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ABSTRACT 

The f i r s t   s i x  n i o b i u m   s p l i t - r i n g   r e s o n a t o r s   f o r  
t h e  Argonne  Heavy-Ion  Energy  Booster  have  been com- 
p l e t ed .  The average  performance a t  4.2K is  an  
acce le ra t ing   g rad ien t   o f  3.7 MV/m o r   a n   e f f e c t i v e  
a c c e l e r a t i n g   p o t e n t i a l   o f   1 . 3  MV per   r e sona to r   fo r   an  
r f   i npu t   o f  4 W/resonator .   ,The  resonators   are  con- 
s t r u c t e d   i n   p a r t  of a n   e x p l o s i v e l y  bonded Nb-Cu 
composi te   mater ia l   bh ich   per forms  wel l   for   r f   sur face  
f i e l d s  of a t  l e a s t  200 G. In i n i t i a l   t e s t s ,   t h e  
r e s o n a t o r s   f r e q u e n t l y   e x h i b i t   t h e r m a l   i n s t a b i l i t y  a t  
Ea < 3 MV/m because of several   types   of   microscopic  
s u r f a c e   d e f e c t s .  The methods  used f o r   l o c a t i n g ,  
i d e n t i f y i n g ,  and  removing t h e s e   d e f e c t s  are discussed.  

I. INTRODUCTION 

This   paper   reports   the   recent   development   and 
in i t i a l   p roduc t ion   expe r i ence   w i th   supe rconduc t ing  
niobium s p l i t   r i n g   r e s o n a t o r s   f o r   t h e  Argonne Heavy- 
Ion Energy  B0oster . l  

Shown i n   F i g .  1, t h e  97 MHz re sona to r  is  as 
previous ly   descr ibed ,   and   cons is t s   o f   an   a l l   n iobium 
d r i f t - t ube   and   i nduc t ive   l oop   a s sembly   i n s ide  a 
c y l i n d r i c a l   h o u s i n g  formed  of  niobium  explosively 
bonded t o  a copper b a ~ k i n g . ~ , 3  A t  t h i s   w r i t i n g ,  
seven  such  resonators  have  been  completed; a p ro to type  
u n i t   c u r r e n t l y   u s e d   f o r  beam bunch ing ,   and   t he   f i r s t  
s i x  of twelve   resonators   p resent ly   under   cons t ruc t ion  
f o r   t h e   l i n a c   p r o p e r .  

f i e l d  was l i m i t e d  by   t he rma l   i n s t ab i l i t y   caused  by 
small sur face   defec ts .3   This   p roblem  has   a l so   been  
frequent ly   encountered  in   subsequent ly   produced 
r e sona to r s .  In t he   fo l lowing   s ec t i an ,  methods  of 
l oca t ing   such   de fec t s ,   t he   t ypes   o f   de fec t s  encoun- 
t e r e d ,  and means of  removal are descr ibed.  

i n   t h e   e x p l o s i v e l y  bonded  niobium-copper  composite. 
In t he   t h i rd   s ec t ion ,   fu r the r   deve lopmen t   o f   t he  
composi te   mater ia l  is  descr ibed.  

F ina l ly ,   t he   pe r fo rmance   t o   da t e  of t h e  
r e sona to r s   be ing   p roduced   fo r   t he   l i nnc  is discussed.  

