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A b s t ra c t

I t  has been demonstra ted  i n  low  power t e s t s  t h a t  the  q u a l i t y  f a c t o r r Q o f  a 
m icrowave c a v i t y  made o f  copper i s  g r e a t l y  in c r e a s e d  by re d u c in g  the  o p e r a t in g  
tem pe ra tu re  to  th a t  o f  l i q u i d  n i t r o g e n .  R e c e n t ly ,  two S-band c a v i t i e s  o f  
d i f f e r e n t  g e om e t r ie s  were t e s t e d  a t  l i q u i d  n i t r o g e n  tem pe ra tu re .  The 
e x p e r im e n ta l  r e s u l t s  show t h a t  the  in c r e a s e  i n  Q a t low  tem pe ra tu re  was much 
l e s s  a t  h ig h  power l e v e l s  than  a t  low  power l e v e l s .  Furtherm ore , Q i s  a 
f u n c t i o n  o f  the  peak power o f  the  m icrowave p u l s e ,  r a th e r  than  the  ave rage  
power l e v e l .  In  t h i s  p ape r ,  th e se  e x p e r im e n ta l  r e s u l t s  a re  p re s en te d ,  and 
p o s s i b l e  methods f o r  o p t im iz in g  the  c a v i t y  geometry and p ro c e s s in g  to  m in im iz e  
t h i s  e f f e c t  a re  d is c u s s e d .

I n t r o d u c t io n

The o bv io u s  a d van tage s  o f  the  use o f  s u p e rco n d u c t in g  m a t e r i a l s  in  p a r t i c l e  
a c c e l e r a t o r s  have been e x p lo re d  e x t e n s i v e l y  over the p a s t  25 y e a r s l / 2 .
However, the  co s t  o f  c o n s t r u c t in g  and o p e r a t in g  the  r e f r i g e r a t i o n  systems 
n e c e s s a ry  to m a in t a in  the low  tem pe ra tu re s  r e q u i r e d ^ / 4 l i m i t s  c o n s id e r a t i o n  
o f  t h i s  approach  to  l a r g e ,  w e l l - fu n d e d  re s e a rc h  p r o j e c t s ，

An a l t e r n a t i v e  worthy  o f  i n v e s t i g a t i o n  i s  a c c e l e r a t o r s  c o n s t ru c te d  o f  
c o n v e n t io n a l  m a t e r i a l s ,  o p e r a t in g  a t  tem pe ra tu re s  a t t a i n a b l e  w i t h  more 
c o n v e n t io n a l  r e f r i g e r a t i o n  systems o f  moderate c o s t . The c o n d u c t i v i t y  o f  the  
m e ta ls  s u i t a b l e  f o r  use in  a c c e l e r a t o r s  in c r e a s e s  a t  low  t e m p e ra tu r e s • 
T h e re fo r e  the  e f f i c i e n c y  o f  a g u id e  s t r u c t u r e  c o n s t ru c te d  o f  c o p p e r f f o r  
in s t a n c e ,  can be in c r e a s e d  by re d u c in g  i t s  o p e r a t in g  temperature*

The m icrowave s u r f a c e  r e s i s t i v i t y  o f  OFHC copper d e c re a se s  by a f a c t o r  o f  2.6 
a t  the tem pe ra tu re  o f  l i q u i d  n i t r o g e n  (-197°c)5 . C on s id e r in g  the 
a v a i l a b i l i t y  o f  t h i s  r e f r i g e r a n t  and the  modest c o s t  o f  packaged c ry o g e n ic  
systems c a p ab le  o f  m a in t a in i n g  t h i s  t em pe ra tu re ,  one m igh t expect th a t  an 
a c c e l e r a t o r  system  o p e r a t in g  under the se  c o n d i t io n s  wou ld  prove  advan tageous  
f o r  some a p p l i c a t i o n s .  In  p a r t i c u la r , ,  in  s i t u a t i o n s  where the  space a v a i l a b l e  
f o r  the a c c e l e r a t o r  s t r u c t u r e  i s  l i m i t e d f or where th e re  i s  a l i m i t a t i o n  on 
the  RF power a v a i l a b l e ,  t h i s  m igh t be c o n s id e re d .

In  o rd e r  to  e v a lu a t e  the  a d van ta ge s  and p rob lem s a s s o c i a t e d  w i t h  a system  
o p e r a t in g  a t  l i q u i d  n i t r o g e n  tem pe ra tu re ,  a l im i t e d  i n v e s t i g a t i o n  was 
unde rtaken  a t  V a r ia n  w i t h  the  f o l l o w i n g  two o b j e c t i v e s : f i r s t ,  to  e s t a b l i s h
the  f e a s i b i l i t y  o f  o p e r a t in g  an a c c e l e r a t o r  s t r u c t u r e  a t  -197°Cf and second, 
to  d e te rm in e  what ad van tage s  m igh t  be r e a l i z e d  w i t h  re sp ec t  to  s i z e  or power 
in p u t  r e q u ir em en ts .



