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Summar 
The influence of several surface prepa- 

ration t,echnio,ues Like electr@polishinS, 
chec.ical edging, anodizing and UI:V-heat treat- 
ment on both the Q-value and the peak RF 
"ields have been / studied in a .delded S-band 
cavity having large bean! tubes. Feak magnetic 
:ields UD to 650 Oc at a Q-value of 8xl0lc in 
the TE,l:;-mode-and peak surfate electric 
fields cf 25 i!V/rr at 0, = 7xlC- in the TKClo- 
mode have been obtained. Simultaneous meas- 
urements of the mean free path in the surface 
layer of the cavity permit to calculate E,l. 
The results indicate that I!,1 is no limitation 
for the r:agnetic fields achievable in RF- 
cavities. This makes type-II-superconductors 
X~;s!!;~Sn interesting-for practical applica- 

high frequencies. 

I. Introduction 
L'ith the preparation of 11b surfaces des- 

cribed in ' we have obtained 
surface resistances below 

Buite regularely 
lo- s1 in TM- and TE- 

modes between 2 and 4 GKz. These residual 
lcsses are already small compared to the su- 
perconducting part at l.BoR, where the practi- 
cal application for hiSh RF fields will take 
place. Therefore we conclude, that residual 
losses are no longer a problem - in simple 
CF:z cavities - but the breakdown fields ob- 
tained are still quite low (2500 G), as yet. 
These low magnetic thermal breakdown' fields 
have been identified in T?I-modes as due to 
electron impact;' especially in multipactor 
barriers+ the enhanced number of electrons 
easily cause breakdown. The number of fast 
electrons can be reduced by introducing He-gas 
(pressure below discharGe) into the cold, su- 
cerconductinr cavity." 
iie’l 6 -the 

This "yrocessinc with 
reduces time to overcore a mult'lpac- 

tor barrier and hence the radiation damage, as 
will be discussed in Part IV. 
The above mentioned explanation of low Ecrit 
due to electron impact works only fcr TV!- 
n-IO'2 e s , but not for the TECll-mode, because 
+L.-n- ;- 7,s lal-*ee eaectric field t3 ,^+t clcc- V‘iCi i i" u trans. TO explain the 10W II,rit of TE-modes 
one must look for other explanations. Eecause 
the FI,,it of several modes (2-4 Giiz) seem to 
cluster aro,;nci 400 G a statistical surface 
rou;hnecs cannot be the limitation. If one is 
lcokin~ at vclu~~c properties of the supercon- 
ciuc tcr as reasons fey _ an FF breakdown, thermal 
ion~~Lctivity, iI,l' or more Generally the elec- 
tron mean free path L seems important. CecaLse 
cf the otservyd,tcmperature dependence I. F.crit a ..cCT ) ' the (phonor.) thermal conduc- 
tivity3can tc omitted as expl*nation for 
: ; i,crit. ,C.s ,iiscuss& in 3 generation and pene- 
tratlcn of fluxoids ;'s too slow to cause 
treakdown for f > 13 Is:i,Z. , hence Ii,1 has noth- 
inC; tc Jo with R,,it. About Ii,1 we will show 
lr. Tar', III, ttat the near, free path & of 3 
surface layer, rvhich is shorter-than &g of the 

= 1101: i; at l.'!"Y, which is 
actual ~b~c~‘~/t:d tierit of 

Thcref'orc we can conclude, that 
in RF fields I;,~rit ~<,ll above H,l con be Ob- 
tnine~l, which makes, e.g. !!t:;Cn and '103F)l 

suitable for surface coatings, with which 
%rit 2 El, = 4coo c should beccre possible. 
In Part III we report about changes of R with 
different surface treatments, b'ut till now 
nothinK about relations between (1 and Ecri.t or 
Rres can be said. On the other side we can 
state about degassing that firinp longer than 
3Oh seerr,s not to reduce the bulk mean free 
path RP further. The measured surface mean 
free path RS which describes a mean scattering; 
up to a depth of about 700 8, seems to be 
reduced sometimes by (diffuse) surface scat- 
tering. In Part IV we report about processing 
with Ee, which works even in anodized cavi- 
ties; for the first time we were able to ob- 
tain in the TEnI?-mode a breakdown field of 
6gC G, which is markedly higher than I:crit of 
TH-modes (~350 G). The residual losses at 
high field are also quite low, e.g. Rres 
(500 C) 2 7.5x10-30, corresponding to a Q- 
value of 1011. It should be mentioned, that 
these results have been obtained with a beam 
hole cavity fired at 19OO'C in a 3~ foil 
followed by chemical polishin& and anodizinp. 