In  e a r l y   t e s t s  of t h e   p r o t o t y p e ,   t h e  maximum r f  

The p ro to type  tests a l s o  showed e x c e s s i v e   r f  l o s s  

11. THERMAL INSTABILITY AND SMALL SURFACE  DEFECTS 

The  Argonne s p l i t - r i n g   r e s o n a t o r s   a r e   o f   h i g h  
complex i ty   fo r   supe rconduc t ing   r f   s t ruc tu res .  Each 
r e s o n a t o r   c o n s i s t s  of 25 separa te   n iobium  par t s   jo ined  
by 32 e l e c t r o n  beam welds. The l e a s t   d e f e c t   i n   t h e  
niobium  surface,   such as mic roscop ic   f i s su res ,  
impur i ty   inc lus ions ,   e tc . ,   can   degrade   resonator  
performance  to   an  unacceptable   extent .  Most of t h e  
r e sona to r s  so f a r   cons t ruc t ed   have   exh ib i t ed   de fec t s  
d u r i n g   i n i t i a l  tests. Adequate  performance  has  been 
obtained  only by a process  of identifying  and  removing 
the   de fec t s .   The re fo re  i t  has   been   e s sen t i a l ,   no t  
on ly   for   resonator   deve lopment ,   bu t   a l so   for   resonator  
product ion ,   to   have  a means of   rap id ly   and   accura te ly  
loca t ing   Sources   o f   r f  l o s s  w i t h i n  a r e sona to r .  
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Second Sound Measurements 

The  most s e r i o u s   d e f e c t s  so  fa r   encountered   can  
b e   g e n e r a l l y   c l a s s i f i e d  as a l o c a l i z e d   s o u r c e  of r f  
l o s s  i n  a r eg ion  of h igh   su r f ace   magne t i c   f i e ld  
(B > 100 G).  The l o c a l i z e d   r f  power loss causes  
heat ing  of   the  defect   and  adjacent   superconduct ing 
s u r f a c e .  I n  a s u f f i c i e n t l y   l a r g e   r f   f i e l d ,   t h e  
r e g i o n   a d j a c e n t   t o   t h e   d e f e c t  is  hea ted   t o   t he   supe r -  
conduc t ing   t r ans i t i on   t empera tu re .  A t  t h i s   p o i n t   t h e  
r e sona to r  becomes thermally  unstable ,   and a normal 
r eg ion  grows r a p i d l y   u n t i l   t h e   r f   e n e r g y   i n i t i a l l y  
p r e s e n t   i n   t h e   r e s o n a t o r  is  conve r t ed   t o   hea t ,  i . e . ,  
t h e   i n s t a b i l i t y  is m a n i f e s t e d   a t  a well-defined 
c r i t i c a l   f i e l d   l e v e l  by a sudden   co l lapse   o f   the   r f  
f i e l d   i n   t h e   r e s o n a t o r .  The t i m e  r e q u i r e d   f o r   t h e  
c o l l a p s e  i s  t y p i c a l l y  two o r   t h r e e   m i l l i s e c o n d s .  

i s  gene ra l ly   qu i t e   sma l l .  In t h e   p r e s e n t   r e s o n a t o r s  
a l o c a l i z e d   d e f e c t   d i s s i p a t i n g   o n l y  a few m i l l i w a t t s  
could  cause a t h e r m a l   i n s t a b i l i t y  at  an   acce le ra t ing  
f i e l d  Fa < 3 MV/m. A normal  region  0.1 m in   d i ame te r  
would c o n s t i t u t e   s u c h  a d e f e c t .  It i s  n o t   p r a c t i c a l  
t o   f i n d   s u c h   d e f e c t s   d i r e c t l y  by v i s u a l   i n s p e c t i o n :  
they   can ,   however ,   be   loca ted   wi th   fRi r   p rec is ion  by 
e x p l o i t i n g   t h e   s u p e r f l u i d   p r o p e r t i e s  of l iqu id   he l ium.  

Thermal i n s t a b i l i t i e s   o c c u r   i n   r e g i o n s  of high 
s u r f a c e   m a g n e t i c   f i e l d ,  which i n   t h e  Argonne s p l i t - r i n g  
r e sona to r  is  t h e   i n d u c t i v e   l o o p ,  a .090  inch  wall  
n iob ium  tube   t he   i n t e r io r  of  which is  cooled by l i q u i d  
helium. When a r e sona to r   goes   uns t ab le ,   t yp ica l ly  a 
joule   of   heat   energy i s  i n j e c t e d   i n t o   t h e   l i q u i d  
h e l i u m   i n  a few m i l l i s e c o n d s .   I f   t h e   r e s o n a t o r  is  
o p e r a t e d   a t  T < 2.17K, the  hel ium i s  s u p e r f l u i d  and 
a second-sound wave propagates away from  the  region 
of h e a t   i n j e c t i o n   a t  a v e l o c i t y  of Q20 m/sec. 

