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ABSTRACT 
The development of Nb3Sn films on copper as coatings for accelerating cavities is a viable option to 

potentially cover the specifications of next generation particle accelerators, such as the Future Circular 

Collider (FCC), while taking care of the optimization of key aspects like energy consumption. The 

successful development of a Nb3Sn on copper (Nb3Sn/Cu) scalable prototype would allow for the 

operation of the acceleratorôs Superconducting Radio Frequency (SRF) system at 4.5 K, resulting in a 

reduction of the needed cryogenic power by a factor 3 with respect to what is normally required for bulk 

niobium (Nb) cavities, operated at 2 K. Nowadays, the niobium-coated copper (Nb/Cu) technology, 

developed with Physical Vapor Deposition (PVD) techniques, is a well-established approach for the 

production of SRF cavities, whose effectiveness is demonstrated by particle accelerators such as the 

Large Electron-Positron collider (LEP-II ) and the Large Hadron Collider (LHC) for elliptical cavities 

coated via Direct Current Magnetron Sputtering (DCMS), and the Acceleratore Lineare Per Ioni (ALPI) 

and the Isotope Separator On Line Device (ISOLDE) for quarter-wave resonators coated via DC 

sputtering. As for these precursors, the development of Nb3Sn/Cu cavities can be pursued via DCMS. At 

Istituto Nazionale di Fisica Nucleare - Laboratori Nazionali di Legnaro (INFN-LNL) an optimized recipe 

for Nb3Sn films deposited via DCMS has been established on small flat samples via the refinement of 

the deposition parameters based on the analysis of the film properties. In this framework, the next 

challenge lies in the scalability of the coating recipe to an elliptical 1.3 GHz cavity prototype. The 

experimental work within this project focuses on the design of a new coating system for the deposition 

via DCMS of Nb3Sn films on elliptical 1.3 GHz copper cavities. The system features a fixed rectangular 

magnetron sputtering source hosting a stoichiometric Nb3Sn commercial target, around which the cavity 

to be coated will axially rotate to produce a homogeneous coating. Magnetic simulations were conducted 

to determine the best configuration for the magnets, including their material and shape, in order to 

optimize the Nb3Sn thin film sputtering process. The dedicated vacuum system and magnetron were also 

designed and produced within the context of this study. The successful operation of the finalized system 

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

in the development of next-generation particle accelerators that require such cavities and paving the path 

for the scalability of the technology toward larger machines operating at lower frequency, such as the 

FCC-ee. 
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ABSTRACT (italiano)  

Lo sviluppo di film sottili di Nb3Sn su rame (Nb3Sn/Cu) per cavità acceleratrici rappresenta un 

promettente progetto per soddisfare le specifiche dei futuri acceleratori di particelle, come il Future 

Circular Collider (FCC), dove particolare attenzione è data al loro consumo energetico. La costruzione 

di un prototipo scalabile di Nb3Sn/Cu consentirebbe di operare le cavità acceleratrici superconduttive a 

radiofrequenza (SRF) a 4.5 K, riducendo il consumo energetico dellôimpianto criogenico di un terzo 

rispetto a quanto normalmente richiesto per le cavità in niobio bulk, che operano a 2 K. Attualmente, la 

tecnologia del niobio su rame (Nb/Cu), sviluppata tramite tecniche di deposizione da fase vapore (PVD) 

è ben consolidata per la produzione di cavità SRF, la cui efficacia è dimostrata da acceleratori come il 

Large Electron Positron Collider (LEP-II)  e il Large Hadron Collider (LHC) per cavità ellittiche rivestite 

tramite Direct Current Magnetron Sputtering (DCMS), lôAcceleratore Lineare Per Ioni (ALPI) e lôIsotope 

Separator On Line Device (ISOLDE) per risonatori a quarto dôonda. Come per questi precursori, lo 

sviluppo di cavità Nb3Sn/Cu può essere perseguito tramite DCMS. Presso l'Istituto Nazionale di Fisica 

Nucleare - Laboratori Nazionali di Legnaro (INFN-LNL) si è eseguito uno studio di ottimizzazione dei 

parametri di deposizione di film di Nb3Sn, realizzati tramite tramite Direct Current Magnetron Sputtering 

(DCMS) su piccoli campioni planari, basato sull'analisi delle proprietà dei film. Il prossimo passo 

consiste nel rendere scalabile questa procedura, passando dai campioni planari a un prototipo di cavità 

ellittica da 1.3 GHz. Il lavoro svolto in questa tesi si concentra sulla progettazione di un nuovo sistema 

per la deposizione di film di Nb3Sn su cavità ellittiche di rame da 1.3 GHz tramite DCMS. Il sistema 

comprende una sorgente magnetron sputtering rettangolare fissa che ospita un target commerciale di 

Nb3Sn in composizione stechiometrica. La cavità, inserita assialmente sul magnetron, viene fatta ruotare 

attorno al target in modo da garantire un rivestimento omogeneo. Sono state condotte simulazioni di 

campo magnetico per determinare la migliore configurazione dei magneti, il materiale e la forma, al fine 

di ottimizzare il processo di sputtering del film sottile di Nb3Sn. Il  sistema da vuoto dedicato e il 

magnetron sono stati progettati e realizzati nel contesto di questo studio. Questo sistema rappresenta un 

contributo per convalidare la fattibilità della tecnologia Nb3Sn/Cu tramite DCMS per cavità da 1.3 GHz 

nello sviluppo di acceleratori di particelle di nuova generazione che necessitano di tali cavità, aprendo la 

strada alla scalabilità della tecnologia verso macchine più grandi che operano a frequenze più basse, 

come l'FCC-ee. 
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1. FUNDAMENTALS OF SUPERCONDUCTIVITY 

This chapter provides theoretical background of superconductivity, offering readers an understanding 

of the concepts that will be presented in the upcoming chapters. 

1.1. Definition of Superconductivity 

Superconductivity is a phenomenon according to which a normal conducting material exhibits zero 

electrical resistivity  below a certain temperature, which is typical of the material, addressed as critical 

temperature (Tc). In 1908[1], the discovery by Kamerlingh Onnes of helium liquefaction extended the 

temperature range close to absolute zero, facilitating future experiments in this temperature interval. It 

was known back then that the electrical resistivity is temperature-dependent, and it was observed that, as 

temperature decreases, the electrical resistivity  decreases linearly[1]. However, this decrease becomes 

less pronounced as the temperatures approach the lower end of the temperature range. Based on this 

knowledge, Onnes began investigating the electrical resistivity of metals. A few years later, in 1911 he 

observed that at the boiling point of helium (4.2 K) and below, the resistivity of mercury would take 

values below the instrumental sensitivity[1]. This was an exceptional result because the resistivity 

decreased only in a narrow[1] temperature interval, resembling more of a sudden jump rather than a 

continuous decline, as shown in the Figure 1.1 a). This was the discovery of a new state called the 

superconducting phase. At a macroscopic level, the electrical resistance in the superconducting state can 

be considered negligible. Twenty-two years later, in 1933, W. Meissner and R. Ochsenfeld discovered 

that a superconductor expels a magnetic induction ὄᴆ from its interior[2]. When the temperature is above 

the critical temperature (Ὕ Ὕ  as shown in the Figure 1.1 b), the magnetic induction penetrates the 

material. However, in the superconducting state (Ὕ Ὕ , the magnetic induction ὄᴆ is expelled from the 

material. Field expulsion is caused by superconducting surface currents flowing within a thin surface 

layer, whose depth is known as London penetration depth (ɚL) and its meaning will be clarified later on. 

The expulsion of the magnetic induction, together with the loss of electrical resistivity, represents a 

necessary condition to consider the superconducting state as a new thermodynamic phase. 
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1.2. Brief Introduction to Theories 

The theories developed for superconductivity can be categorized into two broad groups: 

phenomenological and microscopic theories. Phenomenological theories provide a mathematical 

description of experimental observations, whereas microscopic theories explain phenomena based on a 

theoretical framework. The theories that here will be described are: The London Theory, The Ginzburg-

Landau and Bardeen-Cooper-Schrieffer Theory. The London theory can be categorized as a 

phenomenological theory, the Ginzburg-Landau theory as a semi-phenomenological one and the 

Bardeen-Cooper-Schrieffer theory as a microscopic theory. The main theories of superconductivity will 

be described in the following section. 

1.2.1. The London Theory 

In normal metals, Ohmôs law applies to electrons also at a macroscopic level and establishes a 

proportional relationship between current density and strength of the electric field at a microscopic level. 

This relationship holds true for both direct current (DC) and alternating current (AC) at low 

frequencies[3]:  

ᴆ „Ὁᴆ (1.1) 
 

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

zero electrical resistivity observed in superconductors, they reformulated Maxwell equations under the 

Figure 1.1 a) Superconductivity in Mercury found by K. Onnes; b) Meissner Effect, from [1]. 
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assumption that the supercurrent can flow also in absence of an electric field. This is embodied in the 

first London equation: 

ᴆ
 Ὁᴆ, 

 

(1.2) 
 

where m, -e and ὲ are the mass, electric charge and number density of the superconducting carriers. By 

applying the Ampère law, ɳ Ø ὄᴆ  ‘ ὐᴆ, where ‘ is the magnetic permeability, we can derive the 

second London equation: 

ὄᴆ  ‘ʇ  ɳὼ ὐᴆȢ (1.3) 
 

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

exponentially from the surface of the superconductor towards its interior: 

ʇ   Ȣ  

 

(1.4) 
 

By further manipulating the above equation and making use of the following relation we obtain the 

Helmholtz equation: 

ᶯὄᴆ  ὄᴆ π .  

