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Abstract  

Varying beam cu r ren ts  i n  s torage r i n g s  l i k e  PETRA and HERA s t r o n g l y  change t h e  

match c o n d i t i o n  o f  t h e  generator-cavi ty  system. To main ta in  optimum energy 

t r a n s f e r  v a r i a b l e  i n p u t  coup l ing  i s  needed. A v a r i a b l e  waveguide t ransformer 

was developed which covers t rans format ion  r a t i o s  of 0.2 t o  5. A d d i t i o n a l l y  

t h i s  device a l l ows  t o  change t h e  c a v i t y  phase independently. The parameters o f  

a  system c o n s i s t i n g  o f  generator,  t ransformer and superconducting c a v i t y  under 

opera t ion  i n  a  storage r i n g  w i l l  be discussed. 

In f l uence  on Cavi ty  Impedance 

Superconducting c a v i t i e s  have very low losses. Use o f  these c a v i t i e s  f o r  beam 

acce le ra t i on  i n  s torage r i n g s  causes beam losses which normal ly  a re  much 

h igher  than t h e  w a l l  losses. So superconduct ing acce le ra t i on  s t r u c t u r e s  which 

are  normal ly  d r i ven  i n  CW opera t ion  o f f e r  t h e  p o s s i b i l i t y  t o  t r a n s f e r  n e a r l y  

a l l .  o f  t he  t r a n s m i t t e r  power t o  t h e  p a r t i c l e  beam. But  c o n d i t i o n  f o r  t h i s  i s :  

The c a v i t y  i n p u t  impedance must match t h e  t ransmiss ion  l i n e  impedance. 

How constant  i s  t h e  c a v i t y  i n p u t  impedance? 

Low w a l l  losses and h i g h  power t r a n s f e r  t o  t h e  p a r t i c l e  beam a re  fea tures  o f  

h i g h l y  beam loaded c a v i t i e s .  Consequently t h e  loaded Q-values depend on beam 

i n t e n s i t y  and acce le ra t i on  gradient .  The a c c e l e r a t i o n  grad ient  i t s e l f  changes 

with generator power and w i t h  t h e  synchronous r f  phase t o  which t h e  p a r t i c l e  

bunches are  s h i f t e d  by beam dynamical mechanisms o f  t h e  acce le ra to r  o r  s torage 

r i n g .  

Acce lera t ion  gradient ,  beam i n t e n s i t y  and generator power can vary very much. 

Due t o  rf phase t h e  g rad ien t  may change w i t h i n  a  f a c t o r  o f  2 o r  3 a t  same peak 

f i e l d  i n  t h e  c a v i t y .  Beam i n t e n s i t y  can change by near l y  a  f a c t o r  o f  i n f i n i t y .  

Cav i ty  power t r a n s f e r  t o  t h e  beam - t h e  t r a n s m i t t e d  p a r t  o f  generator power - 
i s  about t h e  product  o f  g rad ient  and beam i n t e n s i t y .  But  t h e  r a t i o  o f  bo th  i s  

determining loaded Q-value, impedance and hence power r e f l e c t i o n  o f  t h e  

c a v i t y .  

So even under normal ope ra t i on  c o n d i t i o n s  o f  an acce le ra to r  t h e  i n p u t  impe- 

dance o f  a  superconduct ing s t r u c t u r e  w i l l  change very much. 

This i s  much d i f f e r e n t  from t h e  opera t i on  o f  normal conduct ing acce le ra t i on  

c a v i t i e s ,  where t h e  w a l l  losses a re  dominat ing and even l i m i t i n g  t h e  
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achievable  g rad i en t s .  Here only  a t  very high beam l o a d s  t h e  o p e r a t i o n  s i t u a -  

t i o n  is g e t t i n g  t o  be comparable t o  t h e  s i t u a t i o n  descr ibed  above. 

