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1 .  I n t r o d u c t i o n  

The CERN R e s e a r c h  and Development Programme on supe rconduc t ing  
RF c a v i t i e s  is  p lanned  t o  cu lmina te  i n  a  t e s t  of a  s i g n i f i c a n t  
number of s u c h  c a v i t i e s  i n  LEP immediately  a f t e r  s t a r t - u p  of t h e  
machine w i t h  c l a s s i c a l  copper  c a v i t i e s .  My i n t e n t i o n  i s  t o  
summarize work on c r y o g e n i c s  i n  c o n n e c t i o n  w i t h  t h e  t e s t .  T h i s  work 
i s  c u r r e n t l y  unde r  way a t  CERN and i n  i n d u s t r y  and mainly concerned 
w i t h  t h e  development  o f  a  powerful  b u t  compact r e f r i g e r a t o r  s u i t a b l e  
f o r  i n s t a l l a t i o n  i n  t h e  LEP t u n n e l  and w i t h  t h e  d e s i g n  of  c r y o s t a t s  
f o r  t h e  c a v i t i e s .  My c o l l e g u e s  and I a r e  f u l l y  aware of t h e  f a c t  
t h a t  i n t e n s i v e  work w i l l  be r e q u i r e d  i n  t h e  n e a r  f u t u r e  by many 
o t h e r  c r y o g e n i c  problems,  abou t  which I w i l l  n o t  t a l k  now because 
our  view on them i s  n o t  y e t  s u f f i c i e n t l y  c l e a r .  W e  a r e . c o n f i d e n t  
t h a t  t h e y  c a n  be s o l v e d  i n  due c o u r s e .  Thus t h e  problems of  
compres so r s ,  of t r a n s f e r  l i n e s ,  of hel ium s t o r a g e  and p u r i f i c a t i o n  
and o f  emergency s i t u a t i o n s ,  e . g .  s a f e  hel ium d i s c h a r g e  i n  c a s e  of 
sudden  h e a t  s u r g e s ,  a r e  n o t  d i s c u s s e d .  

2 .  Compact r e f r i a e r a t o r  

The p e o p l e  ma in ly  invo lved  i n  t h e  development of  t h e  r e f r i g e r a t o r  
c o n c e p t  w e r e  F . B i r c h l e r ,  M.Fi r th ,  M.Morpurgo, F.Schmeissner  and 
m y s e l f .  W e  s t a r t e d  f rom t h e  assumpt ion  t h a t  t h e  r e f r i g e r a t o r  c o l d  
boxes w i l l  be i n s t a l l e d  i n  t h e  k l y s t r o n  t u n n e l s  a d j a c e n t  t o  t h e  beam 
t u n n e l  s t r a i g h t  s e c t i o n s  ( ' R F  t u n n e l s ' )  i n  which t h e  supe rconduc t ing  
c a v i t i e s  a r e  l o c a t e d ,  wh i l e  t h e  compressors  w i l l  be housed a t  ground 
l e v e l .  An a l t e r n a t i v e  i n s t a l l a t i o n  of t h e  c o l d  boxes a t  ground 
l e v e l  i s  w o r t h  c o n s i d e r a t i o n ,  b u t  thermodynamic, t e c h n i c a l  and 
economic problems of  t h e  complex t r a n s f e r  l i n e  sys tem t h e n  r e q u i r e d  
a r e  v e r y  s e r i o u s .  

I n  t h e  f o l l o w i n g ,  t h e  t e r m  ' r e f r i g e r a t o r '  i s  meant t o  d e s i g n  t h e  
r e f r i g e r a t o r  components l o c a t e d  underground,  e s s e n t i a l l y  t h e  c o l d  
b o x ( e s 1  and a n c i l l a r y  equipment .  

