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ii Einieirune

Einleitung

Unter den Hochenergiephysikern herscht eine weireichende
Úbereinstimmung, daB ein Elektron-Posiuon-Collider mit einer
Mittelpunktenergie von 500 Gev und einer Luminositàt tiber 1g33.nt-2r-l
als móglicher, zuktinftiger Beschleuniger nach dem Large Hadron
Collider (LHC) in Betracht gezogen werden sollte.

Mit dem erfolgreichen Betrieb von supraleitenden Hoch-Frequenz
Surukturen in den Beschleunigem TRISTAN (KEK), LEP (CERN) und
HERA (DESY), ist die Bedeutung der Supra-leitung ftir Hochenergie -

Elekuonen - Beschleuniger gewachsen.
Wenn noch hóhere Gradienten erreicht werden kónnen und die

Kosten rveiter sinken, gibt es Grúnde, die dafifu sprechen einen
vollstiindig supraleitenden TeV Linear-Collider zu entwickeln. Bereits

Jetzt arbeiten Wissenschaftler aus aller Welt am Design eines derarrigen
Coilider

Unter diesen Pliinen ist nur einer, der sowohl supraleitende Be-
schleunigungsstrukruren, ais auch niedrige Frequenzen aufweist,
nzimlich der sogenante TeV Energy Superconducting Linear Collider
(TESLA). In diesem Rahmen plant die TESLA R&D Gruppe bis 1997
einen Prototyp, wie die TESLA Test Facititv ITTR in Betneb zu haben
und auseereifte Plline fùr den zukúnttigen Linear Coliider zu
entwickein. Mit den Erfahrungen von Bau und Betrieb dieser Testaniage
wird es mógiich sein, die unterschiediichen Vorschlàge zu vergleichen,
um die beste Technik auszuwdhlen.

Hauptkriterien in dieser Auswahl werden die technischen
Eigenschaften, Minimierung der technische Risiken und das mógliche
Opúmierungsporcntial sein. Dabei sind nicht zuletzt die Betriebskosten
von enrscheidender Bedeurung

Von hóchstem Interesse ist es auch, ut beweisen. daB Be-
schleurugungsgradienten von l5MV/m oder mehr, zuveriiissig ztJ
erreichen sind und da8 das Potenual ftir Gradienten von 25MV/m in 9-
T,elligen Resonatoren da ist.
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Niob beschichtete Kupfer-Resonatoren sind eine

vieiversprechende Alternauve zu den herkómmiichen massiven Niob-

Resonatoren, besonders wenn man die Zahl von 20000 Stiick

benicksichtigt. Die Verbindung der supraieitenden Eigenschaften einer

dtinnen Niobschicht mir der guten Wtirmeieidiihigkeit von Kupfer bietet

bessere Hochfrequenzeigenschaften und dartiberhinaus geringere

Matenaikosren. Aber der wirkliche Durchbruch der Spunertechnoiogie

liegt in dem groBen Potential. Neue Horizonte kónnen mit dieser

Technik erÒffnet werden: Materiaiien mit hóheren kritischen

Temperaturen, Beschichnrngen gegen Feldemission iiber der

Niobschicht und Unterschichten als Barrieren gegen die Diffusion von

Verunreinigungen aus dem Subsrat kcinnen als Móglichkeiten genannt

werden.
Andere Konstruktionsmaterialien als Kupfer sind momentan

technisch noch nicht reaiisierbar, aber es ist klar da8

Hohlraumresonatoren der nàchsten Generation neue Ideen und

i nno vative Fabrikatio ns techniken erfordern.
Im fotgenden ist das Magnetron Sputtering System beschrieben,

das fi.ir das Sputtern von Kupfer-Monocell-Resonatoren des TESLA-

types konstmiert und gebaut wurde.
Weil zu Beginn dieser Arbeit noch nicht entschieden war, weiche

Frequenz rúr TESLA gewzihlt werden wiirde, ist die Arbeit mit 1.5 GHz

Cavides gesmrtet rvorden. Sobald die Forschung mrt 1.5 Ghz

Resonaroren gute Ergebnisse iiefert, ist der Wechsei auf 1.3 GHz kein

grol3es Problem.

Fiir zuktinftige Forschungsarbeiten

Verwendung von Niob gesputterten

erster Schntt.

in Hinblick auf die mógiiche

Resonatoren ist diese Arbeit ein

n



iV Prefazione

PREFAZIONE

E' convinzione diffusa neila comunita' della Fisica delle alte
enmergie, che un collider elettrone-posirone ad energie di cenuo di
ru$sa di 500 Gev e luminosita' suDeriore a 1933.nt-2ro-1 sia la
macchina acceleratrice piu' probabile dopo LHC.

I1 successo di operazioni come la messa in opera di strutrure
superconduttrici in Radiofrequenza del tipo TRISTAN a KEK, LEP al
CERN, HERA a DESY., ha contribuito a far levitare I' importanza dell'
applicazione della Superconduttivita' agli acceleratori di parucelle. Se il
numero di MV/m onenibili in cavita' continueranno ad aumentare e si
riuscira' ad abbattere i costi, diventera' assolutÍìmente realisúco pensare
ad un coilider iineare interamente supercondutúvo che a:rivi ad energie
del TeV. In giro per ii mondo esiste un certo numero di collaboraziom
che spingono per collider lineari. Fra questi pero' TESLA e' l'unico
disegno di macchina che preveda superconduttivita' e basse frequenze di
risonanza delle cavita'. In tale contesto la collaborazione TESLA
prevede la messa a punto di un banco di test, dal nome TTF, in cui sara'
possibiie meffere alla prova le tecnologie piu' promeftenti.

La chiave di voita per la costruzione di TESLA sara' 1'
esperienza fatta su TTF. Le tecnologie di fabbrica"ione dei risonatori
dovranno essere affidabili. a basso rischio ed a basso costo. L'

obbietuvo consiste nell ' otterumento in cavita' a nove ceile a i.3 GHz di
gradienu acceieranu di 15 MV/m in una prima fase e 25 MV/m in un
secondo momento.

[n tal contesto le cavita' in Rame ricopefte per sputtenng di
Niobio rappresentano una valida alternativa alla tecnologia tradizionaie
del Niobio massiccio. soprattutto quando ci si confronta con un numero

di pezzi dell' ordine di 20.000. Interlacciare le proprieta'

supercondutuve di un sotúie srato di Niobio con queile di stabilita'
termrca del Rame, offre prestazioni porcnzraimente rigiiori

accompagnate da un costo piu' basso. Ma il grosso vantagglo della
tecnologia dello sputtering e' racchiuso neile potenzialita' offerte dalla
tecnica: nuovi materiali a temperarura cridca piu' elevata ricoprimenu
protettivi contro I'emissione di campo, barriere di diffusione fra il
substrato.ed il film. nuovi materiali per il substrato. Tutte quesrc cose

t
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sono ai momento ancora lontane dail'
diventeranno la Daroia chiave ner la
generazigng.

appiicabilita'.
cosruzione di

t t r

ma e cnrafo cne

cavira' di nuova
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1. Introduction

1.1 Preface

Within the higir-energy physics communiry there is a wiciespread
consensus, that an elecuon-posiuon coilider with a center of mass energy
of 500 GeV and iumrnosity above 1933 sm-2sec-l shouid be considered as
a possibiiiry for the next acceierator faciiiry after the Large Hadron
Coilider tLHO.

With successful operation of Superconducting Radio-Frequency
strucures in TRISTAN at KEK, LEP at CERN, HERA at DESY, rhe
importance of appiying superconductivity to high eiectron acceierators is

-erowins rapidlv. if gradiens condnue to improve and costs drop, there
rviii be many compeiiing a$racuons to a fuiiv superconducung TeV linear
coiiider. Woridwide, lhere is a number of groups pursuing linear coilider
design etforts. Among them the oniy machine design pursuing for both
superconciucung acceieraung smrcrures and low frequency is the one of
the TeV Energy Superconducring Linear Coliider (TESLA).I In such a
lramervork the TESLA R&D group plans to have working protowpe resr

faciiiúes as the TESLA Test Faciiity (TTF), and weil-deveioped coilider
desiens in the 1997 time scale. After experience rvith impiemennuon and

operadon of the TTF it rviil be possibie to start making reiaúve

evaiuauons of the different proposais. iookrng forward to the seiecuon of

ine most Dromlsrng tecnnoiogy.

Key in this seiecuon wiil be technicai merit. mrnimisauon of

techrucai risk. and potentiai for optimisation of performance. Equallv

imponant. however wiil be operating costs.

Of highest interest is to prove the feasibility of reiiabiy actrieving

acceieraung gradienn of i5 MV/m or more, and the ciear potenual to
gradienn of 25 MV/m in i.3 GHz nine-ceii resonators.