 

(1.5) 
 

The above equation is valid because ᴆɳϽὄᴆ π and can be rewritten as: 

ᶯὄᴆ  ὄᴆ . 

 

(1.6) 
 

The second London equation shows that the London adaptation of the Maxwell equations effectively and 

mathematically predicts the Meissner effect: the supercurrents generate a magnetic field in the opposite 

direction of the externally applied magnetic field. Both the current density and the magnetic field decay 

exponentially inwards.  
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1.2.2. The Ginzburg-Landau Theory  

In 1950, V.L. Ginzburg and L.D. Landau introduced a phenomenological theory that describes the 

superconducting electrons density ὲ as spatially variable within the superconductor, and the transition 

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

order[2]. In Landauôs theory, an order parameter  ὶᴆȟ  is defined, as: 

 ὶᴆ π ÆÏÒ Ὕ Ὕȟ 

 

(1.7) 
 

 ὶᴆ ρ ÆÏÒ Ὕ πȟ 

 

(1.8) 
 

where ὶᴆ is the position vector. 

Another characteristic length arises from this theory, the Ginzburg-Landau coherence length: 

‚
̯

 , 

 

(1.9) 
 

where ̯ȟάȟ‌ are, respectively, the Planck constant, the mass of a Cooper pair and the constant from GL 

theory. It is possible now to define the Ginzburg-Landau parameter, independent of temperature and 

magnetic field, as the ratio of the London penetration depth to the coherence length: 

ĉ  . 

 

(1.10) 
 

This parameter is used to distinguish between type I and type II superconductors, according to the 

following: 

ĉ
Ѝ
 O ὸώὴὩ Ὅ , 

 

(1.11) 
 

 

ĉ
Ѝ
 O ὸώὴὩ ὍὍ . 

 

(1.12) 
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Type I superconductors switch abruptly from the Meissner state to one of full penetration of magnetic 

flux, the normal state, at a well-defined critical field ὄ which depends on temperature, as depicted in 

Figure 1.3. The Gibbs functions allow to calculate the behavior of a superconductor in the presence of 

an applied external induction ὄȢ Under specific conditions, this leads to the identification of a lower 

critical induction ὄ   ὄ) and an upper critical induction ὄ   ὄ), for which the conditions 

discussed above type II superconductors apply. Type II superconductors are characterized by two critical 

fields, ὄ  and ὄ , both of which depend on temperature. When the magnetic field is in the range of  

π ὄ ὄ , the material is in the Meissner state, in which the magnetic field is completely excluded 

from within the superconductor. In the range  ὄ ὄ ὄ , 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 Abrikosov vortices. The core of an Abrikosov vortex is normal conducting. 

Figure 1.3 Temperature in function of magnetic field applied in type I and type II superconductors, 
from [2]. 

Figure 1.2 Schematic illustration in a) of superconductor of the Shubnikov phase and in b) the spatial distribution of a magnetic 
flux and of the order of parameter of Abrikosov vortex, from [1]. 
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For magnetic fields greater than ὄ  the superconducting state ceases to exist altogether. The Shubnikov 

phase is schematically illustrated in  Figure 1.2 a) while the spatial distribution of the magnetic field and 

of the order parameter at a single flux line is depicted in Figure 1.2 b), with the characteristic lengths 

‗and ɝGL also indicated.  

1.2.3. The Bardeen-Cooper-Schrieffer (BCS) Theory 

The microscopic theory of superconductivity was developed by Bardeen, Cooper and Schrieffer (BCS) 

in 1957[4], 46 years after the discovery of the phenomenon by Onnes. Until that time, no other theory 

had explained the microscopic nature of superconductivity. The BCS theory provides a microscopic 

explanation by describing superconductivity as the result of coupling of electrons forming new entities, 

known as Cooper pairs, which are the result of interaction between electrons exchanging virtual phonons. 

These pairs consist of two electrons with opposite spins and momenta, resulting in a system with total 

final spin and momentum equal to zero. The change from half-integer (single electrons are fermions with 

spin 1/2) to a total integer spin (the pair is a boson and has spin 0) determines the collective behavior of 

the Cooper pairs, which can condense into a collective state, following the Bose-Einstein statistics. 

The attractive interaction arises when the energy difference between electronic states is less than the 

phonon energy ̯‫  near the Fermi level Ὁ. A conceptual representation of Cooper Pair formation is 

shown in Figure 1.4: as an electron moves through the lattice, it is attracted to the positive charged ions 

of the lattice causing a deformation. This deformation leads to virtual-phonons emission, creating a 

positively charged region that attracts another electron. Therefore, the two electrons which would 

typically repel each other are instead bound by this attractive interaction mediated by phonons. This 

interaction gives rise to an energy gap Ў between the BCS ground state and the excited states. Scientists 

believed that superconductivity was fully understood and could not occur at temperatures above 30 K, 

theoretical limit set in relation with the weak interaction between electrons of BCS[2]. The BCS theory 

Figure 1.4 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 also as conventional superconductors[2]. 

1.2.4. Two-Fluid Model 

L. Tisza[5] developed a two-fluid model starting from the idea proposed by F. London[6] that helium 

might undergo Bose-Einstein condensation when cooled below 2.2 K. The two-fluid model describes 

superfluid helium as two fluids, the normal fluid and the superfluid. Each of these fluids has its own 

velocity and inertia, with minimal to no exchange of momentum between them. This model is also 

applied to superconductivity, the normal fluid representing a viscous liquid related to the electron gas in 

the metal, while the superfluid is a frictionless fluid related to the electrons that cause supercurrents. 

The charge carrier densities are nn and ns, respectively for normal conducting and superconducting 

carriers referring to each fluid. The total charge carrier density n is the sum of two and is represented as 

follow: 

ὲ ὲ ὲ. 

 

(1.13) 
 

By introducing the normal and superfluid fractions xn and xs so that xn +xs = 1, the total carries density 

can be rearranged as follows:  

ὲ ὲὼ ὼ . 

 

(1.14) 
 

 

The model describes also a temperature dependence of the superconducting carrier density: 

ὲ ὲρ . 

 

(1.15) 
 

Therefore, the total current is explained as the sum of two distinct and independent components as 

follows: 

ᴆ „Ὁᴆ ᴆ ᴆ, 

 

(1.16) 
 

Where ů is the sum of the conductivity of the normal conducting and superconducting conductivities. 
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„ „ „ „ Ὥ„Ȣ 

 

(1.17) 
 

 

1.3. AC Superconductivity 

1.3.1. Surface Impedance of Normal Conductors  

The solution of Maxwell equations for the interaction caused by the collision of an electromagnetic wave 

with the surface of a normal conductor, gives a complex surface impedance Zs expressed as:  

ὤ
ρ Ὥ

„ᴂ‏
ȟ 

 

(1.18) 
 

where „ᴂ is the electrical conductivity and ŭ is the skin depth which depends on the frequency ɤ of the 

incident electromagnetic field. For the equation (1.18, the approximation „ḻwas made, where Ů is ‐‫ 

the permittivity . The relation can be rearranged into a real part and an imaginary one as follows: 

ὤ Ὑ Ὥὢȟ 

 

(1.19) 
 

where RS is the surface resistance and XS is the reactance, while the skin depth is expressed as: 

‏ . 

 

(1.20) 
 

So, considering the approximation „ḻ:the surface resistance can be expressed as ,‐‫ 

Ὑ . 

 

(1.21) 
 

The above relations hold true under the condition that the skin depth is much greater than the electron 

mean free path (ŭ >> l), which justifies the locality condition of the Maxwell equation. In the case where 

ŭ << l, usually at low temperatures and high frequencies[7], the local conditions are no more valid as the 

óanomalousô skin depth arises, ŭ θ (ɤů)-1/3. 
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1.3.2. Surface Impedance of Superconductors  

The complex surface impedance of a superconductor depends on the two-fluid conductivity, and it is 

represented as: 

ὤ , 

 

(1.22) 
 

By rearranging the equation and considering that just below Tc, ů2 >> ů1 is still valid, a real part and an 

imaginary part are extracted as follow: 

Ὑ „,‗‘‫ 

 

(1.23) 
 

 

ὢ ‘.‗‫ 

 

(1.24) 
 

Equation (1.23 shows that the surface resistance of superconductors is proportional to the squared 

frequency, meaning that, by decreasing the frequency, the surface resistance of the superconductors 

lowers much faster compared to normal conductors. Most of the superconducting systems work at 

temperatures above 0 K, at which not all electrons form Cooper pairs, so that both Cooper pairs and 

normal conducting electrons coexist in the material. When an electromagnetic field penetrates the 

superconductor surface within the penetration depth, the resistance that the material will exhibit is called 

BCS resistance, which is associated to the existence of the unpaired electrons. The BCS resistance is 

defined as follows: 

Ὑ  Ὡ
Ў

, 

 

(1.25) 
 

where A is a constant and depends on specific properties of the superconductor. Superconductors can be 

divided into two categories, clean and dirty, based on the relationship between the electron mean free 

path and the RBCS which is indicative of the material purity, as follows: 

ὧὰὩὥὲ ίόὴὩὶὧέὲὨὧόὸέὶ O  Ὑ ᶿὰȟ  

 

(1.26) 
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It was observed[8] that RBCS, below a certain temperature, would cease to follow the exponential trend 

and approach a constant value. This is taken into account by the residual resistance Rres, so that the final 

expression for the surface resistance can be written as: 

Ὑ Ὑ Ὑ , 

 

(1.28) 
 

where Rres accounts for the constant superconductor resistance shown as the temperature tends to 0 K. 

