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SECTION 1 

INTRODUCTION AND SUMMARY 

During T i t l e  I ,  G e n e r a l  Dynamics' p r i n c i p a l  r o l e  a s  a s u b c o n t r a c t o r  
t o  t h e  McDonnell D o u g l a s  A s t r o n a u t i c s  Company (MDAC) is t o  a s s i s t  
i n  t h e  f u r t h e r  development of a low-cost s u p e r c o n d u c t i n g  magnet  
mirror c o i l  s y s t e m  f o r  t h e  EBT-P program c o n s i s t e n t  w i t h  l o n g  l i f e  
and dependable  o p e r a t i o n .  The a c t i v i t y  can best be d e f i n e d  as  an 
e x t e n s i o n  of ORNL's p r e v i o u s  development program w i t h  f u r t h e r  
j o i n t  ORNL/MDAC/GDC r e f i n i n g  of t h e  m i r r o r  c o i l  components.  
MDACIGDC p a r t i c i p a t i o n  f o r  t h e  e n t i r e  program can be  s u b d i v i d e d  
i n t o  f o u r  d i s t i n c t  e l e m e n t s  a s  f o l l o w s :  

D e s i g n ,  deve lopment ,  and f a b r i c a t i o n  of two dewar 
s u b a s s e m b l i e s  t o  e n c l o s e  t h e  ORNL developed  and 
f a b r i c a t e d  c o l d  mass assemblies. 

Des ign ,  deve lopment ,  and f a b r i c a t i o n  of a p roduc t  i o n  
p r o t o t y p e  magnet s y s t e m  i n c l u d i n g  conduc to r  ( p r o c u r e m e n t ) ,  
c o l d  mass components ,  dewar and x-ray s h i e l d .  T h i s  p r o t o t y p e  
would f o r m  t h e  b a s i s  for t h e  p r o d u c t i o n  of 36 magnets  for  
t h e  t o r u s  and three s p a r e s .  

D e s i g n ,  deve lopment ,  and f a b r i c a t i o n  of an e lectr ical /  
e l e c t r o n i c s  sys tem i n c l u d i n g  quench p r o t e c t i o n ,  
i n s t r u m e n t  a t  i o n  and c o n t r o l ,  and power s u p p l y  t o  
power and p r o t e c t  t h e  m i r r o r  c o i l  s y s t e m  d u r i n g  
i ts  o p e r a t i o n  i n  the t o r u s .  

F a b r i c a t i o n  of t h e  39 p r o d u c t i o n  magnets .  

Over t h i s  p a s t  year ,  T i t l e  I d e s i g n  w a s  p r i n c i p a l l y  concerned  
w i t h  t h e  d e t a i l  d e s i g n  and g e n e r a t i o n  of s u p p o r t i n g  a n a l y s e s  
data and documenta t ion  f o r  t h e  mirror c o i l  dewars  f o r  development 
and p r o t o t y p e  programs. Drawings g e n e r a t e d  have been f u l l y  
c o o r d i n a t e d  w i t h  ORNL t o  e n s u r e  i n t e r f a c e  c o m p a t i b i l i t y  and 
agreement  d u r i n g  each s t e p  i n  t he  d e s i g n  and t h e  f a b r i c a t i o n  
p r o c e s s .  Where r e q u i r e d ,  stress, thermal, and e l ec t r i ca l  
a n a l y s i s  and t r a d e  s t u d i e s  have been s u p p l i e d  and made p a r t  of 
t h i s  PDR r e p o r t .  S p e c i f i c  accompl ishments  i n c l u d e :  

a .  F u l l  release of  development dewars  t o  house and s u p p o r t  
t h e  ORNL c o l d  mass a s s e m b l i e s .  

- The development  dewars  b a s e  d i f f e r s  from t h e  
p r o t o t y p e  dewar base t o  accommodate the  QRNL 
three (3) c o i l  t e s t  f a c i l i t y  d e s i g n .  The 
p r o t o t y p e  dewar d rawings  i n c l u d e d  w i t h  t h i s  
r e p o r t  r e f l e c t  t h e  dewar b a s e  as designed f o r  
t h e  t o r u s  f a c i l i t y  i n s t a l l a t i o n .  F u r t h e r ,  t h e  
development dewars  c o n t a i n  i n s t r u m e n t a t i o n  not 
i n c l u d e d  i n  t h e  p r o t o t y p e  or p r o d u c t i o n  dewars .  
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b. Design  and devel.opment of cold m a s s  s u p p o r t s  which  
mee't t h e r m a l  a n d  stress c r i t e r i a  and x - r a y  emviron-  
men t . 
- The d e s i g n  of t h e  cold mass s u p p o r t  s y s t e m  is 

c r u c i a l  t o  m a i n t a i n i n g  m a g n e t i c  a l i g n m e n t  e v e n  
a f t e r  a f a . u l t  c o n d i t i o n  has o c c u r r e d  and t h e  
s y s t e m  h a s  r e t u r n e d  t o  no rma l  mode o p e r a t i o n .  
S e v e r a l  u n i q u e  d e s i g n s  h a v e  e v o l v e d  which 
o f f e r  o p % i o n s  of l o w e r  h e a t  loss ( a  p o l y i m i d e  
i n s e r t ) ,  l o w e r  p r o d u c t  i o n  costs  ( s i n g l e  p i e c e  
s u p p o r t ) ,  and  lower h y s t e r e s i s  e f f e c t s ,  r e s u l t i n g  
from h i g h  t o l e r a n c e  components  and  a s sembly  
t o o l i n g .  A s i n g l e  p i e c e  t i t a n i u m  s u p p o r t  ( s ee  
F i g u r e  1 .5-5)  has been  e s t a . b l i s h e d  f o r  t h e  
p r o t o t y p e  and p r o d u c t  i o n  magnet s y s t e m .  

c .  H e l i u m  s . t a c k  d e s i g n  wh ich  meets r e f r i g e r a t i o n  s y s t e m ,  
t h e r m a l ,  and quench  p r e s s u r e  c r i t e r i a .  

