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Abstract 

Superconducting cavities show temperature independent rf losses ( < I  0' ' H Z )  a t  

T 2-4Kwhich are named rf residual losses. In this  paper these losses are 
classified according t o  their  origin: Bulk residual losses - ei ther  in the 
metal or in the dielectrics - can be avoided by proper design and handling of 
the rf cavities and  by proper surface preparations. Interface residual l osses 
cannot be avoided b u t  can be reduced by improving the quality of the metal- 
oxide interface. 

These interface losses are classified according t o  the density of interface 

states n I S  and rf f ie ld  component involved in: 

Normal conducting losses (a w 2 n I S B 2 )  

Electric interface losses (a n I S E V  
Diffuse surface scattering (a ( n I s  E M ) ' )  

These rf losses mechanisms are discussed and compared with experimental results. 
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I. INTRODUCTION 

The rf losses i n  metal c a v i t i e s  a r e  c l a s s i f i e d  accord ing t o  t h e  rf f i e l d  com- 

ponent a t  t h e  su r face  - B,, o r  El - caus ing these losses. The magnetic f i e l d  

B,(t) = B,lcosut y i e l d s  t h e  rf s h i e l d i n g  c u r r e n t s  j (? , t )  i n  t h e  metal causing 

rf losses PBy which, f o r  s u f f i c i e n t l y  p lane surfaces, a r e  descr ibed by: 1  

where t h e  i n t e g r a l  t5 ds  i s  extended over  t h e  c a v i t y  surface. The ma te r i a l  

p r o p e r t i e s  of t h e  c a v i t y  wa l l  a re  inc luded  i n  t h e  su r face  res i s t ance  RB, which 

i s  t h e  r e a l  p a r t  o f  t h e  su r face  impedance ZB = E,,/H,, o f  t h e  t ransverse  wave i n  

t h e  meta l .  ' The imaginary p a r t  

ImZB = XB = upoAB, AB = i d x  B,,(x)/B,,(o) 
0 

i s  r e l a t e d  t o  t h e  magnetic f i e l d  pene t ra t i ng  i n t o  t h e  metal ( X  > 0 ) .  AB y i e l d s  - 
an inductance change, i .e .  t h e  c a v i t y  eigenfrequency W increases accord ing t o  

3 AU = o o X / Z G  w i t h  GB z 10-10 R t h e  magnetic geometry f a c t o r .  2 B ' 

The second p a r t  i n  Eq. ( l )  descr ibes t h e  rf losses  due t o  t h e  s u s c e p t i b i l i t y  

"(W) = Y ' + ~ ~ U " ( U ' = P ~ P ~ )  o f  t h e  d i e l e c t r i c  c o a t i n g  o f  t h e  w a l l  hav ing dB as mean 

th ickness.  1  

PB - i .e.  Z  and p - i nc l ude  o n l y  losses r e l a t e d  t o  B,, and neg lec t  any e f f e c t  B 
o f  t h e  l o n g i t u d i n a l  rf f i e l d  component EL. These rf losses  PE a r e  g iven  - l i k e  

Eq. ( l )  - by: 1 3 3  

where R i s  t h e  r e a l  p a r t  o f  an e l e c t r i c  su r face  impedance ZE w i t h  an imaginary 
E 

p a r t  - upoAE w i t h  X E  t h e  e l e c t r i c  f i e l d  pene t ra t i on  depth i n t o  t h e  meta l .  The 

second p a r t  i n  Eq.(3) descr ibes d i e l e c t r i c  losses i n  t he  c o a t i n g  o f  a  mean 

th ickness  dE. Rela ted t o  H,, and El i n  Eqs. (I) and ( 3 )  i t  should  be mentioned, 
C t h a t  H,, and El d i f f e r  f rom c a v i t y  f i e l d s  H: = H,,-pr and El = EI*c due t o  t he  r 

s h i e l d i n g  by t h e  d ie1  e c t r i c  coa t ing .  

For  normal conduct ing c a v i t i e s ,  l i k e  Cu, RB>> RE ho lds and rf losses i n  d i e l e c t r i c  

ox ide  coa t i ngs  ( d  < 102 mm) a r e  n e g l i g i b l e .  Thus t h e  rf losses a re  g iven by 
PB = RB 6 ds H:, / 2 ,  where RB i s  p l o t t e d  i n  F i g .  1, y i e l d i n g  rf. losses, e.g., 
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Fig.  1: Surface res i s t ance  o f  pure Pb, Cu, Nb and Nb3Sn a t  300 K and 4 K i n  

t he  GHz range. The s t r ong  reduc t i on  o f  R compared t o  R(Cu, 4K) i s  due 

t o  t he  energy gap 2A > 10" Hz-h opening i n  t h e  superconduct ing s t a t e .  

The shaded reg ion  i n d i c a t e s  t h e  appearance o f  a d d i t i o n a l  - res i dua l  - 
losses RreS, e.g., due t o  dust,  j o i n t s  o r  i n t e r f a c e  s ta tes .  

PB = I O - ~  Q(30 r n T / ~ 1 ~ ) ~ / 2  = 30 W/crn2. These rf losses cause c o o l i n g  problems 

and huge power b i l l s  f o r  l a r g e  rf acce le ra to rs .  To lower  these losses c o o l i n g  

i s  advantageous because t h e  e l e c t r o n  mean f r e e  pa th  R i s  inc reas ing .  But a t  rf 

f requenc ies t h e  pene t ra t i on  depth AB= 1 / h i '  sh r i nks  on l y  f o r  AB >> R, whereas 

f o r  AB 5 R t h e  anomalous s k i n  e f f e c t  l i m i t s  t h e  rf losses t o  r a t h e r  h i g h  values 

depicted i n  F i g .  1 by R(Cu,4K). These rf losses can be l owered f u r t h e r  o n l y  by 

us i ng  superconduct ing rf c a v i t i e s  - see F ig .  1. Th is  r educ t i on  o f  % by more 

than 5 orders  o f  magnitude overcompensates t h e  a d d i t i o n a l  cos ts  f o r  He l i q u i f i c a -  
t i o n  and i s  thus t h e  reason f o r  t h e  a p p l i c a t i o n  o f  superconduct ing c a v i t i e s  

i n  rf acce le ra to r s  - see workshop 1980. 
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The magnetic rf losses i n  superconductors a r e  s t r o n g l y  temperature dependent 
.2 34 and t h i s  i s  q u a n t i t a t i v e l y  descr ibed by t he  BCS theory  (F igs.  2 and 3 ) .  

RBCS(Ty~ )  ro (hL  , ~ ~ , k )  u2 -exp(-A/kT)/kT (fiw<A/Z, T5Tc/2 ) ( 4 )  

w i t h  Ao/kTc 2 f o r  Pby Nb and NbjSn hav ing Tc = 7.2 K, 9.25 K and 18 K. 

F ig .  2: The temperature dependence o f  t h e  surface res i s t ance  o f  Nb a t  12 GHz. 

