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I. INTRODUCTION - 

As indicated in the title "theoretical aspects", there exists not a well defined 

theory on rf superconductivity, but several aspects which have been connected 

using the limited knowledge on: dirty surfaces,oxides, oxide - metal interfaces, 

inhomogeneities adjacent to such interfaces and superconducting interaction ad- 

jacent to such interfaces. All these aspects cannot be discussed in length in 

one paper. So we concentrate on Nb and on aspects, where new experimental and 

theoretical results exist. 

Aspects mentioned shortly are: 

Part. I1 : Stoechiometry of Nb-Nb 0 -sorption layers 
2 5 

Part 111 : BCS surface resistance RBCS (T,w) 

Part IV : Residual rf losses R and R 
resE resH 

.Part V : Deviations from thermal equilibrium 

Part V1 : Rf breakdown 

In Part V11 the electron emission out of excited states will be discussed, which 

is the basis of understanding of secondary- and rf field-emission of Nb cavities. 

dith this knowledge in Part V111 multipactor - and field emission loading of 

superconducting Nb cavities will be analyzed. 

11. STOECHIOMETRY OF Nb-Nb&-SORPTION LAYERS AND THEIR ELECTRONIC STATES 

Fig. 1: Sketch of a niobium - niobium oxide - adsorbate surface region. Thicker 
3 

(-1.5nm) H20 sorption layers may exist on not extensively pumped or heated 

Nb. On fresh Nb205, H20 forms a chemisorption state which is positively 

ch'arged by enhanced electron emission. By electron impact additional hydro- 

carbons get adsorbed (+) and polymerized. These hydrocarbons get charged 

negatively by electron absorption. 
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D e s t r u c t i o n  f r e e  XPS measurements 1,2  gave t h e  p i c t u r e  of Nb s u r f a c e s  shown i n  

F i g .  1, where t h e  fo l l owing  p o i n t s  have t o  b e  added: Bes ide  d i s s o l v e d  H ,  0 ,  C o r  

Ta from t h e  s u p p l i e r  o r  from t h e  t r e a t m e n t ,  t h e  Nb m a t r i x  a d j a c e n t  t o  t h e  s u r f a c e  
3 

shows Nb suboxide p r e c i p i t a t e s  w i t h  T:: 7 K .  These p r e c i p i t a t e s  seem t o  be due 
C 

t o  t h e  o x i d a t i o n  of  Nb, and t h e i r  c o n c e n t r a t i o n  grows w i t h  en fo r ced  o x i d a t i o n ,  e . g .  

by ano d i z ing  o r  by e l e c t r o n  impact .  The volume c o n c e n t r a t i o n  of  t h e s e  suboxide 

(E NbOOeo2) i n  t h e  p e n e t r a t i o n  r e g i o n  ('L 50 nm) i s  about  10% and has  d r a s t i c  e f f e c t s  

on t h e  s u r f a c e  impedance - s e e  P a r t  I11 - and r f  breakdown - s e e  P a r t  V I .  

The Nb-Nb 0  i n t e r f a c e  i s  f a r  from be ing  i d e a l ,  e . g . ,  a t  4 . 2  K  on ly  2% of  t h e  sur -  
2  5  5  

f a c e  shows s u r f a c e  s u p e r c o n d u c t i v i t y ,  which i n  a d d i t i o n  d i s a p p e a r s  above 7 K ;  3 

and t h e  conduc t ion  e l e c t r o n s  h y b r i d i z e  w i th  l o c a l i z e d  s t a t e s  i n  t h e  ox ide ,  which 

have been found by AES ( F i g .  1 )  2  nm deep i n s i d e  t h e  Nb 0  
1 

2  5 '  
These d e v i a t i o n s  y i e l d i n g  

s t a t e s  i n s i d e  t h e  energy  gap shown i n  F i g .  2 ,  a r e  due t o  t h e  above mentioned sub- 
6 

ox id e s  and due t o  t h e  i n t e r f a c e  s t a t e s  a c t i n g  p a i r  weakening. Beside a c t i n g  p a i r  . 
weakening on t h e  superconduc t ing  s t a t e ,  t h e s e  i n t e r f a c e  s t a t e  cause  a l s o :  -  iff fuse 

s u r f a c e  s c a t t e r i n g ;  - R f  r e s i d u a l  l o s s e s  a s  summarized i n  P a r t  4 ;  - Smearing 

o u t  t h e  t r a n s i t i o n  meta l  - d i e l e c t r i c  ox ide  a s  s imu la t e d  by a  t i pped  p o t e n t i a l  

b a r r i e r  a s  t r a n s i t i o n  from Nb t o  Nb205. 
7  

1 
About 2nm on t op  of t h e  Nb, the  d i e l e c t r i c  behav ior  of Nb 0  i s  g iven  by E = 36. 

2  5  r 
The conduc t ion  band s t a r t s  about  0 . 2  e V  above t h e  Fermi ene rgy ,  which i s  pinned 

L by oxygen v a c a n c i e s .  The w id th  of t h e  conduc t ion  band i s  about  10  eV a s  shown 

by t h e  t r u e  secondary e l e c t r o n  d i s t r i b u t i o n  r each ing  up t o  about  6 eV above t h e  

work f u n c t i o n  $ - s e e  F ig .  3 .  The d e n s i t y  of t h e  oxygen vacanc ies ,which  a r e  popu- 
18 3 

l a t e d  by 2  e l e c t r o n s , i s  below 10  /cm eV, because o the rw i se  a n i m p u r i t y  band would 

e x i s t .  