- T h i s  design, t h e  l a s t  t o  be  r e l e a s e d ,  r e q u i r e d  
a c o n s i d e r a b l e  e f f o r t .  Two d e s i g n s  were e v o l v e d  
s i n c e  t h e  d e v e l o p m e n t a l  and  p r o t o t y p e  dewars  
r e q u i r e d  t a l l e r  stacks f o r  a d d i t i o n a l  h e l i u m  
r e s e r v e s  t h a n  the  p r o d u c t i o n  d e s i g n .  However,  t h e  
t o r u s  f a c i l i t y  w a s  m o d i f i e d  t o  accommodate a 
s i n g l e  ( t a l l e r )  stack d e s i g n .  A u n i q u e  p a s s i v e  
f l o w - l i m i t i n g  d e s i g n  r e d u c e d  t h e  c o m p l e x i t y  of t h e  
r e f r i g e r a t i o n  s y s t e m  by s i m p l i f y i n g  t h e  gas r e t u r n  
l i n e s .  

d .  D e w a r  des ign  which. meets p a s s i n g  p a r t i c l e  f r a c t i o n  c r i t e r i a .  

- The dewar d e s i g n  w a s  i t e r a t e d  t o  meet t h e  revised 
p a s s i n g  p a r t i c l e  f r a c t i o n  c r i t e r i a  e s t a b l i s h e d  
a f t e r  t h e  deve lopmen t  dewars were d e s i g n e d  and 
t h e  side p a n e l s  were f a b r i c a t e d .  By c a r e f u l  
r e d e s i g n  and m o d i f i c a t i o n  o f  t h e  a s s e m b l y  p r o c e d u r e ,  
a d d i t i o n a l  corner c l e a r a n c e  was made a v a i l a b l e  f o r  
t h e  p a s s i n g  p a r t i c l e s .  T h e r e f o r e ,  t h e  deve lopmen t  
dewars  differ P r o m  t h e  p r o t o t y p e  and t h e  p r o d u c t i o n  
dewars  i n  t h i s  design r e s p e c t .  

Task  1 a lso  i n c l u d e d  c o n c e p t u a l  d e s i g n  of the i n s t r u m e n t a t i o n  
and c o n t r o l  s y s t e m .  T h i s  t a s k  is  a c o o r d i n a t e d  e f f o r t ,  p r i n c i p a l l y  
be tween MDAG and GDC. The r e s u l t s  of t h i s  work have  p r e v i o u s l y  
been r e v i e w e d  a t  t h e  I&C P r e l i m i n a r y  D e s i g n  Review which  o c c u r r e d  
w i t h i n  t h e  p a s t  f e w  weeks .  However,  t h e  quench  p r o t e c t i o n ,  
power s u p p l y ,  and d i s t r i b u t i o n  s y s t e m  c o n c e p t u a l  d e s i g n s  are a l l  
p r e s e n t e d  a s  p a r t  o f  t h i s  T i t l e  I r e p o r t .  Considerable j o i n t  
effort w a s  expended i n  c o o r d i n a t i n g  t h e  h e l i u m  a n d  LN2 r e f r i g e r a t i o n  
s y s t e m s  d e s i g n  as w e l l  as t h e  magnet  and electrical/instrumentation 
p h y s i c a l  i n t e r f a c e  c r i t e r i a .  
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Task 6 i n c l u d e s  t h e  d e t a i l  f a b r i c a t i o n  of t h e  two developmenta l  
dewars  t o  s u p p o r t  and house t h e  OWL c o l d  mass a s sembly ,  Work 
on  t h i s  t a s k  has  been g r e a t l y  expanded t h i s  p a s t  y e a r  t o  i n c l u d e  
a d d i t i o n a l  c o l d  mass and dewar component de t a i l s  of t h i s  
assembly ,  and t o  p r o v i d e  f o r  the m o d i f i c a t i o n  and i n s t a l l a t i o n  
of t h e  ORNL c o l d  m a s s  i n t o  t h e  dewar assembly a.t GDC. The 
p r o t o t y p e  magnet ,  where p o s s i b l e  and when economica l ly  e f f i c i e n t ,  
h a s  been f a b r i c a t e d  a t  t h e  same t i m e  components were b e i n g  
produced f o r  t h e  t w o  deve lopmenta l  dewars .  In  a d d i t i o n ,  where  
t o o l i n g  w a s  common and c o u l d  b e  used  f o r  t h e  p r o d u c t i o n  magne t s ,  
such  i tems were f a b r i c a t e d  t o  promote l e a r n i n g  e x p e r i e n c e  and 
lower c o s t  f o r  t h e  p r o d u c t i o n  program. Conductor  f o r  t h e  
p r o t o t y p e  is now b e i n g  p r o c u r e d  from t w o  s e p a r a t e  s o u r c e s .  The 
d e c i s i o n  i n  t h e  s e l e c t i o n  of  conduc to r  f o r  t h e  p r o t o t y p e  w i l l  be 
made approx ima te ly  1 December 1981. To assist i n  t h e  s e l e c t i o n  
of t h e  c o n d u c t o r  f o r  t h e  p r o d u c t i o n  magnets ,  it is recommended 
t h a t  a second c o l d  mass bobbin a s s e m b l y  be fabr icated f o r  t h e  
a l t e r n a t e  c o n d u c t o r  i n  a d d i t i o n  t o  t h e  p r o t o t y p e  cold mass, 
and t h a t  t h i s  c o n d u c t o r  be  "open dewar" tes ted  a t  ORNL. I t  s h o u l d  
also be n o t e d  t h a t  a GDC r e p r e s e n t a t i v e ,  Torn hlann, h a s  been 
" s t a t i o n e d "  a t  ORNL t o  a s s i s t  i n  t h e  t r a n s f e r  of ORNL tech-  
nology t o  GDC and t h e  l i a i s o n  r e q u i r e d  t o  c o o r d i n a t e  d e s i g n  and 
document a c t i v i t i e s .  An i m p o r t a n t  t e c h n o l o g y  t r a n s f e r  i n c l u d e d  
w i t n e s s i n g  t h e  ORNL 'open dewar tes t  program and t h e  c o i l  winding 
o p e r a t  i o n s .  

With r e s p e c t  t o  o u t s t a n d i n g  p o t e n t i a l  p roblems,  w e  must n o t e  
t h a t  t h e  quench p r o t e c t i o n  s y s t e m  demands a un ique  d e s i g n  t o  
cope  w i t h  t h e  e l e c t r o n  r i n g  c o l l a p s e - i n d u c e d  v o l t a g e  phenomena. 
A l t e r n a t e  quench d e t e c t i o n  s e n s o r s  are b e i n g  e x p l o r e d  as  a 
s o l u t i o n  t o  t h i s  problem. 