The causes for the Rres can be diverse, but the purity of the material is certainly involved. 

The Residual Resistivity Ratio (RRR) is used as an indicator of the material purity, and is defined as the 

ratio of the electrical resistivity at ambient temperature ”   to the resistivity at absolute zero kelvin 

(” : 

222  

 
 . 

 

(1.29) 
 

When a SC material is involved, its resistivity measured just above Tc replaces the ”  in equation (1.29. 

Currently, niobium is available with RRR = 200 - 400 worldwide[9], with RRR of at least 300 being 

required for SRF cavities. However, niobium costs are much higher than copper (copper cost is only 10 

% of niobium[10]), which becomes significant when large quantities of cavities need to be produced, as 

in the case of LHC and FCC. In addition, copper has a better thermal conductivity than niobium, meaning 

a better heat dissipation; in fact, at 4.2 K thermal conductivity of copper is between 300 and 2000 
ᶻ

  

depending on the purity and annealing conditions, compared to 75 
ᶻ

  of niobium at the same 

temperature[9]. This enables copper cavities to operate between 4.2-4.5 K, whereas bulk niobium cavities 

need to operate at around 2 K. Moreover, copper reduces the need of using superfluid helium and 

eliminates the need for pumping resulting in lower cryogenic pumping consumption. For these reasons 

Nb/Cu cavities were successfully deposited using Direct Current Magnetron Sputtering (DCMS) for 

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 (123 K) down to absolute zero -273 °C (0 K)[11]. This range was chosen based 

on the Tc of the materials discovered up to date. The BCS theoretical temperature limit of 30 K[2] can 

be used to mark the border between Low Temperature Superconductors (LTS) and High Temperature 

Superconductors (HTS). As shown in Figure 1.5 [12] superconductivity was first observed among pure 

elements such as mercury Hg with a Tc = 4.15 K, followed by lead Pb = 7.2 K and niobium Nb = 9.15 

K. The next step forward was niobium nitride NbN with a Tc of 16 K followed by alloys such as niobium-

titanium NbTi and vanadium-3-silicon V3Si. To further improve the critical temperature A15 materials 

were developed, which are briefly described in the next section. The record Tc found for LTS was 23.2 

K for Nb3Ge, an A15 compound. For the high-temperature superconducting materials BCS cannot be 

applied, and their description is attempted by separate stand-alone models[2]. The first HTS material 

discovered was an oxide based ceramic La-Ba-Cu-O system with a Tc of 35 K. This discovery was 

accomplished by J.G. Bednorz and K.A. Müller in 1986 and earned them the 1987 Nobel Prize in Physics.  

  

Figure 1.5 Different superconducting materials with their respective critical temperature as a 
function of the year of discovery, from [2]. 
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These findings led to the discovery of new HTS materials such as Y-Ba-Cu-O with Tc of 92 K, Bi-Sr-

Ca-Cu-O with a Tc of 110 K and Ti-Sr-Ca-Cu-O with a Tc of 125 K. 

1.4.1. Nb3Sn: A15 compound 

A15 compounds are characterized by a typical cubic structure, also called ɓ-W (ɓ-wolfram), since the 

structure was first found in an allotrope of tungsten. The ideal compound formula is A3B, where A is 

usually a transition metal like V, Nb or Mo and B is a non-transitional metal such as Al, Si, Ge or Sn. 

Nb3Sn, of great interest for accelerating SRF cavity technology, belongs to this class of materials. 

Superconductivity in Nb3Sn was discovered by Mathias et al. in 1954[13] and its highest observed critical 

temperature is 18.3 K, reported by Hanak et al. in 1964[14] . The material has gotten particular attention 

due to its ability, when superconducting, to sustain large current densities, far beyond the limits of the 

commonly employed NbTi. Intermetallic niobium-tin, whose crystal structure is shown in Figure 1.6[15], 

is based on the superconductor Nb, which has a body-centered cube (BCC) structure and a critical 

temperature of 9.2 K, or on a metastable Nb3Nb A15 structure with a critical temperature of 5.2 K[16]. 

In thermodynamic equilibrium, when alloyed with tin, Nb can form compounds in different forms Nb1-

ɓSnɓ (πȢρψ ɼ πȢςυ or the line Nb6Sn5 and NbSn2 as shown in the phase diagram in Figure 1.7. 

Figure 1.6 Nb3Sn, an A15 compound where B atoms form a body centered cube and A atoms are placed 
along the three orthogonal directions, from [15]. 
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Figure 1.7 Nb-Sn phase diagram, from [16]. 

The phase of interest occurs for ɼ values between 0.18 and 0.25. This phase can be achieved either above 

930 °C in a Sn-Nb melt or below this temperature through solid-state reactions between Nb and Nb6Sn5 

or NbSn2. From a mechanical perspective, Nb3Sn is brittle and has low thermal conductivity, making it 

unsuitable for machining and limiting its use as a bulk material. A promising alternative are thin coatings 

of Nb3Sn, especially for SRF cavities when applied to high-thermal conductivity substrates like 

copper[17]. 
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2. SRF ACCELERATING CAVITIES 

This chapter introduces superconducting RF accelerating cavities. It begins with the definition of the 

accelerating cavity, along with an overview of the most important figures of merit. Section 2.2 explores 

the meaning of thin films in this context, followed by a discussion on the advantages for using Nb3Sn 

coating on copper cavities. 

2.1. Working Principles  

An accelerating cavity is a space enclosed made of conductive material, where electromagnetic radiation 

transfers energy to the charged particles moving through it. The geometry of the cavity is selected in such 

a way that the excitation of a particular mode can be transferred efficiently to a charged particle. The 

simplest geometry for a resonant cavity is called ópillboxô, a metallic cylinder of length L and radius R. 

The possible electromagnetic field configurations within any cavity arise from the solutions of Maxwell 

equations. Depending on the established boundary conditions, two distinct sets of cavity modes are 

produced: the transverse magnetic (TM) and the transverse electric (TE) modes. The mode illustrated in 

Figure 2.1, is the 4- , which is commonly used in particle accelerators. It features a maximum 

electrical field along the axis of the particles beam and a minimum at the cylindrical faces, while the 

magnetic field is at its maximum on the surfaces and at its minimum at the faces. 

The key figures of merit used to evaluate RF and Superconducting RF (SRF) cavities are the accelerating 

electric field Ὁ , the quality factor Q0, the dissipated power ὖ and the shunt impedance Ὑ . These 

parameters depend on the surface resistance RS of the inner walls of the cavity. The accelerating field 

(usually referred to as gradient) experienced by an electron travelling along the longitudinal path, is given 

by the ratio of the accelerating voltage ὠ  to the distance d travelled. The accelerating voltage ὠ  is 

the ratio of the maximum energy gain of a particle moving along the cavity axis to the charge of that 

particle: 

Figure 2.1 Pillbox, simplest resonant cavity with the electric field depicted in red 
and the magnetic field depicted in blue, from [18]. 
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Ὁ  . 

 

(2.1) 
 

The energy stored inside the cavity U is represented as: 

Ὗ ‘᷿ȿὌȿᴆὨὺ ‐᷿ȿὉȿᴆὨὺ , 

 

(2.2) 
 

where H is the magnetic field and E the electric field.  

The dissipated power ὖ, also addressed as cavity losses, depends on the surface resistance RS of the  

inner walls of the cavity as follows: 

ὖ
ρ

ς
Ὑ ȿὌȿᴆὨίȢ 

 

(2.3) 
 

The quality factor Q0 is the ratio of the stored energy to the energy dissipated per unit cycle in the cavity 

walls: 

ὗ
ȿὌȿᴆὨὺ᷿‘ ‫

Ὑ ȿ᷿ὌȿᴆὨί
ȟ 

 

 
(2.4) 
 

where is the resonance frequency of the selected mode. An alternative representation of the above ‫ 

equation is as follows:  

ὗ
‫Ὗ

ὖ
ȟ 

 

(2.5) 
 

where U is the stored energy and ὖ is the dissipated power. 

The intrinsic quality factor ὗ   can also be expressed as the ratio of a geometric factor G, which has 

dimensions of a resistance and depends solely on the geometry of the cavity, to the surface resistance Ὑ: 

ὗ  , 

 

(2.6) 
 

where G is given by the following expression: 
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(2.7) 
 

The shunt impedance Ra 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: 

Ὑ  . 