e t e r s   i n s i d e   t h e   t u b e ,   t h e   s e c o n d  sound pulse   can  be 
observed as a t empera tu re   f l uc tua t ion .  The t ime of 
a r r i v a l  of t h e   p u l s e   a t  a given  thermometer is  deter-  
mined by t h e  t i m e  of f l i g h t  from the   hea t ed   r eg ion ,  
which i s  centered on the   de fec t   caus ing   t he   t he rma l  

The r f  power r e q u i r e d   t o   i n i t i a t e   a n   i n s t a b i l i t y  

By l o c a t i n g   s e v e r a l  germanium r e s i s t a n c e  thermom- 

Fig.  1. The s p l i t - r i n g   r e s o n a t o r .  The o v e r a l l  
l eng th  :is 1 7  inches.  The d r i f t   t u b e  and induc t ive  
loop  assembly i s  made of  niobium,  the  outer  housing 
of  niobium  explosively  bonded  to  copper. 
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The most   t roublesome  defects   encountered  occurred 
i n   t h e   p r o t o t y p e   r e s o n a t o r .   I n   e a r l y  tests, t h i s  
r e sona to r  was thermal ly   uns tab le  a t  a f i e l d   l e v e l  
Ea 'L= 2MT/m. Second  sound d a t a   i n d i c a t e d   o n e   o r  more 
d e f e c t s  on t h e   i n d u c t i v e   l o o p ,   b u t   v i s u a l   o b s e r v a t i o n  
showed no  obvious  f law.   Repeated  e lectropol ishing 
s h i f t e d   t h e   r e g i o n  of  breakdown s e v e r a l  cm, b u t   d i d   n o t  
greatly  improve  performance. 

breakdown. By measuring  the time of f l i g h t   t o  
s eve ra l   d i f f e ren t ly   p l aced   t he rmomete r s ,   t he   l oca t ion  
of the  defect  can  be  unambiguously  determined.  This 
procedure is p a r t i c u l a r l y   s i m p l e   f o r   t h e   s p l i t - r i n g  
r e sona to r ,   s ince   t he   l oad ing   t ube   p rov ides   an   e s sen -  
t i a l l y  one-dimensional  system. 

phenomenon observed. The upper   t race  shows t h e   r f  
f i e l d   l e v e l   i n  a sp l i t - r ing   r e sona to r ,   wh ich  is  dr iven 
by a n   r f   p u l s e   t o  a f i e l d  Ea = 3.0 MV/m. A t  t h i s  
f i e l d   l e v e l   t h e   r e s o n a t o r  becomes thermal ly   uns tab le  
and t h e   r f   f i e l d   c o l l a p s e s .  The lower   t r ace   d i sp l ays  
the  temperature   of  a thermometer   loca ted   ins ide   the  
induct ive   loop .  The thermometer i s  a Cryocal 
germanium res i s tance   thermometer   wi th   the   top  of t h e  
c a s i n g   f i l e d   o f f   t o   e x p o s e   t h e  germanium  element 
d i r ec t ly   t o   t he   supe r f lu id .   Thus ,   t he   t he rmomete r  is  
i n   a n  open  ended  tube 6 mm long,   which  responds  to  a 
second  sound  pulse as a quarter-wave  resonator ,  
" r i n g i n g "   i n   t e m p e r a t u r e   a t  a frequency of *l kHz. 
I n   F i g .  2, t h i s   b e g i n s  13 msec a f t e r   t h e   c o l l a p s e  of 
t h e   r f   f i e l d ,   i n d i c a t i n g   t h a t   t h e   d e f e c t   i n   t h e  
superconduct ing  resonator  i s  26 cm from  the thermom- 
e t e r .  It should   be   no ted   tha t   F ig .  2 i s  a super- 
p o s i t i o n  of 10  events,   showing  the  high  degree  of 
r e p e a t a b i l i t y  of t he   p rocess .  

s t r a i g h t f o r w a r d   a n d   t y p i c a l l y   l o c a t e s  a d e f e c t   t o  
w i t h i n  1 o r  2 cm, which  then  permits  microscopic 
examinat ion  of   the  region  in   quest ion  and some form 
o f   l o c a l   r e p a i r .  