1.1 ORNL DEVELOPMENT PROGRAM 

The Magnet Development Program w a s  s t a r t ed  i n  mid 1979 w i t h  t h e  
f o l l o w i n g  s ta ted  p u r p o s e s :  

An expe r imen t  i t e r a t i o n  of t h e  magnet d e s i g n  is r e q u i r e d  
i n  order t o  p roceed  w i t h  f i n a l  d e s i g n  and manufac tu re  
w i t h  a c c e p t a b l e  r i s k .  

The development program c o n s i s t s  p r i m a r i l y  of t h e  d e s i g n ,  
f a b r i c a t i o n ,  and t e s t i n g  of t w o  i n s t r u m e n t e d  EBT-P 
t y p e  magnets .  

The program is i n t e n d e d  t o  s u p p o r t  f i n a l  d e s i g n  a n d  
inanuf a c t u r e  by t h e  i n d u s t r i a l  p a r t i c i p a n t  

S i n c e  t h e  d e s i g n e r  and m a n u f a c t u r e r  w i l l  n o t  be selected 
fo r  about  a y e a r ,  EBT-P would be delayed i f  development  
wai ted f o r  them.  
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The major a c t i v i t y  i n  t h e  p r o g r a m  d u r i n g  1979 w a s  t h e  s u p e r -  
c o n d u c t o r  p r o c u r e m e n t  a c t i v i t y .  

The o r i g i n a l  c o n d u c t o r  s p e c i f i c a t i o n  r e q u i r e d  a c r i t i c a l  
c u r r e n t  o f  2 , 8 0 0  A a t  4.2K f o r  t h r e e  d i f f e r e n t  g r a d e s  of 
c o n d u c t o r .  The t h r e e  g rac j e s  were f o r  t h e  s p e c i f i e d  c r i t i c a l  
c u r r e n t  at f i e l d s  o f  8 . 0  T ,  6 . 0  T ,  a n d  2 . 0  T .  The  c o p p e r  w a s  
s p e c i f i e d  t o  be  n o t  less t h a n  75% o f  t h e c o n d u c t o r v o l u m e  i n  any  of 
t h e  t h r e e  g r a d e s .  T h e  2 . 0  T c o n d u c t o r  grade was s u b s e q u e n t l y  
d r o p p e d  due  t o  a r e d e s i g n  of t h e  ERT-I? m i r r o r  c o i l .  

I t  was n o t  f e l t  t h a t  t h e  c o n d u c t o r  r e q u i r e m e n t s  s p e c i f i e d  were 
o v e r l y  r e s t r i c t i v e  o r  b e g o n d  xhe s t a t e  o f  a r t .  However ,  t h r e e  
of t h e  f o u r  c o m p a n i e s  b i d d i n g  on t h e  d e v e l o p m e n t  c o n d u c t o r  took  
e x c e p t i o n  t o  e i t h e r  t h e  amount of c o p p e r  f r a c t i o n  o r  t h e  d e f i n i t i o n  
of c r i t i c a l  c u r r e n t  

A i r c o  won t h e  deve lopmen t  c o n d u c t o r  o r d e r  w i t h  a b i d  based on 
a new p r o c e s s i n g  t e c h n i q u e  ( i . e . ,  c o m p a c t e d  m o n o l i t h ) .  T h i s  
t e c h n i q u e  o f f e r e d  t h e  a t t r a c t i o n  of h i g h e r  c u r r e n t ,  d e n s i t y  w h i l e  
m a i n t a i n i n g  t h e  des i r ed  Cu t o  s u p e r c o n d u c t o r  r a t i o .  

A c o m p a c t e d  c a b l e  is made by p u t t i n g  a number  o f  m u l t i f i l a m e n t  
s t r a n d s  in-co e i t h e r  a s e a m l e s s  t u b e  or w i t h i n  a copper. s t r i p  

down t o  f i n a l  r o u n d  s i z e  t h r o u g h  c o n v e n t i o n a l  w i r e  d r a w i n g  d i e s .  
The t w i s t i n g  o f  t h e  f i l a m e n t s  is done  a t  a l m o s t  t h e  f i n a l  r o u n d  
s i ze  s t a g e .  R e c t a n g u l a r  s h a p i n g  is a c c o m p l i s h e d  w i t h  a t u r k s h e a d  
r o l l  a n d  a f i n a l  s i z i n g  d i e .  
of l e n g t h s  of low f i e l d  c o n d u c t o r  ( 6 T  g r a d e )  u s i n g  t h e  t u b e  
mill. The h i g h  f i e l d  c o n d u c t o r  ( 8 T )  r e m a i n e d  a p e r s i s t e n t  
problem w h i c h  was n e v e r  f u l l y  solved. The h i g h  f i e l d  l e n g t h s  
e x p e r i e n c e d  cen ter  b u r s t i n g ,  The p r o b l e m  a r o s e  from t h e  heat 
t r e a t m e n t  of t h e  NbTi  t o  maximize t h e  i n t r i n s i c  c r i t i c a l  c u r r e n t  
d e n s i t y .  T h i s  h e a t  t r e a t m e n t  t e n d s  t o  make t h e  s u p e r c o n d u c t o r  

. b r i t t l e  w h i c h  t h e n  r e s u l t s  i n  c o n d u c t o r  breakage d u r i n g  t h e  
d r a w i n g  o p e r a t i o n .  A i r c o  corrected t h e  b r e a k a g e  p r o b l e m  b y  
a l t e r i n g  t h e  heat t r e a t i n g  and c o m p e n s a t i n g  f o r  z h e  d e c r e a s e d  
c u r r e n t  d e n s i t y  by a d d i n g  more s u p e r c o n d u c t o r  i n  p l a c e  of c a p p e r .  

, o n  a c o n t i n u o u s  t u b e  m i l l .  The t u b e s  a re  c o m p a c t e d  a n d  drawn 

A i r c o  s u c c e s s f u l l y  made a number 

! 
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The r e s u l t  w a s  s u f f i c i e n t  c u r r e n t  c a r r y i n g  p r o p e r t y ,  b u t  
i n s u f f i c i e n t  copper .  If  t h e  s p e c i f i c a t i o n  f o r  copper  f r a c t i o n  
had been m e t  on t h e  conduc to r  d e l i v e r e d ,  t h e n  t h e  c u r r e n t  c a r r y i n g  
p r o p e r t y  would have been l o w .  For t h e  h igh  f i e l d  c o n d u c t o r ,  
Airco t r i e d  bo th  t h e  seamless t u b e  and t h e  t u b e  m i l l  w i t h  37 and 
19 mult  i f  i l a m e n t a r y  s t r a n d s .  