On t op  of wet p repared  Nb 0  a  Nb205 - H 0  chemisorp t ion  s t a t e  e x i s t s .  Th is  
2  5' 2  

s t a t e  has  been i d e n t i f i e d  by i t s  secondary e l e c t r o n  d i s t r i b u t i o n  curve  (EDC), which 

peaks  around $ and $ + 10 eV. 
2  

The s o r p t i o n  l a y e r  on t op  of Nb 0  has  a  t h i c k n e s s  between 1 and 3 nm and c o n t a i n s  
2  2  5  

H 0  and hydrocarbons-  The amount of t h e  l a t t e r  g r o w w i t h  e l e c t r o n  impact .  
2 

2 
The hydrocarbons g e t  "condi t ioned" by e l e c t r o n  o r  x-ray impact showing up i n  an 

enhanced a b s o r p t i o n  ( r e l a x a t i o n )  of slow e l e c t r o n s .  
2  

Large  amounts ('1.5 nm) of H 2 0  adsorbed on t o p  of Nb 0  may reduce t h e  work 
2 5 

f u n c t i o n  by 1 t o  2  eV shown by a s syme t r i c  I -U- tunne l - cha rac t e r i s t i c s .  T h i s  t h i c k  

H 0 l a y e r  i s  e a s i l y  pumped away and so  t h e  XPS measurements 2 
show a  t h i n  H 2  0 

l a y e r  

( ~ 0 . 5  nm) 

o n ly .  
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F i g .  2 :  Sketch of t h e  d e n s i t y  of  bulk  s t a t e s  N ( E )  and of  s u r f a c e  s t a t e s  a t  o x i d i z e d  

superconduc t ing  Nb s u r f a c e s .  Due t o  smal l  (<< 50 nm) weak superconduc t ing  

r e g i o n s  t h e  BCS s i n g u l a r i t y  i s  smeared o u t  i n t o  t h e  energy gap.  I f  l a r g e  

( 2  50 nm) suboxide  ( -  NbO ) r e g i o n s  e x i s t  s t a t e s  deeper  i n s r d e  the energy 
0 .02  

gap a p p e a r .  

Nb Nb,05 - H,O HYDROCARBON - -= - - VACUUM 

- 

F i g .  3; Ske tch  of t h e  e l e c t r o n  s t a t e s  i n  Nb 0  and i t s  s o r p t i o n  l a y e r s .  Due t o  t h e  
2  5  

s m a l l  i o n i z a t i o n  energy  of oxygen v a c a n c i e s  of 0 . 2  eV,Nb 0  i s  a  semicon- 
2 5  

d u c t o r  w i t h  a p p r e c i a b l e  c o n d u c t i v i t y  a t  room t e m p e r a t u r e .  The s t a t e s  i n  

t h e  s o r p t i o n  l a y e r s  w i l l  n o t  be a r ranged  i n  bands because  such l a y e r s  

a r e  inhomogeneous. 
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The work function of Nb, Nb 0 and sorption layers after prolonged pumping 2 5 
is not varying more than 0.5 eV for different treatments. 

111. BCS SURFACE RESISTANCE RBCS (T,u) 

REDUCED TEMPERATURE T,/T 

Fig. 4: Temperature dependence of the surface resistance of a slowly anodized 

cavity. After subtracting the residual losses R 
resH = 4-10" R ,  the 

fit to the BCS temperature dependence R ex~(-A/k~)/kT yields two 
BCS 

different gaps. The upper gap represents Nb containing about 10% small 

(<< 50 nm) suboxide regions, the lower gap hints to NbO lumps 
0.02 

( 2  50 nm) with T::" 6.5 K i n  a concentration of 2%. 
C 

In Ref. 9 the surface resistance in the frame work of the BCS theory has been 

summarized assuming homogeneous and isotropic superconductors. As mentibned above 

Nb is not homogeneous and has s t a t e s  ( ~ i ~ .  2) inside the energy gap of clean 
6 Nb, which has n(Nb) = 1.61 meV corresponding to a A / ~ T  = 2.02. These states 

C 

"inside A(N~)" lower the A/kTc-value deduced from the temperature dependence of 
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the surface resistance. For T > 2K,A/kTc = 1.85 is typical, which seems to rise 

with frequency. In addition, this fitted A/kTc can depend on temperature, as 

shown in Fig. 4, if some low lying excitations (Fig. 2) exist. Such low lying 

excitations occur for weak superconducting regions being larger than the co- 

herence length 5 50 nm. They can independently become superconducting - in 
x GLx .. '. 

our case for A/kTc = 1.76, Tc = 6.5 K was obtained. This result agrees with .. 
the Tz - 7K obtained by penetration depth measurements shown in Fig. 5 for heat 
treated Nb. For heat treated cavities,R(~) did not show AlkT < 1.80 indicating 

C 

that the volume percentage of large regions with TE z 7 K is below 1%. 

Fig. 5: Change of penetration depth versus y = l//l-(~/~~)' for various fre- 

quencies at B = 60 PT. The sample was fired at 1850°C for 2 h in a 
ac 

vacuum better than 10-l0 mbar and handled in air for about 1 day. Fits 

to the data above 8.5 K yield a mean free path R:: - 35 nm and Tc = 9.24 K. 
3 

Beside these effects of weak superconducting regions in Nb and of pair weakening 

at the Nb-Nb,O,-interface both depressing the A(N~), the density of states gets 
fo' smeared out by these inhomogeneities as sketched in Fig. 2. This smearing re- 

duces the surface resistance and yields %CS (4.2K) a f2 below 5 GHz (^  0.016A(Nb)) 

as shown in Fig. 6. Between 12 and 18 GHz %CS (4.2~) a £ls6 has been found (Fig. 6) 

which agrees with the BCS theory, indicating that the smearing of the BCS singularity 

is of the order of A(Nb)/50. 

If the weak superconducting regions have sizes d 2 6 50 nm,a magnetic field can .. GL 
drive them normal conducting at T: 7K - see Fig. 5. 3 Such large regions seem to 
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GHz 

Fig. 6: Summary of experimental (m) and computed (-1 surface resistances of 

Nb between 0.1 and 30 GHz. The R(4.2 K,£)-values show the cross 

over of experimental and computed values due to the smearing of the BCS 

singularity. The differences of the computed slopes at 4.2 K and 1.8 K 

are due to the growth of f i w .  