The decrease o f  R(T) a t  Tc = 9.25 K i s  s t r onge r  than exponent ia l  be- 

cause t h e  pene t ra t i on  depth hB(T 5 Tc) decreases r a p i d e l y  a l s o  w i t h  

l owe r i ng  t h e  temperature. Below about 4 K A ~ ( T )  g cons t  ho lds  and thus 

RSCS(T) a exp(-a/kT)/kT descr ibes t h e  decrease of R(T) t i l l  t h e  re -  

s i d u a l  rf losses dominate below 2 K. 
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GHz 

Fig.  3: Summary o f  exper imental  ( ) and computed (4 su r f ace  res i s t ance  o f  

Nb between 0.1 and 30 GHz. The R (4.2 K ,  f )  values show a c ross  over  

o f  exper imental  and computed values due t o  t h e  smearing o f  t h e  BCS 

s i n g u l a r i t y  by 0 p r e c i p i t a t e s .  The d i f f e r e n c e s  o f  t h e  computed slopes 

a t  4.2 K and 1.8 K  a re  due t o  R ( T ) a e x p ( - ( ~ H i w / 2 ) / k T ) / k T .  

The res i dua l  rf losses Rres show a l a r g e  s c a t t e r  depending on c a v i t y  

design and sur face  p repara t ion .  The arrows ( ) i n d i c a t e  bes t  values. 

The m a t e r i a l  parameters o f  superconductors a r e  hL = J m / ~ , & n ~ '  (nc = dens i t y  o f  

conduct ion e l ec t r ons )  as London pene t ra t i on  depth and 5 F = f i y / 2 A  as Pippard 

coherence l ength. Th i s  exponent ia l  temperature dependence - see Eq. ( l ) and 

F ig .  2 - i s  l e v e l l i n g  o f f  between I O - ~  and IO-' a t  t h e  r e s i d u a l  su r face  

res i s t ance  R,,,. I n  F i g .  3 i t  i s  shown f o r  Nb, t h a t  Rres i s  s e n s i t i v e l y  de- 

pending on sur face  p repara t ion ,  where - bes ide  cleanness and be ing dus t  
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f r e e  596 - t h e  c r u c i a l  parameters a r e  discussed below. To exp la i n  Rres i n  i t s  

dependence on ma te r i a l  parameters, severa l  proposals have been g iven as t he re  

a r e  : 

- normal conduct ing i n c l u s i o n s  i n  t he  superconductor ( P a r t  I I )  

- f r ozen  i n  magnetic f l u x  ( P a r t  111) 

- d i e l e c t r i c  rf losses (Pa r t  IV )  and 

- i n t e r f a c e  rf losses ( P a r t - V ) ;  

which w i l l  be compared w i t h  experiments i n  P a r t  V I .  

Since t h e  reviews 7'8 by t h e  author,  no systemat ic  s tud ies  on Rres have been 

c a r r i e d  out .  Hence i n  Par ts  I 1  - V1 t h e  arguments o f  Ref. 8 a r e  repeated, b u t  

r e f i n e d  and improved by  new in fo rmat ions  and thus re fe rence  i s  ma in ly  g iven 

t o  papers pub l i shed  1974 and l a t e r .  

11. R f  LOSSES OF NORMAL CONDUCTORS IN  PROXIMITY WITH SUPERCONDUCTORS 

Normal conductors i n  p r o x i m i t y  w i t h  superconductors weaken t h e  superconduc t i v i t y  

i n  t h e  superconductor w h i l e  d i f f u s i n g  superconduc t i v i t y  i n t o  t h e  normal conductor.  
-+ + 

This  d i f f u s i o n  e x -  1 r - r  1 / ) i s  governed by t he  Ginzburg-Landau-coherence 
GL 

l e n g t h  5 - /v and depends s e n s i t i v e l y  on t h e  magnetic f i e l d  and on t h e  tem- 

pera t u  re.  GLg-l l Such a dependence i n  t h e  GHz sur face  res i s tance  R(T,Brf) was 
4 1 
I I found i n  Nb3Sn c a v i t i e s  where SGL 3 nm i s  r a t h e r  smal l  and thus small normal 

conduct ing i n c l u s i o n s  become independent ly normal conduct ing a t  smal l  f i e l d s  o f  

Brf i 5mT Bc(NbjSn). For  Nb SGL > 30 nm and f o r  Pb SGL > 10' nm ho ld  and thus 

such R(T,B )monotonous l~  i nc reas ing  w i t h  Brf have n o t  been observed. The o f t e n  rf 
observed peak s t r u c t u r e  R(T,B ) i n  t h e  sur face  res i s tance  o f  Nb, where R i s  

rf12 decreasing between 1  and 5 mT, has no th i ng  t o  do w i t h  t he  p r o x i m i t y  e f f e c t  

as i n d i c a t e d  by t h e  decrease o f  R w i t h  Brf. Th is  fea tu re ,  be ing t y p i c a l  f o r  Nb, 

i s  exp la ined  by l o c a l i z e d  e l e c t r o n  s ta tes  e a s i l y  be ing d r i ven  o u t  o f  e q u i l i b r i u m  

by rf absorpt ion.  
13,14 

Such dev ia t i ons  f rom thermal e q u i l i b r i u m  occur a l s o  f o r  

smal l  ( 5  1  pm ) normal conduct ing reg ions embedded i n  a  superconduct ing ma t r i x  

There t h e  decrease o f  su r face  res i s tance  of the  normal conductor corresponds t o  

a  dc res i s tance  decrease of up t o  6 orders  of magnitude These dev ia t i ons  f rom 

thermal e q u i l i b r i u m  have impor tan t  i m p l i c a t i o n s  f o r  t h e  rf breakdown i n  super- 
13 conduct ing rf c a v i t i e s  . 
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III. R f  LOSSES CAUSED BY FROZEN-IN MAGNETIC FIELDS 

Cool ing rf c a v i t i e s  through t he  c r i t i c a l  temperature Tc i n  an ambient magnetic 

f i e l d  Bdc f reezes  i n  magnetic f l u x  i n  t h e  superconductor, depending on demagne- 

t i z a t i o n  f a c t o r  a t  Tc and c o o l i n g  r a t e .  8915 For  composit ma te r i a l s ,  l i k e  Cu-Pb 

o r  Nb-NbgSn, temperature g rad ien t s  around t h e  h i ghes t  T cause t he rmoe lec t r i c  

cu r ren t ,  genera t ign  f r o z e n - i n  f l u x .  1 5 y 1 6 ~ e g l e c t i n g  d e t a i l s  discussed i n  Refs. 