E x p e r im e n t a l  S tu d y

Low Power Tests

P r e l im in a r y  t e s t s  w i t h  a s im p le  c y l i n d r i c a l  T M q i o  c a v i t y  o f  OFHC copper a t  
s e v e r a l  tem pe ra tu re s  v e r i f i e d  the  Q - fa c to r  improvement p r e d ic t e d  by 
Benard e t  a l 5 f as  shown in  F ig u re  1 . S i m i l a r l y f a tw o - c a v ity  s id e - c o u p le d  
a c c e l e r a t o r  s t r u c t u r e  dem onstra ted  a Q f a c t o r  enhancement o f  2 .7  a t  l i q u i d  
n i t r o g e n  tem pe ra tu re .  The re son an t  fr e q u en c y  in c r e a s e d  from  2987 MHz a t  room 
tem pe ra tu re  to  2997 MHz a t  l i q u i d  n i t r o g e n  tem pe ra tu re .

H iqh _P ow e r _T es ts

A t h r e e - c a v i t y  s id e - c o u p le d  s t r u c t u r e  was c o n s t r u c te d  f o r  h igh-power t e s t s  
(F ig u r e  2 ) .  I t  was f i t t e d  w i t h  a WR-284 r e c t a n g u l a r  wavegu ide  in p u t ,  w h ich  
in c lu d e s  a s e c t io n  o f  s i l v e r - p l a t e d  s t a i n l e s s  s t e e l  to  m in im iz e  heat 

c o ndu c t io n  th rough  the  copper wavegu ide  to  the  c oo le d  a c c e l e r a t o r  s t r u c t u r e .  
Measurements on t h i s  s t r u c t u r e  a t  low  power i n d i c a t e d  a Q f a c t o r  o f  14,500 a t  
room tem pe ra tu re ^  wh ich  in c r e a s e d  to  40,500 a t l i q u i d  n i t r o g e n  tem pe ra tu re  一 
an enhancement f a c t o r  g r e a t e r  than  2 .7 .

T h is  s t r u c t u r e  was then  o pe ra ted  a t  l i q u i d  n i t r o g e n  tem pe ra tu re  w i t h  an EEV 
type  M5193 S-band magnetron as an RF s o u r c e • The peak r f  p u ls e  power from  the  
magnetron was v a r i a b l e  f rom  0.2 to  2.8  MW by c h ang in g  the  anode v o l t a g e  and 
m agne t ic  f i e l d .  The ave rage  power was a l t e r e d  by v a r y in g  the  p u ls e  r e p e t i t i o n  
r a t e  between 35 and 300 pps and the  r f  p u ls e  w id th  between 2.4 and 4 .5  u s . 
R e s u l t s  o f  the  t e s t s  a re  shown in  F ig u re  3, i n  wh ich  the  in p u t  VSWR i s  p lo t t e d  
as a f u n c t i o n  o f  peak and ave rage  power d e l i v e r e d  to  the  s t r u c t u r e 。 （The VSWR 
i s  a f u n c t i o n  o f  the  Q f a c t o r ; the c o u p l in g  i r i s  was d e s ig n ed  to  match the  
in p u t  w avegu ide  f o r  a re s o n a to r  Q o f  4 0 ,5 0 0 . )

As in d i c a t e d  in  F ig u re  3, the  Q f a c t o r  d e c re a s e s  w i t h  peak RF power, but a t  a 

p a r t i c u l a r  peak power i t  i s  no t  a f u n c t i o n  o f  the  ave rage  p ow e r • A 
c y l i n d r i c a l  p i l l b o x  r e s o n a to r  o p e r a t in g  i n  the  TMq^q mode was c o n s t r u c te d  
f o r  h igh-power o p e r a t io n  to  d e te rm in e  whether t h i s  b e h av io u r  i s  due to  an 
e l e c t r i c  or m agne t ic  h i g h - f i e l d  e f f e c t .  The c h a r a c t e r i s t i c s  o f  t h i s  r e s o n a to r  
a re  compared w i t h  th o se  o f  the  s id e - c o u p le d  a c c e l e r a t i n g  s t r u c t u r e  i n  T ab le  
! •  As seen h e r e ， the  v a lu e  o f  Ep/EQ f o r  the  p i l l b o x  i s  1 .6 ,  compared to  
7m8 f o r  the  a c c e l e r a t i n g  s t r u c tu r e *  On the  o th e r  hand, the  r a t i o  Hp/Eo i s  
about 70% o f  t h a t  f o r  the  a c c e l e r a t i n g  s t r u c t u r e .

