistivity Ratio (RRR) isised as an indicator of tineaterialpurity, and is defined as the

ratio of theelectricalresistivity at ambientemperature” to the resistivityat absolute zero kelvin

¢

222 —. (1.29)

Whena SC material is involvedts resistivity measured just abolgreplaces thé  in equation(1.29.
Currently, niobium is available witRRR = 200- 400 worldwid¢9], with RRR of at least 30®eing
required for SRF cavitieglowever,niobiumcosts are much higher than copfmppercost isonly 10

% of niobiunj10]), which becomesignificant when large quantities cavities need to be produced, as
in the case of LHC and FC@ addition, copper has a better thermal conductivity than nighieaning

a better heat dissipatipm fact, at 4. thermal conductivity of copper is between 300 and 2660

depending on the purity and annealing conditions, compared te—75of niobium at the same

temperatur®]. Thisenables copperavities to operate between 425 K, whereas bulk niobium cavities
need to operate at around 2 K. Moreovapper reduces the need of using superfluid hebunah
eliminatesthe need for pumping resulting in lowawyogenic pumping consumption. For these reasons
Nb/Cu cavitieswere successfly deposited using Direct Current Magnetron Sputtering (DCK8)
LEP-II (352 MHz, 4 K)and LHC(400 MHz, 4 K)[10]
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1.4. Superconducting Materials

The temperatures of interest for superconductivity applications fall within the cryogenic range,
specifically from-150 °C (12X) down to absolute zer273 °C (0K)[11]. This rangevas chosen based
on theT. of the materiad discovered up to dat€he BCS theoreticabmperature limibf 30 K[2] can
be used to marthe border between Lowemperaturé&superconductorf. TS) and HighTemperature
SuperconductordHTS). As shown inFigure 1.5 [12] superconductivityvas firstobserved amongure
elementssuch asnercuryHg with aT; = 4.15K, followed byleadPb= 7.2 K andniobiumNb = 9.15
K. The next step forwandasniobium nitrideNbN with aT¢ of 16K followed byalloys such as niobium
titanium NbTi and vanadiun8-silicon V3Si. To furtherimprovethe critical temperaturA15 materials
were developedwvhich are briefly described in tmext sectionThe recordlc found br LTS was 23.2
K for NbsGe, anA15 compound For the higitemperature superconducting materiaSS cannot be
applied and the& description is attempted kseparate stardlone model®]. The first HTS material
discoveredwas an oxide based ceramita-Ba-Cu-O systemwith a T¢ of 35 K. This discovery was

accomplishedy J.G. Bednorz and K.A. Muller in 1986 and earned them the 1987 Nobel Friagsics.

7
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Figurel.5 Different superconducting materials with their respective critical temperature &
function of the year of discoverfrom [2]
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These findings led to the discovery of new HTS materials sudhBeaCu-O with Tc of 92 K, Bi-Sr-
CaCu-Owith aTc of 110K andTi-Sr-CaCu-O with aT¢ of 125K.

1.4.1. NbsSn: A15 compound

A15 compounds are characterized btygical cubicstructurea | s o  eWA(l fivodfrdm), Bince the
structure was first found in an allotrope of tungsten. The idempoundformula isAsB, whereA is
usually a transition metal liké, Nb or Mo andB is a nontransitional metal such &4, Si, Geor Sn
NbsSn, of great interest fomccelerating SRF cavity technolodyglongs to thisclass of materials.
Superconductivity ilNbsSnwas discovered by Mathias et al. in 1P} and its higheshbserved critical
temperature is 18 R, reportedoy Hanak et al. in 19644] . The material has gotten particular attention
due to its ability when superconductingp sustairarge current densities, far beyond the limits of the
commonlyemployed\bTi. Intermetallic niobiurtin, whosecrystal structurés shownin Figurel.6[15],

is based on the superconduchdin, which has abody-centeredcube BCC) structureand a critical
temperature of 9.K, or on a metastabl&lbsNb A15 structure with a critical temperature of KP16].

In thermodynamic equilibrium, when alloyed with t can form compounds in different forr;.
pSH (TP Y 1 1@ vorthe lineNbsSrsandNbSn as shown in the phase diagrantigurel.7.

Figurel.6 NlsSn, an A15 compound where B atoms form a body centered cube and Aaatoptaced
along the three orthogonal directionfom [15].
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Figurel.7 Nb-Snphase diagramfrom [16].

The phase of interest occurs fovalues between 0.18 and 0.2%his phase can be achieved either above
930 °C in aSnNb melt or below this temperature through saiidte reactions between Nb axlsSrs
or NbSn. From a mechanical perspective,sSh is brittle and has low thermal conductiyityaking it
unsuitable for machining and limiting its use a bulk materialA promisingalternative ar¢hin coatings

of NbsSn especiallyfor SRF cavities when applied toigh-thermal conductity substrates like
coppefl7].
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2. SRFACCELERATING CAVITIES

This chapterintroducessuperconducting RF accelerating cavitiisbegins withthe definition othe
accelerating cavityalong with an overviewf the mosimportantfigures of merit. Section2.2 explores
themeaning of thin films in this context, followed by a discussion ocadVventagegor using NBSn
coating on copper cavities.

2.1. Working Principles

An accelerating cavity isspacesnclosednade ofconductivematerial, where electromagnetic ratha
tranders energy to the charged particles moving througihg geometry of theavity is selected in such
away thatthe excitation of a particular modean be transferred efficiently to a charged parti€lee
simplestgeometry for aesonant cavitys called@illboxé a metallic cylinder of length andradiusR.
Thepossible electromagnetiield configurationswvithin any cavity arisefrom the solutiors of Maxwell
equatiors. Depending on thestablishedboundary conditiog two distinct sets ofcavity modes are
producedthe transverse magnetic (TM) and the transverse electrionfolgs. The modeillustratedin
Figure 2.1, is the4 - , which is commonlyused in particle accelerator$ featuresa maximum
electrical fieldalongthe axis of the particles beaanda minimum at the cylindrical faceswhile the

magnetic field isat its maximunon the surfaces aratits minimum at the faces.

Figure2.1 Pillbox simplest resonant cavityith the electric field depicted in re
and the magnetic field depicted in lelufrom [18].

The key figures of merit used to evaluate RF and Superconducting RF (SRF) eaettieaiccelerating
electric fieldO , the quality factorQo, the dissipated poweb and the shunt impedan&é. These
parameters depend on the surface resistRacd the inner wallof the cavity The accelerating field
(usually referred to agradien} experienced by an electrtmavelling along théongitudinal pathis given

by the ratioof the accelerating voltages to the distanced travelled The accelerating voltage is
the ratio of the maximum energy gain of a particle mowdogg the cavity axis to the charge of that

particle:
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o —. (2.1)

The energystored inside the cavity is represented as:

Y -4 $§BQUL -- _ BQYU (2.2)

whereH is the magnetic field an the electric field.

The dissipated poweb , also addressed a@swity lossesdepend on the surface resistan&s of the

inner wallsof the cavityas follows:

P

E'Y s@BOB 23

The quality factoQo is the raticof the stored energy theenergy dissipated per unit cycletire cavity

walls:

L. 1t s®Qy
: ,SCBh

0 (2.9
Y S8 Qi

wherg is the resonate frequency of theselectednode.An alternativerepresentation of thabove

equation is a follows

1Y (2.5

whereU is the stored energy aridis the dissipated power.

The intrinsic quality factord canalsobe expressedis the raticof a geometric facto6, which has

dimensions o& resistance artkpendsolely on thegeometryof the cavity to the surface resistande:

5 — (26)

whereG is given by the following expression
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The shunt impedande, is a measure of the efficiency of the cavity with which converts input power
into accelerating voltage. It is described as the ratio of the accelerating voltage to the dissipating power

by the cavity:

V. 2.8)

Themain limitations of SRF accelerating cavities can be grouped into rgephenomea electron
multipacting, field emission and thermal breakdown. Electron multipactiogrs wheran electrorhits

the surface of a metal generatsgcondary electrongith high energies. Tis processgnitiates a chain
reaction that lead® the formation oinelectronavalancheThis phenomenon affects tperformance

of the cavity and is usuallgduced by making the cavity spherical or ellip{fit8@]. Field emission ishe
emission of electronby microscopicimpuritiesin the cavity.This phenomenon can be reduced by
rinsing the cavities witthigh pressuravater orapplying RF power for a certain amount of t[df,
causing the 0 mpurtes Tharmabbreakdownoctues due toRF lossesin the
superconductomwhich canlocally induce a increase in temperatucd the cavity. If the temperatures
higher tharthe critical temperaturghe material becomes norn@nducting a phenomenon known as
guenchingA possible solution to this phenomenon isdbelicationof a thin layer o superconducting
material(e.g. niobium)nto anormal conducting material with better thermal conductivity (e.g. copper)
which is able to dissipate heat and prevent quenching.