II. Experimental 
Till now all our measurements on residual 

surface resistance and peak fields were car- 
ried out with cylindrical solid niobium cavi- 
ties of height = diameter = 10.6cm. To be more 
realistic a electron-beam-welded cavity was 
constructed as shown in FiS.1, which differed 
from our earlier cavities in several points: 
besides beam tubes of 35mm diameter and 11Omm 
length, the cavity was welded out of several 
niobium parts and has a changed coupling gee- 
metry to avoid a heating up of this cavity 
parts and hence a possible thermal-ma&netic 
breakdown. The bear. holes should enable us to 
carry out chemical and especially electroche- 
mical treatment of the cavity surface'. In 
addition only in such a cavity it seers likely 
to clean the inner surface by an ultrahigh 
vacuum outgassing'. 

Fig. :: Schematic drawinf: of the C-band cavity 
3;ith team tubes. P-he resonator is constructed 
cut of several niobium Parts, 7;hich hnve been 
electron-beam->:elded tccethcr. 

In comparison to our simple cavities the beam 
tubes have led to a significant increase of 
the peak clcctric fields at the cavity surface 
in the different Tr?-modes, whereas the mafne- 
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tic fields have been changed only slightly. 
This enhancement of the peak electric fields 
cacsej. field limitations due to X-radiation 
(see Pzrt IV). 
Before electron-beam-welding (done by Siemens 
AG ) Erlangen, Germany) the two cavity parts ",o 
gether at the unsymmetric weld the niobium 
surface was electropolished as described in ', 
Eetween two polishing cycles the polishing so- 
lution was pumped through the beam hoies, 
provi&in& for a faster and more complete sclu- 
tion of the oxide formed during current flew. 
Eeslries the measurements of surface resistance 
and peak-fields - the measui;lng arrangement 
and method is described in - we have meas- 
ured the mean free path of the bulk-material 
and of the surface layers, respectively. 
The first quantity was measured by the dc- 
resid,ual resistivity ratio (RRR) using an 
induction nethcd.g For this case a coil-system 
(field coil and pick-up coi;) was slid over 
the outer cavity-surface and the decay-time of 
the eddy-currents Generated by a pulsed magne- 
tic field were detected at several tempera- 
tures. 
The measurement of the mean free path of the 
surface layer consists in the observation crf 
that eigenfrequency change of the cavity with 
changing temperature in the range 
0.6 T, < T < 0.9 T, which is caused only bv 
the temperature dependence of the penetration 
depth and not by changes of the Ceorretrical 
dimensions of the cavity. 
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AX(T) = 2cr f:‘=j z const.Af(.y) 

-irr. 2 : n ” !- , ..I 1 t i c Yliil..il‘. 3. r 3 ),T < r. i: cf t ke 1GW tcn:pera- 
ture Fart if the oxperirental set-Lip ucrci for 
",he mcaztirc~er.ts of the eirerifrequcncy cl-.ar.~e 
of t?.e cnvi.t:; above 5c?:. 

pow IO 
and A?f(rlr) = f(T)-f(To) is a frcouenc:y shift 
1;: I t :7 recpcct to th,e 'u'aliie r,t an ari- i trary 
reference temrcraturc To.In i;he tenperaturc 
r?nce 0.6 (Jlc < T < C.9 T, the tcmpcraturt de- 

~p~~~~~'l~~~t~~~i~~ '~~sr~;~~~t~~ii~ is sh,;,~,r~ 
by the straight lines i.n Fip.'l,the slopes cf 