The t o p o l o g y  o f  t h e  LEP RF and k l y s t r o n  t u n n e l s  i s  shown i n  F ig .1 .  
Each RF s t a t i o n  compr ises  s even  ' h a l f  c e l l s '  ( s e c t i o n s  between 
q u a d r u p o l e s )  o f  t h e  machine l a t t i c e .  Four of  them w i l l  be used f o r  
copper  c a v i t i e s ,  one might  be used l a t e r  on f o r  a  h i g h e r  harmonic R F  
sys tem,  and two h a l f  c e l l s  ( t h e  ones  c l o s e s t  t o  t h e  beam 
i n t e r s e c t i o n  p o i n t  i n  t h e  e x p e r i m e n t a l  h a l l )  a r e  r e s e r v e d  f o r  t h e  
i n s t a l l a t i o n  o f  supe rconduc t ing  c a v i t i e s .  The k l y s t r o n  t u n n e l s  a r e  
s i z e d  f o r  i n s t a l l a t i o n  of one k l y s t r o n  and c i r c u l a t o r  pe r  h a l f  c e l l ;  
i n  f a c t ,  i n  the c a s e  of copper  c a v i t i e s  e a c h  p a i r  of h a l f  c e l l s  w i l l  
have a  common RF supp ly  i n v o l v i n g  two k l y s t r o n s .  I n  t h e  c a s e  of  
s u p e r c o n d u c t i n g  c a v i t i e s ,  on ly  one k l y s t r o n  p e r  two h a l f  c e l l s  i s  
n e c e s s a r y .  The s p a c e  t h u s  f r e e d  i s  a v a i l a b l e  f o r  t h e  i n s t a l l a t i o n  
of  t h e  r e f r i g e r a t o r .  It i s  a lmos t  i n d i s p e n s a b l e  t o  have one common 
r e f r i g e r a t o r  f o r  a l l  supe rconduc t ing  c a v i t i e s  l o c a t e d  i n  t h e  two 
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h a l f  c e l l s ,  i . e .  f o r  up t o  16 f o u r - c e l l  c a v i t i e s .  T h i s  
r e f r i g e r a t o r  would have  t o  be i n s t a l l e d  i n  a t u n n e l  s e c t i o n  16.6 m 
l o n g ,  w i t h  a  l i m i t a t i o n  i n  h e i g h t  g i v e n  by t h e  d i a m e t e r  of t h e  
k l y s t r o n  t u n n e l  and by t h e  t h e  wave g u i d e s  i n s t a l l e d  i n  i t  ( s e e  
F i g . 2  and F i g . 3 ) .  T r a n s p o r t  r e q u i r e m e n t s  ( a c c e s s  t o  t h e  t u n n e l  
t h r o u g h  a v e r t i c a l  s h a f t  6  m l o n g  X 2  m w ide )  f u r t h e r  l i m i t  t h e  s i z e  
o f  a l l  components  t o  be  i n t r o d u c e d  i n t o  t h e  t u n n e l .  