2.2. The Thin Film Option

The boundary between thin and thick films is s
used as the dividing line between thin and thick fi[2@. For a complete screening of the RF field a

mi ni mum thickness of 10shduldbeedspostted.dhispreangthat degositedn ¢
thickness should be around@®5 ¢ m and it can be achieve2l]lHoy dif
niobium, the penetration depth of RF fields is approximately 4¢22h Consequently, the deposited
film should be in the order of 1 &m. Thus, t hi

SRF surfaces and materials.
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Vapor Tin Diffusion (VTD) and Liquid Tin Diffusion (LTD) are techniques specifically used with
niobium substrates and are unsuitable for other materials like coppBr.isvthe most widely used
technique for depositinilbsSnonto Nb cavities. 1.3 GHz cavities coated witlhD/are expected to
achieve aQo of about ten times than bulk niobium cavities %16t T = 4.2 K23]. LTD involves
immersing the niobium substrates in a molten tin bath, followed by annealing in ahigittreacuum

(UHV) furnace. This technique cannot be applied to substrates like copper as the temperatures (above
950°C) involved exceed its melting point. Even if copper could withstand these elevated temperatures,
immersing a copper cavity in molten tin would result in the formation of bronze. Significant research has
been conducted on this technique at LNL, on 6 GH#ieayto eliminate the use ofXig tin chloride as

a tin source employed in thel technique. An alternative manufacturing approach is Direct Current
Magnetron Sputtering (DCMS), a physical vapor deposi{leviD) technique that has successfully

produced higkguality thin filmsacross a variety of substrates.

SRF cavities are typically made djulk niobium mainly becauseiabium has the highest
superconductingritical temperature (9.8) among superconducting pure elementsthatdighestower
magnetic fieloBc1[10], relevantas the cawy must be operated in the Meissner staAfeer more than a
half a century of development, the performancebofk niobium cavities has reached their theoretical
performance limit in terms of maximum accelerating field and surface resistante8 GHz cavities at

a temperature of 2 Kccelerating fields higher than 20 M¥ and BCS surface resistance of less than 2
nqg [24]. Niobium and copper are the most emplogagerconductingnd normal conducting materials
respectively, for the fabrication of RF cavities. The choice of whether using niobium or coper
depends on the specific applicatioon the accelerator specifications and on energy efficiency
consideratiof25]. This thesis focuses on the development of a systethdgoroduction oERFcavity

prototypeshencethe emphasis igiven tosuperconducting materials.

2.2.1. NbsSn on Cu Cavities
To further limit the construction and fabrication costs of accelerators at a large scale, an alternative
material to niobium is required. In this context, a material with a higher superconducting transition

temperature, a high accelerating field and lowatefresistance would be the most desirable option.

Possible materialthatsatisfy the above requiremerate. A3 h C"h A AT AA 4 dRemarkably,
. A3 Trepresents a potential alternative material with a theoré¥a#|18 K. NbsSncannot be used as

a bulk material for cavity production because of its brittle natureitandw thermal conductivity.
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However, a superconducting film RbsSncan be deposited on the surface of a cavity structure made of
copper or bulk niobiuniThe mainkey figures of. A3 T arethe accelerating fiel® and the quality
factor0 . At the samdrequency, th& value of the A3 Tcavities at 4.2 Ks twoorders ofmagnitude
higher of that of Nb and comparable toNb at superfluid helium ofT = 2 K[17]. However,high0

values for. A3 Tareobtained up to 181V/m, after which a linear drop is observéthe highesO

achieved is below 3P1VV/m, while the theagtical limit is above 1004V/m [17].

The state of arbf NbsSntechnologyhighlightsthe need of implementing coatBib:Sn'Cu cavitiesfor
future acceleratorsThe selectionof Cu cavities isdriven not only by costconsiderationswhich are
importantespeciallyat largescale but alsby the fact thaCuis not soluble inA15 materials and lowers
the temperature of productiasf NbsSn Different researchaboratoriesworldwide arecollaborating

toward this goal.

At LNL, where this thesis work wasonducteda base recipe fdibsSnhas been developediliis of
NbsSnare depositedn various substrates including sapphire, copper with and without niobium buffer
layerandbulk niobium The next step involvethe scaling up ofhe procesdo 1.3 GHz cavitiesThis
thesis workis framedwithin this context through the design of a system capable of implemehg&ng

optimized recipendadaptingt to the prototype cawt
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3. PHYSICALVAPORDEPOSITION(PVD)

A dedicatedchapteris givenhere abouteposition techniqueand their state of arfThe aim isto give
the readethekeyconceptsiecessaryo understand andppreciatehereasons behinthechoices made
in chapter4.

3.1. PVDTechnique

Physical Vapor Deposition (PVD§ atechnologyused to deposthin films, andis based otechniques
such as evaporation, ion plating and sputterifige thickness othe depositedilms canvary from

angstroms tanillimeters.PVD typically involves three stei0]:

1. Material evaporation: this step begins with the transition of the material from a condensed
phase (either solid or liquid) to the vapor phagkis may involvereactions between
compounds, some of which are introduced in gaseous or vapgr form

2. Vapor Transport: the vapor igransported from theourceto thesubstrate

3. Vapor Condensation upon reaching the substrate, the vapondenses, leading to film

nucleation and subsequent growth

The PVD technique we are focusing orsmittering specificallymagnetrorsputtering which will be

describedn the next sectian

3.2. Sputtering Deposition

Sputteringis a deposition technique uséal deposit thin filng on substratesThe target material is
removedby ion bombardment. Twmethod can beappliedto produce ionsby use ofan ion sourcer

by plasma formationT he first onecannotbeusedon alarge scad, while the second one is the most used
and the one that will be considerddr this project Sputtering depositioman be divided intdour
categories: DC, AC, retive and magnetrgd6]. All these sputtering processeshare the same
configurationthat consists of planar diodes with cathodes and anodes positioned one in front of the other.
Targets of all important matais for scientific and industrial purpos@se commercially available
including their compositionsuch as oxides, boridesarbides, nitridesetc. Targets have different
shapessuch asectangular, triangulacircular, conical diskgproids andcandiffer in size from 10 cm

to several meterslepending on the applicatiohargets made of elementsgmthavea purity of 99.9%%

or better andare madeaccording tostringent stoichiometryln fact, the target of our commercial
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magnetrons made of aluminum with a purity of 99.99 ¥he target can be powerbg DC current for

conductive targetfRF for nonrconductive ones dvy applying current and/or voltagellses.

The simplestind oldessputtering techniquis DC sputtering called alstiode or cathodic
sputtering20]. The glow discharge is obtained agplying arelectrical fieldbetween aode and
cathodeHigh pressures of the order of few pascals are requinggbthuce ions able to sustain the
dischargeHowever film depositionratesare too low arounda few hundredf angstroms per meter
making it no longer to be uséar production To improvethe ionization efficiency a magnetron is
used,t produces anagnetic field thatonfinesthe electrongmitted by the cathode the region above
the target. Thereforéhe most commodeposition technique used fgrowing thins films by sputter
deposition idy the implementation of @agnetronMagnetron sputtering is practiced in DC, AC, and
RF regime$26].