The cavity is surrounded by a vacuum vessel, 
which not only has to keep off pressure chan- 
ges in the helium bath but alsc reduces the 
temperature CradLcnt along the cavfty, which 
did not exceed C.l"Y in our experiments. RF- 
contact gas of about 10-l Torr nrovided for s _. 
reasonable heat conduction between the helium 
bath and the cavity. Mistakes in the reasure- 
rtects due to thermal expansicn can be ex-lu- 
Eed below ?'rC (0, 
It should b 

,‘!b > 2cKPK). 
e mentioned that the temperature 

measurement and the T-gradient over the cavity 
are no trivial prob'lecs and lead tc a relati- 
vely large uncertainty in the determination 
of the mean free path. 
Ye report here about a series of measurements, 
differing from each other ty the treatment of 
the cavity surface as listed below. 
Ileasurement 1: After the last electron-bean- 
weldin& was done, the cavity was chemical 
polished in E:lGC3/:!F solution at -15cC for 
1 minute, rinsea in distilled water and 
methanol and assembled wet. 
Yeasurcment 2: Annealing at 180C°C for 23 b. 

?Ieasuremer.t 3: Annealirg at l?CC°C for 23 h; 
the cavi.ty was surrounded by a niobium foil 
of lmn thickness. Chemical polishing in 
IiiiC3/HF sclution at -15oC for 1 min, rinsjnc 
in distilled water and methanol and assemb- 
lj r.g wet. 
F'easurement 11: Cherical po1ishir.c: for 1 slin 
I.n -15OC HNO3/1:F solution. Anodizing in 12.5:* 
FiXliOI:-solution at 2CV, 0.5 nA/crl2 for 15 min. 
Rinsing in distilled water and methanol and 
assembling wet. 
Results of the mcasuremenss are discussed in 
the following parts. 

III. Yean free Paths p!easurements 
As discussed in 3 the parameters defining 

l?crit are not quite clear. To find relations 
between Iicrit and properties of the Nb we have 
measured the electron mean free cath 9. Ee- 
cause the degassing and hence L depends scns1- 
tively on shape of the I:b sample we must 
measure 9. of the F? cavity directly, which >:e 
have done bv ceasurinr the RRR as described in 
Part II"-". 
323 and :::, l 4 

As already observed in Pbz2, 
t l-1 i 1; ui k J..E i 5 

a surface layer; 
Iony,er than ES of 

in addition in transition 
netals like Ta ard lib L in the normal conduc- 
tinE state can be different from % in the 
superconducting state because of s - d scat- 
tering. For the superconducting ?F properties 
we need R describing the superconducting 
state near the surface. This me,a.r free path I,.-< 
we have determined by measurir.c the chance of" 
eicenfrequecc:y Af with temperature (Fit. 3). 
Eecause the changes of peonetrical dimension 
by changes of pressure (see Fig.2) and tempe- 
rature are necligihle, Af is directly related 
to the penetration depth change )X(T) (S ceo- 
metry factor) I4 



which are roughly proporticnal to 
Ji-qgT’ 5 ’ l 6 . 

At CHzl 
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Fig. 3: Typical plot of the increase of the 
eigenfrequency with temperature for two diffe- 
rent mean free paths, measured ir the T:?c~o- 
mode at 2.187 Gkiz. 
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F‘is. 4: Per.etration depth charge ccrrespondirg 
t9 ~i~:enfrcouen.cg 
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,shan~e of Ff~.3. The solid 
reFre2er.t c3rp';tCd d?F:er.dcncl.ec. Cf cx C,l: 

tc::.;erature with e1cctrcr.k p:srar,eters giver, 
ir. the text. 

I f CTlt- ccc;nrec th? r:easilred cI;rvcs :,*;I t’r. cora- 
p.JtT;d or.cs, l 6 x k i c i, V; c r e sk’;eir.e;i lA:I.lsh tee 

i.or.dcr. ~,er.ctratlon %icy:th :F!? 
t ri i r. thy: TT~~;:r (zce Fii;.!!) . This r~g;o;~;p ;;in;?,e t: F / 2 

,. , free r:ith oe~cr.der,ct~ 
;crtrrr;;lr.atilz:: of 1, :.r, zeore nc?;ratc ‘;:?:I?. the 

dcpfrde:;t 3f L(?i.,;.:;). 
If :.:~.ii!x ‘:i . :.~‘t:tl~2:.C’i, ‘;k y-t; f!.;>:c!i.d:; :;:1ou1 !%l 
‘z e . 