15 and 17, these losses a r e  g iven  by: 

where Bdc i s  e i t h e r  t h e  ex te rna l  - e a r t h  - f i e l d  a t  Tcor  a  mean f i e l d  caused, 

e.g., by t he rmo-e lec t r i c  cu r ren t s .  For  Nb, and thus a l s o  f o r  Nb3Sn, below about 

1  GHz RB increases w i t h  Brf q u i t e  s t r o n g l y  due t o  f l u x o i d s  dynamics, 15and shows 

a s p e c i f i c  temperature dependence. 17 

As agu ide  f o r  Nb c a v i t i e s  coo led i n  0.05 mT ( e a r t h  f i e l d )  

can be used 15. Th is  i n d i c a t e s  t h e  need o f  proper  magnetic s h i e l d i n g  o f  super- 

conduct ing rf c a v i t i e s  t o  approach Rres < 10 -~ f l .  

I V .  ELECTRIC AND MAGNETIC RF LOSSES IN  DIELECTRICS 

These rf losses a r e  descr ibed by Eqs. ( 1 )  and (3 )  and have a f requency and tem- 

pera tu re  dependence g iven  by E'(w,T) and u'(w,T) o r  t g s E  = E ' / E "  and t g  =w'/un. 
As shown i n  F i g .  4, t g  5 I O - ~  increases w i t h  temperature f o r  T 24.2 K b u t  de- 

8 creases w i t h  f requency f o r  w - > 10 Hz f o r  amorphous d i e l e c t r i c s .  For  d i e l e c t r i c s  

con ta i n i ng  d i  po l s  rf losses  a r e  l a r g e r .  18919 For  w e l l  annealed, c lean  A1 ?03 

tg6E g 4. 1om8 has been achieved a t  He-temperatures 'O. For  superconduct ing rf 

c a v i t i e s  t h e  losses  can be est imated by (Eq. ( 3 ) ) :  2 1  

Because of t g6  1 0  and cr 2 10 f o r  na tu ra l ,  m i c r o c r i s t a l l i n e  amorphous ox ide  
E -1 Zfl 

coa t ings  smal l rf l osses-corresponding t o  R: 61 0 - a re  caused by t h i s  l o s s  me- 
9  chanism. For  CO2 and N2 t g 6 E ( ~ 1 0  Hz, 54.2K) = I O - ~  holds,  *' thus these losses a r e  

n e g l i g i b l e .  
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Fig .  4: D i e l e c t r i c  losses of amorphous d i e l e c t r i c s  i n  t he  GHz range as des- 

c r i b e d  by t h e  l o s s  tangent  tgBE= E " / E '  

10-3 

U -  SiO, ( 5ppm OH') 
lrL / \  I 

---m- 

-+ 
-\\ - 10-5 

Magnetic rf losses i n  d i e l e c t r i c s  a re  u s u a l l y  negl i g i b l e .  But  some d ie1 e c t r i c s  

S' 

1 
lr' 

- - 
con ta in  magnetic moments, e.g., C r  i n  A120 o r  condensed O2 - NE ( a i r ) .  2  2  1 8 For  i m p u r i t y  con ta in i ng  A1203, t g  5 10- has been observed a t  10 Hz d e c l i -  

-4 n i n g  w i t h  frequency. '' Whereas a t  4.2 K condensed O2 has a t g  s 10 , con- 

densed a i r  has a t g  up t o  6 - l 0 - ~  as measured i n  Ref. 22. Hence condensed 

a i r  has t o  be avoided i n  superconducting rf c a v i t i e s  as shown by ( E q . ( l ) )  22 

Polyethylen .-.ICT 

because ur g 1 has t o  be assumed. 

108 109 do - f/Hz 

Beside ox ide  coat ings,  c a v i t y  surfaces a re  u s u a l l y  contaminated w i t h  dust,  6 

which shows rf losses descr ibed by Eqs.(6')  and (6" ) .  Beside these " d i e l e c t r i c  

o r  magnetic" rf losses, c r i s t a l l  i n e  dust  i n  t he  "switched on" s t a t e  6contains 

e lec t rons  i n  t he  conduct ion band being acce le ra ted  by El( t )  . As shown by t h e  

f i e l d  emission c u r r e n t  and by t he  luminiscence observed, these rf losses 

a re  q u i t e  l a r g e  and l o c a l i z e d  a t  c a v i t y  reg ions w i t h  h i g h  El c o i n c i d i n g  w i t h  

plane c a v i t y  par ts ,  where dus t  s t i c k s  best.  
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V. RF INTERFACE LOSSES 

As a  de f in i t ion , these - temperature independent - rf losses are ne i the r  

bulk  d i e l e c t r i c  losses, which have been discussed i n  Par t  I V ,  nor sh ie ld ing  

cur ren t  losses i n  metals, which have been discussed i n  Parts I and 11. Such 

i n te r face  losses may occur 23 due t o  an enhanced s t r u c t u r a l  d isorder  i n  t he  

d i e l e c t r i c  adjacent t o  the  metal, bu t  such enhanced d isorder  seems u n l i k e l y  

i n  m i c r o c r i s t a l l i n e  amorphous oxide coatings. I n  cont ras t  e lec t ron i c  d isorder  

adjacent t o  t he  metal i s  much more l i k e l y  and more e f f e c t i v e  i n  causing losses 

as w i l l  be discussed below. This i s  due t o  the  f a c t ,  t h a t  the h igh defect  

densi ty  o f  amorphous oxides c lose t o  metals inc lude a lso  a  h igh densi ty  o f  
17 l oca l i zed  e lec t ron  s ta tes  nQ(x,E )> 10 /cm3 eV, which hyb r id i ze  w i th  the high 

F 22 densi ty  o f  conduction e lect rons nc 10 /cm3 eV forming i n t e r f a c e  states 
3,8,24-26 

"IS as shown i n  F ig.  5 .  

The wave func t i on  o f  i n te r face  s ta tes  ( IS )  i s  given by 24,27 

where $a  i s  the  wave func t ion  l o c a l i z e d  a t  V, - see Fig. 5 - and QC are those 

o f  conduction e lect rons i n  the metal. I n  Eq.(7) a(E) i s  given by a  (E )  = 

c / h b  /(E-& - S E & + ~ A ~ ( E ) )  w i t h  \ C \  = 1  as phase fac to r ,  as the  energy o f  
R 

Fig.  5 :  Po tent ia l  s imulat ing a  d i e l e c t r i c  coat ing (Ec = lower edge o f  con- 

duct ion band) on a  metal, housing a  l oca l  ized s t a t e  a t  X &. + i s  t he  

e lec t ron  a f f i n i t y  o f  the metal having EF as Fermi energy. 
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the l o c a l  ized state,  i t s  s h i f t  due t o  hyb r id i za t i on  and A,( E Y ~ ) ~ ~ , ( E ) e x p ( - 2 r x )  
-. 

w i t h  K = /2rn(~--E-)jfi as at tenuat ion constant. I t  should be mentioned t h a t  
L l- 