With t h i s  p r o d u c t i o n  problem and  o t h e r s ,  t h e  f irst  a c c e p t a b l e  
p i e c e  o f  6T w i r e  was cample t sd  and  s h i p p e d  i n  August 1980. 
The f i r s t  8T conduc to r  w a s  no t  r e c e i v e d  u n t i l  November 8 ,  1980. 

C r i t i c a l  c u r r e n t  measurements were per formed as soon a f t e r  t h e  
receipt of t h e  conduc to r s  as p o s s i b l e ,  b u t  t h e y  were delayed 
by  repairs  t o  t h e  ORNL magnet l abora tory .  A s  t e s t i n g  p r o g r e s s e d ,  
both g r a d e s  o f  conduc to r  exhibited s u f f i c i e n t  c u r r e n t  c a r r y i n g  
c a p a b i l i t y .  However, t h e r e  were t w o  aspects of t h e  measurement 
t h a t  created conce rn .  First t h e  conduc to r  w a s  h i g h l y  unstable 
t o  small  mot ions .  Conductor  samples  t r a i n e d  d u r i n g  s h o r t  sample 
t e s t i n g .  The second  concern  deve loped  when a r e s i s t i v e  v o l t a g e  
w a s  observed w i t h  v e r y  r a p i d  sweeping o f  t h e  t r a n s p o r t  c u r r e n t .  

To e x p l a i n  t h e  unexpec ted  b e h a v i o r  of  t h e  conduc to r  samples  i n  
t h e  s h o r t  sample t e s t s ,  a ser ies  of tests were per formed by 
ORNL t o  c h a r a c t e r i z e  t h e  conduc to r  I s  magnet i c  p r o p e r t i e s  . 
The basic  q u e s t i o n  t o  be addressed w a s  how an  i n t e r n a l  f i e l d  
w i l l  p e n e t r a t e  t h e  conduc to r  when a p p l i e d  p e r p e n d i c u l a r  t o  its 
l o n g i t u d i n a l  a x i s .  I n  t h e  extreme cases, t h e  e x t e r n a l  f i e l d  
may be exc luded  from t h e  e n t i r e  c o n d u c t o r  or may p e n e t r a t e  t h e  
conduc to r  w i t h o u t  b e i n g  exc luded  from l a r g e  r e g i o n s .  I n  the 
f i r s t  c a s e ,  s h i e l d i n g -  c u r r e n t s  and  s tored energy  are h igh .  If 
f l u x  is r e d i s t r i b u t e d  i n  t h e  conduc to r ,  t h e  s tored energy  w i l l  
be d e p o s i t e d  as heat and t h e  conduc to r  may quench.  I n  t h e  
second or i d e a l  c a s e ,  each  f i l a m e n t  behaves  independen t ly  and 
s tored ene rgy  is l o w .  The size and s e p a r a t i o n  o f  i n d i v i d u a l  
f i l a m e n t s  i s  a l so  a conce rn  as s h i e l d i n g  c u r r e n t s  are set  up 
i n  each f i l a m e n t  and  between f i l a m e n t s .  

.... 

I n  summary, NbTi f i l a m e n t  d i a m e t e r  s h o u l d  be less t h a n  abou t  
200 ym a t  4 . 2 K .  The ORNL m a g n e t i z a t i o n  t es t s  i n d i c a t e d  t h a t  
t h e  Airco compacted mono l i th  ( h i g h  and  l o w  f i e l d )  e x h i b i t e d  
s t r o n g  c o u p l i n g  w i t h  an  e f f e c t i v e  f i l a m e n t  d i ame te r  o f  400 pm. 
I ts  m a g n e t i z a t i o n  w a s  v e r y  s e n s i t i v e  t o  t h e  r a t e  of f i e l d  change. 
A d d i t i o n a l  t e s t i n g  on a c lass ical  mono l i th  r econf i rmed  t h a t  
un i form d i s t r i b u t i o n  of f i l a m e n t s ,  vs  t h e  strand d e s i g n ,  r e s u l t s  
i n  a s m a l l  e f f e c t i v e  f i l a m e n t  diameter. 

A s  a r e s u l t  of these e x p e r i m e n t s ,  t h e  Airco compacted mono l i th  
c o n d u c t o r  w a s  de t e rmined  n o t  t o  be a p p r o p r i a t e  f o r  t h e  -EBT-P 
a p p l i c a t i o n .  The d e c i s i o n  w a s  made t o  r e v i s e  t h e  conduc to r  
r e q u i r e m e n t s  t o  force t h e  p r o d u c t i o n  of a c lass ica l  mono l i th  
w i t h  f i l a m e n t s  d i s t r i b u t e d  o v e r  t h e  e n t i r e  c o n d u c t o r  cross s e c t i o n  
except f o r  solid copper  s e c t i o n s  i n  t h e  core and around t h e  
p e r i m e t e r .  
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During m i d  1980, two 304L s t a i n l e s s  s t ee l  bobb ins  were f a b r i c a t e d  
by ORNL i n  p r e p a r a t i o n  f o r  winding  t h e  two development c o i l s  
p lanned  under  t h e  program. 

A f t e r  t h e  award of t h e  EBT-P c o n t r a c t  t o  McDonnell Douglas i n  
September 1980,  t h e r e  w a s  a r eas ses smen t  o f  t h e  Magnet Development 
Program. T h i s  r eas ses smen t  reviewed t h e  t a s k s  and work d i v i s i o n s  
i n  t h e  MDP wi th  t h e  o b j e c t i v e  of u t i l i z i n g  a l l  t h e  r e s o u r c e s  a t  
ORNL, MDAC, and GDC. A f t e r  MDAC s u b m i t t e d  t h e  recommendations,  
ORNE de t e rmined  t h a t  ORNL would p roceed  w i t h  t h e  winding and 
open dewar t e s t i n g  of t h e  two development c o l d  masses. MDAC/GDC 
was t o  p roceed  a t  an  a c c e l e r a t e d  pace  t o  d e s i g n  and f a b r i c a t e  
t h e  dewars ,  c o l d  mass s u p p o r t s ,  c o l d  w a l l s ,  e t c . ,  f o r  t h e  t w o  
ORNL development c o i l s .  