 

(2.8) 
 

The main limitations of SRF accelerating cavities can be grouped into three main phenomena: electron 

multipacting, field emission and thermal breakdown. Electron multipacting occurs when an electron hits 

the surface of a metal generating secondary electrons with high energies. This process initiates a chain 

reaction that leads to the formation of an electron avalanche. This phenomenon affects the performance 

of the cavity and is usually reduced by making the cavity spherical or elliptical[19]. Field emission is the 

emission of electrons by microscopic impurities in the cavity. This phenomenon can be reduced by 

rinsing the cavities with high pressure water or applying RF power for a certain amount of time[19], 

causing the óburn outô of the impurities. Thermal breakdown occurs due to RF losses in the 

superconductor, which can locally induce an increase in temperature of the cavity. If the temperature is 

higher than the critical temperature, the material becomes normal conducting, a phenomenon known as 

quenching. A possible solution to this phenomenon is the application of a thin layer of a superconducting 

material (e.g. niobium) onto a normal 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 somewhat arbitrary, with a thickness of 1 ɛm commonly 

used as the dividing line between thin and thick films [20]. For a complete screening of the RF field a 

minimum thickness of 10 times the penetration depth ɚL should be deposited. This means that deposited 

thickness should be around 0.5-2 ɛm and it can be achieved by different depositions techniques[21]. For 

niobium, the penetration depth of RF fields is approximately 40 nm [22]. Consequently, the deposited 

film should be in the order of 1 ɛm. Thus, thin film technology serves as a tool for the development of 

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 copper. VTD is the most widely used 

technique for depositing Nb3Sn onto Nb cavities. 1.3 GHz cavities coated with VTD are expected to 

achieve a Q0 of about ten times than bulk niobium cavities (109) at T = 4.2 K[23]. LTD involves 

immersing the niobium substrates in a molten tin bath, followed by annealing in an ultra-high vacuum 

(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 GHz cavities, to eliminate the use of toxic tin chloride as 

a tin source employed in the VTD technique. An alternative manufacturing approach is Direct Current 

Magnetron Sputtering (DCMS), a physical vapor deposition (PVD) technique that has successfully 

produced high-quality thin films across a variety of substrates. 

SRF cavities are typically made of bulk niobium mainly because niobium has the highest 

superconducting critical temperature (9.2 K) among superconducting pure elements and the highest lower 

magnetic field Bc1[10], relevant as the cavity must be operated in the Meissner state. After more than a 

half a century of development, the performance of bulk niobium cavities has reached their theoretical 

performance limit in terms of maximum accelerating field and surface resistance, for 1.3 GHz cavities at 

a temperature of 2 K accelerating fields higher than 20 MVm-1 and BCS surface resistance of less than 2 

nɋ[24]. Niobium and copper are the most employed superconducting and normal conducting materials, 

respectively, for the fabrication of RF cavities. The choice of whether using niobium or copper only 

depends on the specific application, on the accelerator specifications and on energy efficiency 

consideration[25]. This thesis focuses on the development of a system for the production of SRF cavity 

prototypes, hence the emphasis is given to superconducting materials.  

2.2.1. Nb3Sn 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 low surface resistance would be the most desirable option. 

Possible materials that satisfy the above requirements are .Â3Îȟ-Ç" ȟ.Â. ÁÎÄ .Â4É.Ȣ Remarkably,  

.Â3Î represents a potential alternative material with a theoretical Ὕ of 18 K. Nb3Sn cannot be used as 

a bulk material for cavity production because of its brittle nature and its low thermal conductivity. 
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However, a superconducting film of Nb3Sn can be deposited on the surface of a cavity structure made of 

copper or bulk niobium. The main key figures of .Â3Î  are the accelerating field Ὁ  and the quality 

factor ὗ . At the same frequency, the ὗ  value of the .Â3Î cavities at 4.2 K is two orders of magnitude 

higher of that of Nb and comparable to Nb at superfluid helium of T = 2 K[17]. However, high ὗ  

values for .Â3Î are obtained up to 15 MV/m, after which a linear drop is observed. The highest Ὁ  

achieved is below 30 MV/m, while the theoretical limit is above 100 MV/m [17]. 

The state of art of Nb3Sn technology highlights the need of implementing coated Nb3Sn/Cu cavities for 

future accelerators. The selection of Cu cavities is driven not only by cost considerations, which are 

important especially at large-scale but also by the fact that Cu is not soluble in A15 materials and lowers 

the temperature of production of Nb3Sn. Different research laboratories worldwide are collaborating 

toward this goal. 

At LNL, where this thesis work was conducted, a base recipe for Nb3Sn has been developed. Films of 

Nb3Sn are deposited on various substrates including sapphire, copper with and without niobium buffer 

layer and bulk niobium. The next step involves the scaling up of the process to 1.3 GHz cavities. This 

thesis work is framed within this context through the design of a system capable of implementing the 

optimized recipe and adapting it to the prototype cavity. 
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3. PHYSICAL VAPOR DEPOSITION (PVD) 

A dedicated chapter is given here about deposition techniques and their state of art. The aim is to give 

the reader the key concepts necessary to understand and appreciate the reasons behind the choices made 

in chapter 4. 

3.1. PVD Technique 

Physical Vapor Deposition (PVD) is a technology used to deposit thin films, and is based on techniques 

such as evaporation, ion plating and sputtering. The thickness of the deposited films can vary from 

angstroms to millimeters. PVD typically involves three steps[20]: 

1. Material  evaporation: this step begins with the transition of the material from a condensed 

phase (either solid or liquid) to the vapor phase. This may involve reactions between 

compounds, some of which are introduced in gaseous or vapor form; 

2. Vapor Transport : the vapor is transported from the source to the substrate; 

3. Vapor Condensation: upon reaching the substrate, the vapor condenses, leading to film 

nucleation and subsequent growth. 

The PVD technique we are focusing on is sputtering, specifically magnetron sputtering, which will be 

described in the next section.  

3.2. Sputtering Deposition  

Sputtering is a deposition technique used to deposit thin films on substrates. The target material is 

removed by ion bombardment. Two methods can be applied to produce ions: by use of an ion source or 

by plasma formation. The first one cannot be used on a large scale, while the second one is the most used 

and the one that will be considered for this project. Sputtering deposition can be divided into four 

categories: DC, AC, reactive and magnetron[26]. All these sputtering processes share the same 

configuration that consists of planar diodes with cathodes and anodes positioned one in front of the other. 

Targets of all important materials for scientific and industrial purposes are commercially available, 

including their compositions such as oxides, borides, carbides, nitrides, etc. Targets have different 

shapes, such as rectangular, triangular, circular, conical disks, toroids, and can differ in size, from 10 cm 

to several meters, depending on the application. Targets made of elements that have a purity of 99.99 % 

or better and are made according to stringent stoichiometry. In fact, the target of our commercial 
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magnetron is made of aluminum with a purity of 99.99 %. The target can be powered by DC current for 

conductive targets, RF for non-conductive ones or by applying current and/or voltage pulses. 

The simplest and oldest sputtering technique is DC sputtering called also diode or cathodic 

sputtering[20]. The glow discharge is obtained by applying an electrical field between anode and 

cathode. High pressures of the order of few pascals are required to produce ions able to sustain the 

discharge. However, film deposition rates are too low, around a few hundreds of angstroms per meter, 

making it no longer to be used for production.  To improve the ionization efficiency a magnetron is 

used, it produces a magnetic field that confines the electrons emitted by the cathode to the region above 

the target. Therefore, the most common deposition technique used for growing thins films by sputter 

deposition is by the implementation of a magnetron. Magnetron sputtering is practiced in DC, AC, and 

RF regimes[26]. 

3.3. DC Magnetron Sputtering  

Magnetron sputtering is the most established and widely used technique, capable of producing coatings 

that range from very thin to thick consisting of nanoscale to microscale hard and/or soft layers and 

phases[20]. The simplest sputtering arrangement consists of a target at cathode potential, placed in front 

of the substrate holder, which is typically set at anode potential or grounded, as shown in Figure 3.1[27]. 

Argon gas is introduced into the sputtering chamber, where it collides with free electrons, resulting in 

ions described by the following formula: 

Ὡ ὃ ςὩ ὃ  

At the same time, the electrons generated from these collisions will interact with other argon atoms, 

leading to the production of additional ions, resulting in a chain reaction which leads to plasma formation. 

The positive argon ions ὃ  are attracted to the negatively charged target, and upon acceleration toward 

the target, they gain substantial energy. This energy is transferred to the target, and part of it results in 

the ejection of atoms which will deposit then onto the substrate, while the remaining energy is converted 

into thermal energy which will heat the target. The plasma ignition threshold depends on a current-

voltage relationship, which in turn depends on the gas pressure and on the distance between cathode and 

anode. This phenomenon is well established by the Paschenôs Law[20] describing the voltage breakdown, 

that is the minimum voltage needed to initiate glow discharge, as a function of the product of the distance 

d between the two electrodes (anode/substrate and cathode/target) and the pressure P as follows: 
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(3.1) 
 

where A, B are constants and ‎ is the emission yield induced by ion bombardment. Paschenôs Law is the 

analytic expression obtained by fitting the experimental curves measured by Paschen under different 

voltage, pressure and electrode gap conditions, as well as for different gases, that demonstrate the 

efficiency of the magnetic field generated by the magnets usually positioned beneath the target[20]. A 

magnetic field produced by either permanent magnets or electromagnets shapes the magnetic field lines 

around the target and inside the sputtering chamber. The magnetic field generated by permanent magnets 

creates a field tunnel with the scope of confining the electrons near the target surface, increasing their 

mean free path and enhancing the gas ionization process by promoting collisions between the electrons 

and the gas atoms/molecules. Analysis of the Paschen curves shows that introducing a magnetic field 

lowers the breakdown voltage for fixed pressure and distance between electrodes, resulting in a higher 

deposition rate. This advantage is a key reason why magnetron sputtering is preferred to non-magnetic 

diode sputtering. 