The residual losses show a large scatter depending on surface preparation. 

The arrows ($ )  indicate best values. 

occur in larger numbers and sizes after anodizing or electron impact. Such ., 
regions have a thermodynamic critical field B" 2 100 mT, where at T = 0 the tran- 

C 

sition to the normal conducting state occurs. Below Bc,the BCS surface resistance 

depends on field only weakly. '''l2 So the field dependencies observed 13,14 are 

due to deviations from thermal equilibrium which will be discussed in Part. V. 

Because these deviations increase with increasing frequency,the above mentioned 

Proceedings of SRF Workshop 1980, Karlsruhe, Germany SRF80-8



f requency  dependencies  could  be caused  by d e v i a t i o n s  from thermal  equibr ium a l s o .  

I V .  RFRESIDUAL LOSSES 

WAVE FUNCTIONS 

F i g .  7 :  Nodel meta l -oxide  i n t e r f a c e  showing t h e  o v e r l a p  o f  conduc t ion  e l e c t r o n  

( m c )  and l o c a l i z e d  e l e c t r o n  ( $  ) wave f u n c t i o n ,  which cor responds  t o  
L  

h y b r i d i z a t i o n .  The h y b r i d i z a t i o n  a l lows  t h e  t r a n s f e r  of  p e r t u r b a t i o n  

from t h e  sys tem ( @ c )  t o  ( $  ) o r  v i c e  v e r s a  and enhances t u n n e l i n g .  
L  

As shown i n  F i g .  4 ,  w i t h  d e c r e a s i n g  t empera tu re  t h e  r e s i d u a l  l o s s e s  dominate ,  

w h i c h . a r e  summarized i n  F i g .  6 .  As o u t l i n e d  i n  Refs .  15 and 16 ,  t h e s e  r f  r e s i d u a l  

l o s s e s  a r e  due t o  i n t e r f a c e  s t a t e s :  As ske tched  i n  F i g .  7 ,  conduc t ion  e l e c t r o n  

decay i n t o  t h e  ox ide  l i k e ,  exp(-KX) and h y b r i d i z e  i n  t h e  ox ide  w i t h  l o c a l i z e d  

e l e c t r o n  s t a t e s  n  forming s o  new i n t e r f a c e  s t a t e s ,  where p r o p e r t i e s  o f  ex- 
L  

tended and l o c a l i z e d  s t a t e s  a r e  mixed ( F i g .  7 ) .  So momentum ga ined  a s  extended 

s t a t e  can b e  t r a n s f e r e d  t o  l o c a l i z e d  s t a t e s  e x c i t i n g  s o  phonons. The t r a n s f e r  i s  

g iven  by t h e  b e a t  f requency:  
15,16 

4  4  v ( X )  = - r ( ~ )  = h r to) exp( - rx )  K = i 2m(E ( x ) - ~ ~ J h - "  
E  h  C 

- 1 
w i t h  r ( 0 . 3  nm) - 1 eV, and K E 0 . 5  nm 

15 
So t h e  rf s h i e l d i n g  c u r r e n t s ,  g i v e n  by H, ,  , e x c i t e  t r a n s v e r s e  phonons propor- 

2 .  15 
t i o n a l  t o  (J"VE(x) nL(x)dx)  . 

- R r e s ~  2  
P H 

- 
2  H,, ; 10-' > R r e s ~  ( G H Z / £ ) ~ / Q  > 10- l*  
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The longitudinal electric rf field E,(t) excites longitudinal phonons: 

Both residual loss mechanisms sensitively depend on the hybridization and so on 

the conduction band in the oxide via K (Eq.(l)) and on the density of localized 

states n near the Fermi energy. So, the residual losses are changed by surface 
L 

treatments or rf processing. But it should be mentioned that chemical residuesfrom 

cleaning or dust cause locally enhanced (electric) residual losses dominating at 

low frequencies - see Eq. (3) or Fig. 6. 

V. DEVIATIONS FROM T H E W  EQUILIBRIUM 

In the frame work of the BCS theory,the surface impedance increase only by 20% 11,12 

up to the critical superheating field B (=  Bc(~b)), whereas experimentally much 
sh 

strongerfield dependencies have been observed: At fields as low as Bc/lOO,R decreases 

with B 13,as shown in Fig. 8,0r R increases markedly with B - see Fig. 9 - showing 
r f r f 

an rf breakdown around Bc/lO. All these effects can be related to deviations from ther- 

mal equilibrium, which are not included in the BCS treatment. 

Fig. 8: Component of the surface resistance which depends strongly on rf field 

level 13for themode familyTM (n=0:2.17GHz;n=l:2.61GHz; n=2:3.62GHz) 
Oln 

at 1.2K. The analysis of the experimental curves results in R a w  
P 

a(H) with 

0 < a ( ~ )  5 0 .6 .  

Proceedings of SRF Workshop 1980, Karlsruhe, Germany SRF80-8



c- 

C l. B0K c-,-9-1- - 
,-0'- O- 

o _ - ~ - D  UNSHIELDED 
,-d.cO--w- X 

-; 0 ---X ----- 
---X- 

----> ----" - 
X \ E4.2OK 

2 Fig. 9: 119 plotted versus Ep. The straight lines above 3 MV/m, with slopes 

y 50, reflect the growth of normal conducting regions detected also 

by heat pulses. l4 The kinks around 3 MV/m are likely due to a change 

in cooling. Because above 3 MV/m Y does not change with temperature 

and Qo, the cooling in He is the same at 1.8 and 4.2 K. 