Niobium sputrcr-coated Copper caviúes are a promrsing aiternauve

to the tradiúonai buik cavides. especiaiiv when dialline with numbers of

pieces of the order of 20.000. The inrcrface of the superconducuve

DroDerues of a thin laver of Niobium with the heat exchanse bulk

propemes of Copper. provide potendailv higher rf performances together
rvith a savins in matenai cost. But the real breakthrough of the souttenng
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tecirmoue is disciosed in is potenriaiities: new honzons couid be ooened
bv the sputrcnng rechnique. New matenais rviù cndcai temDerarures
higher than the one of Niobium. over-iayers agarnst fieid emission. under-
iavers as diffusion barners riom the subsaate, new matenais insrcad than
Copper are at the moment to far from appiicadon, but it is ciear that
cavides of a new seneradon reguire new ideas and powerful fabrication
techniques.
In the following it is described the magneuon spuffering configuration
designed and built for Niobium spunering Copper monoceil resonators of
TESLA-type. The work is performed onto 1.5 GIIZ cavities, since the re-
search at Legnaro National Laboratories (LNL) started when the
frequencv choice for TESLA was not yet clear; moreover as soon as the
research on 1.5 GHz wiil provide results, the change from 1.5 GHz to i.3
GHz rviil be a minor problem.

For funre development in search for the feasibiiity of Niobium
sputtered cavities this work is oniy a preliminar operation.
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I.2 Radiofrequency Resonators

Each acceierator consisrs of rf accelerating strucures and magne$
to guicie and focus the parucie beam. The acceieraung smlctures are
composeci of resonaung caviues. which are energy storage devices
empioved for the radiofrequencv and mrcrowave range. The rvorking
pnncipie is equrvaienr to a classical RLC resonant circuit.2 The eiecuo-

rnasneuc energy oscillates back and forth from entireiy eiectnc to
entireiy magnedc form of energy. The RLC circuit wiil resonate at a
frequency os = 1/1LC. To make the circuit resonadng at higher
frequencies, a possibilit-v is to desease L as much as possible.

Fíg .  l - t Traniormanon of a L-C circuit inrc an acceleraanq cavin 3

Insicie the cavrries ciifferenr resonances can be exctteci. as shown tn
Fig. i-1. tor acceieradng cavides usuaily the TM619 mode is chosen. This

mode has a longinrdinai electnc fieid aiong the caviw a)cis, which is

surrounded by the circular fieid lines of the magnetic fieid. For highlv
reiauvisuc panrcies such as eiecuons and posirons several caviry ceils can

be mounted in senes. Each ceil in rhis svstem must be coupied with the

following.
The favounrc coupiing mode of acceieraung s[rucrures is the so

called rc-mode. reDresented in tle. i-2 and 1-3 .

fcc
/ t

/-._,, \-
:...:
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Fig.  1-2 A rudri-cell cavtw excitedin the ÍI-rrcdc. This modc is characterisedbv

the fact tlú the acceleraruts rtelds in each pair oi cotrities are equai in

magniad,e anri opposite in direcnon

F i o  / -  ì The coupied penauia anaiosue'

a)The zero mode: The phase diference is zero

b) The Il-mod.e: The phase difference is II

If the veiocirv of the panicie bunch is synchronised with frequency
and phase of the rf fields in the cavltv the bunch wiil be acceierated in
each celi: In the first ceil the 1ìeid is parallel to the bunch. in the second
cell ir is andparallel. but it becomes parailel one semi-cycie iater just

rvhen rhe beam amves. To be acceierarcd in every cvcle the parucies
veiocirv has to be adjusrcd to úre effecuve electric iength v=b.c and to the
resonant frequency fs This ieads to the condition

f
I t

\

ò ,

ron.d<n.b.c n.1)

,
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That means that resonanr frequencies
range berrveen 350 and 3000 lvfHz since d has
and 10 cm.

independentiy of which resonance is excited inside the cavirv, the
fieid osciiiation wiil get danped, if the cavir.v is left in free osciilation.
This is caused to the non peúect conducuviry of the resonator wails and to
the iosses ttuough resonator ports, if present.
So the energy initially stored into the caviry will exponentiallv decay with
a damping ume proportionai to the quaiir,v factor es,

for eiectron cavrdes (b-i)
vaiues generaiiy benveen 5

W(t)=\t/o'e-0\Ó&t)

The quality factor can be defined as

Qo=oo'W/Po

(r.2)

(1.3)

where w is the energy stored in the caviry, p6 the d.issipated power and
0)o the resonanr frequency.+ Since the energy ieakage and aiso the
tiequencv selectivity is proporuonai to the quaiity factor the uidmare e is
desired.

The quanrrcv of highest interesr for parucie physicists of course is the
acceieraung treid that can obtarned in a caviry. Higher acceieradng îìelds
lllows a greater acceierauon. i.e. a higher parncie enersy rvirhin a glven
structure length. Vice versa high fieids ailows ro buiid acceierauns
sructures ol shorter lengrh, rvhich resuits in much lower costs.

The TESLA collaborauon has chosen a nine ceil cavitv rvith a
resonance frequencv of 1300 MHz..\  eo better than 5.109 rr a
acceieraung tìeid of 25 MV/m is requrred.l
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13 Fundamentals ofSuperconductivitv

Three years after the first
Kammeriingh-Onnes) discovered
resistiviry at temperatures beiow 4.15K. Today man)r other meuls aaci
compounds are known as superconductors. Measureurenn of the decay
dme of a cturent into a superconducung ringó proof that the resistiviry of
a superconductor is below 10-27 C)cm. So one can indeed speak of a total
vanishing of eiectricai resistance.

The abrupt vanishing of resistance at a certain temperanue in
super-conductors is a phase ransiúon in another state. The temperanre
Ts in which this phenomenon occurs is the cridcai temperanue Tc. The
pure eiement rvith the highest ransidon temperamre is niobium
(9.26K).and for many years the highesr Tc in a compound was aiso a
Niobium-based one NbrGe.Tc =23.2K). The discovery of a new ciass of
superconducuns materiais bv Bednorz and MuelierT make it possibie to
f,rnd a compound with a Tc higher rhan iiquid nirogen temperarure.

Commund Compound

iiquefaction of helium in i 91 1 , Heike
that mercury compieteiy iose iu

7
i _

rK)
T,
(K)

NbrSo
stG
NbN
Nbo
BaPbo ?rBb 25Ol
UBc,,

Pbo,Bio !
vrs i
(SN) .
(BEDT)TCu(NCS)1

[-a, ,Sro 2CuO.
Bi"CaSr1Cu2O6.,

l E.05
r t . l

l ó
r .2

il
0 .75

8 4 5
r ? l

D 1 6
i 0
l 8
90

Tahte l.l: Cridcai temrrerarures of some elemens and, comooumds I

The absence of anv resistance is the weil-knownst propeny of
superconductors. but there are aiso some other remarkable characrcnsdcs.
in i933. Meissner and Ochsenteide found that magneuc fieids is squeezed
out oI a superconductor at temperaues beiow Tc. In normal maEriais
there appears a finite inducuon B given by B=pH. rvhen a masneuc fieid
is appiied. In diamagneucs (p<1), the appiied fieid is weakened and the
inducuon B becomes smailer than H. In superconductors the magnenc
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Derrneaoiiity is zero. coresponciins to ideai diamagneusnl. This erfect
anse oue to an eiecmc crurent inciuceci in a thin suîace iayer, in wiúcir
the magneuc fieid penerarcs. The magneuc fieid of the electnc current
oppose the appiied fieid: the resuit is zero masneuc inciucuon insicie the
sampie. The tieid peneuauon ciepúr is one of the maín characrcrisdcs of a
superconductor. Its thickness is usuaily in the ratrge of a few hundreds
Angsuoms. If the magnetic fieid increases at some cenain values. cailed
the criticai fielù it destroys superconductiviry and the sampie goes in the
normai sute. At zero temperanue the criticai field has a maximum. at
T=Tc the critical field is zero. Such a behaviour can approximately given
bv the formuia

FIg(T) = Hco 11-T/Tc)2 (1.4)

where Hco is the vaiue of the criricai field at zero temperarure. Depending
on the pantcuiar superconductor. the criticai field can assume vaiues in a
rather rvide range, but its eristence is an universai feature for aii
suDerconductin g materiais.

f i o  l - J'  ' 5 .  ' Criicai field, versus temperarure ol some elemcns l0
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From these figrue one can see. that the criticai fieids are rather iow
anci not sufficient for techrucai appiicarions. The presenrcci super-
conductors are "Type I superconductors". These type shows a sharp
uansidon from the superconducdng to the normai state for vaiues iess
than Tc. Fligher critical fieids provide "Type II superconductors". These
ciass of superconductors are different in regard to their magnedc
behaviour. ln contrar.v to Type I superconductors they have two cridcai
freids: FIo, below which the material is entireiy superconducting and an
upper critical field F{2, over which the sampie is compietely normal
conducting. Between these two fields, the magnetic flux peneuates
partiaiiv in the material, which is divided in normal conducting filanents
surrounded by superconducung regions. Niobium and ail other materiais
of inrcresung for TESLA rype cavides are superconductors of the second
l r  / n a

, i t
t
t

(n
v,
o
(D
Y.