~ ( x )  a exp(-ux) o f  Refs. 25 and 26 is , in  general, too l a rge  24 and has t o  be sub- 

s t i t u t e d  by A%(x)  = exp( -2~x1.  Due t o  the  l oca l i zed  p a r t  Va, I S  shows a  stronger 

e lec t ron  phonon coupl ing than VC, approaching the  i n t e r a c t i o n  Hamiltonian H; leV 

i n  d i e l e c t r i c s .  These I S  become a l so  superconducting w i t h  an energy gap "IS. 25,27 

For l oca l i zed  e lec t ron  pa i r s  i n  the  oxide, which are, e.g., i n  Nb205 the dominant 

defect, l4 a t  the l oca l i zed  s i t e  the unshielded Coulomb repuls ion Ueff  acts on 
' ) C  
L3  the  electrons causing p a i r  weakening. This p a i r  weakening reduces AIS so t h a t  

i n  a  distance 2 0.5 nm A holds. 26 I S ' s  show an enhanced coupl i n g  t o  the 

e l e c t r i c  f i e l d  El(x,t), because El(x) changes due t o  sh ie ld ing  by I S ' s  a l lowing 

so an enhanced coupl i n g  t o  the  electromagnetic rf f i e l d .  26 

I S ' s  mediate i n  two d i s t i n c t l y  d i f f e r e n t  ways the  i n t e r a c t i o n  o f  rf f i e l d  w i th  

phonons, namely by a  t r a n s f e r  o f  photons (f iw, +ik) and by a  t r a n s f e r  o f  e lec t ron  

momenta ~ p ( t )  by d i f f u s e  surface scat te r ing .  

These absorpt ion processes i n  homogeneous metal S by E(x, t )  have been discussed 

i n  Refs. 3  and 4. These losses are  described by surface resistances 3,4 

R g up X a o r  RE 2 up A a w i t h  A the  penetrat ion - i n t e r a c t i o n  - depth and B o B B o E E  
a a  f a c t o r  descr ib ing the  absorpt ion process being about 1 f o r  normal conductors. 

9 Because then hB(10 Hz) 2 l l m  and hE(< 1013 Hz) 0.1 nm holds, e l e c t r i c  losses 

are neg l i g ib le .  I n  superconductors f o r  hw < A (Eq. ( 4 ) )  aB and aE decrease ex- 

ponent ia l l y  (a exp(-AikT)) . Thus f o r  superconductors f o r  hw < A r h  10" Hz 

only normal conducting in ter face s ta tes  y i e l d  res idual  losses. Using n  ( = l  nm); 
2 1  14 n  R 

= 10 /cm3 f o r  Nb205 nIs ( L  .5 nm) 6 2-1015 cm2 ( ~ l / n r n ) ~  holds. These I S  i n -  

s ide  the Nb energy gap resonantly absorb photons and t r a n s f e r  the  energy t o  

phonons. Because o f  the l a rge  t r a n s i t i o n  d ipo l  moment v ia  El(x,t), t h i s  y i e l d s  

mainly RresE a According t o  Ref. 26, t h i s  y i e l d s :  

Whereas above the  e l e c t r i c  d ipo l  moment was coupl ing t o  I S ,  El(x,t) changes a lso  

the  po ten t ia l  energy o f  l oca l i zed  states a l lowing t r a n s i t i o n s  between metal and 

loca l i zed  s i t e .  This process has been discussed i n  Ref. 3  and becomes small due 

t o  the  opening o f  the  energy gap of a  superconductor. 
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I f  the  d e n s i t y  o f  I S  w i t h  AIS = 0  i s  h i g h  enough, l i k e  i n  Nb3Sn w i t h  R = I nm 
11 

o r  i n  Nb w i t h  a  damage l a y e r  o f  NbO caused, e.g., by r a d i a t i o n ,  j 4  r es i dua l  losses 

g iven  by 

P 6 
occur. I n  Eq.(9) n l S  a r e  descr ibed by t h e  equ i va l en t  th ickness dn and conduc- 

n  
t i v i t y  an. Because o f  t h e  smal l  d e n s i t y  nIS, t h e i r  plasma frequency i s  reduced 

accord ing ly .  Th i s  a l lows  sur face  plasmon type e x c i t a t i o n  i n  t h e  GHz range and thus 

enhanced e l e c t r i c a l  r es i dua l  losses i n  a  s i m i l a r  way as i n  su r face  enhanced Ranian 
2  6 

s c a t t e r i n g  (SERS) : 

b l  E l  ectromaanet ic Generat ion o f  U1 t r a s n n i c  Waves 

The e lect romagnet ic  generat ion o f  phonons by rf waves i s  w e l l  understood. 28-32 

Th i s  - t r ansve rsa l  - phonon e x c i t a t i o n  mechanism i n c l u d e  28-32 ,as volume p a r t s ,  

t h e  momentum t r a n s f e r  by i m p u r i t y  s c a t t e r i n g  ( c o l  l i s i o n  drag f o r c e ) ,  which i s  

counteracted by t h e  d i r e c t  f o r c e  qE ( t )  on t h e  ions  and ,as su r face  f o r c e  ,the 

momentum t r a n s f e r  by d i f f u s e  sur face  s c a t t c r i n g .  The l a t t e r  dominates i n  t h e  

GHz range 29y30 because o f  t h e  small pene t ra t i on  depths o r  f i l m  th icknesses 

used. I n  Refs. 33 t h e  b u l k  f o r ces  on t h e  i ons  (a q~(;,t)) have erroneously 8,28 

been proposed as exp lana t ions  f o r  Rres and f o r  phonon generat ion.  By c o r r e c t l y  

i n c l u d i n g  t h e  coun te rac t i ng  c o l l i s i o n  drag f o r c e  8'28 t h e  b u l k  f o r ces  e x c i t i n g  

phonons become smal l ,  e s p e c i a l l y  f o r  s h o r t  mean f r e e  pa ths  R. 

The sur face  f o r c e  F, due t o  d i f f u s e  s c a t t e r i n g  can be descr ibed by 32  t h e  momenta 

Ap = JdteE o f  e l e c t r o n , h i t t i n g  t h e  surface,being t r a n s f e r e d  t h e r e  t o  t h e  atoms. For  
1 

i dea l  smooth sur faces , t h i s  y i e l d s  Ap.,(t) = eE,, min(R, h B ) / U F  and Fs = -$E,,(t) 

nc min(hB,R). 

The t r a n s f e r  process w i l l  a c t u a l l y  be mediated v i a  t h e  l o c a l i z e d  p a r t  o f  i n t e r -  

f ace  s t a t e s  n; and thus t h e  convers ion e f f i c i e n c y  a "rf - phonons: i.e. t h e  r e -  

s i dua l  rf losses  a r e  descr ibed by: 

where p i s  t h e  dens i t y  and uT t h e  t r ansve rsa l  sound v e l o c i t y .  For  normal conductors 

R << AB, t h i s  R dependence has been proven as shown i n  F ig .  6, where the  efficiency 
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F ig .  6: Experimental 30 temperature dependence o f  t h e  squared convers ion e f f  i- 

ciency  a2 ( i n  dB) r e l a t i v e  t o  i t s  va lue a t  4.2K f o r  an ind ium f i l m .  