3.3. DCMagnetron Sputtering

Magnetron sputtering is thraod establishe@nd widelyusedtechnique, capable oproduéng coatings
that range from very thito thick consisting of nanoscal® microscale harénd/or soft layers and
phaseg0]. Thesimplestsputteringarrangementonsists o targetat cathode potentigblacedin front
of the substrate holder, which is typically set at anode potential or grqiagigigown irrigure3.1[27].
Argon gasis introduced into the sputtering chambehere itcollides with free eéctrors, resulting in

ions described by the following formula

Q 0 ¢Q o
At the same timethe electrons generated fromesiecollisions will interactwith other argon atoms,
leading to the production of additionahs resulting in a chain reactiavhich leads to plasma formation
The positiveargon ion® are attractedo the negativelychargedarget and uporacceleration toward
the targetthey gainsubstantial energylhis energyis transferred to the targethdpart of itresults in
the ejection of atomahichwill depositthenonto the substratevhile theremainng energy isconverted
into thermal energy which wilheat the targefThe plasmagnition thresholddepends on aurrent
voltagerelationship whichin turndepend on thegaspressure andnthe distance between cathode and
anode. Thiphenomenon is wedistablishethy the Richerd kaw[20] descriling thevoltage breakdown,

that istheminimumvoltage needed to initiate glow discharge afunction of the product of the distance

d betweerthe twoelectrodeganodésubstrate and cathaltirge) and the pressurd® as follows:
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R 29 , (3.1)
20 -

whereA, Bare constants aridis the emission yield induced by ion bombardmBaschea kaw isthe
analytic expression obtained by fitting the experimeataivesmeasured by Paschemderdifferent
voltage pressure anélectrode gap conditions, as well as for different gatbed demonstrate the
efficiency of the magnetic fieldenerated byhe magnetsisually positioned beneath the tafgét. A
magnetic fieldoroduced by either permanent magnets or electromagina@peshe magnetic field lines
around the target andsialethesputtering chambefThemagnetic field generated by permanent magnets
creates a field tunnel with the scope of confining the electrons near the target, sncfaeang their
mean fregpathand enhancinghe gas ionization proceby promoting collisions between the electrons
and the gastoms/moleculesAnalysis ofthe Paghencurvesshowsthatintroducinga magnetic field
lowers the breakdown voltader fixed pressure and distance between electra@ssilting ina higher
deposition rate. Thiadvantage is a key reasany magnetron sputtering is preferred to fraagnetic

diode sputtering.

. Substrate

= Substrate

Argon (plasma)

Cathode (-) :: Target (source material)

s N s T

Figure3.1 DCMS, a Physical Vapor Deposition Technfaua [27].

The main parameterglaying a role orthe depositionprocessof thin films via DCMS are briefly
described beloj23]:

1 Substrate temperature: by increasingthe temperatureof the substratethe adatom mobility
increasesso thatthe mobility andthe diffusion of the deposited specaepromotedresulting

in alarger grain size and a den$ém;
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1 Depositionpressure low pressurgincreasehe mearfreepath of the sputtered at@meducing
the likdihood of collisions with thesputtering gasAs a resultthese atomseachthe substrate
with a high kinetic energyMeanwhile high pressurekead to more frequent collisions with the
sputtering gsg, causing the atoms to lose kinetic energy and reach the substrateywifinastly
reduced enenxg

1 Sputtering gas in nonreactive magnetron sputteriingert gases such as argon and krypton are
commonly usedAn importantfactor to considers the mass of the gakeaver gasesexerta
greaterimpact on the target arade less likely to baapped inthe film during growth

1 Cathodepower: the energy of the sputteratbmsdoes not depend dhe energy of the incident
ions,which is well describe by Thompd@8] in terms of differential sputtering yiekd(E):

170Q0 — T Q0 32

where EE,, S, ar e theesemyejectiono?teelsputteredtoms, the surface binding
energythe energy transfer factor. The latter is defimegrms of the atomic mass of the gas used

Mi and of the sputteremiaterial M, as follows:

10 0
0 0
Increasing the cathode povesthanceshe sputter yieldwhich in turnraisesthe deposition rate.

Additionally, higher cathode poweesultsin fewer trapped gas ions withthe film.

3.4. Magnetron Configurations

Magnetrons are cold cathode discharge devices in which magnetic fields confine the plasma above the
cathode in annular rings, producing an erosion profile on the taigge are three differentagnetros
configuratiorg{26]: postmagnetron rotating cylindrical magnetrorand planar magnetrorin post
magnetron a magnetic field is applied to the surface of cylindrical tavghtflanges placed at the end

of the targetas shown irrigure3.2 a). The flangesareset at a negative potent(@athod¢ sameas the
targetanddo not allow electronsom escaping axially. Rotatinzylindrical magnetronshown inFigure

3.2 b) consistof a cylindrical tube targethich is rotated around a stationarygne configuration.This
magnetron configuration is used to imprdeeget utilizatiofi20]. The mainweak point of these two
configurationds the complexdesign anddbrication compared to the planar ofbke following section

will describe the planar magnetras it isa keypart of ths experimental work
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Figure3.2 a) Postmagnetronconfiguration, from [26]; b) Rotating cylindrical configurationfrom [29].

3.4.1. PlanarMagnetron

Of thethree magnetron configurations, the planar one is the coosinorj26]. The planar magnetno
illustrated inFigure3.4, consists omagnets positioned behind the tangetitherrectangular or circular
rings dependingon whetherthe target isrectangularor circular shapeMagrets configurationin a
rectangulamagnetron consists oharray ofoutermagnets that form a rectangular shafradk with a
parallel magnetizatiorwith magnetic lines that start from therth poleandendin the south pole of the
magnetTo form a tunnelan array of magnetwith antiparallel magnetizatiors positionedn the center

of therectangular configurationThis configuration together with an iron platempletes thenagnetic
circuit promoting the electron motion within a region called racetraible. megnets assemypldefines

the magnetic fieldbver the targetThe presence of the magnetic field affects the electron trajectory

causingt to follow cycloidal orbits. Electron trajectory determinedy the Lorete force:
D A0 b &), (3.4)

where q,Q, i, @, are respectivelythe negative charge of the electron, the electric ftaklyelocity of

the electron, the magnetic field.
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The electron motion can be divided into theeenponents. The first component is the movement of the
electronalong the magnetic field linethe second is the movement of the electron around the magnetic
field lined with radius known as Larmor radius:

J— (3.5)

whereu is the velocity of the electron perpendicular to the tarfet. third component of the electron

motion is the®@ @ Hall drift, as illustrated irFigure 3.3, which consists in the electron movingan

helical motionthat results perpendicular to theagnetic and electric fields.

B A B
Small v,
€ | e
— = W
.
F
large v;

E x B drift k /”*

Figure3.3 Hall drift illustration of the electron motigrirom[20].

The magnetic field is parallel to the target surface only in certain points. This comgoresmonsible

for the cycloidal orbitabove target surfacavhile the vertical component diredtse electrons toward
the central area between the magnéikerefore, for both rectangular and circulamagnetron
configurationsthe maximum ionizatiomappensn the region between the magnets, where most ions
will be generated-or a circulamagnetrona torusshaped plasma results iciecularerosion racetrack

as shown irFigure 3.4 b). For a rectangulashaped plasmadhe erosion pattern is rectangudashown

in Figure3.4 a).
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EROSION TRACK

ELECTRIC

MAGNETIC
FIELD FIELD

LINES

HOPPING
C

CATHODE

a) b)

Figure3.4 a) Erosion track in alanar magnetron configurationfrom[26]; b) erosion track ia circular magnetron

In 1986 Windows and Savvid€a9] first introduced balanced and unbalanced magnetrons. These terms
wereused to indicate the relative strength between central and outer mdfyttetscentral and outer
magnets have the same magn#iice the magnetron is considered balanced, otherwise the magnetron
is unbalancedn addition an intermediate balanced magnetronfiguration exists as shown kigure

3.5.
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AN

TYPE 1l

TYPE | INTERMEDIATE

Figure3.5 Different types of magnetron according Yéindows and Savvidedassification from [26].