The r e q u i r e d  c o o l i n g  c a p a c i t y  o f  one  r e f r i g e r a t o r  w i l l  be o f  t h e  
o r d e r  o f  s e v e r a l  k i l o w a t t s .  The p r e c i s e  v a l u e  depends  n o t  o n l y  on 
t h e  a c c e l e r a t i n g  f i e l d  ( s q u a r e  l a w ) ,  b u t  a l s o  on  t h e  q u a l i t y  ( ' Q ' )  
f a c t o r  o f  t h e  c a v i t y ,  u h i c h  i t s e l f  i s  f i e l d  d e p e n d e n t .  F i g . 4  shows,  
f o r  v a r i o u s  z e r o - f i e l d  Q f a c t o r s  and f o r  a  t y p i c a l  f i e l d  dependence  
o f  Q on t h e  a c c e l e r a t i n g  f i e l d  ba sed  on  measurements ,  t h e  dynamic 
h e a t  l o a d  o f  16 f o u r - c e l l  c a v i t i e s  i n  f u n c t i o n  o f  t h e  f i e l d .  I f  t h e  
z e r o - f i e l d  Q v a l u e  i s  1*10**9, t h e  dynamic h e a t  l o a d  i s  a b o u t  4 kW 
a t  5  M V / m .  With  a  z e r o - f i e l d  Q v a l u e  o f  3*10**9 ( r e p e a t e d l y  
measured a t  350 M H z  c a v i t i e s ) ,  a f i e l d  o f  8  M V / m  would be p o s s i b l e  
a t  r o u g h l y  t h e  same dynamic h e a t  l o a d  ( 4 . 4  kW). Tak ing  i n t o  a c c o u n t  
t h e  need t o  c o p e  w i t h  a d d i t i o n a l  s t a t i c  h e a t  l o a d s  and t o  have  some 
s a f e t y  marg in  f o r  o p e r a t i o n a l  conven i ence  unde r  t e s t  c o n d i t i o n s ,  i t  
was conc l uded  t h a t  a c o o l i n g  c a p a c i t y  o f  t h e  o r d e r  o f  6 kW would be 
d e s i r a b l e  f o r  t h e  c o o l i n g  o f  two h a l f  c e l l s  f u l l y  equ ipped  w i t h  
s u p e r c o n d u c t i n g  c a v i t i e s .  

The s p a c e  a v a i l a b l e  i n  t h e  k l y s t r o n  t u n n e l ,  however ,  a p p e a r e d  n o t  t o  
be  s u f f i c i e n t  f o r  t h e  i n s t a l l a t i o n  o f  t h i s  c o o l i n g  c a p a c i t y  i n  form 
of r e f r i g e r a t o r s  o f  c o n v e n t i o n a l  d e s i g n .  For  r e f e r e n c e ,  it may be 
s t a t e d  t h a t  t h e  BEBC he l i um  r e f r i g e r a t o r ,  t h e  l a r g e s t  r e f r i g e r a t o r  
p z e s e n t l y  i n  o p e r a t i o n  a t  C E R N ,  h a s  a  c a p a c i t y  r o u g h l y  e q u i v a l e n t  t o  
3 kW a t  4 . 5  K and  measu re s  5 . 5  m i n  l e n g t h  ( 9  m r e q u i r e d  f o r  
d i s m a n t l i n g ) ,  2 . 1  m i n  d i a m e t e r  and 4.0 m i n  h e i g h t  ( +  0 . 8  m f o r  
s e r v i c i n g ) .  O t h e r  known e x i s t i n g  r e f r i g e r a t o r s  a t  C E R N  and 
e l s e w h e r e  a r e  o f  s i m i l a r  compac tne s s .  Thus i t  appea red  d o u b t f u l  
whe the r ,  f o r  want  o f  s p a c e ,  more t h a n  a b o u t  1  t o  2  kW c o u l d  be 
accomodated i n  t h e  t u n n e l .  

An optimum c o o l i n g  t e m p e r a t u r e  o f  a b o u t  1 . 5  K was t a c i t l y  assumed. 
T h i s  c h o i c e  r e s u l t s  n o t  o n l y  f rom o p e r a t i o n a l  a rguments  ( p rob l ems  o f  
a i r  l e a k a g e  i n t o  components o p e r a t e d  a t  s u b a t m o s p h e r i c  p r e s s u r e ) ,  
b u t  a l s o  f rom compac tne s s  c o n s i d e r a t i o n s  ( l a r g e  c r o s s  s e c t i o n  
r e q u i r e d  f o r  h e a t  exchange r  p a s s a g e s  a t  low p r e s s u r e ) .  