The main parameters playing a role on the deposition process of thin films via DCMS are briefly 

described below[23]: 

¶ Substrate temperature: by increasing the temperature of the substrate, the adatom mobility 

increases, so that the mobility and the diffusion of the deposited species are promoted, resulting 

in a larger grain size and a denser film; 

Figure 3.1 DCMS, a Physical Vapor Deposition Technique, from [27]. 
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¶ Deposition pressure: low pressures increase the mean free path of the sputtered atoms, reducing 

the likelihood of collisions with the sputtering gas. As a result, these atoms reach the substrate 

with a high kinetic energy. Meanwhile, high pressures lead to more frequent collisions with the 

sputtering gas, causing the atoms to lose kinetic energy and reach the substrate with significantly 

reduced energy; 

¶ Sputtering gas: in non-reactive magnetron sputtering inert gases such as argon and krypton are 

commonly used. An important factor to consider is the mass of the gas: heavier gases exert a 

greater impact on the target and are less likely to be trapped in the film during growth; 

¶ Cathode power: the energy of the sputtered atoms does not depend on the energy of the incident 

ions, which is well describe by Thompson[28] in terms of differential sputtering yield ◓(E): 

ὉὨὉθד
Ⱦ
ὨὉ, 

(3.2) 
 

where E, Eb, ȿ, are respectively, the energy ejection of the sputtered atoms, the surface binding 

energy, the energy transfer factor. The latter is defined in terms of the atomic mass of the gas used 

M i and of the sputtered material Ma, as follows: 

Ώ
τὓὓ

ὓ ὓ
Ȣ 

(3.3) 
 

Increasing the cathode power enhances the sputter yield, which in turn raises the deposition rate. 

Additionally, higher cathode power results in fewer trapped gas ions within the 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 target. There are three different magnetrons 

configurations[26]: post-magnetron, rotating cylindrical magnetron and planar magnetron. In post-

magnetron a magnetic field is applied to the surface of cylindrical target, with flanges placed at the end 

of the target, as shown in Figure 3.2 a). The flanges are set at a negative potential (cathode) same as the 

target and do not allow electrons from escaping axially. Rotating cylindrical magnetrons, shown in Figure 

3.2 b) consist of a cylindrical tube target which is rotated around a stationary magnet configuration. This 

magnetron configuration is used to improve target utilization[20]. The main weak point of these two 

configurations is the complex design and fabrication compared to the planar one. The following section 

will describe the planar magnetron, as it is a key part of this experimental work. 
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Figure 3.2 a) Post-magnetron configuration, from [26]; b) Rotating cylindrical configuration, from [29]. 

3.4.1. Planar Magnetron 

Of the three magnetron configurations, the planar one is the most common[26]. The planar magnetron 

illustrated in Figure 3.4, consists of magnets positioned behind the target in either rectangular or circular 

rings depending on whether the target is rectangular or circular shape. Magnets configuration in a 

rectangular magnetron consists of an array of outer magnets that form a rectangular shaped track with a 

parallel magnetization, with magnetic lines that start from the north pole and end in the south pole of the 

magnet. To form a tunnel, an array of magnets with anti-parallel magnetization is positioned in the center 

of the rectangular configuration. This configuration together with an iron plate completes the magnetic 

circuit promoting the electron motion within a region called racetrack. The magnets assembly defines 

the magnetic field over the target. The presence of the magnetic field affects the electron trajectory 

causing it to follow cycloidal orbits. Electron trajectory is determined by the Lorentz force: 

Ὂᴆ ήὉᴆ ὺᴆ ὄᴆ), (3.4) 
 

where q, Ὁᴆ, ὺᴆ, ὄᴆ, are respectively, the negative charge of the electron, the electric field, the velocity of 

the electron, the magnetic field. 
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The electron motion can be divided into three components. The first component is the movement of the 

electron along the magnetic field lines, the second is the movement of the electron around the magnetic 

field lined with radius known as Larmor radius: 

ὶ , (3.5) 
 

where ὺ is the velocity of the electron perpendicular to the target. The third component of the electron 

motion is the Ὁᴆ ὄᴆ Hall drift, as illustrated in Figure 3.3, which consists in the electron moving in a 

helical motion that results perpendicular to the magnetic and electric fields. 

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

for the cycloidal orbits above target surface, while the vertical component directs the electrons toward 

the central area between the magnets. Therefore, for both rectangular and circular magnetron 

configurations, the maximum ionization happens in the region between the magnets, where most ions 

will be generated. For a circular magnetron, a torus-shaped plasma results in a circular erosion racetrack, 

as shown in Figure 3.4 b). For a rectangular shaped plasma, the erosion pattern is rectangular as shown 

in Figure 3.4 a). 

 

Figure 3.3 Hall drift illustration of the electron motion, from [20]. 
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In 1986, Windows and Savvides[29] first introduced balanced and unbalanced magnetrons. These terms 

were used to indicate the relative strength between central and outer magnets. If the central and outer 

magnets have the same magnetic force the magnetron is considered balanced, otherwise the magnetron 

is unbalanced. In addition, an intermediate balanced magnetron configuration exists as shown in Figure 

3.5. 

Figure 3.4 a) Erosion track in a planar magnetron configuration, from [26]; b) erosion track in a circular magnetron. 
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A balanced magnetron corresponds to low ion bombardment and the field lines are confined around the 

racetrack. An unbalanced magnetron allows electrons to escape from plasma and reach the substrate for 

the coating process, resulting in changes in the shape of the magnetic field. Gencoa[29] uses a simple 

method to define balanced and unbalanced magnetrons into six groups by introducing a factor denoted 

as g factor. The value of g is defined as the ratio of ZBz=0, which is the distance from the target along the 

z direction at which the magnetic field is zero (also called ñnull pointò), to half the width of the target W, 

as shown in Figure 3.6: 

Ὣ . (3.6) 
 

Figure 3.5 Different types of magnetron according to Windows and Savvides classification, from [26]. 
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Figure 3.6 Classification of magnetrons according to Gencoa, from [30]. 
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3.5. State of Art  of a Coating System For 1.3 GHz Elliptical  Cavities 

This following section concludes the final part of the theoretical background with the state of art of the 

coating system for 1.3 GHz elliptical cavities. In the next chapter, we will revisit some of the concepts 

introduced here and compare them with the actual decisions made in our experimental work. 

A coating system for niobium thin films on 1.3 and 1.5 GHz copper elliptical cavities has been developed 

at CERN[30] and shown in Figure 3.7. The system consists of a vertical cylindrical magnetron 

configuration, in which the cavity serves as a vacuum chamber. Hence, one of the ends of the cavities is 

connected to the vacuum system, while the other one is connected to a set up with a stainless-steel tube 

that houses a central and two peripheral niobium targets. Additionally, the tube is designed to 

accommodate a magnet which can be moved to regions where plasma is generated with the scope of 

providing a uniform coating. The central part of the cavity, also called equator, is the most critical region 

as it affects the performance of the accelerating cavity[30]. In this set up, the equator is aligned with the 

central cathode and the coating process consists of moving the magnet in the central region of the target, 

where then plasma is generated. The coating process is carried out using either HIPIMS or DCMS in one 

run. The cylindrical ends of the cavity connected to the equator are called cut-offs. Lateral targets are 

positioned in front of the cut-offs, which are coated in five different steps by DCMS.  

Figure 3.7 CERN system coating for 1.3 and 1.5 GHz cavities, from [30]. 
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4. DESIGN OF A COATING SYSTEM FOR 1.3 GHz 

ELLIPTICAL CAVITIES 

This chapter discusses the main steps that have been implemented for the experimental work of this thesis. It 

begins with the description of the optimized Nb3Sn recipe and it proceeds with the design of the system, 

concluding with the simulations of the rectangular magnetron. 

4.1. Optimized Recipe for the Deposition of Nb3Sn via DCMS on Small Samples 

At LNL, an optimized recipe has been developed for the sputtering of Nb3Sn via DCMS on flat 

samples[31]. The substrates used for Nb3Sn deposition at LNL are sapphire, copper, copper with a thin 

layer of niobium (1 ɛm and 10 ɛm) and bulk niobium, as shown in Figure 4.1. Sapphire does not affect 

film properties and serves as a reference for the film deposited on copper substrates. All substrates are 

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

niobium are the most used materials for SRF applications and understanding the behavior of Nb3Sn 

coating is a key aspect. The coating process is a result of three year and ongoing research study and 

consists of the following steps: 

¶ Substrate preparation: the preparation includes cleaning the substrates in an ultrasonic de-

ionized water bath, located in the chemistry lab. Each substrate is treated specifically: 

ü sapphire substrates are cleaned in an ultrasonic bath with a solution of deionized water 

and industrial detergent; 

ü copper substrates are polished using SUBU5 to ensure a smooth surface; 

ü niobium bulk substrates are treated by buffer chemical polishing. 

 

Figure 4.1 Substrates for Nb3Sn deposition at LNL. 
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¶ Sample and holder assembly: the samples are mounted on a stainless-steel disk, secured in place 

using M2 screws. The assembly of the Nb3Sn deposition system at LNL is shown in Figure 4.2. 