A balanced magnetrazorrespondso low ion bombardmenand the field lines areonfinedaroundthe
racetrack An unbalanced magnetratiows electroato escapérom plasma andeach the substrater
the coatingorocessresultingin changesn the shape of the magnetic fielGenco@9] uses a simple
methodto define balanced and unbaladaaageronsinto six groupsby introducinga factor denoted
asg factor. The value ofy is defined as the ratiaf Zg;-0, whichis the distancéom the targetlong the
z directionat whichthe magnetic field igero @lso calledinull pointd), to half thewidth of the targew,

as shown irigure3.6:

N — (3.6)
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~1.Bz = 0 (Null Point) Group number | Group - Zp.0
Description 9= Wy

| Extremely g22.00
balanced

Il Very balanced 1.75<g<2.00

1 Medium 1.50<g<1.75
balanced
IV Unbalanced 1.25<g<1.50
v Very 1.00 €g< 1.25
unbalanced
Vi Extremely g<1.00
unbalanced

Figure3.6 Chssification of magnetrons according to Gencfram [30].
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3.5. Sate of Art of aCoating System For 1.3 GHzElliptical Cavities
This following sectiorconcludeghefinal partof the theoretical backgroundith the state of art of the
coating system for 1.3 GHz elliptical cavitiés.thenext chapterwewill revisit some of theconcepts

introducedhere and compatbemwith the actual decisions mateour experimental work

A coating systerfor niobium thin films onl.3and 1.5GHz copperelliptical cavitieshas beenleveloped
at CERN[30] and shown in Figure.7. The system consists & vertical cylindrical magnetron
configuration in which the cavityserves as a vacuum chambéence one of theends of the cavitieis
connected tdhe vacuum systepwhile the otheroneis connected to aet upwith astainlesssteeltube
that houses a central and two peripheral niobium targets. Additionally, the tulesigned to
accommodate magnetwhich can be movetb regions where plasma generatedvith the scopeof
providingauniform coating The central part of the cavity, alsalledequatoris the most critical region
as itaffects the performance of thecelerating cavifi30]. In this set up, thequatoris aligned with the
centralcathodeand the coating procesensists of moving the magnet in the central region of the target
where the plasma is generate@hecoatingprocess igarried ouusingeitherHIPIMS or DCMSin one
run. The cylindrical endsof the cavity connected to tlegjuatorare called cubffs. Lateral targets are
positioned in front of the cudffs, which arecoated in five different stefpy DCMS.

/T cuy
ﬁ =
§ | §Ceﬂmic insulator

RF Cavity

Q Main Pump
lefe.tenua]

pumping

Figure3.7 CERN system coating for 1.3 and 1.5 GHz ca\fities [30]
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4. DESIGN OF A COATING SYSTEM FOR 1GHz
ELLIPTICAL CAVITIES

This chaptediscusses the main steps that have baeplementedfor the experimental worlof this thesislt
begirs with thedescription othe optimized\Nbs;Sn recipe and firoceedswith the design of the system
concludingwith the simulations of theectangular magnetron

4.1. Optimized Recipe for the Depositiorof NbsSn via DCM®n Small Samples
At LNL, an optimizedrecipe has been developéar the sputtering ofNbsSn via DCMS on flat
samplef31]. The substratessed for NBSn deposition at LNlaresapphire, coppgecopper with a thin

layer of niobium( 1 & m a natdbulkhioldum,as shown iRigure4.1. Sapphire does naiffect
film properties angervesas areference for tafilm deposited orcopper substraseAll substrates are

kept in rough vacuum until the deposition process.shown in the previous chapters, copper and

niobium are the most used materifds SRF applications and understanding the behavioNb{Sn
coating is a key aspecthe coatingprocesss a result of three yeand ongoingesearchstudy and
consists othe followingsteps:

1 Substrate preparation: the preparation includes cleaning the substrates in an ultrasonic de

ionized water bath, located in the chemistry lab. Each substrate is spatsfically.
U sapphire substrates areleaned in an ultrasonic bath wighsolution of deionized water
andindustrialdetergent
U copper substrates are polished usttyBU5to ensure a smooth surface

U niobium bulk substratese treated by buffer chemical polishing

sapphire copper (Cu) Cu + NbBL-1 Cu + NbBL-10+ bulk Nb
10 mn:/’- ; y g
i? sy
—D €
10 mm 20 mm

Figure4.1 Substrates for Nb3Sn deposition at LNL
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1 Sample andholder assembly the samples are mounted on a stairtgssldisk, secured in place
usingM2 screwsThe assembly of the N8ndeposition systerat LNL is shown inFigure4.2.
Thedistance betweetine samplérolderand the targes 9 cm In the same figure is also shown
thestainlesssteel disk with the substrates mounted before and after depoA&itisubstrates are
rinsed with ethanol before mounting the substrate holder in the vacuum chamber

1 Flangeinstallation and vacuum preparation: the sample holdés mounted on #angewhich
also supports the IR lamps for the heating of the substrates during the deposition prosess.
flangeis mounted to the vacuum champand the system is pumped dqgwn

f Leak detectiort once a pressure of aboyt 1 | A Ai®achieved, theleposition system is

connected to a mass spectrometer designed to detect hieliomm asleak detectarThe lowest
helium flow detectable with this instrument @&pproximatelyp 1t — 2 The leak detection

consists oflushingthe flanges ofthe systenwith small andcontrolledamounts of heliumif a
leak is found, thenvolved flangeis opened, inspected, cleaned @edledagainwith a new
gasket
1 Baking: the sputtering system is heated for over 24 houasoaind 120 °C by means of resistive
bands placed on the flanges, while the sample holder is kepgm@iperaturef 50 °C higher than
theforeseerdepositiontemperatureria the IR lampge.g.if the deposition is planned to dene
ata substrate temperature of 6W) thelamps are set &50°C for the baking. The purpose of
this step is to degas impurities from the system and achieve a better vacuum in preparation for
thesubsequent film deposition
91 Deposition parameters(optimized recipe):
o cathodepower. approximately 20 W and cathode current arobu@@ A
o argonpressure pTm i AAO
0 substrateaemperature: 600 650°C
Sputtering process pti of NbsSnis deposited for a total time of 10 hours
Characterization techniques T, measuremenjsScanning Electron Microscopy (SEMnNd
Energy DispersiveX-ray Spectroscopy (EDS), -Ray Diffraction (XRD) and micre
profilometry are employed after the film deposition is complesed described belowlhese

characterization toelare all available at our labs

Inductive measurements of T. the measurement takes advantage of the Meissner effect. The

sample is placed between two coils, one of which (primary) generates an oscillating magnetic
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field and the other (secondary) detects the magnetic field generated. The sareptdiedd

cooled in helium vapowell below itsTc and then it is heated at a controlled aidn the magnetic

field on During this process, the measurement system records the signal generated in the
secondary coil. The critical temperature of teample is extracted from the resulting

superconducting transition cunaccordingo the10%-90% criterion[23].

SEM: Scanning Electron Microscopy is used to inspect the surface morphology of the deposited
films. The stoichiometry of the film, specifically the atomic ratio of niobium to tin, is evaluated
using Energy Dispersivi-ray Spectroscopy with the associatedl andsoftware.

XRD: X-Ray Diffractionis employed to study the crystalline structure of the &ind its possible
dependence athe substrate on which it was grown.

Profilometer: designed to characterize film thickness. The contact profilometer is well suited for
flat, low-roughness substrates, such as ceramics, quartz and sapphire. An uncoated area serves a

a reference for film profiling.

Figure4.2 On the left, the NiSn deposition system at LNL; on the right the samples before and after depositio
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4.2. 1.3 GHz Elliptical Coatingpystem Requirements

To implement the optimized recipe, several aspects need to be taken into accountgsigtiagof the
coating systemOne of the key features to consider is the deposition temperature of about B5EhiE.
temperature highrvacuum or ultrehigh vacuumlevels are necessary to enswleanliness during
deposition of the thin film. Contrary the approach described sectionO, where the cavitytself acts
asavacuum chambeior the coating process, in onase thecopper cavity wouldeadto oxidation

hence deterioration of the cavitfherefore, the whole procelas to be carried in a vacuum chamber.
Another critical aspect to consider is the alignment of the cavity and magnelrich will be discussed

in sectiord.3, in order to avoid scratching the polished inner surface of the cavity. Moreover, to obtain
a uniform coating inside the cavity rotating system must be employed, so we decided to keep the

magnetron fixed and to rotate the cavity around it.