I n  o r d e r  t o  i d e n t i f y  t h e  main f a c t o r s  g o v e r n i n g  t h e  compac tness  o f  a 
r e f r i g e r a t o r  and  t o  d e t e r m i n e  which c o n c e p t u a l  changes ,  new 
component deve lopmen t s  and c o n c e s s i o n s  on t r a d i t i o n a l  r e q u i r e m e n t s  
c o u l d  l e a d  t o  s m a l l e r  s i z e ,  CERN h a s  app roached  t h r e e  f i r m s  
s p e c i a l i z e d  i n  t h e  c o n s t r u c t i o n  o f  low t e m p e r a t u r e  r e f r i g e r a t o r s  
( ~ ' ~ i r  L i q u i d e / F r a n c e ,  LindeIGermany and S u l z e r / S w i t z e r l a n d )  t o  
s t u d y  p o s s i b i l i t i e s  f o r  i n s t a l l a t i o n  o f  maximum c o o l i n g  power i n  t h e  
g i v e n  s p a c e .  These  s t u d i e s  are p r e s e n t l y  u n d e r  way. 

Al though  i t  i s  c e r t a i n l y  p r e m a t u r e  t o  draw c o n c l u s i o n s ,  some 
p r e l i m i n a r y  s t a t e m e n t s  c a n  be  made. 

( a )  The s i z e  o f  t h e  r e f r i g e r a t o r  i s  d e t e r m i n e d  by t h e  s i z e  and 
number o f  t h e  h e a t  e x c h a n g e r s  and by t h e  c o m p l e x i t y  o f  t h e  
p l a n t  ( i n t e r n a l  p i p i n g ,  v a l v e s  e t c . ) .  
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b )  Some g a i n  on t h e  s i z e  o f  t h e  h e a t  e x c h a n g e r s  may be p o s s i b l e  b y  
c a r e f u l  a n a l y s i s  o f  e n t r o p y  p r o d u c t i o n ,  b u t  g e n e z a l l y  
t r a d i t i o n a l  h e a t  exch ange r  s p e c i f i c a t i o n s ,  a s  r e g a r d s  
t e m p e r a t u r e  d i f f e r e n t i a l s ,  seem t o  b e  c l o s e  t o  optimum. (An 
i n c r e a s e  o f  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  a c r o s s  a  h e a t  
e x c h a n g e r  h a s  t h e  a m b i v a l e n t  consequence  o f  d i r e c t l y  r e d u c i n g  
t h e  h e a t  e x c h a n g e r  s i z e  b e c a u s e  less h e a t  exchange  s u r f a c e  i s  
r e q u i r e d  and' o f  i n d i r e c t l y  i n c r e a s i n g  i t  because  a  h i g h e r  g a s  
f l o w  i s  needed  t o  compensa te  f o r  t h e  r educed  p l a n t  e f f i c i e n c y ;  
i n  optimum d e s i g n  t h e  two e f f e c t s  a r e  b a l a n c e d . )  

( c )  A 1 1  f i r m s  assumed t h a t  a c y c l e  w i t h  two e x p a n s i o n  t u r b i n e s  f o r  
p r e c o o l i n g  and a  t h i r d  one  i n s t e a d  o f  t h e  c l a s s i c a l  
Joule-Thomson v a l v e  would be o p t i m a l ;  a p l a n t  w i t h  more t h a n  
t h r e e  t u r b i n e s  m igh t  be  somewhat more e f f i c i e n t ,  b u t  would be 
less compact  due t o  i n c r e a s e d  c o m p l e x i t y .  

Cd) A l l  f i r m s  c o n s i d e r e d  t h a t  s e p a r a t e  r o u t i n g  o f  low p r e s s u r e  g a s  
f rom t h e  l o a d  and low p r e s s u r e  g a s  f rom t h e  t u r b i n e s  would n o t  
l e a d  t o  a more compact  p l a n t  b e c a u s e  o f  i t s  i n c x e a s e d  
a o m p l e x i t y .  

