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1. INTRODUCTION 2. THE MAIN RESULTS

The present report is based on a paper submitted for )
publication elsewhere [1] and is presented here on beh&fl Penetration depth and mean free path

of its authors. Lack of space prevents me from giving a 1y penetration depth is measured from the

detailed presentation. Instead | have made a SeIeCtiontQanerature dependence of the cavity frequency when

the most important results without going into the deta”ﬁpproaehing T Its dependence on t=T/{Figure 1) is

of how they were obtained. _ close to the Gorter-Casimir form (1}t in agreement
The aim of the study is a better understanding of theii, Bcs theory. A measurement of the London

meiﬂangg(])s I\(jlfH RF '0_?_593 in ”iObi“T film C?VlifiEes‘z SUZC])[?enetration depth at T=0 is obtained from these data,
as the Z caviues In current use a [2]\ (0)=33t4nm. Also, from the relationA O A

“ H ” : clean
hereafter referred to as “standard films”. The hope is t&+n20/2|)”2 the measurement afprovides an estimate of

gain sufficient understanding to overcome the difficultieg, ratio£/l between BCS coherence length and mean
inherent to the film technology, and thus to take fulkee hath. As shown in Figure 2, such estimates (circles)
advantage of its assets which make it a most serioUss jn reasonable agreement with the values deduced from

competitor to the bulk technology. _ RRR measurements (triangles) when available.
For reasons of convenience the study is conducted on

1.5 GHz cavities operated in their Tl¥mode. In nearly 10
three years over a hundred different cavities have been
produced and studied, including: bulk niobium (heat
treated or not); films (1.fm thick) grown by magnetron
sputtering in xenon, krypton, argon or argon-neon
mixtures of various proportions; films grown on copper
or on niobium substrates; films grown on pre-layers ofl
various kinds (copper, titanium, gold, tin and aluminium); —
films grown on oxide free or oxidised copper; films F-—""" o
grown under different sputtering conditions (bake-out and |
coating temperatures, discharge voltage, etc...); hydrogen |
loaded films.

The measurements performed on each cavity include;
the critical temperature T the penetration depth; the
surface resistance Rnd its dependence on temperature 0.8 0.85 0.9 0.95 1
T, on RF magnetic field H and on the external magnetic
field H_, applied in the cavity volume as it is cooled down
across T; the penetration field H, measured at 1.7K1.2 ¢
from outside the cavity at the equator, and providing { ~~.
information on the lower critical field and on the critical 1 s O
current. In addition measurements performed on samples | ¥ BEN
include the residual resistivity ratio RRR, the uprrS’ - ~
critical field H_, microscopic analyses of variou% 6 N

o (1-t) d\/dt

Figure 1

c2!

resolutions, X-ray diffraction analyses, etc... I RN {
The cavity performance is characterised by its surf%: | \\\
resistance (or equivalently by the quality factor \\£
Q=29%)/R_) and by the maximal RF energy which cag o I ~.
be stored in it. In the present phase of the study we dig $
0

. _ Neon fraction [%)] ¢
not attempt to optimise these variables.
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Figure 2. Films grown in Ne/Ar mixtures.
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2.2 BCS resistance 1.2

The surface resistance is the sum of three terms,
R=R,.stR,+R.. Each term will be discussed separately.
The BCS resistance RO exp(A/T)/T, whereA is the
energy gap, results from photon absorption causing’
transitions between quasiparticle states, and therefor,
vanishes at T=0 (note that it is negligible at CEBAF and
TESLA but significant at LEP2). Its dependence on meary 4 |
free path displays a minimum (Figure 3) in theegion L
belowl|=§,, in good agreement with BCS theory [3]. Itis 9.2 |
remarkable that such a subtle effect be experimentally |
verified. The BCS resistance is more than twice as large 0 . : : :
for heat-treated bulk cavities as it is for standard films. 1 g 2 24 28 32 36 4
The minimum value provides an estimate of ) i
A (0)=27+2nm, which, combined with the earlier Figure 4. Standard films.
estimate, gived, (0)=2%3nm. Using published values of
the Ginzburg-Landau parameter, one obtains an estimagno
of the BCS coherence length=33nm. Both thex (0)
and§, values are in good agreement with earlier estimateggg
from bulk data.
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400+ —t 2.3 Fluxon induced losses
e 1+1€,/2| o ,
300 ‘ ‘ When the cavity is cooled down in the presence of a
1 10 uniform external field H, parallel to its axis, the
Figure 3. The BCS resistance at T=4.2K. magnetic flux is usually trapped in its superconducting

walls (the trapping efficiency is measured to exceed
Within errors, the rati@=A/T_, where the energy gap 99.8% for standard films), the only exception being heat
A is obtained from the temperature dependence of theeated bulk cavities where incomplete trapping is
BCS resistance (Figure 4), is measured to bebserved. The flux is trapped in the form of a lattice of
0=1.8#0.04, independently from the value dfand in elementary fluxons. For a uniform lattice an average
agreement with published values. Its departure from thepacing of 5um per Gauss of H is expected between
BCS value, 1.75, is the result of strong couplingieighbour fluxons.
corrections. As shown in Figure 5 for standard films at The viscous movement of the fluxons and their normal
4.2K, the BCS resistance increases with Bypically by conducting cores generate losses which are described by
50% between 0 and 3BmT. This result is valid an extra component of the surface resistance
independently from the value of the mean free path aqhrameterised in the form, 8RR "+R,' H,) H_,. Such a
applies to the bulk case as well as to the case of digymple form ignores the occasional presence of a
films. Note that this increase contributes to the “slope” ahreshold in H,, typically 0.1 (resp. 0.3) Gauss for films
the LEP2 Q curves and that its scale is commensuraieown on oxide free (resp. oxidised) copper. It also
with the value of the critical field, H200mT. ignores the possible occurrence of a kink in the H
distribution, usually observed with films grown on
oxidised copper, R doubling abruptly at a cavity
dependent Hvalue. The following analysis is restricted
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to the range of variables for which the above simpleshere both quantities have been normalised to their clean

parameterisation applies. limit values. A detailed understanding of the exact role
Figure 6 displays the dependence qf &d R' on played by the presence of oxide at the interface requires

mean free path. In this and the two following figures bulladditional study.