The first effect - Fig. 8 - is due to the long inelastic relaxation time of 
electrons with phonons T. : 

17 
In 

r (Nb) = 1.5-10-~~ ( T ~ / T ) ~  sec; !Lin 3 
in = ~O-~(T~/T) cm (4) 

i.e. the quasiparticle system is decoupled from the phonons the more the lower 

the temperature is. But also the phonons are not in thermal equilibrium as shown 

by their long relaxation time or mean free paths. E.g. at 4 K one can obtain. 17 
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So deviations from thermal equilibrium will play a major role in superconducting 

Nb cavities. In the following two types of deviations will be discussed: Deviation 

of the quasiparticles alone from thermal equilibrium and deviation of the quasi- 

p a r t ~ i l e  and phonon temperature from the temperature of the He bath. 

i /  - L  
the penetration region quasiparticles absorb rf photons in a rate Tat) ( 1  mT) 

- - 1 = 10" sec l ,  which because of rab H ~ ,  soon yields deviation from the thermal 

equilibrium because of ~~b << rin.For homogen~ous superconductors this bottleneck 

is no problem, because the quasiparticles excited in the penetration region can 

transfer their energy in the bulk to the phonons. In contrast, states localized 

in the penetration region cannot escape into the bulk and so the bottleneck will 

build up,finally yielding a constant distribution function for states below A(N~). 

So the rf absorption from regions with depressed A will diminish with H as found 

for weak superconducting regions - see Fig. 8 and Ref. 13 - and for normal conducting 

regions - see Ref. 3. Only in cases where the quasiparticles are strongly coupled to 

phonons as in "amorphous superconductors" (R < 5 nm) or in normal conducting regions 

extended far into the bulk, equilibrium R(T)-values can be used. 

The quasiparticle and phonon temperature T:: can be enhanced over T of the He bath, 
He 

but because of the large :-values (Eqs. ( 4 )  and (511, T:: cannot be evaluated by the 

usual heat conductivity equation: 
18 

where d i / ~  are the different heat resistances. It should be mentioned that es- 
i 

2 pecially for normal spots (R H 12) lateral heat flow in the Nb and the addition 
n *c 
L of heat flows (Rnc+aRsc)H 12 from different sources asks for a 3 dimensional 

treatment. The temperature increase AT increases the surface resistance R(T) which 

can be described by: 19 

For cases where R R holds,y will be independent of R and nearly temperature 
0 0 

independent below 0.8 T because the dominating electronic heat conductivity K 
C 

has the same temperature dependence as R. For T:: 5 5 K,y < 1 can be evaluated 

and such small increases have not been observed, yet. 

As shown in Fig. 9, y's 2 50 have been observed and such strong increases are due 

to the growth of normal conducting regions A : 19 
nc 
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Without numerical calculations the growth rate C cannot be estimated, Experi- 
14 

n c 
mental results - Fig. 9 - show that also in this case y is nearly indepen- 

dent of R changing with T or frozen in flux, indicating that the effective 
0 

c a AT a (Rnc + uRSc)H2 is dominated by u R > R . This indicates, that 
S C n C 

the growth is not given by the normal conducting regions but by superconducting 

regions with their losses, which are rapidely rising with temperature. This 

astonishing experimental result is well known from normal conducting regions 
2 0 

in flux cores. 

VI. RE BREAKDOWN 

As outlined in Ref. 21, the rf breakdown is due to a thermal explosion driven 
18 

by the more than 104 times larger rf losses in normal conducting regions as 

compared to the superconducting state. The beginning o f  this ex~losion at B c an 
crit 

be due to the occurence of normal conducting spots at their local critical super- 

heating field B or due to a instability of the heat conductivity equation. 
18 

sh 
But small normal conducting regions embedded in su~erconductors have by more than 

2 orders of magnitude reduced normal conducting losses due to deviations from 

thermal equilibrium. l7 And, as shown also above, large normal conducting regions 
2 0 

stationarily exist in superconductors as f luxoids or as 

larger regions, which grow like H2 with field. For small normal conducting regions 
2 

(< 0.5 cm ) the rf breakdown seems not to be caused by normal conducting losses but 

mainly by sup~;conducting losses and by impinging electrons. 
14 

So, beside some qualitative theories 
14,18,21 

there exists no quantitative theory 

for the rf breakdown. 

VII. ELECTRON EMISSION OUT OF EXCITED STATES 

Electron loading in superconducting rf cavities is classified in multipactor ( M P )  
2 2 

and field emission (FEM) loading as outlined in Part. VIII. Experimentally, both 

types of loading are very sensitive to the sorption layers and in both cases, electrons 

hit the emitting surface. 22 So, first the excitation, relaxation and emission of such 

states will be discussed. Secondly this will be applied to secondary emission of 

Nb-Nb205 ... surfaces. And thirdly the rf FEM of such surfaces will be discussed. 
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1. Excitation, relaxation and emission of electrons 

Electrons impinging solids are slowed down by exciting electron hole pairs of 

energy around 30 eV. 2s23-25 These excited states of density n ($3) relax 
e 

by electron-electron (plasmon) interaction T-l by phonon (LO) interaction 
e-e ' - 1 

.-l, 26 by escape into the vacuum r and by field emission .I 
- 1 

'I 
- 1 

L0 and v FEM' e-e T ~ A  are proportional to mean free pathes R and R All these relaxation 
+ e-e L0 ' 

and emission rates depend on position r and on excitation energy E, and so the 
+ 

(transport) equations for ne(r,E) are very complicated. In Ref. 23, the trans- 

port equation using T and T has been used to treat secondary electron 
e-e L0 

emission. A simplified version of this approach reads as follows: 2,25 Neglecting 

band structure effects and electron diffusion, the electron-electron interaction 

soon (" 1 0 ~ d 8 ) ~ ~  thermalizes the electrons to a distribution function: 

with i(=k?) as mean energy (; 8 and n the overall concentration of excited 
e 

states being proportional to, e.g., the impinging electrons. This cloud of excited 

electrons relaxes ( 5  1011 eV/sec) 26 by phonon emission and is scattered by 

electrons and phonons 26 in approaching the surface. Hitting the surface barrier, 

electrons with an energy E smaller than the electron affinity x,will be reflected 

totally and for E > X partially with a reflection coefficient R(E): 