( e )  C o n s i d e t a b l e  g a i n  i n  compac tness  is  p o s s i b l e  by c a r e f u l  l a y o u t  
o f  p ipework ,  v a l v e s  and a u x i l i a r y  components and by s p e c i a l  
d e s i g n  o f  t h e  h e a t  e x c h a n g e r  h e a d e r s .  

f) Drawbacks o f  compact  d e s i g n  a r e  zeduced p o s s i b i l i t i e s  f o r  
s u b s e q u e n t  a d a p t a t i o n  o r  f u r t h e r  deve lopment  o f  a  t a i l o r - m a d e  
p l a n t  and p o s s i b l e  c o m p l i c a t i o n  o f  a s s emb ly ,  ma in t enance  and 
r e p a i r  work,  hence  h i g h e r  r e q u i r e m e n t s  on  t e s t i n g  p r i o r  t o  
a s s emb ly  and  on r e l i a b i l i t y  o f  c e r t a i n  components .  These  
d rawbacks  are t h e  r e a s o n  why compac tness  i s  n o t  u s u a l l y  pushed 
t o  e x t r e m e s  i n  c o n v e n t i o n a l  x e f r i g e r a t o r s .  

( g )  E x p l o i t i n g  a l l  s p a c e  s a v i n g  p o s s i b i l i t i e s ,  one migh t  a r r i v e  a t  
a c o o l i n g  c a p a c i t y  o f  3 t o  5 kW i n s t a l l e d  i n  a h o r i z o n t a l  c o l d  
box 5 .6  m l o n g ,  1.8 m wide and n o t  much h i g h e r  t h a n  2 m ,  i . e .  
a box t h a t  w i l l  p a s s  t h r o u g h  t h e  a c c e s s  s h a f t  i n  one p i e c e  i n  
no rma l  h o r i z o n t a l  o r i e n t a t i o n .  For  h i g h e r  c o o l i n g  c a p a c i t i e s  
e i t h e r  a s p e c i a l  c o l d  box d e s i g n  s u i t a b l e  f o r  v e r t i c a l  
t r a n s p o r t  o r  a double-box l a y o u t  f o r  t h e  p l a n t  o r  a  c o l d  box 
f i n a l l y  a s s emb led  i n  t h e  t u n n e l  c o u l d  be c o n s i d e r e d ;  i n  t h i s  
c a s e ,  i t  s h o u l d  e v e n  be p o s s i b l e  t o  exceed  6 kW a t  4 . 5  K .  

( h )  The c o o l i n g  c a p a c i t y  depends  s t r o n g l y  on t h e  c r o s s  s e c t i o n  o f  
t h e  c o l d  box.  A r e d u c t i o n  o f  t h e  c o l d  box w i d t h  f rom 1 .8  m t o  
1.5  m ( i . e .  by 17%) migh t  r e d u c e  t h e  c o o l i n g  c a p a c i t y  t o  h a l f  
o f  i t s  v a l u e  o r  less.  

C r y o s t a t s  f o r  t h e  s u p e r c o n d u c t i n g  c a v i t i e s  are b e i n g  deve loped  a l o n g  
two complementa ry  l i n e s .  

One c r y o s t a t  t y p e ,  w i t h  a n  a l l - w e l d e d  h e l i u m  v e s s e l ,  g i v e s  t o p  
p r i o r i t y  t o  e x t r e m e  s t r u c t u r a l  r e l i a b i l i t y .  The o t h e r  one ,  w i t h  a  
b o l t e d  h e l i u m  v e s s e l  and a  r a t h e r  non -con fo rmi s t  vacuum t a n k ,  i s  
o p t i m i z e d  f o r  e a s y  a c c e s s  t o  t h e  c o l d  components o f  t h e  sy s t em i n  
view o f  p r o g r e s s i v e  a d j u s t m e n t s  and m o d i f i c a t i o n s ;  i t  a l l o w s  f o r  
p a r t i a l  d i s m a n t l i n g  and r e a s s e m b l y  i n  s i t u .  
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Presumably t h e  a d v a n t a g e s  o f  t h e  welded c r y o s t a t  w i l l  become 
dominan t  i n  t h e  f i n a l  phase  o f  t h e  c a v i t y  programme* when t h e  c a v i t y  
and i t s  a n c i l l a r y  c o l d  equ ipmen t  have  r e a c h e d  t h e i r  d e f i n i t e  s t a t e  
and t h e  need  f o r  a d j u s t m e n t  and m o d i f i c a t i o n s  d i s a p p e a r s ,  w h i l e  t h e  
b o l t e d  c r y o s t a t  may have  d e c i s i v e  a d v a n t a g e s  i n  i n i t i a l  deve lopment  
p h a s e s .  