F igu re  2 shows an   osc i l loscope   photograph   of   the  

I n   p r a c t i c e ,   t h i s   d i a g n o s t i c   t e c h n i q u e  is 

Types  of  Defect  Observed 

Three  types of defect   have  been  encountered:  
small   beads  of   niobium  at tached  to   the  surface  and 
apparent ly   caused  by  spat ter   f rom beam welding, small 
f i s s u r e s   i n   o r   n e a r   w e l d s ,   a n d   i m p u r i t y   i n c l u s i o n s .  

Figure 3A shows t h e   i n i t i a l   p e r f o r m a n c e   o f  
t he   s econd   l i nac   r e sona to r .  The s h a r p   d e c r e a s e   i n  Q 
a t  low f i e l d   l e v e l s   e x h i b i t s   h y s t e r e s i s ,  and t h e  
r e sona to r  is thermal ly   uns tab le  a t  a f i e l d   l e v e l  
Ea = 1 . 2  MV/m. The  second  sound d a t a  showed a 
d e f e c t  midway along  one arm of the   induct ive   loop .  
Visual   examinat ion  revealed a .015  inch  diameter  bead 
of   niobium  within  the  region  indicated by the  second 
sound  data .  The behavior  shown i n   F i g .  3 A  seems 
exp la inab le   i n   t he   fo l lowing  way. The h y s t e r e s i s  a t  
low f i e l d   l e v e l s  is caused by the   swi tch ing  of t h e  
bead  i tself   between  the  superconduct ing  and  normal  
states and  indicates  poor  thermal  contact  between  the 
bead  and  the  resonator .  The d e c r e a s e   i n  Q wi th   in -  
c r e a s i n g   f i e l d   l e v e l  is  caused by hea t ing  of the  bead 
which  increases   the  normal  s ta te  s u r f a c e   r e s i s t a n c e .  
A t  Ea = 1 . 2  MV/m t he   hea t   l oad   i n to   t he   su r round ing  
niobium is s u f f i c i e n t   t o   d r i v e  it normal  and t h e  
r e sona to r  becomes uns t ab le .  Removal of the  bead 
r e s u l t e d  in the  performance shown i n   F i g .  3B. 

I n   t h e   f i f t h   r e s o n a t o r ,   s i m i l a r   b e h a v i o r  w a s  
observed,   with a much sma l l e r  ('~10%) hys tere t ic   change  
i n  Q ,  and  with a h ighe r   po in t  of t h e r m a l   i n s t a b i l i t y  
(Ea = 2.8 MV/m). I n   t h i s   c a s e ,  a .005 inch  diameter 
niobium  bead was found t o   c a u s e   t h e   i n s t a b i l i t y .  The 
bead was hard ly   v i s ib le   under   microscopic   examinat ion  
because of lack  of   contrast   wi th   the  background,   and 
could  probably  not   have  been  located  without   the  a id  
of the  second  sound  data .  

The other   defects   encountered  have  not   caused 
obse rvab le   r f  l o s s  p r i o r   t o   t h e r m a l  breakdown. 

I n  two cases ,   fo r   wh ich   t he rma l   i n s t ab i l i t y  
occur red   i n   t he   r ange   2 .5  < Ea < 3 MV/m, second  sound 
d a t a   i n d i c a t e d   d e f e c t s  a t  e l e c t r o n  beam welds.  
Microscopic   examinat ion   revea led   smal l   f i s sures  a few 
mm long   in   each   of   these   welds .  A t  l e a s t  one  of  these 
f i s s u r e s   d i d   n o t   a p p e a r   u n t i l   t h e   f i n a l   e l e c t r o p o l i s h  
o f   t h e   r e s o n a t o r   p r i o r   t o   t e s t i n g .  