Matching o f  a c c e l e r a t i n g  c a v i t i e s  needs t h e  e x t e r n a l  Q-value o f  t h e  high power 

coupler  t o  equa l  t h e  loaded 4 o f  t h e  c a v i t y .  This  cond i t i on  equa l s  t h e  re- 

quirement o f  impedance match a t  a  p lane  between c a v i t y  and f eed ing  l i n e .  A 

f i xed  e x t e r n a l  4  o f  t h e  main coup le r  can provide  match only f o r  one o p e r a t i o n  

s i t u a t i o n .  In  a l l  o t h e r  s i t u a t i o n s  t h e r e  a r e  more o r  less high amounts o f  re- 

f l e c t e d  r f  power - up t o  f u l l  r e f l e c t i o n  - t o  be expected and i t  w i l l  n o t  be 

p o s s i b l e  t o  t r a n s f e r  a l l  o f  t h e  t r a n s m i t t e r  power t o  t h e  beam. This  r e s u l t s  i n  

reduced a c c e l e r a t i o n  g r a d i e n t s  and i n  was t ing  t h e  non t r a n s f e r a b l e  p a r t  o f  

gene ra to r  power t o  t h e  r e f l e c t i o n  absorbers .  

Match o f  Var iab le  Impedance 

In o r d e r  t o  avoid  t hose  d i sadvantages  o f  f i x e d  coupl ing  t h e r e  is an  u rgen t  

need f o r  v a r i a b l e  coupl ing  o f  high r f  power t o  a c c e l e r a t i o n  s t r u c t u r e s  w i th  

high beam load .  There a r e  p r i n c i p a l l y  two p o s s i b i l i t i e s  t o  r e a l i z e  v a r i a b l e  

coupl ing.  I t  can be done e i t h e r  mechanical ly  by change o f  t h e  main coup le r  

antenna o r  loop p o s i t i o n  i n  t h e  c a v i t y  o r  by microwave e l e c t r i c a l  t r a n s -  

formations i n  t h e  r f  feed  l i n e  of  t h e  c a v i t y  (Fig.  l''', Fig. 2).  

Fig.  1 Example o f  v a r i a b l e  coupler  f o r  low power 

Proceedings of the Fourth Workshop on RF Superconductivity, KEK, Tsukuba, Japan

SRF89G14



Fig.  2 Tunable  p l u n g e r  f o r  waveguide, t r a n s f o r m e r  

Both s o l u t i o n s  have a d v a n t a g e s  and d i s a d v a n t a g e s .  An a d v a n t a g e  of mechan ica l  

a n t e n n a  motion is t h a t  its r a n g e  o f  e x t e r n a l  4 change can  be v e r y  h i g h  w i t h o u t  

any s t a n d i n g  waves on t h e  f e e d i n g  l i n e  a f t e r  f i n d i n g  matched p o s i t i o n ,  A b i g  

d i s a d v a n t a g e  is  its v e r y  c r i t i c a l  c o n s t r u c t i o n  e s p e c i a l l y  i n  t h e  env i ronment  

of a  s u p e r c o n d u c t i n g  c a v i t y  and under  t h e  need f o r  v e r y  h i g h  power t r a n s f e r .  

A t  t h e  o t h e r  hand t r a n s f o r m e r s  i n  t h e  f e e d i n g  l i n e  between c a v i t y  and h i g h  

power t r a n s m i t t e r  are much s i m p l e r  i n  c o n s t r u c t i o n .  But  rf t r a n s f o r m a t i o n  

t e c h n i q u e s  a r e  based  on s t a n d i n g  wave h a n d l i n g  ( F i g .  3 ) .  