The i n s t a l l a t i o n  of t h e  c o i l s  i n t o  t h e  dewars w a s  t o  b e  per formed 
by ORNL a t  t h a t  p o i n t .  T h i s  was l a t e r  changed t o  have  GDC 
i n s t a l l  t h e  c o i l s  i n  t h e  dewars a t  t h e  San Diego f a c i l i t i e s .  

Winding of t h e  f i r s t  ORNL development c o i l  ( D - 1 )  s t a r t e d  i n  
November 1980, The h i g h  f i e l d  o f  t h e  D - 1  c o i l  was wound w i t h  a 
660-meter l e n g t h  o f  37-s t r and  h igh  f i e l d  compacted conduc to r  
s u c c e s s f u l l y  produced by Airco. The l o w  f i e l d  reg ion  w a s  wound 
w i t h  9 - s t r a n d  c o n d u c t o r .  Winding of t h e  c o i l  was comple ted  i n  
mid March 1981. A s i g n i f i c a n t  amount o f  e f f o r t  o v e r  t h i s  s p a n  
was s p e n t  i n  d a t a  c o l l e c t i o n  on t h e  conduc to r  winding  pack ,  
r e c o r d i n g  winding stresses and s p l i c e  development .  The s p l i c e  
development program s e l e c t e d  a h i g h  l e a d  s o l d e r  ( 9 7 . 5  Pb 2 . 5  Ag) 
as the b e s t  mater ia l  f o r  t h e  s ide -by- s ide  conduc to r  s p l i c e .  

T e s t i n g  of t h e  D - 1  c o i l  s t a r t e d  i n  mid A p r i l  1981. I t  s u c c e s s f u l l y  
a c h i e v e d  a s e l f - f i e l d  of 7 .4T.  

In  subsequent  r a d i a t i o n  s i m u l a t i o n  t e s t i n g ,  t h e  D - 1  c o i l  quenched a t  
68 w a t t s  a t  5.OT and 13 w a t t s  a t  7.4". An impor t an t  r e s u l t  of 
t h e  D - 1  c o i l  t e s t i n g  w a s  t h e  e s t a b l i s h m e n t  of  a more s e v e r e  
quench p r e s s u r e  rise c r i t e r i a  f o r  t h e  development c o i l s .  I t  is 
b a s e d  on t h e  1 2 R  h e a t i n g  r a t e  o b s e r v e d  d u r i n g  t h e  open dewar 
t e s t .  

1 . 2  MAGNET DEVELOPMENT PROGRAM BENEFITS 

S i g n i f i c a n t  b e n e f i t s  from t h e  MDP t h u s  f a r  must f o c u s  on  t h e  
s u c c e s s f u l  performance of t h e  D - 1  c o i l  a t  f i e l d .  T h i s  t es t  
answered an o u t s t a n d i n g  i s s u e  r a i s e d  by EBT-P external r ev iews  
and v a l i d a t e d  t h e  b a s i c  t e c h n i c a l  approach  t o  t h e  m i r r o r  c o i l s .  
Beyond t h i s  pr imary  r e s u l t ,  o t h e r  b e n e f i t s  i n c l u d e :  

o C o r r e l a t i o n  o f  p r a c t i c e  and development winding  data  w i t h  
STANSOL a n a l y t i c a l  c a l c u l a t i o n s .  

o Demonst ra t ion  of t h e  t h e r m a l  margin i n  t h e  coil b a s e d  on 
t h e  r a d i a t i o n  s i m u l a t i o n  t e s t i n g .  
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o Va luab le  manufac tu r ing  e x p e r i e n c e  h a s  been g a i n e d  and  
t r a n s f e r r e d  t o  MDAC and GDC t h r o u g h  o b s e r v a t i o n  of t h e  ORNL 
winding  p r o c e s s .  

o Development o f  quench p r e s s u r e  r i se  c r i t e r i a  f o r  t h e  
development co i l s .  

o A c c e l e r a t e d  d e s i g n  and  f a b r i c a t i o n  e x p e r i e n c e  g a i n e d  a t  
MDAC/GDC on t h e  development dewars ,  c o l d  m a s s  s u p p o r t s ,  LN2 
c o l d  w a l l ,  a n d  s t a c k .  

o Development e x p e r i e n c e  and  t e s t i n g  per formed on v a r i o u s  
s p l i c e  c o n c e p t s  and s o l d e r  materials. 

1 . 3  TITLE I MAGNET DESIGN ACTIVITIES 

ORNL d e s i g n  a c t i v i t i e s  p r e d a t e d  t h e  award of t h e  MDAC/GDC 
c o n t r a c t  by approx ima te ly  t w o  years. Dur ing  t h i s  p e r i o d ,  t h e  
mirror c o i l  d e s i g n  concept  w a s  e v o l v e d  and  t h e  s u p e r c o n d u c t o r  
c o i l  winding  and i n s u l a t i o n  c o n f i g u r a t i o n  w a s  e s t a b l i s h e d .  
These a c t i v i t i e s  and  t h e  GDC p r o p o s a l  formed t h e  b a s i s  o f  t h e  
c u r r e n t  cont rac t .  J o i n t  t r a d e o f f  s t u d i e s  accompl ished  by t h e  
three o r g a n i z a t i o n s  (MDAC/ORNL/GDC) were p a r t i c u l a r l y  i m p o r t a n t  
i n  t h e  d e s i g n  of t h e  he l ium and  LN2 r e f r i g e r a t i o n  s y s t e m s ,  
i n s t r u m e n t a t i o n  and  c o n t r o l ,  x-ray s h i e l d i n g , m a g n e t i c  a l i g n m e n t ,  
and quench p ro tec t ion -power  s u p p l y  s y s t e m s .  All t h r e e  
o r g a n i z a t i o n s  have c o o p e r a t e d  i n  e s t a b l i s h i n g  d e s i g n  c r i t e r i a ,  
r ev iewing  t e s t  d a t a ,  and  in-depth  r ev iew o f  t h e  d e t a i l  d e s i g n .  
T h i s  p r o c e s s  h a s  been  a n  i t e r a t i v e  p r o c e s s ,  and  w e  can t a k e  
sat  i s f a c t  i o n  i n  t h e  c o n s c i e n t i o u s  r ev iews  which accompanied each  
e lement  o f  t h e  d e s i g n .  

1 . 4  TITLE I SYSTEM DESIGN ACTIVITIES 

1.4.1 POWER SUPPLY A-XD DISTRIBUTION SYSTEM. T i t l e  I d e s i g n  
h a s  e n t a i l e d  expans ion  and  v e r i f i c a t i o n  of c o n c e p t s  l a i d  down 
i n  t h e  EBT p r o p o s a l .  Pe r fo rmance ,  r e l i a b i l i t y ,  and  cos t  were 
t h e  d r i v i n g  c r i t e r i o n  i n  a l l  a n a l y s e s .  