Òr
(J

E
q)

C'
9

c)

l rzx

t  1 2

Temperaturg, ( K )

f i o  i - f Crítical fíelds oi some Npe II compowtcis

,
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Microscopic theorv

theorv ofA svstemauc theory of superconducuvity, which expiained the
narure of this phenomenon. wÍrs formuiated in 1957 by Barcieen. Cooper
and Schrieffer.ll'It baseci on a "condensadon" of eiecrons inro Cooper
pairs. one basic assumpdon under the BCS theory is the presence of a
forbidden energy gap delta in the energy specmrm of a superconducror.
The gap of the order of kTc is centred around the Fermi energy. For a
cridcai temperamre around 10 K kTc is about I meV. The gap is due to
an anracuve interaction between two electrons at energies close to the
Fermi energy. Such inrcraction ieads to a forming of bounded pairs, each
of them composed by eiecrons of opposed spins and opposed momen$.
At the absoiute zero ail eiecrons are coupied in Copper pairs, increasing
the remperarure. eiecron parrs start to depair and to fiil the energy ieveis
above the gap. Eiectncai resistance in normai metais is connected to the
scanenng of electrons by impurides or the vibrations of the crystai
latuce. Copper pairs. in comparison, do not interact with the crystal

A svsternauc

latuce vibrauons. As a resuit. thev can move without fricúon.

(a)

Fig. I -6

(b )

Energy specÍum 12 
fo,

atanomtnlnutal

b) a superconciuuor at T =0K

c ) a supercond,uctor at T *0K

(c)

1
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L.4 Two different approaches: Bulk Niobium resonators and
sputter-coated resonators

Superconducting RF cavides for electron machines are usuaily

made of Niobium sheer materiai. Niobium combines the three important

characteristics this applicadon requires. namely good mechanicai qualiry,

high thermai conductivity at low temperarure and a Tc of 9.25 K, the
highest transition temperature among nanual elements. The form is
usuaily realised by welding together half-cells produced by deep drawing
or spinning. The welding leads to a decrease of material quality in the
vicinitv of the welded zones and is , in addition, rather costly. Recently a
technique to form cavities without any weidings is deveioped based on
the uaditionai lathe spinning.13

The acceieraung field which can be obtaineci in buik niobium
cavides is often iimited by quenching, field emission, or by global thermal
instability. At high acceierating fields, the power absorption by locai
resistive defects are great enough to drive the neighbouring
superconductor into the normai state, resuiting in a sudden dissipation of
the stored RF power (quench). To avoid thermai breakdown grear efforts
have been made to improve the Nb purityl4, in order to increase its
thermai conducuviry at liqurci heiium temperanue. An aiternadve soiuúon
is the use of copper as caviw constmcdon matenai. OFHc-copper has a
,hermai conducuvitv betrveen 5 and 10 times higher than that of high
puriry Nb (RRR = 300). The Residuai Resistivity Rauo (RRR) is the ratio
of resistance at room temperamre to the resismnce just before transirion
inro rhe superconducung srate. it is proportionai to the eiectron mean free
path in menis at low temperarure.

The cavitv is coated internailv with a superconducúng tiim. Good
results have been achieveci rvith Niobium as coaúng matenai. but also
other soiutions are imaginable. The experience made rvith sputter-coarcd
caviúes in CERN shows. that higher Qo vaiues are obtained in companson
ivirh buik Nb cavides.i5 Unfonunateiy they show aiso a larger Qo
degradation wirh increasing accelerating fieid. Experimental it is seen that
cavities with films of higher puntv (RRR = 35 instead of 15), i.e. films
with larger grain size, presen$ a larger decrease of slope without a

nouceable reducuon of the inidai Qo vaiue.

! .

I
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Qo

1c 'o

Fig .  1 -7

{ o

Ea IMV/m]

Qo as afincnon of the acceleranngfrdd16

Another uncontesrcd advantage of sputter-coarcd caviúes is the

insensiúvitv agarnst trapped magneuc fieids. When a cavitv undergoes

transrrion ro the superconducung state in the presence of an externai

masneuc field. the masneuc t-iux qets uaDDed in a tracuon of the surr-ace

area . This area remarns normai conducung and as a reason, the Qo vaiue

can be reduced up ro 50Vo. To avoid this effecl the eantr magDeuc fieid

must be shieided during the cooidown. Nb coated cavides. on the

conrary, are practicaily insensitive to externai magnetic fields.

Furthermore sputter-coated cavities made of copper opens the

to save monev for one of the most expensive pan of an acceierator.

convendonai caviries the compulsion to use high puriry Nb rises the

marcnai cosrs. In the furure the appiicabiiity of other coaung matenais

rvirh higher cridcal temperanres opens the way to increase the cooiing

temoerarure and to leave úre cooiing with superfluid Helium.

way

For
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1.5 Literature resuits about sputter-coated 1.5 Ghz
resonators

At CERN 1.5 GHz resonators are coated by DC cylindrical

masneuon sputtenng.lo Before the first coating of a caviry they have
invesdgarcd Nb films are produced under simiiar deposition conditions as
in the reai cavity. The best values they have reached are RRR = 20 and a

Tc = 9.2K. The deposition rate at the equator position are in the range of
'I

7As-1 from a power of 0.7 kW. Prior to the coating they mounted the

carhode inside the cavity under clean ar and baked the spunering sysrcm
at 200oC during the pump down. The residuai pressure before deposition
was 3'10-7mbar. To obtarn a homogeneous thickness of the film, the
cavitv was coared in 9 steps. The first discharges were done in the nvo

beam rubes ro geffer the residuai gases in a region which is exposed oniy
to smail RF fields. Than the ceil was deposited with a thickness of about 5
pm. To displace the dense region of the giow discharge a movable
permanenr magnet of 4 cm length was used. The cavities reached Qo
vaiues ar iow fields of 1010. After high pressure water rinsing to remove
dust ano parucles trom the surface they improved the Qo up to 3'10i0. At

acceieraung fieids of 14 MV/m the Qo decreased to 109 at 1.6K.
In Japan at KEK laboratorieslT there has been researched and

fabricared 1.5 GITZ niobium coated copper cavities since 1989 in

coilaboradon with Kobe Steel. Ltd. and Nomura Plaúng Co. Ltd. As

ioauns method RF diode sputtering and magneron spuilenng was

appiieci. The RF magneron sputterinq was camed out for one hour at a
power of 1000W at an argon pressure of 2.7 Pa. This results in a I'ilm

rhickness of 2pm at the equator. 3-4 pm at úle iris, and l-1.2 Lrm at the
cur-orf rubes. The RF diode sputtering for 2 hours at 1000W at 2.7 Pa
produces a niobium film thickness of 0.2 pm at the eauator. 1-1.5pm at
the iris. and 1.5-2.0 Lrm at the cut-off tubes.

The cridcal temperature (Tc) of niobium fiims on the sapphire

substrates range between 8.5 K at the equator and 9.9 K at the cut-off

tubes for Diode sputtenng and about 9.7 -9.9 K for the magneron
spurrenng. The residual resisúvitv ratio (RRR) for Diode sputtenng was

between 3 and 7 and in the case of magnetron spunenng ranges from 8 at

the equaror to 20 at the iris. The high cndcai temperarures are impossible

. !

,
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for Nb as a pure elemenl The reasons could be a bad caiibrauon of the
temperanfe measunng sysrem or a forming of Nbc crvstals due to
contamrnadon of the film by residual gases. Lideed. Auger electron
spectrocopies revealed that at the film surface of abour iOnm tilick a iarge
content of impuriries. O, C and N was present. Far from the surface the
impuntv content was lower. This couid be caused by the adsorption of the
residuai gases after sputtering. The Qo vaiues at low power of l.SGHz
singie cell coated cavities were measured at Kobe Steel Ltd. The Qo at
4.2K were below 4.L07 in the initial stage. After the sputtering condirions
were optimised, the Qo at 4.2K was improved to 5,4.108 at 4.2K. The
cavitvachieved a Qo of 2.1.109 at 1.8 K. The surface resistance was 500
nQ. After the oxidised layer, about 50 nm thicr<, wÍls removed by
oxipolishing, the surface resistance decreased to 120 nfl. The maximum
acceieradng fieid gradient was higher than i0 MV/m wirhout any fieid
emrssion or thermal instabiiiry.

l3



1 ^
I + l. Matenais

2. Materials

Rf. Surface Resistance

When a rf eiecuomagnetic field is osciiiating in a cavity, oniy the
eiectrons within a thin surfacial layer d ( skin depth ) of the resonant
rvaiis are interacung with the radiofrequency fieids. The iosses processes

are so conifned in a surfacial layer. For normal conducting materiais
accordinq to the theorv of skin effect the skin depth 6 is equai to

ò = !2/poco (2.1)

where r is the d.c. conductivity ar the working temperature and u the
magneuc permeability of the cavitv wail. The power losses produceci in
this thin layer are proportionai to the surface resismnce

Rs=lucr l i2o=o/ò (2.2)

At finirc temperarures the surtace resismnce is equai to the rauo ot d.c.

resistiviry and the skin depth E. Due to the tact that the Quaiirv factor

increases with decreasing surface resistance, one might exDect. that higher

Q-values are obtarnable rvhen buiid.ing them of cooper from higirer

puntv. Unfortunateiv due to the anomaious skjn etfecr. the rf losses do

nor toiiow the l/tro law. At high frequencies the eiecron mean free path I

becomes comparable to d and the reiation between current anci fieid J=oE

is not vaiid any more. The existence of the anomaious skin effect prevents

further enerqy iosses reducúon by imoroving the rnetal purity. This

means that the most promrsing wav to increase the Qualitv factor is the

use of superconducung materiais. The d.c. resistivity of superconductors

is zero: but at lrequencies co*O. however they present a surface resistance

abour five orders of magrurude lower than for normai matenais. The

losses are caused to the penetrauon of the r.f. fieid in the surt'ace of the

superconductor. The normai elecrons will be accelerated anci deceierated

by the tieid and inrcract with the iattice according to the anomalous skin

effect.