F ig .  7: Measured convers ion e f f i c i ency  squared a; versus reduced temperature T/Tc 

f o r  a  superconduct ing I n  f i l m  (Tc=3.4 K ) .  The t h e o r e t i c a l  curve (-) des- 

c r i b e s  t h e  exper imental  data w e l l  assuming d i f f u s e  sur face  s c a t t e r i n g  

f o r  t h e  whole wave f unc t i on .  The dashed curve  ( - - - )  assumes d i f f u s e  sur face  
4 s c a t t e r i n g  f o r  t h e  normal component n(T) /nc ( ~ - ( T / T ~ )  ) on ly  and cannot 

descr ibe  t h e  exper imental  r e s u l t s .  
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decreases w i t h  i nc reas ing  temperature because Q decreases. For  superconductors 
4 

hB(T) 5 R ho lds  i n  t h e  I n  f i l m  shown i n  F ig .  7 and thus  Rres h (T)  i s  ob ta ined  

i n  agreement w i t h  Eq. (10).  Th is  Rres a (hB(T) min (hB(T) , Q ) ) ~  dependence shows t h a t  

F, i s  n o t  a  r e s u l t  o f  i n d i v i d u a l  s i n g l e  e l e c t r o n  s c a t t e r i n g  events .  Ins tead,  as 

shown i n  Ref. 28 f o r  b u l k  s c a t t e r i n g ,  FS i s  due momentum t r a n s f e r  by s c a t t e r i n g  o f  

t h e  o v e r a l l  wave f unc t i on ,  i .e. due t o  weakly l o c a l i z a t i o n ,  and thus n o t  dissappe- 

a r i n g  i n  t h e  superconduct ing s t a t e  - see Eq. (10) .  These phonons have been r e c e n t l y  

de tec ted  i n  ac Josephson j unc t i ons .  34 

As i n d i c a t e d  by t h e  dependence o f  R,,, n*2 and by enhancements o f  t he  momentum 
R 

t r a n s f e r  by roughnesses, RreSB w i l l  depend on i n t e r f a c e  q u a l i t y ,  i . e .  on IS. The 

phonon de tec t i on  measurements, where m e t a l l i c  f i l m s  were evaporated i n  moderate 

vacuum on to  - contaminated - S i  sur faces i n d i c a t e  t o t a l  d i f f u s e  sur face  scat ter i 'ng.  
29,30 

Th is  absence o f  specular  r e f l e c t i o n  y i e l d s  f o r  Nb-Nb205 i n t e r f a c e s :  

Obviously improved i n t e r f a c e  q u a l i t y ,  i .e.  a  r educ t i on  of nIS w i l l  reduce RresB 

acco rd i ng l y  . 

V I .  EXPERIMENTAL RESULTS AND DISCUSSION 

Befo re  discussing res i dua l  rf losses  i n  t h e  " s t r i c t  i n t e r f a c e  sense" o u t l i n e d  i n  

P a r t  V,  temperature independent rf losses be ing  bu l k  i n  na tu re  and which can 

c l e a r l y  be i d e n t i f i e d  o r  avoided a r e  discussed f i r s t .  

V I .  1 Bu lk  Residual Rf  Losses 

a )  Rf losses caused by dus t  

As summarized i n  P a r t  I V Y  dus t  n o t  o n l y  causes rf losses accord ing t o  i t s  d i e l e c t r i c  

o r  magnet ic p r o p e r t i e s  b u t  a l s o  t h e  d i s s i p a t i o n  o f  q u a s i f r e e  e l ec t r ons  o f  dus t  i n  

t h e  "switched-on s t a t e "  y i e l d s  l a r g e  rf losses  observable, e.g., as emission o f  

l i g h t .  Dust i s  u s u a l l y  found a t  h o r i z o n t a l  bot tom sur faces  below, e.g., a  coup l i ng  

p o r t  o r  a  beam hole.  35y36 Such sur faces show enhanced losses  t oge the r  w i t h  en- 

hanced e l e c t r o n  emi s s i  on and enhanced r a d i a t i o n  damage. 35y36 The amount o f  dus t  

can be reduced by assembly i n  dus t  f r e e  methanol o r  water.  Thus, t h e  exper imental  

r e s u l t s  o f  Kar l s ruhe  discussed below a r e  measurements o f  such "c lean"  surfaces, and 

< 10" Q have been achieved. - 
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b) Die1 e c t r i c  o r  magnetic losses i n  oxides and adsorbates 

For Pb the  m i c r o c r i s t a l l i n e  PbO has a thickness below 2 nm and Nb i s  coated by 

m i c r o c r i s t a l l e  amorphous Nb205-y i n  a thickness below about 3 - 5nm. l4 The ad- 

sorbates coat ing  the  oxides cons is ts  mainly o f  H20 and hydrocarbons having a 

thickness below 0.5 - Znm, depending on condi t ion ing.  6,14 

As shown by measurements o f  anodized Nb, these "na tura l "  surfaces have res idual  

losses below 10-" a ,  o r  Q, > 10" correspondingly. 

Vacuum f a i l u r e s  w i t h  c o l d  rf c a v i t i e s  y i e l d  a i r  condensates which become measu- 

rabel (Qo 1 0 ' ~ )  above lOnm thickness. 22 Heating t h e  c a v i t y  t o  room temperature 

and pumping the condensates away restaurates the resu l t s ,  i f  dust i s  no t  involved. 

c )  R f  losses due t o  f rozen- in  magnetic f l u x  

R f  losses due t o  f rozen- in  magnetic f l u x  are  described by Eq.(5) RB a RnBdc/Bo 
estimated f o r  Nb by: RB(0.05 mT) 10% 4- ( 5 ' )  

Bdc i s  e x t e r n a l l y  app l ied  o r  caused by thermoelectr ic  currents.  The l a t t e r  are 

l a rge  i n  composit mater ia ls  as Pb-Cu, Nb-Cu, Nb3Sn-Nb, . . . . As discussed i n  Par t  

111, these f l u x o i d  rf losses show s p e c i f i c  Brf,f and T dependencies and, thus, 

can be i d e n t i f i e d .  

V I .  2  I n t e r f a c e  res idua l  rf losses 

The actual  i n t e r f a c e  rf losses can be c l a s s i f i e d  according t o  the  s i ze  and the 

densi ty  o f  defects. Macroscopic defects are oxide f i l l e d  j o i n t s  o r  oxide f i l l e d  

deep f i ssures .  The microscopic defects a re  given by the  densi ty  nR o f  l o c a l i z e d  

states i n  f r o n t  o f  the  superconductor. With decreasing densi ty  nL these res idua l  

losses are c l a s s i f i e d  i n  "normal conducting losses, " , "resonant absorpt ion o f  

f i w  by I S "  and momentum t r a n s f e r  by d i f f u s e  surface sca t te r ing .  

a)  Oxide f i l l e d  s l i t s  

A t y p i c a l  example f o r  such defects a re  j o i n t s ,  where two ox id ized superconducting 

surfaces are  squeezed together.  These two metal surfaces w i t h  oxides i n  between 

a l l ow  s t r i p  l i n e  modes w i t h  wave lengths A V  L I O - ~  cm r a d i a t i n g  energy from 

the  c a v i t y  i n t o  the  co ld  vaccum. This r a d i a t i o n  and the res idual  losses a t  the 
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.7 ,8  poor, metal oxide interfaces because of squeezing, yield large residual losses. 