The series bus  a r c h i t e c t u r e  has been a n a l y z e d ,  v i a  computer 
a n a l y s i s ,  f o r  s teady-state  o p e r a t i o n  as w e l l  a s  t r a n s i e n t  
e f f e c t s  d u r i n g  s t a r t u p  and shutdown. The bus  s t r u c t u r e  l a y o u t  
has been  c o o r d i n a t e d  w i t h  MDAC for  b o t h  mechan ica l  c o m p a t i b i l i t y  
as  w e l l  as e lec t r ica l  c o n s i d e r a t i o n s .  The magnet power s u p p l y  
which d r i v e s  t h e  bus  h a s  been  s u f f i c i e n t l y  s p e c i f i e d  for i n i t i a l  
R F P s  t o  be s e n t .  

1 . 4 . 2  QUENCH PROTECTION SYSTEM. A b a s e l i n e  d e s i g n  h a s  been 
es tab l i shed  which  d e t e c t s  a s u p e r c o n d u c t o r  normal zone p roduc ing  
a v o l t a g e  drop  o f  50mv o r  more and  a u t o m a t i c a l l y  i n i t i a t e s  a c t i o n  
w i t h i n  one  second  t o  p r o t e c t  t h e  magnet.  P o t e n t i a l  p roblems 
i d e n t i f i e d  d u r i n g  T i t l e  I which c o u l d  a f f e c t  t h e  b a s e l i n e  d e s i g n  
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were (1) t h e  c r e a t i o n  o f  a l a r g e  induced  v o l t a g e  c r e a t e d  by a 
plasma E r i n g  c o l l a p s e ,  and ( 2 )  non-balanced v o l t a g e  i n p u t s  from 
eddy c u r r e n t s  i n  t h e  magnet v e s s e l  s h e l l s .  These p o t e n t i a l  
problems w i l l  be i n v e s t i g a t e d  i n  d e t a i l  d u r i n g  T i t l e  I1 d e s i g n ,  
and c i r c u i t  d e s i g n s  w i l l  b e  c r e a t e d  t o  r e s o l v e  any problems.  

1.4.3 INSTRUMENTATION _._.-- AND CONTRO;. T h i s  sys t em h a s  been. 
c o o r d i n a t e d  w i t h  MDAC f o r  c o m p a t i b i l i t y  and is r e l a t i v e l y  we3.1 
d e f i n e d .  The d e t a i l s  of t h e  sys tem were g iven  a t  t h e  I n s t r u m e n t a t i o n  
and C o n t r o l  PDR p r e s e n t e d  a t  MDAC. 

1 . 5  DESIGN DESCRIPTION 

The magne t i c  s y s t e m  c o n s i s t s  of 36 s u p e r c o n d u c t i n g  m i r r o r  c o i l s ,  
t h e  power and d i s t r i b u t i o n  s y s t e m ,  the x-ray s h i e l d i n g ,  and t h e  
p r o t e c t i o n  s y s t e m .  F i g u r e  1.5-1 is a d e s i g n  sumina.ry of t h e  
supe rconduc t ing  m i r r o r  c o i l s  . 
The o v e r a l l  assembled  EBT-P magnet is shown i n  F i g u r e  1 .5-2 
and its general .  c r o s s - s e c t i o n a l  arrangement  is shown i n  F i g u r e  
1.5-3. The m a g n e t  assembly ,  a s  shown i n  F i g u r e  1.5-3 c o n s i s t s  
o f :  

a .  The s u p e r c o n d u c t i n g  winding  pack 

b .  316L  s t a i n l e s s  s t e e l  c o i l  c a s e  

c.  T i t an ium a l l o y  c o l d  mass s u p p o r t  s t r u c t u r e  

d.  L i q u i d  n i t r o g e n  coo led  copper  s h i e l d  

e .  Super  i n s u l a t i o n  

The d e s i g n  of t h e  t i t a n i u m  a l l o y  c o l d  mass s u p p o r t  s t r u c t u r e  is 
shown i n  F i g u r e  1 .5-4 .  I t  c o n s i s t s  of t h r e e  t a n g e n t i a l  t russes  
which s u p p o r t  t h e  he l ium v e s s e l .  A d e t a i l  of t h e  he l ium v e s s e l  
s u p p o r t  t r u s s  is shown i n  F i g u r e  1.5-5.  

F i g u r e  1.5-6 shows how t h e  magnet is i n s t a l l e d  i n  t h e  EBT-P 
d e v i c e .  The t w o  piece x-ray s h i e l d  is  bolted s e c u r e l y  t o  t h e  
magnet e x t e r n a l  case. The t o r r o i d a l  v e s s e l  vaccuum l i n e r  is n o t  
a t t a c h e d  t o  t h e  magnet and t h u s  allows independent  a l ignment  of 
the magnet and vessel. A more d e t a i l e d  discussion of the 
i n s t a l l a t i o n  of t h e  d e v i c e  is p r e s e n t e d  i n  volume T of t h e  T i t l e  
1 r e p o r t .  

The s t r u c t u r a l  d e s i g n  c r i t e r i a  i s  c o n s i s t e n t  w i t h  t h e  ASME 
P r e s s u r e  Vessel code ( a s  a p p l i c a b l e ) .  
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SYSTEM ELEMENT 

o COIL MASS ASSEMBLY 

o LN2 SHIELD 

d I o VACUUM DEWAR 
(D 

o SUPPORT STRUCTURE 

0 
0 
0 

0 
0 
0 

0 

DESIGN CHARACTERISTICS 

MONOLITHIC NBT I SUPERCONDUCTOR 
HELIUM VENTILATED COIL PACK 
LAYER WOUND WITH PANCAKE ENTRY 
ALL WELDED AND MACHINED 316L HELIUM VESSEL 