':'ji,'ilcl:) L. I 6-a 3 I -J : , :‘ :, h (2 ‘i ;,r I !? 1 d F.X~.l,rj rPr!t;Llly 

an increased slope due to the scattering of 
the electrons at fluxoids beside the trivial 
enlargenent of the cavity volume by the quasi- 
nornal ccres of fluxoids. 

R CR1 
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Fig. 5: Surface resistances versus T,/T for 
tecperatures above 4.2’~ corresponding to the 
Ah of Fi 
L q 300 !i’ 

4. The thecretTca1 solid lire for 
coincides rearly with the I? = 600 $ 

line. 

Tp,e resulting Tiean f?ec Faths for the diffe- 
rent treatr;ents (Part II) together with the 
deduced EC1 are sunnarized in Ta’bIe I. 

Table I: 
Treatirent f,p :P] Ls[R] Kj(l.4'K)~ i!c1C1.4c%)s xr I L'/P, 

1 F?O 350 1.2 117G 
? 3 2r;n c';o 1.55 :71!f. 
3 II??7 F :,y 1.35 "- " ,-, r, 
1: 12c7 frlc? 1.3 1 1 1 ,-, 

::ct heat treated “it 6 “.,71113 ;r--;cld ‘I,; (5, =300 E, 
I: . 2 0 y ) I ” 2 c, ;7ry . 

7%~ K~-V;~~SCS of thl s Pable rch:,ult frcr yeaif- 
ured &1/Ii, ~:2lu~:;,‘~ yic1llr.g ~3(9. = cx', 
l.i:Oz) : ().07, l;,hi.ch e,?.er, ‘.\‘a~ cc-rctci;eti, for 
f<nl te P.- ncc7rdi r.g to ?o~liov. lg 7’L-r::~, ,ccrrcc- 
ted ~j(1:4~:i, 2,) then ::icld2’ the I,1 value:: 
I nclu2rd in tkcLTat le. 
It should kc r:zr.‘;ic,nci tl;zt T:,: crtnr.c+, :,i? :cr:- 
]-,Utt I-; >.it!; t!3ie did iif ti.i: .lt;'~T:.;; tl::-.r ~~:~;i',l~l-t~ 
:i<~~,:cr.zi-:r.: “1, ~3 XT ,.lor.i. in ” . ‘The T’nt le 
sllo>!s 3 iir.provcPcnt in Bn of r:k, lz:,’ ~1cf;i:‘::ir.c; 
and that &E is r.ot er,:!r:r;.;c.d ‘I,:; furtk.cr firi t-r. 
Tt ;;crins ti.nt firl *i,- Ir, a tox zcnr,j rtl r.;: of 
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degassed IJb foil yields the longest Es, be- 
cause the reoxidation during coolirg down is 
hindered; but as indicated by the scatter of 
prks = 500 2 is changed by surface prepara- 

>?;hich influences the surface scattering 
of e'iectr0r.s. 0 relation between !Ls and Hcrit 
cannot be deduced, as yet. Eut it should be 
nenticned that the observed I-:crit 017 1200 GE 
cr 15OC G 1 are already above X,1. 