I

I
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In the tiamework of

superconductor is given by

the BCS theorv the surface resistance of a

(2.31

with a=s/2, where s is the so-cailed srong coupling factor (usuaily 3.54:
for Nb around 4). Since Rg depends on the square root of d.c. resis-

tivity Ò. a good superconductor for rf appiication must be as much
"metallic" as possible in normai snte, just before transition. Due to this

formuia one might expect that at T=OK the surface resistansg vanisfugs,

but unfornrnately in practice this behaviour has never been verified. At

cenain temperamres below Tc the resistance goes towards a constaDt
vaiue. this means the reai surface resistance is the addition of BCS iosses

pius the so-cailed "residuai losses".

Rs = Recs+ Rres (2.4)

The reasons for these iosses are not completely understood, but it seems to

be sure. that accidental mechanism like dust, impurides or surface defects

piays a cruciai role.

Àào. = ó nf)

A classical picrure for the residaal surface resistance. ffts ànchsl line k

the residaal term, while the coninuous line is the BCS predicted surTace
.  t )

res8utnce '-

' t ' 
,-aTclTKn = Ar{p6'1- e

' n - d

^ - ì l
U ]

i

Fig .2- )
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The sources of resiciuai losses which are rnore invesueateci and
discussed are rhe foilorvine:

a) Losses due to a non-ideai surface qualitylS
ln generai, the non-controllable nanrre of this kind of iosses makes

them rather difficuit to anaiyse. But ic is universaily recognised that thé

a
t l
' \

worst polished superconducung surface show the highest residuai losses.
Lrciusion5 sf mslallic foreigner particles into the superconductor within a

soruce of Joule losses.penetraion depth from the surface can also be
Depending on the thermal conductivity of the superconductor and on the
thermal resistance between the normal panicles and the superconductor,
normal areas wiil dissipate more and more power, while temperanrre
increases. As a resuit the criricai fieid gets lower and lower. All this can
resuit into a sudden ransidon from the superconductine to the normai
sute (quench) and can be a severe limitation to the achievement of high
tjeids inside superconducting resonators.

b) Losses due to an Oxide layer present on the t*1o."19-21
It must be kept in account that the oniy two superconductors most

widely used (i.e. mounred in rf structures on real acceierators) for super-
cohducrine cavides are Leaci and Niobium. Without doubt rvhen hieh

perf ormance resonators are required, the Niobium choice becomes

compuisorv. From the suú^ace snbility point of vierv niobium is superior

ro leaci: Lead has severai stable oxrdes; Niobium has oniv two oxrcies

Nb2O5 and NbO. Due ro the small thickness of saturauon. NbO piays a

rninor roie in the mechanism of rf losses. I'Ib2O,< also is recoqrused to be

not sigruficant. since tor exampie, oniy fractrons of nC) are expected in a

6 nm Nb2O5 laver rvithour defecm. On the contrarv a possible source for

residuai losses can be represented bv the intertace suboxrde. rnainiy

between Nb grains and NbO. An Oxygen content of oniy lat. Vo dissoived

inside Niobium indeed reduces the cndcal temperarure Tc bv IAVo.

c) Losses due to the superconductor polycrystallinitv,
For type II superconductors the rf and microwave surface

impedance can be suongly limited by dissipauve process determined by

rhe intersranular couniing. Additionai surtace resistance can indeed arise
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ciue to the nanrre of grarn bouuciaries behaving as serruDenneabie wails
tor n waves.

d) Losses ciue to Hvdrogen segreeauonl
A senous kind of additionai iosses has been recendy recogmsed to

be a porcnuai enemy to frght. It is weil-known that Niobium, if eiecro-
poiished or chemrcaiiy treated by immersion can be charged at leasr on
the surtace by hydrogen. Hydrogen mobiiiry in niobium is known to be

t7

I

) 1

very high; moreover it is ciear that if diffirsion there is , it will happen
through grain boundaries.

A15 Materials

The stoichiomery of the Al5-Materials is ArB. The B-atoms form
a body cenued cubic iatuce, and the A-atoms
cubeedges, parallel to the coordinate D(es.

are arranged pairwise on the

Cmstal sùacrure of A15-compounds I

A typicai feanrre of ttris smrcrure is, that A aroms make up t-amriies
of intersecung iinear charns. the distance berween the aroms wirhin one
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charn beine the shonest ciisuìnce berween the atoms in the Al5 srucrure

anci being 227o iess than that beween A atonu beiongrne to differenr
chains. The A-arom always constitutes a transidon eiement of groups iV,
V or VI (Ti, Y, Ct. k, Nb, Mo. Ta. W), whereas the B atom mav be
represenred eiùer by a nonransidon eiement or a transition eiemenu

From the phase diagrams of 28 compounds with A-15 stnrcrure the
.{1B compounds may be divided into fwo groups, according to their
regions of homogeneiry are formed. The first group comprises
comDounds whose region of homogeneiw is practicallv absent or exends
only in the direction rich in the A cornponent (V3Si, V3Ga V3Ge, V3Au,
MqGa. M3Ge etc. ). They are called "typical" by convention. fn "typical"
Al5 the maximum values of Tc are obtained near to stoichiometric
composition and at high degree of order. Such a siruadon is thought to be
assocrareci wirh the conservauon of the inrcgriry of the iinear chains in an
AI5 srmcrure. The other group of compounds. rvhich are cailed
"atvpicai". :ontains compounds whose region of homogeneiry extends
towards the B component or in both directions from stoichiomeric
composidon (Morir, Mo3Pt, Cr3Os, V:Ir etc.). In these compounds
(having iower Tc) atoms in the chains are iikeiy to be repiaced by B
aronx and integnty is not conserved. In Table 2-1 data on
superconducung transidon temperanrres in compounds with Al5 strucrure
are presenteci.
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This Tabie shows. that the highesr Tc for A:R compouncis of
Vanaciium and Niobium are obnrned in rhose cases rvhen the B-arom is
represented by a nonransidon element Al. Si. Ga. Ge, Sn. At deviadons
from stoichiomew and with the ciegree of long-range orcier S one can see
that Tc is very sensidve to these effects. For example. in the comoound
VrSi of stoichiometric composirion Tc vanes from 16.85 ro 17.1K.
rvhereas ar 20.17o Si Tc is 9.4 K.zs

Phase Diagrams

The knowiedge of the precise iimits of stabiliry of the A15 phases is
very imporîant since in many of the pardcuiariy inreresdng systems
superconducung and normai-srate propenies depends criricaliy
composiuon. If in a binarv system an A15 phase occurs. this phase aiways
rmmed.iately foilows BCC solid soiution wittr increasing concenrauon of
the B component. On the higher concenration side, the A15 phase is often
foilowed by phases extribiting ùe teuagonal sigma srrucnue (e.g. Nb-Al)
or the tetragonai W5Si3-rlpe srrucnrre (e.g. Nb-Ge). Under the A15
compouDcis with a Tc>15K there are oniv V3Ga, V3Si and M3Sn which
are smble at the stoichiomeric composidon. whereas Nbdl. MeGe and
Nb.Ga are mensnble and can oniy produced wirh an excess of niobium.
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Dependence from Tc versus Ne

Anaiysis of different empiricai criteria of superconducrivirv shows
that a ciear correlation occurs between Tc and Ne; i.e. the mean number
of vaience eiecuons per atom. In fact it follows from considerauon of
Fig. 2-5 that the superconductors with lower vaiues of Tc grouD near two
eiecnon-concenration inrervals: 4.50 to 4.75 e/a and 6.25 to 6.60 eia .
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The tirst range encompasses compounds \4/hose B element ls nor a
simpie meEl. and in the second region the B-acorns a.re rransidon or nobie
metals. in the region of the firsr peak two groups of AI5-compounds wirh
the same eiecron concenrauon snnd ouc eirher 4.50 e/a (NbrGa. NbaAl.
VrGa. v{n, vrAl. Nbrln) or 415 e/a (NbrGe. vrGe. vrSi. NbaSn.
Vrsn). For A3B compounds, Fig.2-6 and 2-7 calr.v values of eiecroruc
heat capaciry and paramasnedc suscepribiiitv as funcuons of Ne.
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One can readiy nouce a cerain simiiariw in the character of the

vanauon of these propemes with the depencience of Tc on eiectron

concenrauon. The relative arangement of points coincidences in ail three

figures. excepr in rare cases. Since both. the eiectronic heat capaciry and

rhe paramagneúc suscepubiiity in metais is proporuonal to the densiqv of

starcs on the Fermi ievei, the presence of the above correiaúons gives

good reuìson to conclude that high vaiues of Tc in A15 compounds are

accompanied by a higher density of starcs on the Fermi levei. Indeed one

can see from band structtue calculations carried out by Klein3l that there

is a sharp peak iu the densiry of states ciose to the Fermi energy in the

case of VrGa, VrSi and M?Sn.