4.3. SystemAssembly

The goal of this thesis projeds to create an innovative NBn coating systerfor 1.3 GHz elliptical
coppercavitiesthat has not been so fdeveloped elsewherg&he following sectionswill provide an
overview of therequirementdor the systenand highlight itskey componentsAt the beginning of this
project, the entire system was designed using SolidViforRéie system consists of a lower chamber, as
illustrated inFigure4.3, connected to a pumping system, vacuum gaaigeéseedthrougdand an upper
chamber that houses the copper cavity to be codied. is done topreventdirect heating of the
components and possible leak formatthe flange seald heflange of the upper chambeontainsas
well vacuum gaugesvhich areessential for measurirtge internal pressuteél'he system is designed to
be supported by a custenwilt cart.In Figure4.4 is shown theiping andinstrumentation diagraraf

the systemprovidingthe readewith an overviewof the entire setp.
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Ferrofluidic rotating feedthrough Full metal Pfeiffer PBR260

Upper chamber

Gate valve

Lower chamber Turbo molecular pump

Full metal Pfeiffer PBR260 Pirani Pfeiffer CMR364

Figure4.3 1.3 GH entire systendesigned in SolidWorks

1.3GHz cavity - : Nb.Sn target

Capacitive gaug e

{' Safetyvalve
@ Full-range gauge

Electro-pneumatic

valve
Turbo pump
Gate valve

Scroll pump
Manual valve

®©
e
X
@)
X

Leak valve

Process gas
Supply (Ar)

To leak detector Venting gas \ T /

Supply (N;)

| Magnetron

Figured.4 Piping and instrumentation diagrashowing the components of the entire sg.
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4.3.1. Design of the Vacuum System

High or ultrahigh vacuum conditions are crucial, requiring pressures belowi A Aa@iemperatures

of @ v # O T3 These vacuum conditions are essential to guarantee cleanliness during deposition
and hence the final film purityAt LNL, it is standard practice toheck for leaks at specificoating
stagesbeforethe baking before andafter the sputtering process ortbe systermhas cooled dowio

room temperature.

1 Pumping unit: to create a clean vacuum environment in the chamber we chodédfavent
pumping units, a primary dry pump and a secondary turbomolecular pump (turbo pump). We
use the two pumps together because the primary dry pump serves as an effeglivegpre
creating the ideal pressure for the turbomolecular pump to operiierdfy. The primary
pump unit isa scroll type, as shown kigure4.5a). The scroll pump utilizes the progressively
increasing compression of air achieved through the gradual reduction of a spiral conduit
formed by two coupled scrolls. One scroll, called the stator, remains stationary, while the
other one, called the rotaotates. The gas is drawn in through the inlet of the pump, located
at the first spiral of the stator, and is directed toward the center of the scroll (stator) which
aligns with the outlet.

The secondary pump unit shownHigure4.5 b), is a turbomolecular pump that operates on
theprinciple that gas molecules, when they collide with a rapidly moving surface at low

pressures, gain momentum and are directed alorgathe path as the moving surface.
The scroll pump shown inFigure 4.5 a) is an Edwards pummnXDS10i type, capable of
reaching pressure ¢f p 1 | A Awlth a pumping speed @&f p @ —, whereas the
turbomolecular pump shown iRigure 4.5 b) is a Pfeiffer TPH280H, which can achieve

pressure belowy p m | A Aa@dpumping speedupi® ¢ T -
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Pfeiffer Pirani TPR280

Figure4.5 a) Scroll pumpb) Turbomolecular pumip the 1.3 GHz system at LNL.

1 Vacuum Gauges:

0 Roughvacuum: we positionec Pfeiffer PiranTPR280 between treeroll andtheturbo

pumpas indicated ifrigure4.5 a). This capacitancébased manometer measspeessures
ranging betweenp 1 p i A BThe gauge contains ingstenfilament whose
resistance varies due to heat exchange with the surroundingtgaschange is then
measured and calibrated to provide an accurate pressure reading;

Lower and upper chamber: aPfeiffer PBR260afull rangegaugecombiningPiraniand
BayardAlpert hot cathode is installed in tlwpperchamber as illustrated irigure4.3.

This pressure gauge can measure dovnto | A Aabdallows to monitor the pressure

of the chamber. Typically, the gauge is switched off just before the deposition process
begins, as the pressure inside the chamber is increased by injecting the sputtering gas
(argon in our case);

Sputtering process:we installed a Pfeiffer CMR364 on the lower chwanas illustrated

in Figure 4.3. This vacuum gauge is used during the deposition process because its
pressure measurement rangett p 1t | A A @ligns well with the deposition

pressure¢ p 1 | A A,@nd makes it an ideal choice for accurate pressure reading.
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1 Gas InletsSystem

We installed a gte valve DN100CF between the turbo pump and the lower chamber, as shown
in Figure4.3. We installed an electrpneumatic valve at the inlet of the scroll putogsolate

the turbo pump from the atmospheravironmentOnce the sputtering process is complete, a
valve is needed to break the vacuum inside the chamber. For this purpose, we usetetai all
shutoff valve, which is connected to the dry nitrogen system. The venting process is performed
manually by opening th valve. Another important component is the leak valve wisicised to

inject argon the sputtering gas, in a precise and controlled way during the deposition process.

Both valves are shown figure4.6 a) and b) respectively.

Figure4.6 a) Allmetal shut off valve; b) leak valve to be installed.
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4.3.2. Cavity Requirements

An elliptical cavity, as representedkigure4.7, is composed of the cell, which is the section where the
resonant electromagnetic mode is generated, and thaffsucylindrical parts connected to the cell
through the irises.

Equator

Cell

Figure4.7 1.3 GHz copper cavity.

The copper cavity is inserted from the upper flange of the upper chamber as shown in

Figure4.8. We chose this configuration because the upper part is more accessible than the lower part,
especially when inserting or extracting the cavifp. minimize deformation due to high deposition
temperature (650 °Cha stand that houses the cavity isigeed.The cavity is suspended by means of a

ferrofluidic rotatingfeedthroughmounted on the flange that closes the upper chamibéch provides

avacuumsealunder both static andynamic conditionsvith leakrateslower thanp 1t —-
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Ferrofluidic rotating feedthrough

DN280CF Flange

Rods

Machined rings

Figure4.8 Ferrofluidic rotating feedthrough.

The cavity isenclosed in a stand designed nintainthe alignmentwith the magnetronProper
alignment is important to avoid scratching the polisimeér surface of the cavity during insertion and
extraction. The core of the stancbnsists of two precisely machined rings, tailored to the correct outer

diameter, which areonnected to the cavitgs indicated in

Figure 4.8. Four vertical rodssecurethe ringsalong the axisof the chambeto guarantee cavity
magnetron alignment throughout thetireprocessThe cavity is heated using four IR lamps connected

in parallel,as shown irfFigure4.9 a), so that if one fails, the others continue to operate unaffected. These
lamps are regulated by a PID (ProportielmégratDerivative) controller, and each lamp can provide

up to 1kW of power. A protective shields shown irfrigure4.9 b), is placed around the cavity to avoid
excess heating of the chamber walls.importantconsideration in the system design is the use of flanges

at both ends of the cavity. These flanges have a crucial role as they are set in place with screws to the

machined rings of the cavity stand.
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Copper shield

IR lamps

Figured.9 Four IR lamps are placed around the cavity for heat protection of the vacuum system; b) A copper shield is placed
around the cavity to improve the heat protection.

The deposition temperature is critical also for the integrity of the copper daMitgrature it is reported

that copper begins tweakefi31] around 450C, whereas the deposition temperature fosgbexceeds

600 °C according to the optimized recipe presented abdvewever, it has been observed
experimentally32] that, for 6 GHz elliptical copper cavities, the softening of theofulanges did not

occur up until 650C, asshown inFigure4.10. Consequently, it has been established 650 °C as the upper
limit for Nb3sSn deposition temperatig3]. Additionally, at LNL, thin films of NBSn on flat samples
have shown good performance at this temperatur
achieved in 10 hourglowever, temperature is not the only factor to consider. The depositiors®hNb

also depends on the pressure within the deposition chambe&mahd deposition rate. By carefully

regulating these parameters, the successful depositions8hNiiecomes feasible.
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Figure4.10 Deformed copper 6 GHz cavity flange at deposition temperature of 650 °C. A deformed flange is
vacuum leaks, jeopardizing the RF test, from.[34]

We first attempted to assemble the lower chamber and upper chamber to determine if we could achieve
the vacuum pressure in the rangeaft  p 1 | A A Bowever, after conducting a leak detection,

we discovered several leaks on the custoatle lower chamber, which had to be constructeaos®.