7' i . Experimental Results on R,,, and H,,it 
The neaszed R,,,(min) and Hcrit values 

of the new beam hole cavity (Fig.:) after 
several treatments r;entior.ed in Part 11 are 
collected in the follosring Yable II. 
Table II: 

TYOIO 

f,[GBz] 2.187 

1 Presi?Ql 2200 
E,,it [Oe] - 

4 fireslnfi; 25 
E,,itlOe] 310 

TNG1l TYcJ12 
2.637 3.F36 

4 00 510 

64 67 
325 280 

30 4c 
360 325 

3;: 415 38 

TEoll 

3.743 

97 
4 30 

3.7 
270 

7 
510 

2,; 

This Table shows, that we hzve successfully 
adapted the surface preparation methods (see') 
to fhe beam hole cavity; which is measured 
like our earlier cavities, in an open vacuum 
system. The improvement between runs 1 and 2 
seen mainly due t-o an annealing of electron 
beam welds, which seen baa, because the va- 
chum In electron beam welders is dirty (C...) 
ar.d weleing yields highly stressed 1Jb. In 
addition, only after run 2 cur cleaning and 
rinsing ‘tias good enough, so that at this stage 
(run 1) 'i;e used the furnace to evaporate E;F, 
;2504., . . Ilow - after run 3 - we get high 
L, (>1311) and IIcrit (2600 G) with l;olishirg 
cr anocizing, without the final heat treatment, 
:chich i c needed in complicated shaFed separa- 
tor str,;ctures. ” In our opinion, the needed 
final heat treatment for complicated large 
cavLtizs is due to r.ot optimal cleaning of the 
struct>ures. Astonishingly, in this beam hole 
C*ViLy we run in:0 a nird mitipactor tarrier 
,:t 1; = 120 i; which we zculd not overcome by 
usual Tr0cessir.g in 3 da;~s.~ Eut; witk pe-F;DS 
cf pressure ;‘Ls+, below :dlzcharge inside the 
cold znvity we could ovcrcor-:e t:-.e barrier ir. 
less than 1 i-., “occther with :;liyht irrroVe-- 
xr.tc ol' resLdua1 lcsres at hi,-h RF field le- C-I .j rz ; c :;-ig. E) , after ti,e ITe-;;:lc "I;?:; re,,c~Jfrj 
aLair. . 
:"t;y :-e;pc I:e yrcc<:csing n~al.n,-t clectrcn :cr:- 
lir,,;? Tr. t,:;r, yri~cence of lar,yc clectrcn cur- 
rczt.:, ILc :il 11 be i3ni::d by the elect-or.:;. 
‘I i : ; t ; s , I : e r e i 1, c e 3 t t e ~7 P +-. r ,; I: ‘3 f e 1 c: c “, r 0 r s 
;: l-A, rPr:ca c,:7-c radiaticn (d,ar:aj^c (Xrcsj due to 
t b. c! c. 1 i: J t n ; c c. T!,c~ io.niztd Iii 
C&:i~di -6-d && ; 

2tCE.S *it the 
tlit kZt?CclUZc tp.(y :ire r;~G*d 

<he-: ,::‘i: -.l~-c~:~,;t; :‘t,,-Fy,ecj ;J) ;I Lb<?- mJyfyc ,d.._ . 
1 ,i ;. : r .r J r,i.,j- ,..a- . IA , & c. A 1 r, !? t!lrrc. t,kf i r:%errril c!.,z- 
,:- i : : - -, 1 i 1; p s;Xl,lc, ;rr.ich caltilt. tt!o cr! ;In:ced 
;; i : c, 1.: ,1 ; 11) y .; :- i :‘ :-' I r: r. . ':'k4 S :;.c~c1.ari.zm of ::eu- 
'; r,,;‘ ; r. : r ,-. f- ;: ;l,-,:'c, iiY-..[, ; c II t 1 c t k 3r. i; kc 
:: i 5;: 

I:unl pxce:;- 
:,: : : j ,",i:;t, i:lC.'zeror!s) ;;t: i -2 b i n ;idil j t; I 31 . . :-.i:,r::. I’:. iJ.;le,:~,r: .l<jl “/-i’. !’ ,c; : 

I_ I 1. (..r.“) 

i;;;p,<cy: c!.:i:‘,-p 

1, :; 1’ I’ i id c s ti i r: i- ;.?t’: .:c i:; .1’3wn ‘r. 1’: ,- i. A< .j , 

R CR1 

5 I ~ I .+..--- -i ~‘1 

I / I I I 1 
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RF MAGNETIC PEAK FIELD CGAUSSI 