Fig.  2. Thermal  breakdown a t  1.9K and   assoc ia ted  
second-sound p u l s e .  The h o r i z o n t a l   s c a l e  is  10  msec/ 
d i v i s i o n .  The  upper t r a c e  shows t h e   r f   f i e l d   i n   t h e  
resonator ,   the   lower   t race   the   t empera ture   o f  a senso r  
i n   t h e   l i q u i d   h e l i u m   i n s i d e   t h e   i n d u c t i v e   l o o p .  

0 I 2 3 4 5 
E, (MV/m) 

Fig .  3 .  Performance   of   the   second  l inac   resonator   a t  
4.2K. Curve A is t h e   r e s u l t  of t h e   i n i t i a l  test. 
Curve,B,  the  second test, performed a f t e r  removing a 
sma l l   de fec t   on   t he   i nduc t ive   l oop .  
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Thick   anod ic   f i lms   a r e   u sed   i ndus t r i a l ly  as a test 
f o r   s m a l l   r e g i o n s  of impuri ty  of s e v e r e   c o l d  work i n  
niobium  and  other   refractory  metals .4   Fol lowing  this  
procedure ,   the   resonator  was anodized t o  form  an  oxide 
12001  th ick .   Visua l   inspec t ion   then   revea led  a number 
of s l i g h t l y   d i s c o l o r e d   r e g i o n s ,   t y p i c a l l y  1 mm i n  
d i ame te r ,   s ca t t e r ed   ove r   t he   r eg ion   i n   wh ich  breakdown 
had   occur red .   In   th inner   anodic   f i lms ,  no d i sco lo ra -  
t i o n  w a s  observed. The d i sco lo red   spo t s  were elimi- 
nated by f i l i n g  away t h e   a f f e c t e d   r e g i o n s .  Removal of 
as much as lmm of material f r o m   t h e   o r i g i n a l   s u r f a c e  
was requ i r ed .  The r e sona to r  was then   e l ec t ropo l i shed  
and   subsequent ly   found  to   opera te   s tab ly  a t  f i e l d  
l e v e l s  of a t  least Ea = 3.6 MV/m. 

Removal of  Defects 

I n  a l l  c a s e s   t h u s   f a r ,   a f t e r   p o s i t i v e   i d e n t i f i c a -  
t i o n  of a defec t ,   removal   has   been   s t ra ight forward .  

The beads  of  niobium were removed w i t h   a b r a s i v e ,  
and   the   abraded   reg ion   then   e lec t ropol i shed   to  elimi- 
n a t e  any  work damage. Of t h e  two f i s su res   encoun te red ,  
one  required  re-welding,   but   the   other  was el iminated 
by e l e c t r o p o l i s h i n g  7 5 y  from  the  weld area. As has  
been   descr ibed ,   impur i ty   inc lus ions  were a l s o  elimi- 
nated by removal of niobium. 

A convenient  technique  for  removing  niobium 
from a re sona to r  i s  e l e c t r o p o l i s h i n g .  However,  heavy 
electropo1i .shing of a n   e n t i r e   r e s o n a t o r  i s  i m p r a c t i c a l  
s i n c e  i t  would  change the   r f   e igen f requency ,   i nc rease  
sur face   roughness ,   and   poss ib ly   uncover   o r   c rea te  new 
d e f e c t s .  Thus a method  of e l e c t r o p o l i s h i n g  small 
a r e a s  of a r e sona to r  was developed. It was found  tha t  
a f i lm   o f  PVC, app l i ed  by  brushing on a s o l u t i o n  of 
PVC in   ace tone ,*   adhe red   we l l   t o   t he   n iob ium  su r face  
a n d   r e s i s t e d   t h e   a c t i o n  of t h e  HF-HzS04 mixture   re-  
q u i r e d   f o r   e l e c t r o p o l i s h i n g .  The f i lm   p rov ides   an  
e f f e c t i v e  mask to   p reven t   e l ec t ropo l i sh ing   o f   t he  
covered  region  and  can  be removed by d i s s o l v i n g   w i t h  
acetone.  