As w i t h  the  a c c e l e r a t i n g  s t r u c t u r e  o f  F ig u re  2,  the  Q f a c t o r  o f  the  p i l l b o x  
r e s o n a to r  d e c re a s e s  w i t h  peak power, but i s  not a f f e c t e d  by changes in  a ve rage  
power. The b e h a v io r  o f  the  two re s o n a t o r s  o p e r a t in g  a t  ~197°C i s  compared 
in  F ig u re s  4 and 5. I t  can be seen in  F ig u re  4 t h a t  the  d e t e r i o r a t i o n  in  Q
f a c t o r  w i t h  peak r f  e l e c t r i c  f i e l d  i s  c o n s id e r a b ly  

c a se s .  F ig u re  5 shows, however, t h a t  the  Q f a c t o r  
peak r f  m agne t ic  f i e l d  f o r  both  s t r u c t u r e s .

d i f f e r e n t  f o r  the  two 
i s  the  same f u n c t i o n  o f



D is c u s s io n

From the e x p e r im e n t a l  r e s u l t s ,  the  p r e l im i n a r y  c o n c lu s io n  i s  t h a t  the  
phenomenon r e s p o n s ib le  f o r  Q f a c t o r  d e t e r i o r a t i o n  i s  caused by h ig h  RF 
m agne t ic  f i e l d s .  W h i le  t h i s  has not been i n v e s t i g a t e d  f u r t h e r , i t  seems 
l i k e l y  th a t  i t  i s  r e l a t e d  to  e le c t r o n  m u l t i p a c t o r , wh ich  has been observed  in  
su p e rco n d u c t in g  r e s o n a t o r s 、 7. i f  t h i s  i s  the c a se ,  a c c e le r a t o r  s t r u c t u r e s  
c a p ab le  o f  o p e r a t in g  a t  h ig h  power l e v e l s  a t  l i q u i d  n i t r o g e n  tem pe ra tu re  can 
be r e a l i z e d  by p rope r  d e s ig n  o f  the  c a v i t y  c on tou r ,  and p o s s i b l y  by s u r f a c e  
t re a tm en t  to  i n h i b i t  e le c t r o n  e m is s io n .

C onc lu s io n s

1 . The Q f a c t o r  o f  an OFHC copper 3-GHz re so n a to r  a t  ~197°c (measured a t
low  power) i s  2 .7  t im e s  g r e a t e r  than  the  v a lu e  a t  20〇c.

2. O pe ra t in g  a t a f i x e d  peak pow e rr the Q f a c t o r  a t  -1970c does not va ry
w i t h  ave rage  power ( w i t h i n  the  range o f  the  t e s t ) .

3 • The Q f a c t o r  a t  -1970c d e c re a s e s  w i t h  peak RF power.

4 • The d ec rea se  in  Q f a c t o r  a t  -1970c seems to  be dependent on the  peak RF 
m agne t ic  f i e l d .
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F i g . 1  V a r i a t i o n  o f  Q - f a c t o r  w i t h  

t e m p e r a t u r e .

F i g .  2 LT-3 3 - c a v i t y  LASL t y p e  

h i g h  p o w e r  t e s t  f i x t u r e .

WEIWGC POWER IN KV

F i g .  3 I n p u t  VSWR v s  a v e r a g e  

p o w e r  f o r  v a r i o u s  p e a k  

p o w e r  l e v e l s ; LT-3  g u i d e  

a t  一1 9 7 〇c .

PHYSICAL LLUiuidi
Structure 3 Cavity LASL Structure
Cavity diarmter 7.64 cm

CALCULATED AT 2Q°C (LAtA) o
Poww Loss per Cavity for 377W
E0 = 1MV/m . 4
Stored Energy per Cavity for 3.4 x 10 J
E0 = 1MV/m
Maximum Magnttic Field for 49.6 6
E0 = IMV/m
Q Factor 16800
ZT*/QL (temperature independent) 7 8 7 0 ^
Ep/Eo (temperature independent) ハd

EXEEB1MENTAL RESETS AJ 2Q：C 
Resonant Frequency 2987.5 MHz
Low-pownr Q-Factoc 14500
Q Extsrnal (temperature independent) 45000

EXP研IMEMIAL 脳 i i l TS AT - 137°C 
Rssonant Frtquency 2997.8 MHz
Low power Q Ftctor 40500
Coupling Factor 0.90

Pillfaoi 
Singit Cyiindrkai Cavity 

7.67 cm

715W 

5.9 x 10" 4J 

34.2 G

15600 
4470 岬m 

1.6

2990.2 MHz 
14800 
31200

2999.6 MHz 
40200 
1.29

T a b l e  1 . TEST RESONATOR PARAMETERS

F i g .  4 Q - f a c t o r  v s  p e a k  RF

e l e c t r i c  f i e l d  a t  - l 9 7 o c .
F i g ,  5 Q - f a c t o r  vs. P e a k  RF

m a q n e t i c  f i e l d  a t  - 1 9 7 0 c .
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