Experimentally, such enhanced losses have often been observed: A systematic frequency 
dependence i s  shown in Fig. 8, qualitatively thermal resistors a t  joints often show 

enhanced rf losses. 

Fig. 8: Surface residual resistances Rres of lead plated Cu cavities:  ' 
X = TEM harmonics, 

o = different modes in one cavity. 

In T E M ~ ~ 2 n + ~  modes the maximum current i s  flowing across the joint ,  whereas 
in TEMoOzn modes the current i s  smal l .  The lowered Rres values in the o-cavi t y  

3 7 
are due t o  an  improved joint construction. 

b )  Normal conducting interface l ayer 

A high density of nQyie lds  interface s tates  n I S  with A I S  = 0 and metallic l ike 
conduction. Because of the short mean free path R 0.5 nm involved, proximity 
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e f f e c t  s t a b i l i z e s  t h i s  superconduc t i v i t y  on l y  up t o  Brf z mT. That i s ,  these 

"normal conduct ing reg ions"  y i e l d  w i t h  Brf decreasing R(Brf) values ' .Be- 

cause o f  t h e  s t r ong  l o c a l  i z a t i o n  o f  these s ta tes ,  they  a r e  more s t r o n g l y  coupled 

t o  phonons and thus d e v i a t i o n s  f rom thermal e q u i l i b r i u m  a r e  u n l i k e l y .  j3 As 

discussed above, these losses a r e  descr ibed by 

The losses RresB ; ( w , ~ ~ ) ~ u ~ d ~  have been i d e n t i f i e d  f o r  Nb3Sn c a v i t i e s ,  'l y i e l d i n g  

dn 1 nm f o r  0;' 130 pQm. These losses  d i d  n o t  depend on Nb3Sn g r a i n  s i r e  

( L  lum) and thus p r e c i p i t a t e s  a t  t h e  Nb3Sn - (Nb205 Sn02) i n t e r f a c e  w i t h  Tc*<l K 

a r e  t h e  most l i k e l y  exp lanat ion.  11 

The above mechanisms - a r e  a l s o  app rop r i a t e  t o  e x p l a i n  t h e  l a r g e  res i dua l  l osses  

(Rres 5 I O - ~  a )  of c o l d  worked Nb o r  r a d i a t i o n  damaged Nb. Cold worked Nb shows, 

bes ide Rres 5 1 0 ' ~  L?* as ou ts tand ing  f e a t u r e  t h e  enhanced 0  concen t ra t ion  i n  a  

Nb sur face  l a y e r  ( > l  p ~ n ) ~ * ' ~ ,  which i s  p a r t l y  p rec i pa ted  i n  l a r g e  lumps o f  s i zes  

above 10 - 100 nm w i t h  Tc* g 7 K. The au thor  proposes, t h a t  as ide  f rom these 

Tc* = 7  K lumps .TC* 1  K lumps e x i s t .  These lumps a r e  most l i k e l y  t h e  NbOx n u c l e i ,  

which occur  a t  de fec t s  o f  Nb o r  a long  Nb grainboundar ies.  Assuming an' z 200 pncm 

f o r  these Rres I O - ~  L? lumps y i e l d s  dn a 10 nm h i n t i n g  t o  lumps extending deep 

i n t o  Nb l i k e  t h e  Tc* 7  K lumps This  f i t s  t o  c o l d  working and exp la ins  t h a t  

s t r e s s  anneal ing reduces these Rres values by about 1  t o  2 orders  o f  magnitude. 

The e l e c t r o n  impact on Nb-NbZ05 i n t e r f a c e s  enhances RreS, e.g., f rom 7-  IO-' Q 

t o  1 . 8 * 1 0 - ~  a a t  3.7 GHz. 35~ssum ing  1  cm2 damage area t h i s  y i e l d s  as l o c a l  va lue 

5 5 - 1 0 - ~  n and thus  dn S 10 nm. Th i s  i s  i n  l i n e  w i t h  observat ions,  t h a t  

s t r i p p i n g  o f  about 10 nm Nb res to res  35 y 3 6  t h e  prev ious r e s u l t s .  The s to ichometry  

i s  l i k e l y  NbOx produced by e l e c t r o n  impact ( Z  1C/cm2) on to  t h e  i n t e r f a c e .  14 

c. E l e c t r i c a l  i n t e r f a c e  rf losses 

For  c lean  metal su r faces  t h e  e l e c t r i c  losses a r e  w i t h  RE(GHz) z 10-l '  Q n e g l i g i b l e  

smal l .  As discussed above i n t e r f a c e  s t a t e s  enhance RE by severa l  orders  of magnitude, 
3  because nIS l o c a l  l y y i e l  ds a  smal l  su r face  plasma frequency. Thus RresE 5 wu,dn 

w i t h  dn - 0.5 nm seems p l a u s i b l e  f o r  Nb-Nb 0  i n t e r f a c e  y i e l d i n g  w i t h  ~ , ( 4 . 2 ~ ) - 3 0  
2  5  
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Such e l e c t r i c a l  rf losses are  d i f f i c u l t  t o  seperate from RresB (Eqs.(9)) and 

from losses caused by dust. Independent o f  t h i s  problem o f  separat ion the  d i m i -  

n i sh  o f  RB a U' w i t h  lower ing the frequency causes RresE t o  dominate be1 ow 

1  GHz - see Fig. 3. This e f f e c t  i s  espec ia l l y  prominent i n  acce lera tor  c a v i t i e s ,  

where the e l e c t r i c  geometry f a c t o r  GE i s  small. This the  more as i n  such c a v i t i e s  
36 

dust i s  e a s i l y  switched on, which then causes l a r g e  e l e c t r i c  rf losses. 
6 

The c a v i t y  type a l l ow ing  t o  separate e l e c t r i c  losses from RB are reentrant ,  narrow 

gap ( d  ) c a v i t i e s  because t h e i r  e l e c t r i c  geometry f a c t o r  GE wu d  / 2  becomes small 
9  o g  

compared t o  GB. Then PE = RE/GE dominates w i t h  a  frequency dependence P ~ G ; ' ~  1 /U , 
which has been found experimental ly f o r  dn I O - ~  m. 3y38  So recent lOpm gap Nb 

7 c a v i t i e s  showing Q0 > 10 y i e l d  38 

which i s  i n  f a i r  agreement w i t h  the  above (Eq.(gl)) est imate and w i t h  the  d i f f e rence  

of RreS i n  TE and TM modes shown i n  F ig.  8. 

d) RF losses by d i f f u s e  surface sca t te r i ng  

The momentum t r a n s f e r  by d i f f use  surface sca t te r i ng  y ie lds ,  i n  the  sense o f  the  

c o l l i s i o n  drag e f f e c t ,  phonon e x c i t a t i o n  which can be estimated by Eq.( 10): 

where the  upper l i m i t  occurs f o r  smooth surfaces w i t h  a  h igh  de fec t  densi ty  nIs, 

i .e. bad NbZ05-y qual i t y  occuring f o r ,  e.g. , co ld  worked o r  f i n e  g ra in  (<l 0 nm) 
Nb. 14 

For Pb c a v i t i e s ,  Eq. ( 1 0 ' )  describes Fig. 8 wel l ,  i n d i c a t i n g  a  h igh  ne concentrat ion. 