For semiconductors E has to be substituted by zero because E and X are then re- 
F 

lativeto the conduction band edge. So with Eq. (10) as inner distribution of 

excited electrons, one gets as outer distribution: 

1 E 
nt(~) = n (1- exp (- =) R(E) 

0 E 

which is well known as distribution of the true secondary electrons - see SE 
in Fig. 10. The factor (1- x/E) in Eq. (12) is due to the finite mean free path R. 25 

The true secondary electrons escaping per incident electron are given by: 
2 5 
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B.E. [ e ~ ]  

Fig. 10: XPS spectrum l y 2  of a Nb Sn surface coated by oxide and 
3 

sorption layers. The labeled peaks are used for the studies of Nb, 

Nb and Sn oxides, 0 in oxides, adsorbed C and 0 and secondary electrons 

SE, where the latter contain about 80% of all photoelectrons. The secon- 

dary electron distribution curve (EDC) shown'is typical for the true 

secondaries 6 i.e. excited states distributed like exp(-~/E) emitted 
t ' 

across a barrier of height X E $. This work function @ is defined by 

the intercept of the steepest slope with the axis. 2 

In metals and semiconductors h =Re-e is short and so the secondary yield is about 
a 

6 - 1.5 at maximum. In insulators the electron electron scattering is missing 
tm 

and hence h (> RL0)" large and 6 10 has been found. a tm 24 Also the distribution ' 

n (E) depends on the dominating type of relaxation: For emission out of a conduction 
t 

band with dominating P scattering,nt(E) has a maximum around E-X- 2eV, whereas 
e- e 

for insulators the maximum is around 1 eV. 24 For localized surface states the 

maximum can be even closer to X because then also R(E) is enhanced like in re- 

sonance tunneling. 

For rf cavities also the time between impact and emission has 

to be discussed. The mean energy of secondary electrons is about E-X S levy which 

corresponds to a frequency l5 v : 1015 H.. So for GHz cavities the secondary 
E 

electrons are emitted instantaneausly. 

If an electric field is applied to such a surface,the excited states will be 

emitted the stronger the higher their excitation energy is like in the case of 

F-T 28 and photo field emission 29. Because states having energies well above X 

relax or are emitted fast in anrf field,states with E S X will be emptied by an 

applied electric field E. As sketched in Fig. 11,the density of such states is 
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HYDROCP 
A-- 

Fig. 11: Sketch of excited states in Nb-Nb 0 sorption layers. The fast electron- 
2 5 

electron interaction in Nb and Nb 0 thermalizes the states to n mexp(-~/E) 
- 2 5 e 

with E " 8eV. The slow emission of longitudinal optical (LO) phonons (+) 

relaxes the excited states if no emission (+) into the vacuum occurs. 

Localized states in the sorption layer approach equilibrium by emission 

into the vacuum and the slow L0 emission. Conditioned - polymerized - 

hydrocarbons show enhanced absorption and relaxation of slow electrons. 

very high and so the emission will be very strong- see Fig. 12 - and proportional 

to the impinging electrons. The emission time 22 will be quite short in this case 

because of the low and narrow tunnel barrier. 

N b  - H,O HYDROCARBON 
-1 

Nb205 - . - - v  

\ -- - 
\ -- 
\ 

-1 - - VACUUM - - 
-- -- . - 

a -  FA;* ! 

Fig. 12: Sketch of the field emission of a Nb-Nb 0 . .  surfaces with excited 
2 5 

states. Because,according to Fig. 11,the density of such states at 4 
is very high their emission dominates the electron current. The barrier 

is very small for states in the sorption layer and so, e.g., Nb 0 -H 0 2 5  2 
enhances the field emission very much by resonance tunneling. Polymerized 

hydrocarbons can absorb slow electrons and will so reduce the field 

emission current, especially because this absorption enhances the work 

function. 
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2. Secondary electron emission from Nb-Nb,O, L 2 . . .  surfaces 

To analyze the secondary yield of the Nb sketched in Fig. 1 we start with the 

yield of Nb and Nb2O5 The maximum in the true yield occurs at about 300 eV 
" 
L 

with 6tm 2 0.8. For clean Nb 0 the true yield is about 6 2 1.1 and not 
2 5 tm 

depending on temperature, 30 despite the fact that Nb 0 as semiconductor 
2 5' 

with 0.2 eV activation energy (Figs. 11 and 12) becomes an insulator at He 

temperature. But according to electron current 
14,31 or yield measurements 2,30 

2 
typical electron currents are above 10" A/cm . Because the secondaries are 
a small percentage of the excited states of a surface layer X - 5nm, the den- 

19 3 a 
sity of excited electrons is well above 10 /cm . 

Then according to Ref. 26, the fast electron-electron scattering 

dominates yielding, e.g., A 2 5 nm. a ly2 For such impinging electron currents 
2 

(>> nA/cm ) Aa is short and temperature independent. The higher yield of Nb 0 
2 5 

as compared to Nb could be due to the smaller electron affinity of Nb 0 (0.2eV) 
2 5 

- see Eq. (131, which also reduces the reflection coefficient R (Eq. (11)). The 

latter effect of enhancing the yield by reducing the reflection at E 2. X is 

fairly effective because the density n (Fig. 11) is very high at E 2 X. The e 
reflection coefficient is reduced further,by the Nb 0 -H 0 chemisorption 2 5  2 
state, because the peak in nt(E) occurs well below E-X = 1 eV - Fig. 13 - and 

B.E. [ e V l  

1 
Fig. 13: EDC's of _secondary electrons emitted by excited states of wet Nb205. 

The two peaks indicate the existence of electron emitting levels of the 

Nb 0 -H 0 chemisorption state below $I and around @+lOeV. The electrons 2 5  2 
being emitted out of the NbZOg conduction band (Fig. 11) seem to be re- 

sonantly scattered into the Nb 0 -H 0 states. With enforced polymerization 
2 5  2 

of' the hydrocarbons by electron impact, more - slow - secondary electrons 

get absorbed by the hydrocarbons lowering the yield 6 (Fig. 14). t 
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the yield 6 is enhanced up to 2. Because in this case the true peak of Nb 0 
tm 2 5 

at X + 2eV cannot be seen, the Nb 0 -H 0 seems to form a dense layer and the 
2 5  2 

excited electrons of Nb 0 are resonantly scattered into states aroundxand x+lOeV 
2 5 

from where they are easily emitted because of the small R(E). 