COPPER SHEET WITH TRACE COOLING TUBES 
MLI ON BOTH SIDES 
LOW LOSS SUPPORTS 

304L ALL WELDED ASSEMBLY 
T I  TAN1 UM TRUSS SUPPORTS 
DEWAR ALIGNMENT IS EXTERNAL 

MIRROR C O I  L DEWAR/SUPPORT STRUCTURE 
IS ADJUSTABLE AFTER INSTALLATION TO 
PERMIT MAGNET FIELD ALIGNMENT 

FIGURE 1,5-1 MIRROR C O I L  DESIGN SUNMARY 



FIGURE 1 5-2 EBT-P MAGNET ASSEPlIBLY 
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FIGURE 1 5-3 EBT-P MAGNET CROSS-SECTIONAL ARRANGEMENT 
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FIGURE 1,5-4 COLD MASS SUPPORT STRUCTURE 
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MIRROR CAVITY 
; (SECTIONED) - -  MIRROR C O I L  - 13.0 FLUX L I N E  I \ (SECTIONED) 

i [’- 18.0 FLUX L I N E  
1 

16.5 FLUX L I N E  

I 
I 

*:-=:a,,*.-”.-- ------_, 

/ I  ’ 1 MHEELER FLANGE 

X-RAY SHIELD 
L 1 5 . 0  FLUX L I N E  

MIRROR COIL/X-RAY SHIELD/VACUUM L I N E R  

I N S T A L L A T I O N  I N  EST-P 

FIGURE 1.5-6 
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1.6 MASTER SCHEDULE 

The  master s c h e d u l e  f o r  t h e  development program has  been a l te red  
s u b s t a n t i a l l y  o v e r  t h a t  s c h e d u l e  which  w a s  g e n e r a t e d  a t  t h e  s t a r t  
o f  t h e  c o n t r a c t  on October  1980. These s c h e d u l e  changes  have 
r e s u l t e d  from a desire t o  i n c r e a s e  GDC's r o l e  i n  t h e  f a b r i c a t i o n  
of dewar assemblies f o r  t h e  two ORNL c o l d  mass a s s e m b l i e s ;  f rom 
t h e  u n f o r t u n a t e  s l i p  i n  c o n d u c t o r  a v a i l a b i l i t y  f o r  t h e  development 
and p r o t o t y p e  cold mass a s s a m b l i e s ;  from t h e  r e s o l u t i o n  of 
d i f f i c u l t  d e s i g n  problems,  e s p e c i a l l y  i n  t h e  he l ium stack 
as sembly  a r e a  and c o l d  m a s s  s u p p o r t s ;  and f i n a l l y ,  from t h e  
s t r i k e  which o c c u r r e d  a t  t h e  ORNL f a c i l i t y .  However, i t  s t i l l  
appears p o s s i b l e  t o  meet t h e  p r o d u c t i o n  program, p r o v i d e d  t h a t  
no new d i f f i c u l t i e s  are e n c o u n t e r e d  w i t h  r e s p e c t  t o  c o n d u c t o r  
d e s i g n  and a d d i t i o n a l  o u t s t a n d i n g  t e c h n i c a l  problems are 
r e s o l v e d .  To m a i n t a i n  t h e  c u r r e n t  p r o d u c t i o n  s c h e d u l e  w i l l  
a l s o  r e q u i r e  advance  procurement  of t h e  s u p e r c o n d u c t o r  and o the r  
c r i t i c a l  materials w e l l  i n  advance  of  t h e  s ta r t  o f  de t a i l ed  
f a b r i c a t i o n  f o r  t h e  p r o d u c t i o n  magnets .  The current Master 
Schedu le  is shown i n  F i g u r e  1 .6-1.  

... 
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SECTION 2 

PURPOSE AND SCOPE 

The pu rpose  of  t h e  T i t l e  I e n g i n e e r i n g  e f f o r t  has been  t o  e x t e n d  
t h e  e a r l y  and on-going ORNL development f o r  t h e  magnet c o i l s  i n t o  
t h e  d e s i g n  of components €or  t h e  mir ror  c o i l  sys t em.  T h i s  w a s  
v e r i f i e d  by t h e  submiss ion  of each drawing and  accompanying a n a l y s e s ,  
when r e q u i r e d , t o  b o t h  MDAC and ORNL. Changes r e s u l t i n g  from these 
rev iews  have  been i n c o r p o r a t e d  i n t o  t h e  f i n a l  d e s i g n s  wh ich  have 
been appyoved by both MDAC and O W L .  T e s t  r e s u l t s  on t h e  ORNL 
development co i l s  r e s u l t e d  i n  t h e  r e j e c t i o n  of t h e  first p roposed  
s u p e r c o n d u c t o r  c o n f i g u r a t i o n  and  a more c o n v e n t i o n a l  s u p e r c o n d u c t o r  
d e s i g n  has  now evo lved .  T h i s  new s u p e r c o n d u c t o r  i s  c u r r e n t l y  
under  procurement  bo th  by ORNL (AIRCO)  and GDC ( A I R C O  and I G C ) .  
E a r l y  i d e n t i f i c a t i o n  and d e f i n i t i o n  of i n t e r f a c e s  has  es tab l i shed  
commonality between development and p r o t o t y p e  hardware .  T h i s  is 
p r i n c i p a l l y  r e q u i r e d  f o r  both r e f r i g e r a t i o n  s y s t e m s  ( h e l i u m  and  
L N z ) ,  mechanica l  marriage of t h e  mirror c o i l  a s s e m b l y  t o  t h e  
t o r u s  i n s t r u m e n t a t  i o n  and  c o n t r o l ,  x-ray s h i e l d s ,  and t h e  power 
s u p p l y  and quench p r o t e c t i o n  sys tem.  Trade s t u d i e s  were numerous 
and  e s p e c i a l l y  impor t an t  i n  t h e  d e s i g n  o f  t h e  he l ium s t ack  and  
s u p p o r t  sys t ems .  The main pu rpose  of t h i s  i n d e p t h  a n a l y s i s  w a s  
t o  minimize both  t h e  heat l e a k  and t h e  c o m p l e x i t i e s  of t h e  
he l ium r e f r i g e r a t i o n  sys tem.  The f i n a l  d e s i g n  of t h e  co ld  m a s s  
t o  vacuum dewar s u p p o r t s  w a s  a l o n g  i t e r a t i v e  process and  w a s  
r e q u i r e d  to  meet t h e  stress c r i t e r i a  d u r i n g  a l l  t h e r m a l  and f a u l t  
c o n d i t i o n s  w h i l e  r e d u c i n g  t h e  h e a t  l o s s  t o  t h e  m a x i m u m  e x t e n t  
p o s s i b l e .  A r e d e s i g n  of t h e  dewar assembly r e s u l t e d  i n  improving  
t h e  p a s s i n g  p a r t i c l e  f r a c t i o n .  