111. NIOBIUM-COPPER  COMPOSITE  MATERIAL 

The cy l indr ica l   hous ing   and   end   f langes   o f   the  
r e sona to r s  are formed  of a niobium-copper  composite, 
a l lowing  the  niobium  to   be  cooled  by  thermal  conduc- 
t ion   th rough  the   copper ,   thus   e l imina t ing   the   need  
fo r   c i r cu la t ing   l i qu id   he l ium  a round   t he   hous ing .  
This  approach was chosen t o   r e d u c e   c o n s t r u c t i o n  
cos t s ,   s imp l i fy   t he   c ryogen ic   sys t em,  and t o   i n c r e a s e  
t h e   m e c h a n i c a l   r i d i g i t y   o f   t h e   r e s o n a t o r . 3  

exp los ive ly  bonded t o   c o l d - r o l l e d  ETP copper   p la te .  
The bond provides  good t h e r m a l   c o n t a c t   t o   t h e  
n iob ium  and   w i ths t ands   r epea ted   cyc l ing   t o   l i qu id  
helium  temperatures.   Forming  procedures,   such as 
rol l ing  and  die-forming are straightforward:   reduc-  
t i o n s   i n   a r e a  of approximately 50% can  be  obtained. 

In  j o i n i n g ,   e l e c t r o n  beam welding is  used. The 
copper  backing i s  removed  by machining 1/8" back  from 
the   weld   l ine .   Care  must  be  taken to   insure   comple te  
removal  of  copper t o   p r e v e n t   c r a c k s   a n d   f i s s u r e s   i n  
the  weld.  A br ie f   chemica l   e tch  of the   bared  
niobium  with 8N n i t r i c   a c i d   t o  remove t r aces   o f  
copper w a s  found  necessary  to   produce good welds.  

l o s ses   i n   t he   compos i t e   ma te r i a l   were   excess ive ,  
i n d i c a t i n g  a s u r f a c e   r e s i s t a n c e  Rs 2 2 x 10--6 9 at 
4.2K. Comparison  of t h e   r e s i d u a l   r e s i s t i v i t y   o f  
niobium  from  the  composi te   with  the  parent   mater ia l  

"Packaid No. 4 ,  Seal-Peel  Inc.  , Troy,  Michigan. 

+Suggested by A. Hare  of  Northwest  Technical 

The composite i s  formed  of  1/16"  niobium  sheet, 

In  i n i t i a l  tests of t he   p ro to type   r e sona to r ,   r f  

Industries,   Port   Angeles,   Washington. 

i n d i c a t e d  no a p p r e c i a b l e   i n c r e a s e   i n   i n t e r s t i t i a l  
impur i t ies   f rom  the   explos ive   bonding   process .  
C h e m i c a l   a n a l y s i s   f a i l e d   t o   r e v e a l   a n y   s i g n i f i c a n t  
i nc rease   i n   con taminan t s .  However, e l e c t r o p o l i s h i n g  
t h e   r e s o n a t o r   t o  remove a 150y l a y e r  of  niobium  reduced 
t h e   s u r f a c e   r e s i s t a n c e  of the  composite material by a 
f ac to r   o f   t h ree .  

the  niobium was d i rec t ly   exposed   to   the   ho t   gas   p ro-  
duced by an  ammonium n i t r a t e   exp los ive .   A l though   t he  
p r e c i s e  mechanism could   no t   be   ascer ta ined ,  it seemed 
p r o b a b l e   t h a t   t h i s   p r o c e s s  was caus ing   t he   h igh   su r f ace  
r e s i s t a n c e .  Thus the  bonding  process  w,as modified by 
g lu ing  a 1/32"  sheet   of   rubber   to   the  exposed  niobium 
su r face   t o   p reven t   d i r ec t   exposure   t o   t he   exp los ive .+  