An other way sorption layers on Nb 0 enhance the yield is by the reduction of 
2 2 5 

the surface barrier @ X. But according to Eq. (13) and Fig. 14, I#I changes by 

less than 0.6 eV, which is insufficient to explain the about 50% ~ield reduction 
2 observed (Fig. 14). As outlined in Ref. 2, the yield reduction is due Processes 

absorbing electrons in the insulating sorption layers by which negative charging 
2 

occurs measured by C peak shifts or as increase. I.e. charging in insulators 

indicates enhanced (or reduced) electron absorption. If thick enough H 0 sorption 
2 

Fig. 14: Yield changes SE/SE - - 6t/6to versus work function of 3 Nb samples 
0 

1 (OP: oxipolished; HT = annealed in UHV at 1850'~ for 2 h) and one 
2 

Nb Sn sample, subject to electron impact (100 ~A/cm 1. The final du- 
3 

ration of the electron impact of 1.1 - 11 h corresponds to electron 
2 

doses between 0.4 and 4 Coulomb/cm 

layers (5 1.5 nm) exist, which lower @ by 1 to 2 eV as inferred from asymmetric 

tunnel characteristics, the yield can be drastically enhanced. This layer seems 

to be evaporated by prolonged pumping in UHV and so it was not found in the XPS 

and secondary yield measurements. 
2,30 

Above it was mentioned that the sorption layers are insulating and then the long 

X (> 20 nm) should enhance the yield. But because the sorption layers - after 
a 
prolonged pumping - see Ref. 2 - are only about 3 nm thick,this mechanism enhances 
the yield not more than 10%. 
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The most dramatic effect in the secondary emission of Nb is the reduction of 
2 

the yields 6 by about 40% by electron impact of 1 C/cm - see Fig. 14. As 
t 

discussed in Ref. 2, this yield decrease seems to be due to an electron im- 

pact induced polymerization involving hydrocarbons. This polymerization yields 

low lying ('L@) electron states which resonantly absorb electrons and which 

relax fast. Details of this polymerizationare not known, but the effect is 

dramatic, stable at He temperature but not stable at room temperature. 

". 
3. Rf field emission of Nb surfaces sketched in Fig. 1 

Nb with its oxide and sorption layers has a work function above about 4 eV 

as summarized in Fig. 14. So the field emission current will be negligible 
2 8 

9 
up to fields of 2.10 V/m. Because electropolished Nb has nearly no roughness, 

9 
a field enhancement factor B 100 is anupper limit and so below Q.10 ~/m)/100 = 

7 G 
2-10 ~ / m  no field emission current should be observable. Thus, the observed 

FEM loading at 14' 31 5 MV/m can only be due to FEM from excited states - see 
L Fig. 12. Thermally excited states, e.g. due to heating proportional to E , 
P 

would yield an upward bending of the Fowler-Nordheim plot - see Fig. 4 in Ref. 28 - 
which has never been observed - see, e.g. Fig. 15. In contrast, in some cases a 
downward bending has been observed. So, one has to explain the Fowler-Nordheim 

dependence shown in Fig. 15 by other excited states. As discussed above - 
see Fig. 12-electron impact excites states, which around @ 

are easily drawn by an electric field out of the dielectric sorption layers (SA ) a 
where they in addition can gain the energy h ~ E / E ~ .  

a 

As indicated in Fig. 11 the density of excited states around @ is very high and 
- 10 their relaxation is fairly slow and given by exp(-t/ro) with T 2 10 sec. 

2 6 
0 

Neglecting mirror charge effects the FEM out of excited states of energy E is 

given by (E = EF) : 
C 

Comparing this current with one assuming @-E @ = 4 eV one obtains as correction 

factor in the exponent 

yielding for $-E = 0.4 eV 6:: = 31. So 6-values of 103 fitted to experimental 

data 14'31-34 hint to emission out of states excited to about 0-0.4 eV. This typeof 

FEM is proportional to the electron impact and varies slowly with @ like exp(-@/E) 
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- - see E q .  ( 1 3 ) .  So 6 changes observed  h i n t  t o  changes i n  $-E, i . e .  t o  changes 

i n  t h e  s t a t e s  i n  t h e  s o r p t i o n  l a y e r .  Chemisorpt ion s t a t e s  and o t h e r  s t a t e s  i n  

f r o n t  o f  Nb 0 w i th  i t s  h igh  E a 3 6 ,  w i l l  enhance t h e  FEM i n  t h e  s e n s e  o f  
2  5 2 7 . 3 4  

r 
resonance tllnne l l n g  . 