data are labelled with triangles, films on oxide free

copper with circles and films on oxidised copper with
squares. As for R, a minimum is observed in the region -
of I just belowl=¢,, but this time much steeper, reflecting 5 g5 |
different pinning conditions akis varied ( and not an
anomaloud dependence of Has is sometimes stated).
However, for pinning to produce structure on such aj 95 | +
scale, the pinning centres cannot be uniformly distributed +
but must cluster, for example, at the grain boundaries.
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1t g 2.5 Residual resistances
[ The residual resistance is the only component of the
—B— 5 ) X .
surface resistance which survives at T=8, and
1+ “’Eo/2| therefore the only serious enemy to be fought against. It
i — ‘1‘0 is also, as in the bulk case, the least well understood. It
Figure 6 may display a significant dependence upop Bt is

2.4 The niobium/substrate interface

The nature of the interface between the niobium fil
and its substrate plays an essential role. In partiéylar
is nearly one unit lower, and_ D.2K lower, for films

grown on oxide free copper than for films grown o
oxidised copper (Figure 7). Sample analyses inde
reveal important differences between the textures of

two kinds of films and between their RRR value

interface. Figure 8 displays ,Has a function of\’,

virtually temperature independent.

Cavities prepared under identical conditions vyield
mutually consistent values of JA , R,.5, R,and H, but
often inconsistent values of _R. However large

Wifferences between measured values ofd® not affect

the other parameters, suggesting that the residual
resistance is the result of extragranular dissipation

rk((i5!1tergranular or superficial, uniformly distributed or
§ calised).

Sr?ﬁaintained over a broad Hange

Moreover films grown on oxidised copper have a highe
penetration field, suggesting a stronger pinning at t

Occasionally very low R values are
(Figure 9), providing
clear evidence against a common belief that niobium

{oated cavities would suffer from a fundamental

IWmitation in this domain. While grain boundaries are
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obvious candidates for hosting the impurities or defectsaded cavities show symptoms reminiscent of the bulk
responsible for non zero residual resistances, the wesikuation where the precipitation of hydride is known to
link Josephson junction models [4], which describ@enerate large residual resistances, increasing with H
correctly high T cuprates, are found improper at giving aHowever, as in the bulk case, several important details are
sensible description of reality. The surface quality of thaot well understood.

substrate is an essential element (B observed to More studies are required in order to better identify
increase with substrate roughness), suggesting thdiat exactly causes Rto deviate from zero and to
possible importance of macroscopic defects. Hydrogetevise appropriate cures.
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Figure 9. Residual resistances of film (a to d) and bulk (e to f) cavities.

have minimal values of both R and R with no
3. CONCLUSIONS detectable influence on R
The important variable is the residual resistance. It is of

extragranular origin and is influenced by the quality of

This brief overview of the main results of the studie§h . . g .
. S . e substrate and by possible hydride precipitates, as in
developed in reference [1] has shown that niobium film bulk case. Contrary to what is often stated, we know

grown on copper spbstrates are well behaved in terms gfno fundamental limitation to the production of loy, R
their superconducting properties. When grown on oxid . . . Tes
ms reaching large values of HWe did occasionally

free copper they reach RRR values in excess of 3réach RF fields as high as 75mT with Q values in excess

d_ependmg upon thg ngble gas used in thg d|sghar8 10°. However we do not know how to obtain such a
(lighter gases resulting in stronger concentrations in the

film) and upon the sputtering conditions. Howeverperformance in a reliable and reproducible way. More

contrary to the bulk case, RRR is not an importan%tUd'es are necessary to improve our understanding of the

variable as the large thermal conductivity is anyhov(lelevant parameters and, hopefully, to demonstrate that

ractical limitations are not too severe.
taken care of by the copper substrate. Non-magnetic . :
. e . . .~ The many assets of the film technology make it a very
impurities in concentrations not exceeding a few atomic

permil are well known not to upset superconductivity anéerlous candidate for large new projects. They include: a

indeed standard films having RRR in the 10 to 20 rangeetter thermal protection against quenches; a lower
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niobium cost; no need for niobium chemistry; flexibility measurement of the upper critical field of film samples
in the definition of the film parameters; no need to shieldnd to S. Marsh and S. Sgobba for microscopic analyses.

against the earth magnetic field; homogenisation dfechnical

support from the RF/SL, LHC/CR and

possible impurity clusters (such as tantalum); revampingST/SM groups is gratefully acknowledged. We enjoyed

possibility;

potentially). The film technology obviously precludes any
significant heat treatment of the niobium film and must

cope with the mechanical fragility of a furd thick film,

however none of which turns out to be a serious’

inconvenience.

Many difficult questions have not yet been properly
answered. Progress implies a sustained R&D effo

requiring high quality expertise in many different fields
of material sciences and physical chemistry. To be
successful such an effort must be free of the constrair\sts
imposed by the pressure of an engineering project and by
the perspectives of a future implication of industry in the
production phase. It must have as its first and only aim
the understanding of the relevant physics phenomena.

Only then one can hope for real progress.
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