E!€lGll {Ryt
9 . 3  C . 5  ! . ' l  0 . 9  ì . 1  : . :

I
- € c

23

- x(>
i l
:1 I
- xo-
i l
^? lmF
\ i
o l

_3'q '

lù3tn

rofq. ms

t

a

Fig. 2-8 Densuies oJ states ol Nb3Sn rt

bro

t



1 / l- - 3. Expenmentai Tecirnioue

3 . Experimental Technique

3.1 The glow discharge

If a dc voitage is appiied between two electrodes with the distance d
in a gas at low pressure 10-2 - 1 mbar, a small crurent wiil flow benveen
the eiectrodes. It is caused by a smail number of ions and elecuons, which

aiways exists in a gas due to ionisation by cosmic radiation. Wittr
increasing the voltage, the electrons reach energies which enable them to
ionise atoms by collision, each ionisation process produces further
electrons. The ions. that result from these collisions. are also accelerated
by the applied field and move toward the cathode. When striking the
cathode they can release secondary electrons. The secondar-v eiectron

emrssion rado of most materials is of the order of 0.1 so that several ions
must bombard a given area of the cathode to produce another secondary
elecron. Initially, the bombardment is concentrated near the edges of the

cathode . As more power is suppiied, the bombardment covers the hoie
surface and a constant current is achieved. Further increase in power
produce both increased voltage and current in a region known as the
abnormai giow discharge. This mode is usually used in sputter deposition
techniques. The two processes of ionisation by electron impact and
secondar.v emission of eiectrons by ions thus controi the current I in the
svstem. if each electron. accordinq to the Townsend criterium

y.e(so- l) = l (3.1)

produce more than one new electron, the glow discharge burns seif-
sustarned. This happens by the breakdown voitage, which is a funcuon of

the product of the pressure p and the elecuode distance d (Paschens

law).Within a glow discharge there exists distributron of potenuai. fieid.
space charge and current densitv. Visuaily these are seen as regions of
varied luminosity, as shown in Fig. 3-1.
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The vanous lurrunous and dark regions of a giow discharge artse in

the toilowing manner: Electrons usuaily leaves the cathode with smail
veiocitv, the energy is of the order of one electron volt. They are not able
to ioruse gas moiecuies unul they are accelerated to sufficient enersies.

This results in a region calied "Aston's dark space". The cathode giow is

rhe resron in wiúch the eiecrons reach energies colresponciing to the

ionisauon potenuai, and this is úre lumrnous region ciosest to the cathode.

In the "Crookes dark space ", the eiecron energies are over the

maxrmum excitaúon porcnual, so that no visible light is emined. When the
neqative giow is reached. the number of siow eiectrons (i.e., those

produced by an ionising coiiision) has become very iarge. These eiectrons

do not have sufficient energy to produce iomsarioB. so they do possess
enoush energy ro cause excitation and are the cause of the negauve giow.

The "Faraday dark space" and the positive coiumn are nearly tieid-free

regions and are charactensed bv neariv equivaient numbers of ions and

eiecrons. Unfonunateiy, for glow discharges appiied as sputtenng

sources. the eiectrode seoarauon needs to be small so that the anode is
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locateci in the nesauve siow. Therefore. rhe posidve coiumn anci the
Faraoay ciark spac! nor.iir,.

32 The sputtering technique

Sputtering is the mechanicaliv outknocking of atoms or moiecuies
from the surface of a target wiù energedc ions. The sputtered atoms can
condense on a substrate to form a thin fiim. The simplest configurauon to
crearc a sputtenng source is the Diode spurtenng configuation (Fig.3-2).
It consisa of a vacuum chamber in which benveen two electrodes an
anomaious glow discharge wiil be created. The negative electrode
(cathode) presenc the targer, whereas the substrate is piaced on the anode.
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Fig. 3-2 Configurauon of a Diod.e Spuuering Sourr, 33

After evacuauon to hieh vacuum the chamber is filled rvirh the
spunenng gas, usuaily Argon, a[ a pressure of 10-2 - i0-i mbar. The
disctrarge is created bv appiyins a dc voitage of 1-5 kV between cathode
and anode. The argon gas wiil be ionised and acceierated towards the
cathode. where thev exract atoms from the target surface. The sputtered
atoms diffuse in the chamber toilowing the cos-l law and finaily condense
on a surt'ace. The kineuc enersv of the aroms reieased is a few eV. i.e.
subsmnuaily higher rhan ùar of evaporarcd aroms (kT=O.1 eV at 1200 K).
These higher energies lead to a better adhesion and higher densiry of the

, : t

!

fiIm. Almost every materiai can be souttered. independent of the meiúne
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polnt or other physicai proDerues. The number of released atoms per

imprnge ion is cailed the sputtering yieid.
The yield depends on the following paramercrs:

Material: The yieid Y is by a given species and energy of the ions
reciproce to the sublimation enthalpy of the target materiai (Y / Eo).34

Energy: The spunering process starts at a threshold energy Efu.'
of 10-30 eV, and increasing linear with increasing ion energy. At energies
from 104 eV the sputtering yield reaches a bride maximum and after that
it decreases because of ion implantation effects.35

Ion mass: The variation of the ion species at consmnt energies
shows. ùat the sputtering yieid has a maximum, when the ion nutss N{1 is
approximateiy equal to the mass of the target atoms Mo 36

fncident angle: The sputtering yieid increases with growing
incicienr angle Q proportionai to cos C)-r law due to the smaller change of
impuise by grearer angies. With values of Q near 90" the effecr of ion
ret-iecuon becomes dominant and Y decreases.3T

3.3 The Magnetron sputtering

\,faenenon sputtenng sources can be defined as diode devices rn
r.vhich magnedc tieids are useci to increase the ionisauon etficiency of the

elecrons. The effect of the maenedc fieid is to increase the distance the

eiecrons have to travel by the formrng of eiectron traps, thus increased

rhe probabilitv of coilisions. As a consequence. verv high desrees of

iorusauon are possible with relatively iow pressure (in the range of 10-3

mbart. The magneúc fieid is shaped in a way to get a piasma coniinement.

Elecnons can be trapped bv a magnedc and/or eiectrostatic mirror.

However. a general statement for magneuon consmrcdons is that

magnedc fieid lines must "be born from the cathode and die onto the

rarqer"38 The high degree of ionisauon ailows higher deposition rates at

lower voitages in comparison to "normal" spunering sources. The high

) 1
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crurenr ciensity ieads to a s6ong heaúng of the target' to prevent thrs lt ls

necessary to cool the sputrcring head.

Generaily the magneEon sputtering sources can be pianar or

cylindricai formed. Cylindricai configUrations can be post masneuons or

hollow cathodes (Fig.3-3). In the first case the inner cyiinder is the

cathode and the outer cyiinder the substrate, in the iatter case it's vice

versa. in both cases it's needed to prevent piasma losses by cathodic wings

at the end of the cylinders. The main advantage of cyiindrical magneuons

is the umform erosion of the mrget material. Typical working conditions

for copper sputten1g are: deposiúon rate 200nm min-l and p = 10-r

mbar, B = 2.5.10-2 T, j = 200 Am-2, u = 600V.
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The conf,guranon oi cytindrical magnerron spunering sources -"

The tuncuon principle of planar magneEons ale the same as for

cyiincincal once. but obviousiy they have another strucnue' Here the

sysrem consists of a pianar cathode sufface parallel to an anode' that

serves as a subsgate hoider. The geometry can be disk shaped or

recutnsuiuìr. In any case the non uniform magneuc field leads to an

unsvrtmerrcai erosion of the target materiai'
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Electron transport processes

The homogenous magneuc fieid a>dai to the cyiincier in the range of

10-2 T does not influence ùre ions, but only the eiecuons. The elecrons

wiii drift along the magnetic field lines and orbit them with a giro

frequency (wc=1,76.1011 B). The eiectric fieid E perpendicular to the

magnetic field leads to a E X B drift with the speed v'c = E X B/82.

29
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Fig. 3-a EIe c to n r ansp o n pr o c es s e s in a ot lindricol ^o g n e ton 33

3.4 Film structure

Fi lm growing

Any thin film deposition process invoives three marn steps:39

- The producUon of the appropnate atomrc, moiecuiÍIr, or ionic species
- The Eansporr of the coaung species to the substrate through a med.ium
- The adsorpuon/condensation of these species onto the suîace of the

subsrate

The general picrure of the srcp-by-step growth process can be

descnbed as follows: The coadng species hit the substrae surface. iose

their veiocity componenr normal to the substrare (in the case of not to
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Ìúgh incidenr energy) anci arc phvsicaiiv acisorbeci on the sunace. The

adsorbed atoms are not immediateiy in thermai equiiibrium with the
substrate and move over the sr:rface. They interact with themseives. which
leacis to the formine of ciusters. The clusters or nuciei are
thermodynamicaily uDsmble and teud to desorb. If the growing process by
interacuon with adsorbed atoms is suonger than the desorbtion process.

they grow unnl they reach the so-cailed nucieauon stage, where they
become stable. A nucleus can grow both. parailel to the surface by

diffusion of the adsorbed atoms and perpendicuiar by direct impingement

of incident atoms. In geueral, at this stage the laterai growth is much
higher than the perpendicular. The grown nuclei are called isiands. In the
next step the isiands surt to coalence wiúr each other, forming bigger
isiands. Bv increasing the surface mobiiity as, for exampie, with higher

subsrate temperarure this tendencv can be supported. FinaÌly, ail isiands
are connected to a porous network. A compieteiy continuos f,rim is
tormed bv filling up the holes and channeis of the network.