I I , I J 
0.1 4 0.1 6 0.1 8 0.20 

E;' ( m l M ~ )  

Fig .  15: Fowler N o r d h e ~ m  p l o t  01 t h e  x - r a y  , Leld measured a t  t h e  m ~ d p l a n e  of 

t h e  c y l i n d e r  of a  500 MHz TM mode cavity. l 4  W l t h  impinging FEM 
010 

e l e c t r o n s  ( r f  c o n d i t i o n i n g )  t h e  FEM i s  reduced.  This  r e d u c t i o n  i s  

mainly  due t o  a  r e d u c t i o n  of  t h e  e m i t t i n g  a r e a ,  whereas t h e  B(=700)only 

decreasesby  about  20%. The o s c i l l a t i o n s ,  which a r e  most pronounced 

f o r  run  C ,  a r e  an i n d i c a t i o n  f o r  emiss ion  o u t  of e x c i t e d  s t a t e s ,  which 

f i t s  t o  t h e  l a r g e  B v a l u e s .  

Another h i n t  t o  e mi s s ion  o u t  of e x c i t e d  s t a t e s  i s  t h e  o s c i l l a t i o n  on t op  o f  

t h e  Fowler-Nordheim dependence shown, e . g . , r u n  C i n  F i g .  1 5 ,  which seems t y p i c a l  

f o r  t u n n e l i n g  through a  t h i n  b a r r i e r .  29 A s  a l r e a d y  mentioned above,  Nb 0 -H 0  
2 5  2  
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chemisorpion states inside the FEM barrier most likely channel excited states 

into the vacuum and sotheoscillationinj  couldbedu be due to 
FEM 

E -field induced level splitting. 
P 

For the secondary emission the changes due to Nb 0 and sorption layers have been 2 5 
discussed above and in Ref. 2.For FEM these changes with sor~tion layers 

canbe even stronger because states in the FEM barrier can enhance the FEM much 

stronger than the secondary emission, but less quantitative information is 

available in the case of FEM. The above summarized ideas offer some quali- 

tative explanations for the FEM changes observed with surface treatment, rf 

processing or He-conditioning (Refs. 14, 22, 31-34): 

3 - B - l0 hints to emission out of states with @-E 2 0.4 eV, which could be 

the stateof Nb 0 -H 0 found by the EDC (Fig.13) slightly below Q. 
2 5  2 

- B changes with He-conditioning 34 can be explained by an increase of $-E 
e.g., due to Sputtering off the H 0 

2 or by positive charging of the 

sorption layers. 

- The reduction of j by rf conditioning seems to be due the enhanced ab- FEM 
sorption of slow electrons bypolymerized hydrocarbons. So mainly the emitting 

area is reduced and not B - in agreement with some experiments - see, e.g., 
14 

Fig, 15. But if this absorptioncharges the sorption layer negatively the 

enhanced @ should reduce B .  14 

The following points , which are important for the analysis of experimental results, 
should be mentioned: 

As outlined in Ref. 22, FEM decreases with increasing frequency because of the 

finite beat frequency. This beat frequency increases exponentially with 

E reducing the fit parameter 6 up to a factor 113. 22 Because in rf 
P 
cavities FEM out of excited states will occur also at E (t) = E coswt < E the 

P P P , 
fitted is enhanced also by this effect. So, e.g., the downward bending of the 

Fowler Nordheim plot could also be due to shift of the FEM to earlier phases. 

VIII.ELECTRON LOADING IN SUPERCONDUCTING Nb CAVITIES 

In Part V11 the mechanisms important for emitting electrons from Nb covered by 

Nb 0 and sorption layers have been discussed. Whereas the secondary emission 
2 5 2 

is now fairly well understood, the mechanisms governing rf field emission 

are just becoming clear. But because both processes are intermingled in rf 

cavities, first the evolution of the electron emission will be discussed, and 

then the type of loading encountered. 
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1. Electron currents in an rf cavity 

Assuming some impinging electrons, e.g., from noise, onto a surface with 

El = E coswt present, the fast electrons escaping during the time 
P 

-~/2< wt < ~ / 2  will be slowed down by El and so they loose energy and most are 

accelerated back to the surface. Only fast, i.e. backscattered, electrons can 

escape. Because true secondaries have energies below 5 eV and because their se- 

condary yield is about 1, the secondaries emitted in {-~/2, ~ 1 2 )  are collected 

at the surface. At ot 2 T/2 these electrons are accelerated away from the sur- 

face. Electrons impinging at T/2 < wt < 3 ~ 1 2  produce instantaneous secondaries 

and excited states,E will draw electrons out of the excited states proportional 
P 

to exp(-C/E (t)) and this FEM will decay like exp(-t/.r ) with 'lo 2 10 - 10 sec - 
P 0 

see Part. VII. The amount of electrons impinging at the different phases depends 

on the trajectories, which will be discussed in Part. VIII.3. Here it should be 

mentioned only, that electrons with impact energies between 100 and 2000 eV are 

most effective in producing secondaries and excited states. 

2. Multipactor loading (MP) 

As discussed, e.g. in Refs. 22 and 32, multipacting occurs at well defined field 

levels with starting phases wt 2 T/2. So secondaries produced during the wrong E 
P 

direction (< ~ / 2 )  are stored and will be accelerated into MP phase regions, i.e. 

they will enforce MP. Because electrons gain energy on MP trajectories, the "back- 

ground loading" will be enforced in these field regions. For example, the second 

order one side MP shows up in a peak on the background FEM current as shown in 

Fig. 4 of Ref. 31. 

Another example is two side MP: At such levels the electrons stored during wt<~/2, 

the secondary electrons and the field emitted electrons out of excited states will 

enhance the MP levels - see, e.g., Ref. 14 for orders n - 20 and Ref. 31 for n = 1 

(d = 11 cm). Due to the high E -field, FEM is the dominating enhancement mechanism 
gap P 

in the latter example. 

This discussion shows, that dc secondary yields can be enhanced very much in rf 

cavities due to the storage of slow electrons and due to FEM out of excited states 

which explains the occurence of MP levels, where the dc yield is still smaller 1. 