The s i x   l i n a c   r e s o n a t o r s   t e s t e d   w e r e  made wi th  
the  modified  niobium-copper  composite,   and  the 
observed  performance  es tabl ishes   an  upper  bound f o r   t h e  
s u r f a c e   r e s i s t a n c e  of the  composite of Rs < 3 x 10-7Q 
a t  4.2K f o r   p e a k   s u r f a c e   f i e l d s  Bs <- 160 G. The bound 
r e s u l t s   f r o m   a t t r i b u t i n g   a l l   r f   l o s s e s   t o   t h e   c o m p o s i t e  
m a t e r i a l  and is  probably  conservat ive.  No performance 
l i m i t a t i o n   d u e   t o   r f   l o s s e s   i n   t h e   c o m p o s i t e   h a s   b e e n  
o b s e r v e d   a t   s u r f a c e   f i e l d s  up t o  200 G. 

In   forming  the  composi te   mater ia l   d iscussed  above,  

I V .  PERFORMANCE  OF THE LINAC  RESONATORS 

Although  diagnost ic   tes t ing  of   each  resonator  i s  
n e c e s s a r y ,   t h e   l e v e l   o f   e f f o r t   r e q u i r e d  is  not  exces- 
s i v e .  Of t h e   s i x   r e s o n a t o r s  so  f a r  completed, two 
performed w e l l  i n   t h e   i n i t i a l  test. With t h e   r e -  
maining  four ,   one  diagnost ic  test was s u f f i c i e n t   t o  
e l i m i n a t e   s u r f a c e   d e f e c t s ,  and the   r e sona to r s   pe r -  
formed w e l l   i n   t h e   s e c o n d   t e s t .  

Figure 4 shows the   pe r fo rmance   a t  4.2K o f   t h e   s i x  
l i n a c   r e s o n a t o r s  s o  f a r  completed. The average  accel-  
e r a t i n g   f i e l d   o b t a i n e d  is Ea = 3.7 MV/m a t  the   des ign  
r f  loss of 4 W/resonator   which  provides   an  effect ive 
acce lera t ing   po ten t ia l   o f   1 .3   MV/resonator .  

Id 

Q 

IO@ 

I I I I 

/BEST CASE 
/ 

CASE- \ 

/ 
'-rf LOSS= 4watts / 

Fig.  4 .  Performance  of  the f i r s t   s i x   l i n a c   r e s o n a t o r s  
a t  4.2K. The a c c e l e r a t i n g   f i e l d  Ea i s  de f ined   a s   t he  
ene rgy   ga in   pe r   un i t   cha rge   fo r  a synchronous 
p a r t i c l e   d i v i d e d  by t h e   i n t e r i o r   l e n g t h   o f   t h e  
r e sona to r  (14  i nches ) .  
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The  fall-off  in Q at  high  field  levels  is 
accompanied  by  x-ray  emission  indicating  electron 
loading.  The  performance  shown  in  Fig. 4 was  obtained 
after  conditioning  the  resonators  for  one  hour  by 
operating  at  as  high  a  field  level  as  possible, 

of  2  x  10-5  torr.5 
typically 10 to 30 W  rf  input,  in  He  gas  at a pressure 

nitrogen  at 1 atm  for  periods  of  at  least  several 
weeks  have  not  been  found  to  produce  any  significant 
change  in  performance. 

Cycling  to  room  temperature  and  storage  in  dry 

V. CONCLUSIONS 

Present  construction  and  diagnostic  techniques 
produce  superconducting  resonators  of  adequate  per- 
formance  for  the  Argonne  Heavy-Ion  Energy  Booster. 
A  remaining  question  is  the  long-term  stability  of 
resonator  performance  under  operating  conditions. 
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