The distance between the sample holder and the target is 9 cm. In the same figure is also shown 

the stainless-steel disk with the substrates mounted before and after deposition. All substrates are 

rinsed with ethanol before mounting the substrate holder in the vacuum chamber; 

¶ Flange installation and vacuum preparation: the sample holder is mounted on a flange which 

also supports the IR lamps for the heating of the substrates during the deposition process. This 

flange is mounted to the vacuum chamber, and the system is pumped down; 

¶ Leak detection: once a pressure of about ρπ ÍÂÁÒ is achieved, the deposition system is 

connected to a mass spectrometer designed to detect helium, known as leak detector. The lowest 

helium flow detectable with this instrument is approximately ρπ
Ͻ
. The leak detection 

consists of flushing the flanges of the system with small and controlled amounts of helium. If a 

leak is found, the involved flange is opened, inspected, cleaned and sealed again with a new 

gasket; 

¶ Baking: the sputtering system is heated for over 24 hours at around 120 °C by means of resistive 

bands placed on the flanges, while the sample holder is kept at a temperature of 50 °C higher than 

the foreseen deposition temperature via the IR lamps (e.g. if the deposition is planned to be done 

at a substrate temperature of 600 °C, the lamps are set at 650 °C for the baking). The purpose of 

this step is to degas impurities from the system and achieve a better vacuum in preparation for 

the subsequent film deposition; 

¶ Deposition parameters (optimized recipe):  

o cathode power: approximately 20 W and cathode current around 0.02 A 

o argon pressure: ς ρπ ÍÂÁÒ 

o substrate temperature: 600 ï 650 °C 

¶ Sputtering process: ρ ʈÍ of Nb3Sn is deposited for a total time of 10 hours; 

¶ Characterization techniques: Tc measurements, Scanning Electron Microscopy (SEM) and 

Energy Dispersive X-ray Spectroscopy (EDS), X-Ray Diffraction (XRD), and micro-

profilometry are employed after the film deposition is completed and described below. These 

characterization tools are all available at our labs. 

Inductive measurements of Tc: 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 sample is zero-field 

cooled in helium vapor well below its Tc and then it is heated at a controlled rate with the magnetic 

field on. During this process, the measurement system records the signal generated in the 

secondary coil. The critical temperature of the sample is extracted from the resulting 

superconducting transition curve, according to the 10%-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 Dispersive X-ray Spectroscopy with the associated tool and software. 

XRD:  X-Ray Diffraction is employed to study the crystalline structure of the film and its possible 

dependence on the 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 as 

a reference for film profiling.  

 

Figure 4.2 On the left, the Nb3Sn deposition system at LNL; on the right the samples before and after deposition. 
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4.2. 1.3 GHz Elliptical Coating System Requirements 

To implement the optimized recipe, several aspects need to be taken into account for the designing of the 

coating system. One of the key features to consider is the deposition temperature of about 650 °C. At this 

temperature, high-vacuum or ultra-high vacuum levels are necessary to ensure cleanliness during 

deposition of the thin film. Contrary to the approach described in section 0, where the cavity itself acts 

as a vacuum chamber for the coating process, in our case the copper cavity would lead to oxidation, 

hence deterioration of the cavity. Therefore, the whole process has to be carried in a vacuum chamber. 

Another critical aspect to consider is the alignment of the cavity and magnetron, which will be discussed 

in section 4.3, in order to avoid scratching the polished inner surface of the cavity. Moreover, to obtain 

a uniform coating inside the cavity a rotating system must be employed, so we decided to keep the 

magnetron fixed and to rotate the cavity around it. 

4.3.  System Assembly 

The goal of this thesis project is to create an innovative Nb3Sn coating system for 1.3 GHz elliptical 

copper cavities that has not been so far developed elsewhere. The following sections will provide an 

overview of the requirements for the system and highlight its key components. At the beginning of this 

project, the entire system was designed using SolidWorksÊ. The system consists of a lower chamber, as 

illustrated in Figure 4.3, connected to a pumping system, vacuum gauges and feedthroughs, and an upper 

chamber that houses the copper cavity to be coated. This is done to prevent direct heating of the 

components and possible leak formation at the flange seals. The flange of the upper chamber contains as 

well vacuum gauges, which are essential for measuring the internal pressure. The system is designed to 

be supported by a custom-built cart. In Figure 4.4 is shown the piping and instrumentation diagram of 

the system, providing the reader with an overview of the entire set-up. 
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Figure 4.3 1.3 GHz entire system designed in SolidWorksϰ. 

 

Figure 4.4 Piping and instrumentation diagram showing the components of the entire set-up. 
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4.3.1. Design of the Vacuum System 

High or ultra-high vacuum conditions are crucial, requiring pressures below ρπ ÍÂÁÒ at temperatures 

of φυπЈ#  ÔÏ χππ Ј#. These vacuum conditions are essential to guarantee cleanliness during deposition 

and hence the final film purity. At LNL, it is standard practice to check for leaks at specific coating 

stages: before the baking, before and after the sputtering process once the system has cooled down to 

room temperature.  

¶ Pumping unit:  to create a clean vacuum environment in the chamber we chose two different 

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 effective pre-pump, 

creating the ideal pressure for the turbomolecular pump to operate efficiently. The primary 

pump unit is a scroll type, as shown in Figure 4.5 a). 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 rotor, rotates. 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 shown in Figure 4.5 b), is a turbomolecular pump that operates on  

the principle that gas molecules, when they collide with a rapidly moving surface at low 

pressures, gain momentum and are directed along the same path as the moving surface. 

The scroll pump shown in Figure 4.5 a) is an Edwards pump nXDS10i type, capable of 

reaching pressure of ὴ ρπ ÍÂÁÒ with a pumping speed of ὺ ρρȢτ , whereas the 

turbomolecular pump shown in Figure 4.5 b) is a Pfeiffer TPH280H, which can achieve 

pressure below ὴ ρπ  ÍÂÁÒ and pumping speed up to ὺ φτψ .  
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¶ Vacuum Gauges:  

o Rough vacuum: we positioned a Pfeiffer Pirani TPR280 between the scroll and the turbo 

pump as indicated in Figure 4.5 a). This capacitance-based manometer measures pressures 

ranging between ρπ ρπ ÍÂÁÒȢ The gauge contains a tungsten filament whose 

resistance varies due to heat exchange with the surrounding gas. This change is then 

measured and calibrated to provide an accurate pressure reading;  

o Lower and upper chamber: a Pfeiffer PBR260, a full range gauge combining Pirani and 

Bayard-Alpert hot cathode is installed in the upper chamber as illustrated in Figure 4.3. 

This pressure gauge can measure down to ρπ  ÍÂÁÒ, and allows 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); 

o Sputtering process: we installed a Pfeiffer CMR364 on the lower chamber as illustrated 

in Figure 4.3. This vacuum gauge is used during the deposition process because its 

pressure measurement range ρπ ρπ ÍÂÁÒ aligns well with the deposition 

pressure ςϽρπ ÍÂÁÒ, and makes it an ideal choice for accurate pressure reading. 

Figure 4.5 a) Scroll pump; b) Turbomolecular pump in the 1.3 GHz system at LNL. 
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¶ Gas Inlets System:  

We installed a gate valve DN100CF between the turbo pump and the lower chamber, as shown 

in Figure 4.3. We installed an electro-pneumatic valve at the inlet of the scroll pump to isolate 

the turbo pump from the atmospheric environment. Once the sputtering process is complete, a 

valve is needed to break the vacuum inside the chamber. For this purpose, we used an all-metal 

shut-off valve, which is connected to the dry nitrogen system. The venting process is performed 

manually by opening this valve. Another important component is the leak valve which is used to 

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

Both valves are shown in Figure 4.6 a) and b) respectively.  

 

 

  

 

Figure 4.6 a) All-metal shut off valve; b) leak valve to be installed. 
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4.3.2. Cavity Requirements 

An elliptical cavity, as represented in Figure 4.7, is composed of the cell, which is the section where the 

resonant electromagnetic mode is generated, and the cut-offs: cylindrical parts connected to the cell 

through the irises.  

 

 

Figure 4.7 1.3 GHz copper cavity. 

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

Figure 4.8. We chose this configuration because the upper part is more accessible than the lower part, 

especially when inserting or extracting the cavity. To minimize deformation due to high deposition 

temperature (650 °C), a stand that houses the cavity is designed. The cavity is suspended by means of a 

ferrofluidic rotating feedthrough, mounted on the flange that closes the upper chamber, which provides 

a vacuum seal under both static and dynamic conditions with leak rates lower than ρπ
Ͻ

 .  
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Figure 4.8  Ferrofluidic rotating feedthrough. 

The cavity is enclosed in a stand designed to maintain the alignment with the magnetron. Proper 

alignment is important to avoid scratching the polished inner surface of the cavity during insertion and 

extraction.  The core of the stand consists of two precisely machined rings, tailored to the correct outer 

diameter, which are connected to the cavity, as indicated in  

Figure 4.8. Four vertical rods secure the rings along the axis of the chamber to guarantee cavity-

magnetron alignment throughout the entire process. The cavity is heated using four IR lamps connected 

in parallel, as shown in Figure 4.9 a), so that if one fails, the others continue to operate unaffected. These 

lamps are regulated by a PID (Proportional-Integral-Derivative) controller, and each lamp can provide 

up to 1kW of power. A protective shield, as shown in Figure 4.9 b), is placed around the cavity to avoid 

excess heating of the chamber walls. An important consideration 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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Figure 4.9 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 cavity. In literature it is reported 

that copper begins to weaken[31] around 450 °C, whereas the deposition temperature for Nb3Sn exceeds 

600 °C according to the optimized recipe presented above. However, it has been observed 

experimentally[32] that, for 6 GHz elliptical copper cavities, the softening of the cut-off flanges did not 

occur up until 650 °C, as shown in Figure 4.10. Consequently, it has been established 650 °C as the upper 

limit for Nb3Sn deposition temperature[33]. Additionally, at LNL, thin films of Nb3Sn on flat samples 

have shown good performance at this temperature; with the optimized recipe, a thickness of 1 ɛm is 

achieved in 10 hours. However, temperature is not the only factor to consider. The deposition of Nb3Sn 

also depends on the pressure within the deposition chamber and on the deposition rate. By carefully 

regulating these parameters, the successful deposition of Nb3Sn becomes feasible. 
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We first attempted to assemble the lower chamber and upper chamber to determine if we could achieve 

the vacuum pressure in the range of ρπ ρπ  ÍÂÁÒ. However, after conducting a leak detection, 

we discovered several leaks on the custom-made lower chamber, which had to be constructed ex-novo.  