ELECTRICAL LENGTHS: d12:7S2 $23=107' $ load-Oat CAU I TY : 
LORD 
IMPEDANCE 

ADHITTANCES 
3.4121 8.4121 

STANDING SWRinp= StlR load= 
WAVE 1 
RAT1 0 

LINE 
IMPEDANCE 2 1 Z 1 Z 1 Z 1 

Fig.  3 Example o f  matching a l o a d  o f  5 * l i n e  impedance by 3 c a p a c i t i v e  
d e v i c e s  i n s i d e  a waveguide 
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There a r e  s t a n d i n g  waves i n s i d e  t h e  t r ans fo rmer  and on t h e  s e c t i o n  between 

c a v i t y  and t r ans fo rmer  i n  o r d e r  t o  r e a l i z e  a match s i t u a t i o n  towards t h e  

t r a n s m i t t e r  a t  t h e  i n p u t  p l a n e  o f  t h e  t ransformer .  

P h y s i c a l l y  t h e  s t a n d i n g  waves a r e  necessary  because t h e  i n p u t  coup le r  o f  t h e  

c a v i t y  w i l l  be set t o  a p r e s e l e c t e d  c o n s t a n t  e x t e r n a l  Q-value. The e x c i t a t i o n  

o f  s t a n d i n g  waves between t r ans fo rmer  and i n p u t  coup le r  r e s u l t s  i n  an  i n c r e a s e  

o f  forward power a t  t h e  coup le r  and consequent ly  a l s o  o f  i n p u t  power t o  t h e  

c a v i t y .  I n  t h e  matched case t h e  t r ans fo rma t ion  r a t i o  is chosen j u s t  s o  t h a t  

t h e  c a v i t y  i n p u t  power e q u a l s  t h e  g e n e r a t o r  forward power a t  t h e  t r ans fo rmer  .. . 
i npu t .  

The s t a n d i n g  wave r a t i o  g i v e s  r a i s e  t o  a d d i t i o n a l  l o s s e s  i n  t h e  t r ans fo rmer  

and on t h e  s e c t i o n  between t r ans fo rmer  and c a v i t y ,  These i n c r e a s e  w i th  t h e  

t r ans fo rma t ion  r a t i o .  I t  t u r n s  o u t  t h a t  t h e  maximum t r ans fo rma t ion  r a t i o  is 

l i m i t e d  by t h e  maximum t o l e r a b l e  l o s s e s  i n s i d e  t h e  s t a n d i n g  wave a r e a  i n -  

c l u d i n g  t h e  h igh  power coup le r .  Another l i m i t a t i o n  o f  h igh  t r a n s f o r m a t i o n  

r a t i o s  a r e  i n c r e a s i n g  mechanical p r e c i s i o n  requi rements  o f  t h e  t ransformer .  

For  t h e  HERA superconduct ing  c a v i t i e s  t h e  waveguide (WG) t r ans fo rmer  is chosen 

t o  s o l v e  t h e  problem o f  v a r i a b l e  coupl ing .  The t r a n s f o r m e r s  c o n s i s t  mainly o f  

a p a r t i t i o n  o f  WR 1800 waveguide c a v i t y  f eed  l i n e  w i th  s e v e r a l  c y l i n d r i c a l  
C21 p lunge r s  i n s i d e  (Fig.  4, Fig.  5). 

Fig.  4 Var i ab l e  waveguide t r ans fo rmer ,  p lunger  and clamp r i n g  

- 596 - 

Proceedings of the Fourth Workshop on RF Superconductivity, KEK, Tsukuba, Japan

SRF89G14



Operat ing Superconduct ing C a v i t i e s  v i a  Waveguide Transformers 
. . .  - " 8  

I<  % X  -. 7 , f i  ,;' 

Af te r  se1&3irig Oliecjuide tkansfo$rnkrs 'PO; mattihinb thb 'va'riabl'e 'impedance. o f  

t h e  superconduct ing  c a v i t i d s  kd t h e  :cdtihtant ' impid8"di. b f  %igh r f r  poluer 

f eed ing  l i n e  s e v e r a l  q u e s t i o n s  a r i s e .  The most impor tan t  q u e s t i o n s  a r e :  
-: What e x t e r n a l  Q-value has  t o  be s e l e c t e d  f o r  t h e  superbbndbct ing  '&d?ity. 