We then proceeded with assembling the system using only the upper chamber, as stiguva4rill.
This time, we successfully achieved the desired vacuum pressure df A A&hd conductetestson

the cavity using the same assembly.

Figure4.111.3 GHz system with only upper chamber.
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Established methofB#4] for joining flanges to cavities are already present in literature. One common
technique is electrecheam welding, where the flange is welded onto the cavity. However, the main
disadvantage of this method is the cost. Another alternative is brazing, eeimidie carried out before

or after deposition. While brazing the flange onto the cavity prior to the deposition process (650 °C)
could cause the brazing material to melt, as most brazing materials have a melting point above 600 °C,
potentially leading tohte unsealing of the flanges. On the other hand, brazing after film deposition could
compromise the quality of the film due to the heat treatment that would be exposed to. However, brazing
materials with a melting point higher than 800 °C are avail@b]e but their use at high vacuum
pressures may compromise the cleanliness of the system due to potential metal evaporation of the brazing
alloy. TheFigure4.12 a).

Figure4.12a) 1.3 GHz cavity with brazed flanges at both erg€avity lipindentation
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Therefore, to reduce costs while preventing contamination and preserving both the properties of the film
and the cavity, we have chosen an alternative method. A standard CF100 flange is used to house the lip
of the cavity, and it is secured in place wittresvs. Additionally, a custom flange of a stlwaped
centering ring composed of two halves is placed over the lip to ensure an effective indeagtatimwn

in Figure4.13. Prior to the actual process, we designed the caiitythe intended indentatiomhich is

shown inFigure4.12 b). The cavitywas leathed in the mechanical shop andrtentation process is

shown inFigure4.13. After closing both ends, we conducted a leak test on the cavity.

Figure4.13 Cavitylip indentation process.

Wefound out that the flow rate reached5}9—o, while the pressure inside the cavity reached 0.8 mbar

as shown irFigure4.14. The pressure we achieved is not what we were aiming for, whiclbendye
to the lip of the cavity being too thin, as it was not possible to make it thicker during cavity construction
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Figure4.14 Leak test performed on the cavity previously indented at its lip
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4.3.3. Magnetron Design

We began by choosing a planar magnetron because a cylindrical target is not commercially available.
However, at LNL a Liquid Tin Diffusion System for the production og8ibcylindrical targets is being
developed. Although this system is not ready for use yet, it is an important step toward this goal.

We finalized the magnetron configuration in SolidWdtksas shown inFigure 4.15. The main

componentsf the magnetron are the target, Haseplatand its upper lid, the magne#md the magets

holder. For the baseplate we chaseminum Anticorodab082, due to its light weight& p— and

good thermal conductivityp(x ¢ ¢ #— , while for the magnets holder we chose stainstss| AlSI

316. The hollow baseplatavas chosen t@ccommodateghe watercooling systemand facilitate the

insertion of magetsarrays

Lateral magnets arrays with parallel magnetization

Target

f 7 Baseplate

Central magnet array Magnets holder
with antiparallel magentization

Upper lid of baseplate

Figure4.15 Magnetronconfigurationfor 1.3 GHz system.
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4.3.4. Magnetron Requirements

It is crucial to maintainhe magnetron anthecavity aligned on the same axis during their insertiom in

the vacuum chambgeas well as throughotte coating proces$o achieve thisthe axisof the chamber

is exploited sdhat,the magnetron is designed to be inserted into the chamber through the lower central
DN100CF flange while the cavity is suspended from a rotating feedthrough connected to the upper
DN280CF flangeas shown irFigure 4.16. Therefore, thanagnetrons fixed while the cavity rotates

around it.

Magnetron
DN280CF Flange

Figure4.16 Magnetron insertion in CF100 feedthrough.

The main constraint the magnetron design is the cavity-offtdiameter of 78nm, as shown irFigure
4.17 a) which limits the availablespacefor fitting the componentdn the same figure in b) are shown
the distance of the magnetron from the-afitandequator In c) cavity and magnetroare showrfrom

atop view.
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Magnetron

a)

1.3GHz Cavity b)
DN100CF
flange
Magnetron

)

Figure4.17 a) Cutoff dimension; b) Magnetron distance from eaff.

4.3.5. All-Metal Design

A key feature of the magnetrontige all-metal designwhicheliminates the use golymeric gasketfor
vacuum seahg ofthe componentdnsteada custom DN50CF flangalowsthe aluminum baseplate
serveasagasket as shown irFigure4.18. To implement thiswe used an aluminum plaeghedin the
mechanical workshoprwo flangeswere held in place with screwat each endo replicate the real
operating conditionthat would create an indentatisimilar toa copper gaskeas shown ifrigure4.19

a) and b) A leak testas shown irthe sanefigure in ¢) wasthen conductedesulting ina leak rate lower
o)

thanp 1t , confirming the suitability of the baseplate for ude d) the plate with thevisible

indentationis shown The indentation wathenmeasurd with a profilometer,revealinga depth of 29
pm, asshown inFigure4.20.
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Aluminum baseplate

Water cooling space

Tightening ring /

MBS screw

Nb,Sn Target

Custom
DNS50CF flange

1.3GHz Cavity

«Custom» side Aluminum

baseplate

Tightening ring

Custom DN50CF

«Standard» side flange

Figure4.18 Aluminum baseplate that serves as a gasket.

Figure4.19 Indentation process measurement of the aluminum plate.
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Indentation of Aluminum Plate
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Figure4.20 Aluminum plate indentation measured with Profilometer.

At this stagewe alsomeasuredhe indentation of the copper gasketrder to make a direct comparison
To do so,we performeda similartestand measuredhe indentation depth witthe profilometer. The
measureddepthwas 179 ¢ as ,shown inFigure 4.21, more than one order of magnituttean the
aluminum platg29 um). A higherindentationdepthindicatesa more efficienseal.Althoughthere is a
large difference between the two indentations, we observed nodealtee aluminum plataeyhich

confirmsthataluminumcan be useds a gasket.
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CF35 Copper Gasket
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Figure4.21 Indentation depth measured with profilometef @ CF35 copper gasket.

Furthermoreanother ancial aspect of the design tiemagnetron is its coolingystem. iring the
sputtering proces#on bombardmengenerates significant heat, which can raise the temperature of
boththe target and baseplafmtentially damaginthe permanent magnets. To prevent tftom
happeninga watercoolingsolution is necessarin this design, a simple hollow space is machined in

the aluminum baseplate, allowing wateciculate and dissipate heat

Once the magnetratonfigurationwasdeterminedthe target dimensions as well as its stoichiometric
properties hdto befinalized The NkSn targetmade fronstoichiometric sintered powdensth 99.99
% purity, canmeasure up to a maximuofh 300x 40x 5 mn?. It is dividedinto threesmaller segments

eachl00mm in length becauséonger piecesre more prone to cracking.
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4.4. Magnetic FieldOptimization

Once the geometry was finalized, we had to define the magnetic field strength and began the process by
consulting the relevant literature, with a particular focus on the work by J. Goree and T.E. 8®&ridan
which provides guidance on selecting the appropriate magnetic field strength for the magnetron design.
Theyanalyzeda cylindricallysymmetricmagnetrorthat consists of 3Bar magnetgositionedoetween

a nonferrous cathode and a steel pole piébe tangentialmagnetic fieldmeasured inhis papers
generatedby the permanent magnethe magnetron used in their paper is type Il unbalanced magnetron
following the classificatiomf Window and Savvidesneaning that theuter magnet assembly is stronger

than the inneone In addition, thesimulationwas run at an Argon pressy&Pa)equal to that usefbr

the optimized recipe in our Lallhe paper by J. Goree and T.E. Sheridan outlinesetlagionship

bet ween the ionization efficiency d and a din

efficiency as follows:

8)
((}

4.1)