Fig. 6: Amplitude dependence of the s-rface 
resistance neasured in the TEo11-node. Curve 
3a was taken during run j and shows a typical 
“switcking” at about 80 G. After "processing" 
with I!e gas inside the cavity to overcome 
nultipactor barriers in TX-modes the curve 30 
was obtained. Curve 43 and 41, belong to run 1 
and were achieved initially (a) and after (b) 
severe X-radiation in the Tpnol~ and TT4~11- 
mode, respectively. 

this sho:cs that residual lceses X-P changed by 
charges in the oxide, whi,zh influence inter- 
fee ial tunneling. ** In 2ci'i';ion .i , t"e suitchinc~' 
cbserved in run 2 and 3, which seems typical 
for a chemically grown oxide, disaFFcars after 
Ile processing. 
It is known that an oxide 
tron emission,* e.g. ' ' 

lager enhances elec- 
muitlpactor barr:ers in 

anodized cavities could not be oVercone, but 
with He we were Rble tc oVercome the barriers 
also in an anodized cavity (I;00 a :!b21)~). In 
spite cf an enhanced y-radiation in this run 
we were able to obtain in the IT'-modes fields 
higher than 3?C G or 24 :,,\//'r: due tc the pro- 
cessing; the actual lim:tatlon v;as not -acne- 
:, : c '; I- e Cl EL2 v ~& I, ;,Ltt lbC>. 0: &- e I; E' '" ;1 t 0 1' r; c; :q e " 
because of thg nisrat-h due to strong elec- 
tron loadln~. This strcnf electron loading in 
T-ncdes c<aiui: ed ci?vere r:?d:sticn damage, which 
_ 0 '- s:hown t':.r the degrcda;Con s'-rcrveJ ir "he 
'TS:11-rode (Tic. 6). 

1,: . Csrclur: l;jr. 
cur ruccnt ressurcscnts have chc!,:n that 

jt is FcssiYii. to transft,r :~w:~:~cP treatsrrtr 
::E'VC'loFrP" for ::iPFlC c,aVi%ics t0 6CrC cnrrli- 
C?ited S?l;iFed Ores. n pI'fJr?I' CiPcFiTlir,~ i;c?ChriCUP 
after cherical treatrants i:- cr:~clal. ","1;1', j - 
pactor bsrrlcrs CT-II t-c C:'ErcorC rxily s:lt.i- 
Ii<, proces:: iry: clue Ing less radfr:ticn 6::ma~e 
tbar. ir. t?(' cnsr -J.'or~ :~rverc illr ztron 1oa~dir.r 
i :: E r e :; 62 n f; . 
In ilur frelinr ti:e h7,*:1- i rca~~~~c:~:r: f!.t,l,l rif 
:- 5 cc ; Ut ',.ri i.c,cj i:; lf;r -yrll-:‘(,(~~ i :: ciue x,2 r;i(. 
krtti,r rc:;::i.:.Iliti.P:j c,F ::u:*fnrc ~,rc~:~rntioz 
,ini Ca acre f;ivoi,r:i.l 1;. :-:.:-:;P CC ;~;r ?.<,a~ k:r:c 
~.?~ij’t-~>’ ccrrr~nrt~:i to 0Lir :;ir:rle cr.,iticr,. ,. f. - 
i T,~:1”Cr^: r,” C ,” I-cr i t I I: ‘f”-?. , r) ,d c-1 T i r. 13 CT.!- r‘ ,a r I :: 13 .K 
to a :;5nyl.(i, .lrLrr:rf;Ilr~i~C~i! c;ivlt:; c0:~l.d r.ot kc 
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achieved because of field emission loading at 
24 IvV/m due to a large electric field enhance- 
ment. Meas~~renents of the mean free path in 
the surface layer of our cavities indicate 
that EC1 seems to be no limitation for the 
ragnetlc fields Hcrit obtainable in RF-cavi- 
ties. This result makes the use of type II 
superconductors with high Tc like 1Jb3Sr., f?13Al 
suitable for the application in RF supercon- 
ductivity. 

The authors would like to thank P.E,.I,jil- 
son for computing the fields in the beam tube 
cavity. 
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