' ,  ,. . 
S ,  r i l  What a r e  t h e  l i m i t a t i o n s  for  ope ra t i oh?  ! '  ;!* -'. ' 

. - -.. Esl2&wi~$g cons' ib@mtlotis '  Bhd compl ta t iond  ' w i l l  ~dh&v&' thkke q " e ~ t i o n s .  F ig .  6 

shows t h e  b a s i c  c i r c u i t  diagram o f  t h e  set up. , . .:; 

. .' , COUPLERl S , .  

f 
l' ' 

GENEJMTOR " 

. 2  

I I , : ,  

Z 1 
' S  . I 2' ' $ ,  , 4-CELL SLF.BERi . L 

' l 

-. I t  : .  I $ 1 6  l 
: I  

I beam 

Fig. 6 Basic  set-up o f  c a v i t y  d r iven  by t r ans fo rmer  
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For hea t  loading o f  t h e  coupler  window i t  is important t o  know t h a t  t h e  

windows o f  t h e  DESY SC c a v i t i e s  a r e  placed i n  a vol tage  minimum i f  t h e  beam 

c u r r e n t  goes t o  zero. This w i l l  change i n t o  a vol tage  maximum i f  high beam 

c u r r e n t  causes u n d e r c r i t i c a l  coupling o f  t h e  cavi ty .  

Given parameters a r e  

f o r  t h e  cavi ty :  

n number of cells o f  t h e  c a v i t y  

L length  per c e l l  

Q0 
unloaded superconducting c a v i t y  q u a l i t y  f a c t o r  

R/Qo c h a r a c t e r i s t i c  impedance pe r  cell  

'accmax maximum allowed peak g rad ien t  (be fore  quench) 

f o r  t h e  coupler: 

P forwmax maximum forward power a t  t h e  coupler  (cryogenic + e l e c t r i c a l  design 

value) 

'norm = U / Z 1  unre f l ec ted  maximum forward power a t  t h e  window a s  a norm 
re fe rence  f o r  t h e  maximum vol tage  U norm 

f o r  t h e  transformer:  

'Tnlax maximum impedance t ransformat ion r a t i o  o f  t h e  transformer 

'Tmin minimum impedance t ransformat ion r a t i o  

f o r  t h e  machine current :  

I average c u r r e n t  of  t h e  bunches 

cP bunch passage phase a f t e r  c a v i t y  vo l t age  maximum (synchroneous phase 
angle)  

Variables : 

P = U*I t o t a l  power coupled t o  t h e  c a v i t y  which is coupled t o  t h e  beam 

under neglect ion o f  wa l l  l o s s e s  (only a few wat t s )  

W = 2*Vf c i r c u l a r  frequency of genera tor  

W c a v i t y  s t o r e d  energy 

Q0 
Q u a l i t y  f a c t o r  o f  c a v i t y  

A 

U peak a c c e l e r a t i o n  vol tage  of  c a v i t y  
A 

U = U *cos(v) a c t u a l  bunch a c c e l e r a t i o n  vol tage  

0 s tanding wave r a t i o ,  mismatch a t  window p o s i t i o n  
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Z l i n e  impedance 1 
U window v o l t a g e  f 
Din t r a n s f o r m e r  i n p u t  VSWR 

In t h e  f o l l o w i n g  p r o c e d u r e  a n  e x t e r n a l  Q-value  o f  t h e  c a v i t y  w i l l  b e  d e t e r -  

mined by s e l e c t i n g  a g i v e n  beam c u r r e n t  I and  a power t r a n s f e r  P t o  t h e  beam 
G 0 

a s  match c o n d i t i o n .  Based on t h i s  e x t e r n a l  P-value i t  w i l l  b e  t r i e d  t o  f i n d  a s  

a f u n c t i o n  o f  beam c u r r e n t  a l l  i m p o r t a n t  o p e r a t i o n  p a r a m e t e r s  l i k e :  

Power t r a n s f e r  t o  c a v i t y ,  peak a c c e l e r a t i o n  f i e l d ,  n o r m a l i z e d  window v o l t a g e ,  

window VSWR, c o u p l e r  fo rward  power,  t r a n s f o r m a t i o n  r a t i o ,  maximum a l l o w e d  o r  

p o s s i b l e  g e n e r a t o r  power. 