The growing of the isiands is a randomly process. so that when they
touch each other, grain boundaries and many point and [ne defects are
incorporated inro the tlim. These defeca results in inherent stress and
worse physical propenies of the film.

Film structure

It is usetui to distrnguish the strucrure ot phystcai vapour cieposircd
thin tiims in three strucure zones and one uansidon zone. each with his

own charactensdc fearures and physical propenies.{ The different zones

are divided bv the rauo of substrate temperanrre T to coating material
melting point Tm. The low temperanre zone i smrcrure (T/Tm<0.3) was

coiumnar. consisung of tapered uruts defined by voided growth

boundaries of the type shown in Fig.3-5. The transidon zone T in the
regron between zones t and 2 consisung of a dense array of pooriy

defined fibrous grarns. The zone 2 structure (0.3<T/Tm<0.5) consisted of

coiumnar grains, rvhich were defined by metailurgicai grain boundaries.
The grain boundaries increased in width rvith increasing T/Tm in

accordance to activation energies typicai of surtace diffusion. The high

remperaure zone 3 stnrcrure (T/Tm>0.5) consisted of equiaxed grains,
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rviricir increased in

buik diffusion.

size in accordance lviù acuvauon energes ryplcal oI

Fig.  3-5 Strucntre zone rradcl 4o

35 Vacuum svstem

For the sputtering of high purity Nb films it is necessary to work

rvith the highesr possibie cieaniiness. since Nb is a sEong ge[er matenai'

Thererore ulua iugh vacuum has to be oburned Ín ùre spurrcnDg

chamber. Oniv little conrcn6 of Oxygen wouid lead to a decrease of thre

d.c. conducuviw and herewith. according to formuia 2'3 to a decrease of

the cnricai temoeran[e. our sysrcm is equrpped with a rurbomoiecular

pumo of 320 ls-l pumping speed. prepumped by a roury pump of i8

m3/hr. The uubomoiecular pump has magneuc beanngs to reciuce the

content of hydrocarbons to a minimuu1. All flanges are of conflat type'

seaied with copper O-rings. Severai vacuum gauges. nameiy a Pirani

gauge, a Bayard-Alpen gauge and a Exuactor gauge' offers a exact

measuring rn each pressure resion. The Argon flow is controited bv a aii

meral dosrng valve. which provides precise and reproducible gas iniet for

verv pure gases. It is bakeable up to 450o c. The uirimare pressue is

bener than i0-9 mbar atrcr 48 horus of baking at 250o C'
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Sketcn of the vacuwn s\srcm

Thenumberspresentsthetol iowingconsmcúoneiementsofthesysrcm:

1 Water inPut

2 Water output'

3 Ceramrc insulator
-t Target(Cathode)

5 UPPer coiis

6 Down coiis

i Power suPPiY upPer coiis

8 Power suPPiY down coiis

9 Caviw

10 Main valve

t 1 PreoumP vaive

12 BYPass vaive

13 Argon iniet

14 Niuogen vent vaive

l5 TurboPumP

16 PrePumP

l7 Measunng instnrments
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3.6 Configuration for 1.,( Ghz

The magneuon contiguration consists of a coiumnar vacuum
chamber. where the nuddle pan is represented by the cavity. Insicie this
rube ùe cathode is piaced- connected to the coiumnar by a sglamig
insuiaúng eiement. The cathode is made from Nb with a RRR better than
250. The high puriry is needed to prevent contarrination of the fiLn by the
cathode. During the sputtering process the cathode is exposed to a ion
bombardment, which resuits in a strong heating. To prevent an
evaporation or melting a water cooling is necessary. Since Nb can be
oxidate the warcr flow takes place in an inner stainless steel tube. The
disadvantage of this soiution is a bad heat exchange berween both nrbes.
Due to this. the carhode temperaffie rises estimately up to 1000o C and
heat by radiation the caviry wail. For funre experiments. the feasibiiitv of
a direct water cooling of the cathode will be tested. To provide
nevertheiess a constant temperanre during the sputtering process a
reguiauon system has been designed. It consists of a heaung strip
surround the cavltv equator and 4 ventilators. Wittt this method the
desired temperanue of 200o C can be hold in a range of i 0o C. Higher

substrate temperaures wiil sureiy increase the film quality, but

unforrunarely copper wiil become too soft (the cavity risks impioding)

and stroneiy oxidises under those conditions.

As sputtenng gas argon is chosen. The t-low rate is controiied by a

higir orecrsion leakvaive. connected to the chamber direcdy under the

coiumnar part. This means that the marn pan of the gas rviil be

immediateiv pumped and oniv a iittle fraction of the gas in the caviry wiii

be exchanged. In this wav the poiluuon trom the argon gas, even when the

cieaniiness of the gas is 99.9999 Vo to the film is lower. resuiting in

higher tìlm quaiity. The magnedc fieid is generated by external coiis. as

sketched in fig. 3-7
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Fig. 3-7 Cathode, cavin and. coits aftangement tn the DC post,rurpneîon

conllpuranon

The rwo iong coiis are needed for the piasma confinement: the rwo
shorter heip the eleccromasnedc mirror focusing the magneuc fieid on
wings. In conrarv ro a srandard cylindrical DC posr magneuon. rhis
contìsurauon opens the way to create a speciai magneúc fieid distnbuúon.
with r, corlmon uniform magneúc field, the thickness and RRR
dtsrtbuuon wouid be highiv ciisuniform. Caused ro rhe comoiex shaoe of
the cavitv. rhe thickness at the equaror wouid be i0 umes less ùan rn rhe
ir is.

3.7 Volt-Amperecharacteristics

The quaiitv or ionizauon processes rn a piasma ciischarge can be
easiiv demonscrated bv the heip of the Volt-Ampere charactensdc.al
Discharges operaung in the magneron mode obey a v-I relauonship of
the form I-Vn, rvhere n is an index to the performance of the eiectron
uap and is typicallv in the ranqe 5 - 9. To measure these characrerisucs
we connect our spucenng source to a computer. which in every second
takes the vaiues of voitase and currenr and read them d.irecdv our on the



-?. ExDennentai Technioue

morutor. it is programmed to increase the curîent within 30s from 0 to

10 A. The measunngs are macie in rwo different modes:

- vananon of Argon pressure at constanr magneuc field (fig. 3-8 and 3-9)
- vanation of magnedc fieid with consnnt Argon prcssure (fig.3-10 and

3-11)

The magnedc field vaiues presented in the following figrues are

calculated for a distance of 5cm from the cener of the cavity.
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From fig.3-8 one can see that with increasing magnedc field the
iorusauon efficiency increases and the piasma becomes more dense. This is
expressed in a stronger slope of the curve, i.e. in a strong increase of
current by oniy a slightlv higher voitage. Fig.3-9 sbows the saItne
dependence rvith iogarithmrc scales. The fit with the I - Vn law give a
vaiue of i0 for a magnetic fieid of 108 G. In comparison with common
cyiindrical magnerons this is a rather high value and prove that we reach
our goal of strong plasma confinement in the center of the cavity. For
lower field values, the voitaee will increase abruptly wittrout reachins
high cunents, as shown in fig 3-8 and 3-9 for 31 G. The values of n for
these fields is 2, obviousiy not sufficient to reach high piasma densities.

Fig. 3-10 and 3-11 show the Volt-Ampere characrcristics with
pressure varying from 1.10-3 mbar up ro 8.10-3 mbar by a consranr
magneúc tleid of 81G.
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Bv pressures of i and 2 mbar the vaiues of n afe 6.2 and 7 .6, i.e. rather

low. whereas ar pressure of 4 and 8 mbar the siopes of the curves are

considerabiv higher, which indicates a good piasma conllnement. At 8

mbar. however the voltage exceeds not 270V. Since in theory the film

growing conditions are better at higher voltages the best compromise

berween good plasma conetinement and sufficient voitage are about

4mbar. In tìg.3-12 ttre condirions of pressure and magneuc fieid strength

are demonstrated, that permrtred stable operauon of the magneuon. One

can see that a mrrumum magneuc field strength must be exceeded. even at

reiativeiy high pressures, to create a giow discharge. With increasing the

magnetic fietd one can go to lower pressure operadon up to a fieid

srrensth of 60 G. When passed this value a furttrer decrease of pressure is

not possibie. because the iorusagon efficiency not increases any more.

400

a
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techniques are used:

3.8 trxperimental results

To measue the propenies of the fiims the foilowins measurins

1. Fiim thickness measuremenrs
The thickness is measured rvith the swius method. The pnncipie of this
methode is as follows: A diamont needie with a dp racúus of about l0 um
seryes as eiecrromecharuc prck-uo. The verucai movement of the neeciie.
when it slides over the film subsrarc srep, can be measured and directly
read-out on a monitor. The measurement range spans from 200A to a few

t îpm+,. Presupposition for ùe appiicauon of this method is a sufficient
hardness of the fiim and a plane surface.

2. Residuai resistivirv rauo measurements
The RRR of the Nb coaungs on insulaung Quartz subsuates is measured
r.vith the four point method to eiemrnarc the erfect of possibie contact
resismnce at the connct poins beween Nb fiim and the pins of the
measuring device. After measurement of the fiim resistance ar room
temperaure the sarples are cooied down in a helium bath to 10 K. what

,
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is tust aDove the ransidon rcmperarure of Niobium $.2 K). Then the iow

temDeranue resisrance rs measrueci anci ùe RRR can be caicuiateo.