We then proceeded with assembling the system using only the upper chamber, as shown in Figure 4.11. 

This time, we successfully achieved the desired vacuum pressure of ρπ ÍÂÁÒ  and conducted tests on 

the cavity using the same assembly. 

Figure 4.10 Deformed copper 6 GHz cavity flange at deposition temperature of 650 °C. A deformed flange is prone to 
vacuum leaks, jeopardizing the RF test, from [34]. 

Figure 4.11 1.3 GHz system with only upper chamber. 
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Established methods[34] for joining flanges to cavities are already present in literature. One common 

technique is electron-beam welding, where the flange is welded onto the cavity. However, the main 

disadvantage of this method is the cost. Another alternative is brazing, which can be 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 to the 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 available[35], but their use at high vacuum 

pressures may compromise the cleanliness of the system due to potential metal evaporation of the brazing 

alloy. The Figure 4.12 a). 

 

 

 

Figure 4.12 a) 1.3 GHz cavity with brazed flanges at both ends; b) Cavity lip indentation. 



51 
 

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 with screws. Additionally, a custom flange of a star-shaped 

centering ring composed of two halves is placed over the lip to ensure an effective indentation, as shown 

in Figure 4.13. Prior to the actual process, we designed the cavity with the intended indentation which is 

shown in Figure 4.12 b). The cavity was leathed in the mechanical shop and the indentation process is 

shown in Figure 4.13. After closing both ends, we conducted a leak test on the cavity. 

We found out that the flow rate reached 10-5 
Ͻ
, while the pressure inside the cavity reached 0.8 mbar, 

as shown in Figure 4.14. The pressure we achieved is not what we were aiming for, which may be due 

to the lip of the cavity being too thin, as it was not possible to make it thicker during cavity construction. 

Figure 4.13 Cavity lip indentation process. 



52 
 

 

  

Figure 4.14 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 of Nb3Sn cylindrical 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 SolidWorksÊ, as shown in Figure 4.15. The main 

components of the magnetron are the target, the baseplate and its upper lid, the magnets, and the magnets 

holder. For the baseplate we chose aluminum Anticorodal 6082, due to its light weight (ςȢχρ  and 

good thermal conductivity (ρχπςςπ 
ᶻ

, while for the magnets holder we chose stainless-steel AISI 

316. The hollow baseplate was chosen to accommodate the water-cooling system and facilitate the 

insertion of magnets arrays.  

 

  

Figure 4.15 Magnetron configuration for 1.3 GHz system. 
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4.3.4. Magnetron Requirements 

It is crucial to maintain the magnetron and the cavity aligned on the same axis during their insertion into 

the vacuum chamber, as well as throughout the coating process. To achieve this, the axis of the chamber 

is exploited so that, 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 flange, as shown in Figure 4.16. Therefore, the magnetron is fixed while the cavity rotates 

around it. 

The main constraint in the magnetron design is the cavity cut-off diameter of 78 mm, as shown in Figure 

4.17 a) which limits the available space for fitting the components. In the same figure in b) are shown 

the distance of the magnetron from the cut-off and equator. In c) cavity and magnetron are shown from 

a top view. 

Figure 4.16 Magnetron insertion in CF100 feedthrough. 
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Figure 4.17 a) Cut-off dimension; b) Magnetron distance from cut-off. 

4.3.5. All-Metal Design 

A key feature of the magnetron is the all-metal design, which eliminates the use of polymeric gaskets for 

vacuum sealing of the components. Instead, a custom DN50CF flange allows the aluminum baseplate to 

serve as a gasket, as shown in Figure 4.18. To implement this, we used an aluminum plate lathed in the 

mechanical workshop. Two flanges were held in place with screws at each end to replicate the real 

operating conditions that would create an indentation similar to a copper gasket, as shown in Figure 4.19 

a) and b). A leak test, as shown in the same figure in c), was then conducted resulting in a leak rate lower 

than ρπ
Ͻ
 , confirming the suitability of the baseplate for use. In d) the plate with the visible 

indentation is shown. The indentation was then measured with a profilometer, revealing a depth of 29 

µm, as shown in Figure 4.20. 
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Figure 4.19 Indentation process measurement of the aluminum plate. 

Figure 4.18 Aluminum baseplate that serves as a gasket. 
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At this stage, we also measured the indentation of the copper gasket in order to make a direct comparison. 

To do so, we performed a similar test and measured the indentation depth with the profilometer. The 

measured depth was 179 ɛm, as shown in Figure 4.21, more than one order of magnitude than the 

aluminum plate (29 µm). A higher indentation depth indicates a more efficient seal. Although there is a 

large difference between the two indentations, we observed no leaks on the aluminum plate, which 

confirms that aluminum can be used as a gasket. 

Figure 4.20 Aluminum plate indentation measured with Profilometer. 
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Figure 4.21 Indentation depth measured with profilometer of a CF35 copper gasket. 

Furthermore, another crucial aspect of the design of the magnetron is its cooling system. During the 

sputtering process, ion bombardment generates significant heat, which can raise the temperature of 

both the target and baseplate, potentially damaging the permanent magnets. To prevent this from 

happening, a water-cooling solution is necessary. In this design, a simple hollow space is machined in 

the aluminum baseplate, allowing water to circulate and dissipate heat.  

Once the magnetron configuration was determined, the target dimensions as well as its stoichiometric 

properties had to be finalized. The Nb3Sn target, made from stoichiometric sintered powders with 99.99 

% purity, can measure up to a maximum of 300 x 40 x 5 mm3. It is divided into three smaller segments, 

each 100 mm in length, because longer pieces are more prone to cracking. 
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4.4. Magnetic Field Optimization 

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. Sheridan[36], 

which provides guidance on selecting the appropriate magnetic field strength for the magnetron design. 

They analyzed a cylindrically symmetric magnetron that consists of 30 bar magnets, positioned between 

a nonferrous cathode and a steel pole piece. The tangential magnetic field measured in this paper is 

generated by the permanent magnets. The magnetron used in their paper is type II unbalanced magnetron 

following the classification of Window and Savvides, meaning that the outer magnet assembly is stronger 

than the inner one. In addition, the simulation was run at an Argon pressure (2 Pa) equal to that used for 

the optimized recipe in our Lab. The paper by J. Goree and T.E. Sheridan outlines the relationship 

between the ionization efficiency ɖ and a dimensionless parameter ɓ. They define the ionization 

efficiency as follows: 

–ḳ
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where ộὔỚ is the number of ionization that a single electron generates over a group of electrons and Nmax 

is the maximum number of ionizations. The parameter ɓ is influenced by both the voltage discharge of 

the magnetron Vdis and its radius a, as described by the following equation: 
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where e, m, Vdis, a, Btan 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 findings, when ɓ exceeds a value of 15, the ionization efficiency reaches a 

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 to the target can be defined:  

ὄ
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In conclusion, J. Goree and T.E. Sheridan highlight two important criteria for magnetron design. Firstly, 

for magnetrons of different sizes but same proportions, a larger magnetron should have magnets with a 
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weaker magnetization. This is valid if the radius a is not much larger than the mean free path. Secondly, 

the magnetic field strength should be tuned to the maximum ionization efficiency that corresponds to a 

value of ɓ depending on the magnetron type. 

4.4.1. Commercial Magnetron Retrofittin g 

An essential component of the magnetron is the permanent magnets. To select the material, the 

dimensions and the configuration, we decided to run simulations using the Ansys ElectronicsÊ software 

on a commercial magnetron similar to our design, specifically the ONYX-MRC 900/600 STD (non-

magnetic) produced by Amstrong Sciences. The magnet assembly comprises permanent encapsulated 

magnets made of neodymium alloy (NdFeB) of NEO 38H grade MGO. The material of the target is 

aluminum with 99.99 % purity. The magnetron consists of two separable components: a rectangular 

stainless-steel plate that houses the array of magnets as illustrated in Figure 4.22 a), and the second 

component that holds the aluminum target as shown in Figure 4.22 b).  

 

Figure 4.22 Configuration of commercial magnetron: a) baseplate holding the magnets arrays; b) second component 
housing the aluminum target. In c) is shown the configuration of the commercial magnetron simulated in Ansys 

Electronicsϰ. 
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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 anti-parallel configuration, as shown in Figure 4.23 c). The magnets are encapsulated onto a 

polymeric material, as shown in Figure 4.23 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 component where the magnets are 

encapsulated, measure 18 mm in height and 7 mm in width.  