L i ke l y ,  t he  now improved Pb p l a t i n g  39 techniques w i l l  r e s u l t  i n  reduced Rres 

values. 

For Nb c a v i t i e s  R,,, a w -' dependencies have been observed i n  mode fami l i es 5,40 
- 4  

f i t t i n g  t o  Eq.(lO1) i f  RresE by dust and i n te r faces  i s  taken i n t o  account. A c l e a r  

Rres a u2 dependence w i th  the  f o r f a c t o r  given i n  Eq.(lO1) as upper l i m i t  has been 

obtained 41 f o r  dust f ree,  plasma oxid ized Nb. Because these Nb f i l m s  have a  g ra in  

s i z e  o f  10 nm and are  f u l l  o f  defects and because o f  the  plasma ox ida t ion  these 

oxides conta in a  h igh  de fec t  densi ty  ne and thus Rres (Eq.( 1 0 ' ) )  i s  a t  i t s  upper 
14 l i m i t  . 
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The dependence of nIS and nR on surface preparat ion and " impur i t i es "  has been 

discussed i n  length  i n  Ref. 14. Thus here only the  main consequences re levant  

f o r  Rres of Nb are  presented w i thout  repeating a l l  arguments and references o f  

Refs. 8 and 14. For Rres 
."IS' 

i.e. l o c a l i z e d  s ta tes  ne a t  EF, are  important. 

I n  Nb205 these l o c a l i z e d  e lec t ron  states are oxygen vacancies,V,, which are pro- 

pulated by an e lec t ron  p a i r  and neighbored by two ~ b ~ +  s i tes ,  because Nb205 

consists o f  {Nb06} octahedra blocks. The dens i ty  ne(E;EF) i s  enhanced by an 

enhanced d isorder  i n  Nb205 o r  by impur i t i es  s t a b i l i z i n g  V. s i t es .  Nb205 grows 

on s i n g l e  c r i s t a l  Nb, NbN o r  NbC more ordered, r e s u l t i n g  i n  reduced ne. This 

explains, why UHV annealing reduces R,,,. On the  o ther  hand more s lowly grown 

Nb205 o r  t h i n  ( c  2 nm) Nb205 coat ings conta in less  ne exp la in ing  so the  reduc- 

t i o n  o f  Rres by Nb205 annealing o r  fo r  pinched-off  c a v i t i e s .  Impur i t i es  i n  Nbi05 
4+ 4+ s t a b i l i z e s  o r  des tab i l i zes  V, and, e.g., NbjSn y i e l d s  because, o f  Sn VoSn l a r g e  

Rres values, whereas N ~ -  i n  Nb205, e.g. from quench coo l ing  w i t h  NZ, des tab i l  izes 

V, and reduces Rres. On t h i n  ( c1  mm) Nb205 gases can chemisorbe, where e lec t ron ic  -.. 
s ta tes  a t  EF enhance Rres d r a s t i c a l l y  according t o  Eq.(lO),in l i n e  w i t h  observations 

Defects i n  Nb causing n,(Nb205) are re la ted  a l so  t o  H,O,N o r  C p rec ip i ta tes  i n  
0 4 Nb surface layers,  which p rec ip i ta tes  below 700 C? Thus impur i t i es  i n  Nb, the  

pick-up o f  impur i t i es  and t h e i r  p r e c i p i t a t i o n  should be avoided. For the  f i r s t  

demand you need money and a producer. The l a s t  two demands a re  f u l l f i l l e d  by 

quench coo l ing  the Nb c a v i t i e s  i n  UHV furnaces, e.g., by NZ convection coo l ing  a t  T j  

600'~. This should improve the  Nb205 q u a l i t y  i n  add i t i on  by a t h i n  NbN l a y e r  
- 

and by N ~ - ,  where both reduce the  V, s i t e  density,  l i k e  annealing of Nb2o5 a t  

8 0 ' ~  i n  modest vacuum>4 

The r o l e  o f  H i s  o f ten  discussed, bu t  never c l e a r  evidence f o r  a de te r io ra t i on  
43 

o f  Rres was shown f o r  H contents below 10 A t % ,  which are e a s i l y  achieved by an - 
UHV anneal around 1 0 0 0 ~ ~ .  This i s  explained by the  f a c t  t h a t  these low H-concen- 

14 
t r a t i o n  are  removed from the surface (>  102 nm) by 0 p rec ip i ta tes ;  whereas h igher  

concentrat ions y i e l d  NbH p r e c i p i t a t i o n  causing sur face defects. 

V 1 1  SUMMARY 

As shown by the above analys is ,  wet assembly w i t h  dus t f ree  agents and a c a v i t y  

design avoid ing j o i n t s  are  c r u c i a l ,  t o  approach the low Rres values, which are 

mainly caused by p a r t l y  l o c a l i z e d  e lec t ron ic  s ta tes  a t  the  metal oxide in ter face.  

This i n te r face  i s  improved by reducing the  defec t  densi ty  i n  the  oxide, which are  
p a r t l y  caused by defects o f  the metal, as discussed i n  Ref. 14. I n  the 

case of Nb t h i s  reduct ion i s  achieved by st ress annealing i n  an UHV furnace and by 

reducing the  amount o f  dissolved impur i t ies ,  which tend t o  p rec ip i ta te .  

SRF84-24 Proceedings of SRF Workshop 1984, Geneva, Switzerland



References 

1. L.D. Landau, E.M. L i f s h i t z ,  Lehrbuch der  theore t i schen  Physik-Elektrodynamik 

der  Kontinua, Kap. 10 (Akademie-Verlag, B e r l i n ,  1967). 

2. J. Ha1 b r i t t e r ,  t h e s i s  ( U n i v e r s i t a t  Kar ls ruhe) ;  t h e  computer program t o  o b t a i n  

R and X i n  t h e  frame work o f  t h e  BCS theory  i s  g iven  i n  r e p o r t :  KfK ex te rn  

3170-6 (Kernforschungszentrum, Ka r l  sruhe, 1970). 