=y

Csl .,

where@ Qs the number of ionization that a single electron generates over a group of electropgxand N
i s the maxi mum number of ionizations. The para

the magnetroWgis and its radius, as described by the following equation:

™ o, . (4.2)

where e, m, ¥s, a, Ban are respectively the electron charge, the electron mass, the magnetron voltage
discharge, radius where the etch is deepest and the component of the magnetic field tangential to the
target . According to their 5fthe odzatiorgefficienoy hreaches ® e X
saturation point, beyond which further increases in the magnetic field strength do not result in any
additional ionization improvement. By rearranging the formula above, the component of the magnetic
field tangential ® the taget can be defined:

o) 4.3)

0 :
8 O

In conclusion, J. Goree and T.E. Sheridan highlight two important cfieenmagnetron desigikirstly,
for magnetrons odlifferent sizes busane proportionsa larger magnetron shouhve magnets with a
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weaker magnetizatiofhis is valid ifthe radiusa is notmuch larger than the meénee path Secondly,
the magnetic fielgtrengthshould beuned tothe maxmum ionization efficiencyhatcorrespondso a

value ofb d e p e n d magetroo typet h e

4.4.1. Commercial MagnetronRetrofittin g

An essential component of the magnetron is the permanent magnets. To select the material, the
dimensions and the configuration, we decideditcsimulations using the Ansys Electroricsoftware

on a commercial magnetron similar to our design, specifically the GMRC 900/600 STD (non
magnetic)produced by Amstrong Sciences. The magssemblycomprisespermaneniencapsulated
magnetsmade of neodymium alloy (NdFeB) 6fEO 38H grade MGOThe material of the target is
aluminum with 99.99 % purity. The magnetron consists of two separable components: a rectangular
stainlesssteel plate that houses the array of magnets as illustratéigure 4.22 a), and the second

component that holds the aluminum target as showigure4.22 b).

7 Lateral magnets arrays

~_ Polymeric stand

- Central magnet array

Aluminum target

K}»-v c)

Figure4.22 Configuration of commercial magnetron: a) baseplate holding the magnets arrays; b) second component
housing the aluminum target. In ¢) is shown the configuration of the commercial magnetron simulated in Ansys
Electronicg.
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The magnet configuration presents magnets positioned along the edges of a rectangular configuration
with parallel magnetization, while at the center of the rectangle, an array of the same magnets is arranged
in an antiparallel configuration, as shown Figure 4.23 c). The magnets are encapsulated onto a
polymeric material, as shown Figure4.23 b), and held in place by a polymeric stand that is secured

with screws.The target surface and target length measure respectively, 120 mm and 378 mm. The
baseplate that houses the magnets measures 460 mm in length, and 203 mm in width. The magnets
measure 20 mm in height and 7 mm in width, while the polymeric comparenethe magnets are

encapsulatedneasure 18 mm in height addnm in width.

Central magnet

a) Polymeric material Lateral magnets

b)

L=

| |

c)

Figure4.23a) Commercial magnetron designed in Ansys with the right axis configuratiorisyil part of the magnetron
with the magnets arrays; c) 2D configuration of magnets with parallel magnetization (central) argheaitel (lateral).
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To validate the accuracy of our simulations we measured the magnetic field tangent to targeBsurface

by using a Gaussmeter and compared the results with those generated by the Ansys simulations. The
results are reported Figure4.24. We observed a mismatch between the curves, which we attributed to
several factors, primarily related to the dimensions and spatial configuration of the magnets. We can

breakdown into three main issues here presented:

1 Magnets dimensionswe may not have measured the exact dimensions of the magnets (as
they are encapsulated within the magnetron) and consequently not implemented the correct
size in the simulation parameters. In fact, any slight variation in size can have a significant
impact on the shape of the magnetic field at the target surface. Indeed, we are not sure of the
exact dimension af shown inFigure4.23c) it is encapsulated and difficult to measure.

1 Distance between the magnets and the target surfadbe gap or distance of the magnets
from the target surface may have not been accurately estimated as the magnetron has an
encapsulated copper part. This may contribute to the mismatch that we are seeing in the curves
as the magnetic field might not be gwme as the one measured with the Gaussmeter

1 Magnets material: another important factor is thmaterial of the magnetsSince the
magnetron was purchased a long time aggeached out to thmanufacturefor the magnets
material. Howevetthe exact compositiois unknown and it is possible thanother material
was used, as thiwould result in reduced magnetization for€his is alsosupported by

existingliterature, specifically byhe work ofWenjian Mo et a[37].
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ONYX-MRC (900/600)
500

|—e— Ansys-on target
400 1—e— Gaussmeter-on target

o N W

o o o

o o o o
L I L I L I

-100 -
-200
-300 -

Magentic field B, (G)

-400
-500

0T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60

Distance from center (mm)

Figure4.24 Tangential magnetic field measured wiBaussmetel(in black) and same measurement
generated with Ansygn red) for the commercial magnetrofihe blu range shows the tangent
magnetic field range for S ljoc&larid 15

At this stage we alscaimedto analyzetherange of thenagnetic fieldstrengthaccording tal. Goree and
T.E. SheridanWe choseb valuesof 8 and15, consideringhat the represent the lowendhigherlimits
for the optimal ionization efficiecy. The magnetron dischargeoltageis the voltageof our optimized
recipe \Mis = 400 V. Theexact value othe radiusa, distance from center of the tardgetwhere etching
is deepestis unknown However, consideringhat a tradeoff between magnetic field and target
utilization has to be made, we selected 30 mm as the ghlud his selection was maddsobased on
the measurements of the magnetic field on target with the Gaussmeter and with Ansyshasuitiat

the maximum tangential magnetic field lies between 15 and 40 mm
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The values calculated iEquation(4.4 arereportedin Figure4.24 asa blue bandThe results show that

&

the magnetic field measured with the Gaussméditss in this range, furtheconfirming the above

hypothesis.

To further consolidate our simulations, we opted for a simpler configuration, a single circular magnet of
the same material NdFeB 38H. We then measured with the transverse probe of the Gaussmeter the
magnetic field B at 1 and 16 mm above the magnet, as showfigare 4.25. The results for these
measurements are much more consistdsing these tools, the nesection willnavigate through the

selection of the dimensiomsmdmaterial of the magats.

—=— Gaussmeter -1 mm
2500 - ®— Gaussmeter-16 mm

] —&— Ansys-1 mm
—— -
2000 Ansys-16 mm
e
N
M 1500
£
g
© 1000
w
T
© 500 -
[
9
2 oA
(@)]
@
=
-500 -
'1000 I I I I 1

Distance from center (mm)

Figure4.25 Comparison between Ansys and Gaussmeter measurements of a circular magnet made of |
38H.
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4.4.1.1. Materials Evaluation

Therectangular configuration of the magndiswevergaveusa better understanding tife materials

to usein the simulationgor a 1.3 GHz magnetrarin fact, Figure4.26 shows the materials select&ue
decided toselectthree neodymiuntbased materials: one with high magnetization foneHeB 33),
onewith an intermediate magnetization for®¢dFeB28AH) andone with a lower magnetization force
(NdFeB 76110p bonded This first selection was done because neodymium base magnets aréhene of
mostusedmagnetsn magnetron desigrmCo20was chosen asn alternative to neodymiutrased

materials while Alnico was included as eomparisoranalysis with the others.

ONYX-MRC 900/600

500
J=——=NdFeB 38H

400 4= NdFeB 28AH
J=——SmCo020

300 — Alnico 8 sintered
4= NdFeB 76-110p

Magneti field B, (G)

Distance from center (mm)

Figure4.26 Magnetic field strength of different materials in ONMRC 900/600 magnetron.
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4.4.2. 1.3 GHz Magnetron

Before diving into the description of magnetic field optimization, it is important to present the dimensions
of the magnetron and compare them with the commercial magnetron for context. The target measures
420 mm in length and 20 mm in width. The basepta¢@sures 452 mm in length and 56 mm in width

and 64 mm in diameter. In conclusion, our magnetron is significantly smaller than the commercial one,

which is why we had to design a customade magnetron.