Because the FEM out of excited states is changing more strongly than the secondary 

yield with variations of the sorption layers,this effect can explain the success 

of rf or He conditioning in overcoming MP levels. 14 
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3. RF field emission loading 

The rf FEM loading seems the ultimate limitation in superconduting Nb cavities, 

yielding for narrow gap (d < A/~IT) cavities about E = 20 M V / ~  22,31,32 and 
g P 

for wide gaps (d > c/w = A/~IT) about E ~ £ 1 6  M V / ~  GHz. 
R 

31'32 The appearance of 
P 

the FEM loading is an electron current j a exp(-c/BE ) (Eqs. (14) and (15)) FEM P 
with 100 5 B 5 2000, 22'32 which is shape and frequency dependent and which 

initiatesrf breakdown by heating l4 or limits the attainable fields simply by 
3 1- 34 

the absorbed rf power. 

As already mentioned above,the high B-values together with the osciflations - 
see Fig. 15 - hint to FEM out of excited states-especially states in the FEM 
tunnel barrier - which explains its sensitivity to surface treatments like rf 

or He conditioning. 

The question to be discussed in this part is then: where are the excitations 

coming from and why is this depending on shape and frequency? 

The observations that FEM loading in narrow gap cavities (d < A/~T) limits E 
g P 

to about 20 MV/m and that B-values are often smaller than in wide gap cavities, 

can be explained as follows: Electronsemitted around wt E IT, where E is maximal, 
P 

hit the opposing surface shortly afterwards. There, at this time E is still slowing 
P 

down emitted electrons and so nearly all excited states will disappear like 

exp(-t/ro). So the "temperature" of the sxcited states (around $1 in the sorption 
layer will be fairly low yielding B - 200. 3 1 
In contrast in wide gap cavities, electrons emitted around wt = IT will return 
roughly  IT later to the emission region with small impact energies. So electrons 

are excited at wt =:  IT where the large E -field enlargesthe secondary emission 
P 

by FEM out of excited states. In parallel plate geometry the maximum excursion 
J J  

distance d is given by: 
max 

A ~ E  
d - 
max 

- X arctg 
2IT 21~m oc 

Z That is for  he^ /ZIT < moc , dmax a E grows with field amplitude, whereas for re- 
P P 

lativistic energies AeE  IT > moc2 the excursion no longer depends strongly on E , 
P P 

where 

holds. 
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I n  a c c e l e r a t o r  c a v i t i e s  E d e c r e a s e s  due t o  beam h o l e s  and roundings  wi th  
P  

d i s t a n c e  from t h e  s u r f a c e .  So 

an e l e c t r o n  s t a r t i n g  a t  w t  = w i l l  r e t u r n  i n  (27~ +a). For t h e  n o n r e l a t i v i s t i c  

c a s e ,  where d  i n c r e a s e s  w i t h  E , t h e  t r a j e c t o r i e s  s e e  w i t h  i n c r e a s i n g  E more 
max P  P  

inhomogeneous f i e l d s , w h i c h  lowers  t h e  r e t u r n  e f f i c i e n c y .  For t h e  r e l a t i v i s t i c  

case ,  d  ( E q .  ( 1 6 ) )  becomes independent of E > 1 0 ' f  M V / ~  G H z ,  i . e .  in- 
max P - 

dependent of E some t r a j e c t o r i e s  w i l l  r e t u r n  t o  t h e  r e g i o n  where they  have been 
P 

e m i t t e d .  A t  t h i s  s p o t ,  t h e  e l e c t r o n s  i n  t h e  ox ide  and s o r p t i o n  l a y e r s  g e t  e x c i t e d  

a l l o w i n g  s o  secondary and FEM emiss ion  w i t h  l a r g e  B v a l u e s .  Because i n  t h i s  f i e l d  
- 2  r e g i o n ,  t h e  impact energy 35 E s c a l e s  l i k e  E a f  , t h e  number of e x c i t e d  s t a t e s  

- 2  w i l l  d imin i sh  l i k e  f  . Thus €3 w i l l  d e c r e a s e  w i t h  i n c r e a s i n g  f r e q u e n c i e s  i n  agree-  

ment w i t h  exper iments  22 '32  i f  t h e  l a r g e  v a r i a t i o n s  of €3 w i t h  s o r p t i o n  l a y e r s  a r e  

t aken  i n t o  account .  Th i s  i s  a l s o  an  e x p l a n a t i o n  why f o r  f  > 2GHz h i g h e r  E f i e l d s  
P  

have been o b t a i n e d  t h a n  f o r  narrow gap s t r u c t u r e s .  

The f requency  dependence of t h e  maximal f i e l d  i n  wide gap c a v i t i e s  i s  w i t h  

Epmax 
16 MV/m GHz i n  good agreement w i t h  Eq. (17)  where t h i s  type  of r f  FEM 

l o a d i n g  shou ld  become dominant.  According t o  t h e  i d e a s  o u t l i n e d  above,  a  s t r o n g  

d e c r e a s e  o f  E w i t h  d i s t a n c e  from t h e  s u r f a c e  f o r  t h e  h igh  f i e l d  r e g i o n  shou ld  
P 

weaken t h e  l o a d i n g ,  which would e x p l a i n  t h e  d i f f e r e n c e s  between Refs .  31,  14 and 

33 a s  due  t o  l a r g e r  beam h o l e s  and rounding.  It  i s  obvious  t h a t  t h e  above 

arguments can b e  made more q u a n t i t a t i v e  on ly  by t r a j e c t o r y  c a l c u l a t i o n s ,  
14,22,31,32 

These have a l r e a d y  shown t h a t  b a c k s c a t t e r e d  e l e c t r o n s  w i l l  dominate t h e  l o a d i n g  

v 1 3  t !  i~ h ~ g b  I i  . ' (Nb)  = 0 . 4 2 .  

An e l l  i F t i  ral lv c h a n e d  r a ~  l t v  shr>~lld - b ~ s t d e . :  t h e o r e t i c a l  a n d  z Leantng areuements - 
7 fi 

s t r u k  reduced kbM LoadLng 
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