F i g . 5 .  showing a c r y o s t a t  d e v e l o p e d  by W.K.Erdt, w i t h  a f l a n g e d  
vacuum t a n k  and a n  a l l - w e l d e d  h e l i u m  v e s s e l .  i s  a n  e n l a r g e d  v i e w  o f  
h a l f  o f  one  o f  t h e  t w i n  c r y o s t a t s  a p p e a r i n g  a t  t h e  bo t tom o f  F i g . 1 .  
The i n s e r t s  i n d i c a t e  how t h e  d i s a s s e m b l y  problem i s  s o l v e d  by 
p r o v i d i n g  e x t e n d e d  s l e e v e s  f o r  we ld ing ,  which c a n  be  c u t  i f  
n e c e s s a r y  by means o f  a s p e c i a l  t i n - o p e n e r  t y p e  t o o l .  A welded 
j o i n t  c a n  t h u s  be remade s eve ra l  ( a b o u t  t e n )  t i m e s  i f  n e c e s s a r y .  

F i g . 6  shows a n  e x p e r i m e n t a l  c r y o s t a t  p r e s e n t l y  u n d e r  c o n s t r u c t i o n ,  
d e s i g n e d  a l o n g  t h e s e  p r i n c i p l e s .  

F i g . 7  and F i g . 8  are exp loded  v iews  o f  t h e  vacuum and t h e  he l i um t a n k  
o f  a b o l t e d  c r y o s t a t  deve loped  by R . G . S t i e r l i n .  The vacuum t a n k  h a s  
a removable  s i d e  w a l l  c o n s i s t i n g  o f  a 1.5 mm t h i c k  s t a i n l e s s  s t e e l  
s k i n  s u p p o r t e d  by r e i n f o r c e m e n t  s h e l l s  and r i b s  b o l t e d  t o  t h e  t a n k  
f r ame  and bo t tom b a r .  The main seal  i s  a r u b b e r  g a s k e t  a l o n g  t h e  
edge  o f  t h e  s e a l i n g  s k i n .  The l a r g e  a p e r t u r e  a t  t h e  t o p  i s  d e s i g n e d  
f o r  a n  e x p e r i m e n t a l  programme o f  maximum f l e x i b i l i t y .  The b o l t e d  
he l i um t a n k  i s  shown i n  F i g . 8 ;  s e a l i n g  i s  a c h i e v e d  by means o f  l e a d  
which resists t o  t h e  h i g h  t e m p e r a t u r e s  t o  which t h e  t a n k  w i l l  be  
s u b j e c t e d  d u r i n g  t h e r m a l  t r e a t m e n t  o f  t h e  c a v i t y .  Aluminium i s  
l a r g e l y  u sed  i n s t e a d  o f  s t a i n l e s s  s t e e l  b o t h  a t  t h e  vacuum and t h e  
he l i um t a n k .  and t h e  d e s i g n  a v o i d s  l a r g e  machined f l a n g e s  f o r  
r e a s o n s  o f  c o s t  s a v i n g .  A pho tog raph  o f  t h e  b o l t e d  c r y o s t a t  w h i l e  
b e i n g  assembled  i s  shown i n  F ig .9 .  
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Fig.1:  Topology o f  t h e  LEP RF and k l y s t r o n  t u n n e l s .  Copper c a v i t i e s  
a r e  i n s t a l l e d  i n  t h e  f o u r  h a l f - c e l l s  of t h e  machine l a t t i c e  
between quadrupo le  magnets Qs7  and Q s l l .  I n s t a l l a t i o n  of  
s u p e r c o n d u c t i n g  c a v i t i e s  is  e n v i s a g e d  i n  t h e  two h a l f - c e l l s  
between q u a d r u p o l e s  Qs4  and Qs6 .  A t  t h e  bottom of t h e  
f i g u r e ,  a  l o n g i t u d i n a l  s e c t i o n  shows one h a l f - c e l l  of t h e  
RF t u n n e l ,  equ ipped  w i t h  e i g h t  s u p e r c o n d u c t i n g  f o u r - c e l l  
c a v i t i e s .  The c a v i t i e s  a r e  i n s t a l l e d  i n  f o u r  t w i n  c r y o s t a t s  
a s  d e s c r i b e d  i n  s e c t i o n  3. 