A t  t h e  same t i m e  i m p o r t a n t  l i m i t a t i o n s  l i k e  quench f i e l d  o f  t h e  c a v i t y ,  

maximum window v o l t a g e ,  maximum forward  c o u p l e r  power, maximum and minimum 

t r a n s f o r m a t i o n  r a t i o  s h o u l d  n o t  b e  exceeded.  

With 

t h e  e x t e r n a l  Q o f  t h e  c o u p l e r  is 

I t  c a n  be  shown t h a t  a f t e r  s e l e c t i o n  o f  Qext t h e  window v o l t a g e  is d e p e n d e n t  

o n l y  on t h e  beam c u r r e n t .  

From known r e l a t i o n s  
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we g e t  

With ( 8 )  t h e  r e s u l t  a t  beam c u r r e n t  I1 is 

The window v o l t a g e  U is independant  o f  cavi ty/beam power .P and canno t  be r e -  f  1 
duced by r e d u c t i o n  o f  g e n e r a t o r  power. 

The maximum c a v i t y  power is 

( 5 )  6 = P," .a, 

and t h e  co r r e sp on d i ng  peak f i e l d  is 

I f  t h i s  f i e l d  is t o o  h igh ,  t h e n  

From ( 1 )  and t h e  minimum v o l t a g e  p o s i t i o n  o f  t h e  window a t  low c u r r e n t s  t h e  

window s t a n d i n g  wave r a t i o  r e s u l t s  t o  be 

Th i s  e q u a t i o n  shows, t h a t  match w i l l  n o t  change i f  
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Corresponding t o  (3) t h i s  y i e l d s  t h e  coupler  forward power 

If t h i s  power i s  too  high, then P1 has t o  be recomputed w i t h  the  maximum 

al lowed value Pforwmax. This can be done by (3) ,  r e p l a c i n g  P by P1, D by B1 

and s o l v i n g  f o r  P 
1 : 

A f t e r  t h i s  Eaccl and B corresponding t o  (6),  ( 8 )  have t o  be recomputed. 1 
Wi th in  the  l i m i t s  o f  BTmax, ClTmin 

i s  v a l i d .  

Otherwise B i s  l i m i t e d  t o  be 
T 1 

This means t h a t  t h e  t ransformer r a t i o  within g iven l i m i t a t i o n s  compensates f o r  

mismatch R1. From (3) and Fig.  6 i t  i s  c1ear" that  

P g e n l =  4 .  ( l + p i n 1 2  

4 P i n  
i s  v a l i d .  

Now Bin has t o  be determined. 

I f  one takes f o r  example vo l tage  minima U (cu r ren t  i ) a t  t h e  i n p u t  s i d e  and 1 1 
u2 ( c u r r e n t  i 2 )  a t  t h e  c a v i t y  s i d e  o f  t h e  t ransformer,  then i n  t h e  matched 

case 

2  cavityimpedance = 3 
U'f l a t  window 

L 

The device between p o s i t i o n s  o f  U 
1 ' il and U ip i s  a l i n e a r  4-pole and i t  2 ' 

behaves l i k e  an i d e a l  t ransformer o f  vo l tage t rans fo rmat ion  r a t i o  ql. I t s  

cu r ren t  t ransformat ion r a t i o  i s  1 / r .  With an impedance B we get  (Fig. 6) T 1 1 
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(Rem.: A p p l i c a t i o n  o f  a wave parameter model computat ion leads t o  t h e  same 

r e s u l t .  ) 

This y i e l d s  under t h e  preceding c o n d i t i o n s  t h e  generator power 

Operat ing HERA Superconducting C a v i t i e s  v i a  Transformers 

Equations (1) t o  (12) a l l o w  a d e s c r i p t i o n  o f  t h e  system behaviour l i k e  shown 

i n  Fig.  7 ... 14. 