Since our magnetras smaller,it follows the rule that the mean free pa&hmuch largethantheradius
a. As a resul we expecthat the magnetic field strengtieeded for oumagnetron to be mudtronger
than that of the commercial magnetrvee first moved by definin@tan following theJ. Goree and T.E.
Sheridanformula Hence,the voltage discharges that of the magnetron currently in use forsSb on
flat samples, specificallj00V. J. Theb p a r ahoserisdetween 8 and 1Eor the radiug, we
followed the same approach as for the commercial magneirdhis case, we have a = 10 mBy
replacing all these parameters, we obtain a tangential magnetic fiehdtBin the range of:

. IO w (4.5)
0 ——— UVUT MY X'T8

In this case we also needed to account for the dimensions of the magnets, since there is very limited space
available for them to fit in. In fact, as shown in the cross section of the magneff@uia4.27, the
heighth of the magnets cannot be higher than 8 mm as the magnet holder cannot beH)itfneen O
mm. Therefore, we set an upper limit of 8 mm for the height and a®ectisn lowefimit of 5 mm for

the magnets, as anything smaller or longer would make insertion into the magnet holder difficult.
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Baseplate

Magnets

Magnets holder

Figure4.27 Crosssection of the magnetron for 1.3 GHz system.

4.4.2.1. Magnets Dimensions

To fully understand the different configurations of the magnets, it is important to be aware of certain key
measurements, which are presented and illustratEdyure4.27. The distance between the surface of

the magnets and the upper part of the magnets holder is dendtedras distance is reported on the

title of each graph. The height of the magnet holder is lalb¢l@ad it varies witth*. Additionally, the
height of the magnet i and its widthido. For exampl e, O6Mafnmmd ci cdind

thathis 8 mm,bis 5 mm andh* is 1 mm.

According to the results shown gure4.28, for h equal to 8 mm and equal to 5 mm, the matersal
that fall in the range of theigareNdFeB 28AH and NdFeB 38HHowever, we wanted to explore other

arrangements, as space is a critical factor in this project.
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Magnetic 8_5-1 mm
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200 4—— NdFeB 28AH
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Figure4.28 Tangential magnetic field on the magnetron of 1.3 GHz system of different matéritis.

purple band it reportedhe magnetic field range calculategtcording toJ.J. Goree and T.E. Sheridar

4.4.2.2. Materials Optimization

Among the different configurations (which can be consulted inAPBENDIX) we decided that a
magnet height of 6 mm would be the best choice, leaving a safe margin of h* = 3 mm. As for the magnet
width, we first opted for a 5 mm configuration as it is illustrateBigure4.29. Simulations wereun by

keeping the magnet dimensions constant and varying the vahfeaafross three values. The results
show almost a 100 G difference in the magnetic field strength between tierBnband 6 8 mm
configurations



Magnetic configuration 6_5-1 mm

Magnetic configuration 6_5-2 mm
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o
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Figure4.29 Different materials for the magnets for the configuration @rbfunction othree different values of hin
the purple band itsreported the magnetic field range calculatadcording toJ.J. Goree and T.E. Sheridan



70

4.4.2.3.
Next, we aimed to observe how timagnetic field would change when the width increased by 1 mm, the

Dimensions Optimization

smallest possible increment. The data was plotted for only the materials of interest: NdFeB 38H, NdFeB
28AH and SmCo020. We found out that increasing the width by 1imm { mm) resulted in nearly 100
G increase in the maximum magnetic field strength as shoWwigure4.30. We considered this value

as a significant increment; therefore, we decided to keep the configuration 6_5.

= b=5mm = b=6mm| = b=5mm = b=6 mm)
850 NdFeB 38H-1 mm L Cemon NdFeB 28AH-1 mm —
]
800 - 4 800 800 4 4 800
750 - 4750 750 - 4 750
700 4 4 700 700 4
n
@ 650 - 4650 (9 @ 650
£ 600 - {600 Z & 500 -
c = c
o 550 - 1550 o 550
500 4 500 500 4
| |
450 4450 450 4 - 450
400 4 4 400 a004{ " 400
350 T T T T T T 350 350 T T T T T T T 350
50 55 6,0 65 7.0 7.5 8,0 5,0 55 6,0 6,5 7.0 7.5 8,0
h (mm) h (mm)
= b=6mm
SmCozo_‘] mm ‘—]
850 - - 850
800 | 4 800
750 4750
0045 g 4700
650 {650
0
= 600 4 4600 9;
F 5
= 550 1550 E
S =10 g
@ g JP=1 " = 45000
450 " 4 450
™ -
400 - 4400
3504 = 4350
300 T T T r T T T 300
50 55 60 65 70 75 80
h (mm)

Figure4.30 Comparison of how the&ngentialmagnetic field strength increases by increasing the width by limdifferent
configurationsIn the purple band iisreported the magnetic field range calculatadcording toJ.J. Goree and T.E.

Sheridan
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4.4.2.4. Magnets Holder

After selecting the most appropriate materials, the nextmvaal task to be tackled was incorporating

the magnets into the magnet holder. For example, in the commercial magnetron ONYX MRC 900/600
the magnets are held in position by means of a staddrhplace with screws. A similar method had to

be designed for our magnetron, as the magnets would not be able to remain upright by using only an

aluminum holder. To do so, we replaced the aluminum holder with an iron core.

Iron magnets holder

Aluminum aligner

Figure4.311ron magnets holdeand aluminum aligner

Given that iron has magnetic properties, we expectedatigental magnetic field to increase. Since
NdFeB 38H has stronger magnetic properties than NdFeB 28AH and SmCo020, we decided to exclude it
from this trial. We then focused on the remaining two materials randsimulations using the
configuration 6_8L mm. The results, shown Higure 4.32, indicate an increase by nearly 200 G.
Between the two materials, we found out SmCo020 to be the most suited material with a magnetic field
strength of 638 G and in the range af.BUItimately, we chose configuration 6_5, as the iron core
already occupied some space, and we needed at leastdf safe marginn the upper part. Therefore,

the material selected was SmCo20.
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Figure4.32 Results comparison with an iron nmrags holder vs. an aluminumagnets holdern the purple band iis
reported the magnetic field range calculatadcording toJ.J. Goree and T.E. Sheridan
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5. CONCLUSIONS

The goal of this thesis pject was the design afnew coatingystemfor 1.3 GHz elliptical cavitieOne

of the key features of the system inclisdbe ability to reach temperaturap to 650 °Cunder high
vacuum conditionsnecessary fothe deposition ofNbsSn thin film according to the optimized recipe
developed at LNLAdditionally, the systenensuregavity-magnetron alignment farevent any damage

to the polished surfaceand to uniformly coathe cavity inner surfacewhich rotates around thixed
magnetronaxis. The systemconsistsof two vacuumchambers, a lower chambdrom which the
magnetron isnserted and an upper chamhento which the cavity is inserted This configuratiorwas
chosenintentionally, asthe upperchambets easilyaccessibleThefirst stepwasto conducta vacuum

test The assembly for these tests requitteelmanual installatiorof the two vacuum chambers, which
had to be securely joined with scred. components inside the chambers had to be thoroughly cleaned

before use to prevent contamination that caalchpromisehe vacuum pressure.

A major accomplishmenin this projectwas the design athe rectangular magnetron for depositing
NbsSn coatings on copper cavities. This magnetron usesaercial stoichiometric target and an all
metal construction, eliminating the need for polymeric gaskets. This design was successfully validated
through a leak test on a moeak disk acting as a gask€nce the system design waslized the focus

shifted to the magnetrogpecificallyto its shapeto component materials, atalthepermanentagnets.

At this stage, simulations were conducted to finalize the specificatfain® magnetronincluding the

shape, material, and dimensions of the magnets. These decisdrasedon both experimental data

and relevant literature, which we consulted to ensure our choices weisupedrted.

At present the magnetron has been commissioned, and the magnets have been ordered. The system
assembly is expected to be completed by the fiinstesterof next year Looking ahead, to further
validate the results, the system needs tassembledfollowed by a series ofests One of the main
upcoming tests will focus on evaluating the temperature performance of the cavity. Upon successful
completion of this test, the optimized recipe, which has already been devioflatisamples, can be
adaptedo the 1.3 GHz systen®nce tlis taskis successfly completed an RF test of a N§Sn coated

cavity will representa first step towards the validation of this technology
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