3. J. H a l b r i t t e r ,  Z. Phys. B31 (1978) t9.  

4. J. H a l b r i t t e r ,  Z. Phys. 238 (1970) 466; and - 266 (1974) 209. 

5. P. Kneise l  t h e s i s  - KfK - 1645 (Kernforschungszentrum Kar lsruhe,  1972) 

P. Kneise l ,  0. S t o l t z ,  J. H a l b r i t t e r ,  IEEE Trans. NS-18 (1971) 158. 

6. J. H a l b r i t t e r ,  IEEE Trans. EI-18 (1983) 253. 

7. J. H a l b r i t t e r ,  J. Appl. Phys. - 42 (1971) 82. 

8. J. H a l b r i t t e r ,  IEEE Trans. MAG-11 (1975) 427. 

9. W. Schwarz, J. H a l b r i t t e r ,  J. Appl. Phys. - 48 (1977) 4618. 

10. G. F ischer ,  R. K l e i n ,  phys. kondens. mat. - 7 (1968) 7; 

S.C. Ha r r i s ,  Proc. R. Soc. Lond. A 350 (1967) 267. 

11. P. Kneise l ,  0. S t o l t z ,  J. H a l b r i t t e r ,  IEEE Trans. MAG-15 (1979) 21. 

12. P. Kneise l ,  0. S t o l t z ,  J. H a l b r i t t e r ,  Low Temperature Physics - LT - 13 

(Eds. E. Timmerhaus e t  a1 . , P1 enum Press, 1973) Vol 3, 202. 

13. J. H a l b r i t t e r ,  Proceedings o f  t h e  Workshop on R f  superconduc t inv i t y  

Kar l  sruhe, November 1980 (Kernforschungszentrum, K fK- repor t  301 9 1980) , 190 

14. J. Ha1 b r i  t t e r ,  KfK - r e p o r t  3728 (Kernforschungszentrum, Kar ls ruhe,  1984) 

B. Piosczyk, P. Kneise l  , 0. S t o l  t z ,  J. H a l b r i t t e r ,  IEEE Trans. NS-20 

(1973) 108. 

J.P. Judish,  C.M. Jones, F.K. MC Gowan, W.T. M i l ne r ,  P.Z. Peebles, Phys. Rev. 

B 15 (1977) 4415. 

A. P h i l i p p ,  K. Luders, K.D. Kramer, Cryogenics - 18 (1978) 641. 

W. Meyer, Mikrowel len Magazin 1 (1977) 15. 

P.H. Ceperley, IEEE Trans. NS-18 (1972) 2 2 2 .  

L.H. A l l en ,  M.R. Beasley, R.H. Hammond, J.P. Turneaure, IEEE Trans MAG-19 

(1983) 1003 

J. H a l b r i t t e r ,  Proc. 7. I n t e r n .  Vac. Congr. + 3. I n t e r n .  Conf. S o l i d  Surfaces, 

Wien, 1977 (1977) 2015. 

B. Piosczyk, t h e s i s  KfK-l991 (Kernforschungszentrum Ka r l  sruhe, 1974). 

S.K. Gupta, V.K. Sr ivastava,  J. Phys. Chem. S o l i d s  - 38 (1977) 1111. 

J. H a l b r i t t e r ,  Surface Science - 122 (1982) 80 and IEEE Trans. MAG-19 (1983) 799. 

J .  H a l b r i t t e r ,  S o l i d  S t a t e  Comm. - 34 (1982) 675 and 18 (1976) 1447. 

Proceedings of SRF Workshop 1984, Geneva, Switzerland SRF84-24



26. J. H a l b r i t t e r ,  IEEE Trans MAG-17 (1981) 943 and Physica 108B (1981) 917. 

27. V. Kresin, J. H a l b r i t t e r ,  Proc. LT-17, Karlsruhe, August 1984 

(Eds. U. Eckern e t  a l . ,  North Holland, 1984) 

28. K. Scharnberg, J. Appl . Phys. - 48 (1977) 3462 and J. Low Temp. Phys. 30 - 
(1978) 229. 

29. A. Zemel, Y .  Goldstein, Phys. Rev. B7 (1973) 191 and B9 (1974) 1499. 

30. Y. Goldstein, S. B a r z i l a i ,  A. Zeme1,Phys. Rev. - B10 (1974) 5010. 

31. R.L. Thomas, M.J. Lea, E.J. Sendezara, E.R. Dobbs, K.C. Lee, A.M. de Graaf 

Phys. Rev. - B14 (1976) 4889. 

32. L.R. Ram Mohan, E. Kartheuser, S. Rodriguez, Phys. Rev. B20 (1979) 3233. - 
33. C. Passow, Phys. Rev. Le t t .  - 28 (1972) 427; E.P. Kartheuser, S. Rodriguez, 

Appl. Phys. L e t t .  - 24 (1974) 338 and J. Appl. Phys. - 47 (1976) 700. 

34. P. Berberich, R. Buemann, H. Kinder, Phys. Rev. L e t t .  - 49 (1982) 1500. 

35. C.M. Lyneis, P. Kneisel, 0. S t o l t z ,  J. H a l b r i t t e r ,  IEEE Trans MAG-11 

(1975) 417; P. Kneisel, 0. S t o l t z ,  J. H a l b r i t t e r ,  J. Appl. Phys. - 45 (1974)2302 

36. Ph. Barnard, G. Cava l la r i ,  E. Chiaveri ,  E. Haebel, H. He inr ich ts ,  H. Lengeler, 

E. Picasso, V. P i c i a r e l l i ,  J. Tiickmantel, Nucl. I n s t r .  Methods 190 (1981) 257. - 
37. P. Kneisel, Proc. J o i n t  CERN-Karlsruhe Symposium on Superconducting Separator 

repo r t  3/69- 19 (Kernforschungszentrum, Kar l  sruhe, 1969) 

38. W. C. Oelfke, W.O. Hamilton, Rev. Sci. Instrum. - 54 (1983) 410. 

39. 6.3. Dick, J.R. Delayen, IEEE Trans MAG-19 (1983) 1315. 

40. W. Bauer, S. Giordano, H. Hahn, J .  Appl. Phys. - 45 (1974) 5023; 

U. K le in ,  thes is  (Un ive rs i t a t  Wuppertal, 1981). 

41. R.F. Broom, P. Wolf, Phys. Rev. B16 (1977) 3100. 

42. P.B. Wilson, Z.D. Farkas, H.A. Hogg, E.W. Hoyt, IEEE Trans NS-20 

(1973) 104 

43. S. Isagawa, J. Appl. Phys. - 51(1980)6010. 

Acknowledgement 

The author wants t o  thank fo r  helpfu l  comments of H. Kinder, K. Scharnberg 

and P. Kneisel. 

SRF84-24 Proceedings of SRF Workshop 1984, Geneva, Switzerland