To r'ind the besr spunenug configuradon we use a stniniess sreei

dummv cavtrv, where quarîz samDies can be connececi. The Quaru
subsrarcs can be taken afrer eacb spurtering process and tbe properues of
the Íiims. prociuced under different condidons can be measureri. The

sampie iroiders are distribued over the whoie iength of the cavrry and are
numbereci from i to 5, accorriing to figt:re 3-13

Fis. 3- l j Disribwion of the samples in the cantn

The rlrst expenmenn were macie without temperarure reguiauon.

Unoer uese cu'cunxîances the remoerature of the catlty ciurtng úe
deposiuon grows within 10 mrnures from room rcmDeraue up to 270" C.

At this remperaure the deposirion was inrcmrprcd. because a further

increase couid result in an impiosion due to copper softening. ln order to

reach a suffrcienr thichess 4 depositions of 10 mtnues were macie. The

fiilns showed RRR values of arounci 7 at the equator anci up to 40 in the

iris zone. Since the RRR vaiue increases with grarn slze. the most
promrsing wav ro reach bener trims is to deposit in onlv one srcp. So the

grarns can srow condnuousiv anci reach larger sizes. To prevent the

heaung to dangerous remperanues. a reguiadon system was deveioped. as

descnbed before. Herewirh. pnor to coaring the equator was heated to

200o C and hold at this rcmperaffe during the hoie processlng ume. The

firsr tlims made in this wav shows RRR vaiues of,27 at the eouator and 50

39
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at the rris. The processing paramercrs were:

arson pressure 3.7*10-3 mbar. coiis distance
for further improvemens looking for
parameters.

Powe r

Deposition power 2.5 kW.

9.5 cm. There is suil room
the optimum deposition

In theory increasing the power, in order the deposition rate, the
frlm quaiity should improve, because the number of trapped impurities

during the deposition depends on the deposition time. If one deposit with
hieher rate the number of impurities decreases. Unfornrnatelv in our
experiments there was no significant improvement when we spurtered
rvith higher power. We increase the power from 2.5 to 4 kW. but the
tlims show oniy siightiv bener quaiity (RRR = 24 insrcad of 22 ). The
reason ior this behaviour can be that the impurities from residuai gas was
aireadv rather low. so that no firrther improvement wurs possible.

Coils distance

Since the plasma-substrate interaction has a strongiy influence of
the fiim growrng process and herewith of the film qualir.v, one possibiiir.v

to increase the RRR-vaiues to find the optimum piasma parameters. In our
case we can sreer the piasma bv varvine the distance of the coiis. varving
rhe current. that passes the coris. in our experimen$ we found out. that
the var-ving of the distance has indeed a remarkabie influence of the
piasma. rvhereas the coils current over an upper limit is not efficient.
With changing the distance from 95 to 115 mm. the RRR vaiue at the
equaror increase from 22 to 30. hoiding the other deposition parÍrmeters

consranr. rvith further increase of the coiis d.istance. the trlm qualiry
begrns to decrease. The oprimum current. that provide an sarisfactory
stabi[tv of the plasma confinement was found with i.4 A.
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4. Radiofrequency Tests

4.L The RF measurement device

To measure the firndamental parameters like Qo md E* of a caviry
a rf measurement system is constnrcted at INFN-LNL. In this short
introduction the basic working principle shouid be expiained. The main

parts of the system are represented by the

-1.5GHz RF generator
- reflectometer
- movable input coupier
- pick-up antenna
- feedback loop

They are arranged as shown in Fig.4-1.

POWERMETER

I REFLECTOMFTER I
I DTRECT i
I PoWERMETER I
ì l

4 l

LTMÍTTNG I
AMPLTFTER I

LOW NOTSE I
AMPLIFIER I

F ig .4 - l Configuration of the rad.iofrequenct rysrcm
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The system is designed in such a way that aii cndcai pans are
computer conuoiied. The rvorking pnncipie is as foilows: A generator
produces the RF signai, the ampiitude of the signal is regulated by the
attenuator. Then it passes through the reflectometer, rvhich measures the
pafi of the signai that goes into the cavity and the one that is reflected.
Through the moveable input coupler the signai enters the cavitv. The
pickup-antenna gets the response tiom the caviry, that then ampiified and
limited in the arrpiitude comes to one of the inputs of the mixer. To the
other inpur the initiai signai from generator passed through the phase
shifter is applied as reference. The mixer is working as phase detector,
having at the inputs two siguals wittr the same frequency and amplinrde,
but different phases. From the mixer output the signal, proportionai to the
phase shift between the reference signai and the one passed through the
cavitv, goes to DC ampiifier and then is used to correct the rrequencv of
generator. All this strucrure reDresenn the phase-lock loop, that is needed
to have the svstem working at the resonant frequency of the caviry during
the measurement. The precise adjustment of the phase-iock loop is done
with phase shifter and moveable coupler to minimise the reflected signai
and to maxrmise the cavity response. To find the cavity resonant
frequency of 1.5GHz is rather diffrcult. because the bandwidth of a
superconductins cavitv is about i0 Hz. To measure the Qo-factor a rf
power of about i mW rviil put inside the cavitv. Then rhe power suppiy
rviil be srvitched off and the eiecromagneuc freid inside the cavitv begins
to decav. From the decay time one can caicuiate the Qo factor accorciing
to the formula

W(t) = Wo's-$tlQt

I
I

(4.1)

Knowine the geomencal constants anci using the resuits of the decav time

measurement one can îind the coelficient between the pickup signal and

acceieraung tìeid of the caviw. To measure the dependence of Qo versus

Er.. the input power wiil be increased up to 10-30W. But someumes the

behaviour of the cavities can be unpredictable, due to that the main

conroi panei is designed in a wav to give complete manual control of the

measurement. The automadc procedures can be activated manuailv and

after ruifilling them the system returns to the manual mode. The

,
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automauc proceciures are ùe foilowing: calibrauon. search for the
resonant rrequency, mrnimisauon of the ret^iected power. measurement of
the ciecay dme, Q versus acceieraung fieid measuremenl conriitioning.

.1.2 Related cryogenics

For the n tesr measuremenrs the cavity had to be cooied up ro i.8 K
by a cryostat. The cryosar is consmrcted and buiit ar INFN-LNL, copying
a design of CERN laboratories.
The main constnrcrion eiemenm of the cryosat are:

shielding of uansfer iine
seDerator
precooiins vaive
thermo exchange 1.8 K - -t.2 K
expansion and levei reguiaúon vaive

They are piaced as shown ín fig. 4-2
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The operatrng modes of the cryosult are rhe following:

- Cooiing to 4.2K and measunng test at this temperanrre
- Pumpins one shot at i.8 K wiùout ievei reguiation, with a ciissipated

power iess rhan i W.
Possibiiity to cooi condnuousiy from 4.2K to 1.8 K wirh a reia:cauon
vaive to regulate the Heiium ievel. The sysrem is equipped with a
pumping group of 2000 m3/h to reach a maximum dissipated power of
20 W at 1.8 K.

The cryostat is alimenred by a dewar of a volume of 500 l. The
helium comrng from the dewar through the transfer iine goes to a cover
that emerge into the seperator. After passing the transfer iine the heiium
contain vapour. that is divided from the liquid by the seperator. These
vapours are used to thermaiize the screens of the cryostat a:rd couid be
also used to cool quicklv some certain zones of the cavity. The three
thermo screens are cooied by the vapour, which is pumped by a
membrane pump. The task of this pump is not only to suffer the screens
with vapour. but aiso to keep the ransfer iine at a consutnt temperarure of
1.2 K. The vapour flow is reguiated by a vaive. ro reach a consnnr
pumping speed of 1m3/tr The iiquid heiium is fiitered bv the sinrer bronze
anci leave the seperator bv rwo tubes. One leads to the valve for
precooiing the cavlw to 4.2 K and to fiil the cryosnt up to a cenaln levei

"vith 
heiium. The other rube ieads to the thermo exchange i.8-4.2 K.
To reach temperarures less than 4.2 K one method is to pump the

vapour over the iiqurd heiium bath. So the atoms in the bath with higher
veiocirv ieave the bath and oniy slower atoms remain. That means that the
temperailre decreases. With a roors pump of 2000 m3/h pumping speed it
is possibie to reach a remperarure of 1.8 K, even when a power of 2A W is
dissipated in the Heiium bath. To have the possibiiiry to work rvith
varving vaiues of dissiparcd power the rotation veiocity of the pump caD
be reguiated. Certarniv the voiume of the battr decrease. rvhen it starts to
evaporarc due to the pumping. To provide a constant ievei an reguiation
vaive is needed. The nsics of this vaive is to provide a constnnt levei of

; l
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Helium and to reduce the pressure of the entreating Heiium from i bar to
16mbar, which is the pressure over the bath ar 1.8 K. The valve is
equipped with a needle, which has a double siope, to overcome the
difference in viscosity benveen normai and superfluid Helium. At 16
mbar the reiaxadon of helium of 4.2 K leads to a evaporation of 50 Vo. To
reduce this percentage to 20 Vo and so to increase the avaiiable power a
heat exchange between pumped vapour and liquid helium is needed. With
this thermo exchanee rhe helium arrive wíth 2.2 K to the bath.
Due to the high price rhe roors pump with 2000 m3/h pumping speed is
repiaced by a pump with lower speed. In first tests a temperanue around
2 K is reached. Unfornrnately it is not possible to dissipate any power at
this temperature, what is needed to measure the Qo versus accelerating
fieid.