Here the  equations a re  evaluated f o r  t h e  HERA case: 

The e x t e r n a l  4 o f  t h e  main coupler  i s  chosen t o  be 2 E5. Th is  decides t h e  

r a t i o  o f  beam t r a n s f e r  power and t h e  corresponding square o f  beam c u r r e n t  

(r/QO=115 Ohms per c e l l ,  n=4, synchronous phase angle 39 degrees). Under 

s p e c i f i c a t i o n  of a maximum a v a i l a b l e  generator  power o f  100 kW Fig.  7 and Fig.  

13 show t h a t  a t  low cu r ren ts ,  up t o  30 mA t h e  generator power has t o  be 

l i m i t e d  f o r  2 reasons. 

The s p e c i f i e d  peak a c c e l e r a t i o n  f i e l d  should n o t  be exceeded (Fig. 8) i n  o rder  

t o  avo id  quenches. I n  a d d i t i o n  t h e  maximum forward power o f  t h e  coup ler  should 

n o t  be h igher  than  120 kW a t  h i g h  r e f l e c t i o n s  (Fig.  l, 10) because t h e  

cryogenic p a r t  o f  t h e  coupler  i s  l i m i t e d  i n  power d i s s i p a t i o n .  

The window SWR (Fig. 10) has t o  be compensated by t h e  t rans format ion  r a t i o  o f  

Fig. 12. But  t h e  t rans format ion  r a t i o  is l i m i t e d  t o  0.2 as lowest  and 5 as 

h ighes t  value. 

Fig. 7 shows t h e  peak g rad ien ts  which a r e  l i m i t e d  by t h e  a v a i l a b l e  r f  power a t  

h igher  cur rents .  For  r e a l  a c c e l e r a t i o n  t h e  synchronous phase angle o f  (here)  

39 degrees has t o  be taken i n t o  account. 

F ig.  9 shows t h e  normalized window voltage. The square o f  i t  i s  p r o p o r t i o n a l  

t o  t h e  hea t ing  o f  t h e  ceramic window by d i e l e c t r i c  losses. 

I t  was shown by computation t h a t  t h e  i n p u t  s tand ing wave and t h e  power f l o w  

i n t o  t h e  c a v i t y  a r e  compensating i n  such a way t h a t  t h e  window vo l tage i s  on l y  

dependent on beam c u r r e n t  and e x t e r n a l  Q-value s e t t i n g .  Hence l i m i t a t i o n  o f  

heat  l o a d  o f  t h e  window i s  o r ~ l y  poss ib le  by l i m i t i n g  t h e  beam cur rent .  
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FIG. 11 
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Fig. 14 shows the  powers which would be requ i red  t o  match t h e  c a v i t y  t o  t h e  

l i n e  a t  g iven e x t e r n a l  Q and beam load. 

Conclusions 

The s p e c i a l  match problem o f  h i g h  r f  i n p u t  power f o r  superconduct ing c a v i t i e s  

was described. It can be solved by a p p l i c a t i o n  o f  v a r i a b l e  WC t ransformers. 

The opera t ion  parameters o f  an rf system with use o f  t ransformers a r e  computed 

under n e g l e c t i o n  o f  t h e  c a v i t y  w a l l  losses and a p p l i e d  t o  t h e  HERA s i t u a t i o n .  

Comparison o f  F ig .  7, 14 shows t h a t  match can be r e a l i z e d  by t h e  t rans formers  

over a wide range o f  beam cur rent .  An impor tant  p recond i t i on  i s  proper cho ice  

o f  e x t e r n a l  Q. 
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