F ig .2 :  V i e w  i n t o  a  LEP k l y s t r o n  g a l l e r y .  A s t r i p  of 16.6 m l e n g t h  
i s  a v a i l a b l e  f o r  t h e  i n s t a l l a t i o n  o f  t h e  r e f r i g e r a t o r  c o l d  
box and a n c i l l a r y  equipment .  The l i n e s  e x t e n d i n g  t o  t h e  l e f t  
a r e  wave-guides f e e d i n g  t h e  s u p e r c o n d u c t i n g  c a v i t i e s  i n  t h e  
RF t u n n e l ,  l o c a t e d  a b o u t  9  meters l e f t  of t h e  k l y s t r o n  
t u n n e l .  

F ig .3 :  Cross  s e c t i o n  t h r o u g h  k l y s t r o n  t u n n e l  showing s p a c e  a v a i l a b l e  
f o r  r e f r i g e r a t o r  c o l d  box. 

F ig .4 :  Dynamic h e a t  l o a d  o f  16 s u p e r c o n d u c t i n g  f o u r - c e l l  c a v i t i e s  
( i .e .  two f u l l y  equipped  h a l f - c e l l s  o f  t h e  l a t t i c e )  i n  
f u n c t i o n  o f  a c c e l e r a t i n g  f i e l d  and q u a l i t y  f a c t o r  Q .  Q i s  
f i e l d - d e p e n d e n t ;  t h e  g r a p h s  a r e  based on t y p i c a l  
measurements .  

F ig .5 :  Design o f  a c r y o s t a t  w i t h  a l l -we lded  he l ium v e s s e l  ( r i g h t  
h a l f  o f  one o f  t h e  t w i n  c r y o s t a t s  shown a t  t h e  bot tom of 
F i g . 2 ) .  

F ig .6 :  H o r i z o n t a l  t e s t  c x y o s t a t  p r e s e n t l y  under  c o n s t r u c t i o n ,  u s i n g  
a l l -we lded  d e s i g n ,  a s  i n d i c a t e d  i n  F ig .5 ,  f o r  t h e  he l ium 
v e s s e l .  

F ig .7 :  Vacuum t a n k  f o r  c r y o s t a t  o f  b o l t e d  d e s i g n  ( s c h e m a t i c ) .  

F ig .8 :  Helium v e s s e l  f o r  c r y o s t a t  o f  b o l t e d  d e s i g n ,  t o  be i n s t a l l e d  
i n  t h e  vacuum t a n k  shown i n  F ig .7  ( s c h e m a t i c ) .  

F ig .9 :  Photograph  of b o l t e d  c r y o s t a t  components (he l ium t a n k  a t  t h e  
l e f t ,  vacuum t a n k  a t  t h e  r i g h t ) .  
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Accelerat ing f i e l d  E (MV/m)  

Fig. 4 
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