1.3 MEASUREMENT OF THE FIRST SPUTTERED
SPUN CAVITY.

A fully spun seamless cavity wÍts used as a substrate for
sputtering. This was the first time that a cavity in this way wÍrs
produced. The advantages of a seamiess forming are twofold: First of
all it provides an internal surface without unevenness due to elecuon
beam weiding. Usuallv two half-cups are welded together. this ieads to a
rough surface in the equator-zone. Furthermore even mrcrohoies can
appear in the copper material which can be opened during the
electropolishing. The second advantage is the fact that this method is in
opposite to common techniques like hydroforming appiiable without
annealing and much iess expensive.

The general treatment of the substrate before deposiúon is as
follows:
1. Eiectropoiishing with a soiuúon of phosphoric acid and n-butanol. Bv
this process i00 pm of the copper are etched from the surface.
2 Chemrcal polishing which takes away additional 5 pm followed by a
passivation to prevent further conraminations of the substrate

45
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The deposirion condirions were in a primary sep afiempted. as
described in the preceding chaprer. The pardcular paramercrs applied
for the sputtering procedure are presented in this schedure:

- Temperature: 200"C
- Current of the external coils: 1.5 A
- Curent of the internal coils: 1.5 A
- Coiis gap: 115 mm
- Deposirion úme: 30 min.

This leads ro a thickness ar the equaror of 2.5pm and5pm in the
iris. After frnishing this step the cavity is mounted into the cryostar.
where it is cooied down to a temperature of 4.2 K and the measruemen$
of the Q us Eacc was carried out. The result is shown in fie 4-3

- Voitage:
- Current:

10s

o

570 V
5.3 A

t a a a
o o a

a
l r  

a

E, MV/M

I

108

107

Fig 4-3 Qversus Eacc
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From the figure one can see that Q does not exceed 3 '108. The siope of
the curve is up to 3 MV/m rarher smail and after passing this vaiue it
decreases stronger. With heiium conditioning usuaily the Eacc of the
cavir.v can be improved by a factor two. Helium conditioning is the
applying of radiofrequency high power into the cavity which is fiiled
helium gas at a pressure of 10'5 mbar. This leads to a surface
bombardement with heiium ions of high energy. which sweeps away

chemisorptions and cryoabsorbed atoms from the caviry surface.
Unfornrnately due to a destruction of a part of the system this

processing couid not be done. Probably higher values of Qo and Eacc
could be reached.

. 1 ' 1- t



5. Conciusions

5. Conclusions

The followins informauons can be exnacred from our
measurement:
- Even if the vaiues of RRR that we obtained in the dummy cavrry
spumering in the sÍrme condiúons are rather high, the Q-factor at 4.2 K
is iower than 4. 108. In our opinion this is due to imperfections of the
subsrate. Some ferrous contamrnarion can be bared inside Copper on
the side of the internai surface. Such foreigner inciusions Íre not
removed by eiectropoiishing and they cause microscopic holes in the
film.
- We did not yet achieve high fields, however we do not see any
siope for the Q-degradation versus acceierating field, that is the worst
enemv for sputtered cavities.

Even if this was the first ume that a cavity was formed by
spinntng from a copper disc and internally spunered with niobium, the
achieved results are not bad and \ile proved successfully, that this is the
right way for future research. However, our results are only
prelimrnar. Nevertheless we can state at least two concepts: a) the
magnetron configuration has a high potential, especiaily from the point
of view for the appiication to 1.3 Ghz nineceli cavities. b) there is no
any pnnciple argument agarnst the spinning technique appiied to the
consmrcdon of Copper resonators for spunering
Central arm for furure research will be the opdmising of the inrcnace
between copper substrate and niobium fiim.
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Appendix

In order to find the best deposition parameters for sputtering the copper
prototype we have performed several depositions in the stainiess steel
dummy cavity, equipped with Quartz samples. For each run we have
compiiled a coating schedule in which the main RRR and the thickness are
reported.

\
Date: 06.12.94

Date: 13.12.94

S.{MPLE # I a a
J 4-? 5

RRR I  r .6 9.68 6.85 6 .11 39.9
t /L rm I t . l 0 .7 0 .5 1 .9

Deposition parameters:
Time: 2 depositionsa5 min
Power: 2.5 kW
Temperature: increasing during the deposition from 20oC to 300'C
Coils distance: 9.5 cm

S,{VPLE # I )
.)
J .l 5

RRR 6.27 14 .5 s.29 5 .41 ) J .  t

t /L rm 0.7 1.1 0 .7 0 .5 t A
t . t

Deposirion pÍua.meters:
Time: 2 depositionsa5 min
Power: 2.5 kW
Temperarure: increasing during the deposition from 20oC to 320"C
Coils distance: 9.5 cm



Date: 12.01.95

3  1 .01 .95

Date:  I1.02.95

SAMPLE # I
I

î a
J 4 5

RRR + 9.34 6.67 6.03 45.3
t /L rm + 2.0 1 .4 1.1 ' )<

Deposition pÍuameters:
Time: 4deposiúonsa5min
Power: 2.5 kW
Temperanue: increasing during the deposition fmm 20oC to 3l0oC
Coils distance: 9.5 cm

SAMPLE # 1 2 a
J 4 5

RRR i  3 .8 23.0 9.s6 11.0 50.5
t / | rm 3.2 1.8 t .7 5.0

Depos ition parameters:
Time: 5 deoositions a5 min
Power: 2.5 kW
Temperarure: increasing during the deposition from 20oC to 270"C
Coils disnnce: 9.5 cm

SAMPLE # I 2 J 4 5
RRR 35.0 * 22.5 23.6 50.0
t / p tm 2.9 2 .1 1 .8 4 .5

Deposr tion paralneters:
Time: 25 min
Power: 2.5 kW
Temperature: 200oC
Coiis disnnce: 9.5 cm



Date: 24.02.95

Date: 03.03.95

Date: 07.03.95

SAMPLE # I 2 3 4 5
RRR 27.6 {. t4.9 15.5 51 .0
t /pm 2.3 * 1.5 t .7 3.6

Deposition parameters:
Time: 20 min; interuption by closed valve
Power: 2.5 kW
Temperature: 250oC
Coils distance: 9.5 cm

SAIvIPLE # I 2 3 4 J

RRR + 30.0 2r.5 20.5 42.7

t/ Lrm l. 2.8 1 .6 1 .8 4

Deposition parameters:
Time: 25 min
Power: 2.5 kW
Temperature: 25OoC
Coils distance: 9.5 cm

SAÀ4PLE # I 2 a
J 4 5

RRR 36. r 35.5 31 .3 23.5 s 1.5
t/ Lrm 3.1 4.3 2 .8 2.7 5.1

Deposition parameters:
Time: .10 min
Power: 2.5 kW
Temperanue: 250oC
Coils distance: 9.5 cm



Date: 21.03.95
Plasma instabilities due to not svmmetrical confisuration of coils

Date: 27.03.95

Date: 05.04.95

SAMPLE # 1
I 2 3 4 5

RRR

t/ Ltm 4.0 4.4 2.3 1.8 5 .4

Deposition parÍrmeters:
Time: 40 min
Power: 2.5 kW
Temperature: 250oC
Coils distance: 9.5 cm

SAMPLE # I 2 a
J 4 5

RRR 34.5 43.5 23.5 26.9 53.5
t /pm + . J 4.0 2.r 2.0 5.8

Deposition parame te rs:
Time: 25 min
Power: 4 kW
Temperarure: 250oC
Coils distance: 9.5 cm

SAMPLE # I
I 2 3 4 5

RRR + s5.3 25.4 22.0 55
t / pm 2.3 1.3 1.5 2.7

Deposition parameters:
Time: 15 min
Power: 4 kW
Temperature: 25OoC
Coils distance: 10.5 cm



Date: 10.04.95

Date: 03.05.95
Due to plasma instabilities during the deposition no RRR measunng

Deposition parameters:
Time: 28 min
Power: 3 kW
Temperature: 200oC
Coils distance: 10.5 cm

Deposition parameters:
Time: 30 min
Power: 3 kW
Temperarure: 200oC
Coils distance: 14 cm

SAMPLE # I
I 2 .)

J 4 )
RRR

t / pm 2.2 r .8 2.6 5.2
Deposition parameters :
Time: 28 min
Power: 3 kW
Temperature: 200oC
Coiis distance: 16 cm



Date: 31.05.95

Date: 16.06.95

SAMPLE # 1
I 2 3 4 )

RRR 39.t * 29.0 27.6 45.0

t /pm 2.9 3.5 ) \ 2.3 4.8

Deposition parÍrmeters:
Trme: 30 min
Power: 3 kW
Temperature: 200oC
Coils distance: 12 cm

SAMPLE # 1 2 .'
1 4 5

RRR 39.3 46.r 2't.0 3t;l 70
t/ Lrm 2.4 2.9 2.6 1.9 5.0

Deposition pammeters:
Time: 30 min
Power: 3 kW
Temperature: 200oC
Coils distance: 12 cm
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