 

Figure 4.23 a) Commercial magnetron designed in Ansys with the right axis configurations; b)internal part of the magnetron 
with the magnets arrays; c) 2D configuration of magnets with parallel magnetization (central) and anti-parallel (lateral). 
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To validate the accuracy of our simulations we measured the magnetic field tangent to target surface Btan 

by using a Gaussmeter and compared the results with those generated by the Ansys simulations. The 

results are reported in Figure 4.24. 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: 

¶ Magnets dimensions: we 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 of e shown in Figure 4.23 c) it is encapsulated and difficult to measure. 

¶ Distance between the magnets and the target surface: the 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 the same as the one measured with the Gaussmeter. 

¶ Magnets material: another important factor is the material of the magnets. Since the 

magnetron was purchased a long time ago, we reached out to the manufacturer for the magnets 

material.  However, the exact composition is unknown, and it is possible that another material 

was used, as this would result in reduced magnetization force. This is also supported by 

existing literature, specifically by the work of Wenjian Mo et al.[37]. 
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At this stage, we also aimed to analyze the range of the magnetic field strength according to J. Goree and 

T.E. Sheridan. We chose ɓ values of 8 and 15, considering that they represent the lower and higher limits 

for the optimal ionization efficiency. The magnetron discharge voltage is the voltage of our optimized 

recipe Vdis = 400 V. The exact value of the radius a, distance from center of the target to where etching 

is deepest, is unknown. However, considering that a trade-off between magnetic field and target 

utilization has to be made, we selected 30 mm as the value of a. This selection was made also based on 

the measurements of the magnetic field on target with the Gaussmeter and with Ansys, which show that 

the maximum tangential magnetic field lies between 15 and 40 mm: 

Figure 4.24 Tangential magnetic field measured with Gaussmeter (in black), and same measurements 

generated with Ansys (in red) for the commercial magnetron. The blu range shows the tangent 

magnetic field range for ̡ Ŝǉǳŀƭ to 8 and 15. 
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The values calculated in Equation (4.4 are reported in Figure 4.24 as a blue band. The results show that 

the magnetic field measured with the Gaussmeter lies in this range, further confirming 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 Bz at 1 and 16 mm above the magnet, as shown in Figure 4.25. The results for these 

measurements are much more consistent. Using these tools, the next section will navigate through the 

selection of the dimensions and material of the magnets. 

  

Figure 4.25 Comparison between Ansys and Gaussmeter measurements of a circular magnet made of NdFeB 
38H. 
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4.4.1.1. Materials Evaluation  

The rectangular configuration of the magnets, however, gave us a better understanding of the materials 

to use in the simulations for a 1.3 GHz magnetron. In fact, Figure 4.26 shows the materials selected. We 

decided to select three neodymium-based materials: one with high magnetization force (NdFeB 38H), 

one with an intermediate magnetization force (NdFeB 28AH) and one with a lower magnetization force 

(NdFeB 76-110p bonded). This first selection was done because neodymium base magnets are one of the 

most used magnets in magnetron design. SmCo20 was chosen as an alternative to neodymium-based 

materials, while Alnico was included as a comparison analysis with the others. 

 

Figure 4.26 Magnetic field strength of different materials in ONYX-MRC 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 baseplate measures 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 custom-made magnetron.  

Since our magnetron is smaller, it follows the rule that the mean free path is much larger than the radius 

a. As a result, we expect that the magnetic field strength needed for our magnetron to be much stronger 

than that of the commercial magnetron. We first moved by defining Btan following the J. Goree and T.E. 

Sheridan formula. Hence, the voltage discharge is that of the magnetron currently in use for Nb3Sn on 

flat samples, specifically 400 V. J. The ɓ parameter chosen is between 8 and 10. For the radius a, we 

followed the same approach as for the commercial magnetron. In this case, we have a = 10 mm. By 

replacing all these parameters, we obtain a tangential magnetic field Btan within the range of: 

ὄ
‍Ͻὠ

πȢςωφυϽὥ
υτπφχτ 'Ȣ 

(4.5) 
 

 

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 magnetron in Figure 4.27, the 

height h of the magnets cannot be higher than 8 mm as the magnet holder cannot be higher (H) than 9 

mm. Therefore, we set an upper limit of 8 mm for the height and a cross-section lower limit of 5 mm for 

the magnets, as anything smaller or longer would make insertion into the magnet holder difficult. 
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Figure 4.27 Cross-section 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 illustrated in Figure 4.27. The distance between the surface of 

the magnets and the upper part of the magnets holder is denoted as h*, this distance is reported on the 

title of each graph. The height of the magnet holder is labeled H and it varies with h*. Additionally, the 

height of the magnet is h, and its width is b. For example, óMagnetic configuration 8_5-1 mmô indicates 

that h is 8 mm, b is 5 mm and h* is 1 mm. 

According to the results shown in Figure 4.28, for h equal to 8 mm and b equal to 5 mm, the materials 

that fall in the range of the Btan are NdFeB 28AH and NdFeB 38H. However, we wanted to explore other 

arrangements, as space is a critical factor in this project.  
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4.4.2.2. Materials Optimization 

Among the different configurations (which can be consulted in the APPENDIX ) 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 illustrated in Figure 4.29. Simulations were run by 

keeping the magnet dimensions constant and varying the value of h* across three values. The results 

show almost a 100 G difference in the magnetic field strength between the 6_5-1 mm and 6_5-3 mm 

configurations. 

Figure 4.28 Tangential magnetic field on the magnetron of 1.3 GHz system of different materials. In the 

purple band it reported the magnetic field range calculated according to J.J. Goree and T.E. Sheridan. 
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Figure 4.29 Different materials for the magnets for the configuration 6_5 on function of three different values of h*. In 

the purple band it is reported the magnetic field range calculated according to J.J. Goree and T.E. Sheridan. 
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4.4.2.3. Dimensions Optimization 

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

smallest possible increment. The data was plotted for only the materials of interest: NdFeB 38H, NdFeB 

28AH and SmCo20. We found out that increasing the width by 1 mm (h* = 1 mm) resulted in nearly 100 

G increase in the maximum magnetic field strength as shown in Figure 4.30. We considered this value 

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

Figure 4.30 Comparison of how the tangential magnetic field strength increases by increasing the width by 1 mm in different 
configurations. In the purple band it is reported the magnetic field range calculated according to J.J. Goree and T.E. 

Sheridan. 
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4.4.2.4. Magnets Holder 

After selecting the most appropriate materials, the next non-trivial 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 stand held in place 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. 

 

Figure 4.31 Iron magnets holder and aluminum aligner. 

Given that iron has magnetic properties, we expected the tangential magnetic field to increase. Since 

NdFeB 38H has stronger magnetic properties than NdFeB 28AH and SmCo20, we decided to exclude it 

from this trial. We then focused on the remaining two materials and run simulations using the 

configuration 6_5-1 mm. The results, shown in Figure 4.32, indicate an increase by nearly 200 G. 

Between the two materials, we found out SmCo20 to be the most suited material with a magnetic field 

strength of 638 G and in the range of Btan. Ultimately, we chose configuration 6_5, as the iron core 

already occupied some space, and we needed at least 1 mm of safe margin in the upper part. Therefore, 

the material selected was SmCo20. 
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Figure 4.32 Results comparison with an iron magnets holder vs. an aluminum magnets holder. In the purple band it is 

reported the magnetic field range calculated according to J.J. Goree and T.E. Sheridan. 



73 
 

5. CONCLUSIONS 

The goal of this thesis project was the design of a new coating system for 1.3 GHz elliptical cavities. One 

of the key features of the system includes the ability to reach temperatures up to 650 °C under high 

vacuum conditions, necessary for the deposition of Nb3Sn thin film according to the optimized recipe 

developed at LNL. Additionally, the system ensures cavity-magnetron alignment to prevent any damage 

to the polished surface and to uniformly coat the cavity inner surface, which rotates around the fixed 

magnetron axis. The system consists of two vacuum chambers, a lower chamber, from which the 

magnetron is inserted, and an upper chamber, into which the cavity is inserted. This configuration was 

chosen intentionally, as the upper chamber is easily accessible. The first step was to conduct a vacuum 

test. The assembly for these tests required the manual installation of the two vacuum chambers, which 

had to be securely joined with screws. All  components inside the chambers had to be thoroughly cleaned 

before use to prevent contamination that could compromise the vacuum pressure.  

A major accomplishment in this project was the design of the rectangular magnetron for depositing 

Nb3Sn coatings on copper cavities. This magnetron uses a commercial stoichiometric target and an all-

metal construction, eliminating the need for polymeric gaskets. This design was successfully validated 

through a leak test on a mock-up disk acting as a gasket. Once the system design was finalized, the focus 

shifted to the magnetron, specifically to its shape, to component materials, and to the permanent magnets. 

At this stage, simulations were conducted to finalize the specifications of the magnetron, including the 

shape, material, and dimensions of the magnets. These decisions are based on both experimental data 

and relevant literature, which we consulted to ensure our choices were well-supported.  

At present, the magnetron has been commissioned, and the magnets have been ordered. The system 

assembly is expected to be completed by the first trimester of next year. Looking ahead, to further 

validate the results, the system needs to be assembled, followed by a series of tests. 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 developed for flat samples, can be 

adapted to the 1.3 GHz system. Once this task is successfully completed, an RF test of a Nb3Sn coated 

cavity will represent a first step towards the validation of this technology. 
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