S e v e r a l  e l emen t s  of t h e  d e s i g n  are s t i l l  n o t  r e s o l v e d ,  Quench 
p r o t e c t i o n  is complicated by unique  induced  vol tage  n o i s e s  by 
p h y s i c s  shutdown problems and  w i l l  be d e s c r i b e d  i n  d e t a i l  unde r  
S e c t i o n  3.7. The magne t i c  axis  a l ignmen t  approach  is s t i l l  
undergoing  changes  i n  order  t o  p r o v i d e  t h e  s i m p l e s t  and  lowest 
cos t  sys t em c o n s i s t e n t  w i t h  ad jus tmen t  a n d  accu racy  c r i t e r i a .  

Throughout t h e  GDC d e s i g n  program, i n d u s t r i a l  and  manufac tu r ing  
e n g i n e e r i n g  p e r s o n n e l  have  been  i n v o l v e d  w i t h  t h e  i n t e n t  of  
r e d u c i n g  development and manufac tu r ing  costs  by  p r o p e r  t o l e r a n c e  
c o n t r o l ,  we ld ing ,  f a b r i c a t i o n  , and t o o l i n g  t e c h n i q u e s  This 
p r o c e s s  has r e s u l t e d  i n  a good p r o d u c i b i l i t y  p l a n  which w i l l  be  
d i s c u s s e d  unde r  Pa rag raph  6 .2 .  Proven t e c h n i q u e s ,  w e l d i n g ,  and  
machin ing ,  as w e l l  as o the r  component f a b r i c a t i o n ,  w i l l  a l l  be 
d e m o n s t r a t e d  i n  t h e  p r o t o t y p e  d e s i g n .  I t  is f u r t h e r  i n t e n d e d  
t h a t  components s u p p l i e d  b y  t h e  s u b c o n t r a c t o r s  w i l l  a lso be 
tes ted  i n  t h e  p r o t o t y p e  unde r  s i m u l a t e d  o p e r a t  i o n  c o n d i t i o n s .  
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SECTION 3 

DESIGN CRITERIA 

3 . 1  MAGNETICS REQUIREMENTS 

... .... 

The magne t i c  f i e l d  r e q u i r e d  f o r  t h e  EBT-P exper iment  w i l l  be  
p r o v i d e d  by 36 s u p e r c o n d u c t i n g  c o i l s .  The co i l s  w i l l  be  l o c a t e d  
i n  a t o r o i d a l  array w i t h  a major r a d i u s  of 4.5 meters. Each 
c o i l  w i l l  have a mean r a d i u s  of 29cm. The winding w i l l  be  
nominal ly  r e c t a n g u l a r ,  21 . lcm wide and l O c m  t h i c k .  Each of t h e  
c o i l s  w i l l  b e  c o o l e d  t o  4.2K by a l i q u i d  he l ium poo l  b o i l i n g  
b a t h .  

60 GHz O p e r a t i o n  

The c o i l s  w i l l  i n i t i a l l y  p r o v i d e  a maximum f i e l d ,  on a x i s ,  a t  
t h e  c o i l  t h r o a t  of 3 . 3  T e s l a  and a m i r r o r  r a t i o  of 2 . 2  a t  a 
des ign  b u l k  h e a t i n g  f r equency  of  60 GHz. 

90 GHz O p e r a t i o n  

The c o i l s  w i l l  a l so  be  c a p a b l e  of c o n t i n u o u s  o p e r a t i o n  at t h e  
f i e l d  l e v e l s  compat i b l e  w i t h  90 GHz bulk h e a t i n g  f r equency  , w i t h  
a maximum f i e l d  of a t  l eas t  7 .4  Tesla a t  t h e  s u r f a c e  o f  t h e  
c o n d u c t o r  and 4 . 8  Tesla on  ax i s  a t  t h e  c o i l  t h r o a t  (when o p e r a t i n g  
i n  t h e  36-magnet t o r o i d a l  a r r a y ) .  

F i e l d  E r r o r  

AB is  d e f i n e d  a s  t h e  d e v i a t i o n  of t h e  f i e l d  from t h a t  produced  
by i d e a l  s o l e n o i d a l  w ind ings .  The c u m u l a t i v e  e r r o r  f i e l d ,  w i t h  
a l l  c o i l s  e n e r g i z e d ,  w i l l  no t  exceed 1 X 10-4 a v e r a g e d  around 
t h e  t o r u s  a l o n g  t h e  minor  a x i s  i n  t h e  r a d i a l  d i r e c t i o n .  The 
s o u r c e s  of  e r r o r  f i e l d  i n c l u d e  non- so leno ida l  ( i . e . ,  h e l i c a l  and 
s p i r a l )  w ind ings ,  bus work, c u r r e n t  l e a d s ,  f e r r o m a g n e t i c  materials,  
and a l ignment  e r r o r .  The a n a l y s e s  d e a l i n g  w i t h  t h e  e r r o r  f i e l d  
are  p r e s e n t e d  i n  S e c t i o n  5.1. 

3 . 2  SLTERCONDUCTOR 

3.2.1 SPECIFICATION REQUIREMENTS. The Supe rconduc t ing  
c a b l e  t o  be used for t h e  c o i l  windings  w i l l  b e  an 0.29cm X 0.5cm 
NbTi/Cu r e c t a n g u l a r  mono l i th  w i t h  t w i s t e d  s u p e r c o n d u c t i n g  
f i l a m e n t s .  These f i l a m e n t s  w i l l  b e  less t h a n  o r  e q u a l  t o  
66 microns  i n  d i a m e t e r .  The conduc to r  w i l l  have a t w i s t  
p i t c h  of 2-3 i n c h e s  and a copper - to-superconductor  r a t io  
of 2 .8  minimum. 

3 .2 .2  TEST REQUIREMENTS. The s h o r t  sample c r i t i c a l  c u r r e n t  
a t  7.5T and 4.2K s h a l l  be g r e a t e r  t h a n  2800 amps. The f i n a l  
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conduc to r  zero f i e l d  composi te  r e s i s t i v i t y  r a t i o  s h a l l  be a 
minimum of 120. 

3 . 2 . 3  CURRENT DENSITY. The o p e r a t i n g  c u r r e n t  i n  t h e  conduc to r  
w i l l  b e  no g r e a t e r  t h a n  1800 amps d i r e c t  cu r ren t  unde r  maximum 
f i e l d  c o n d i t i o n s .  The windings-  are  des igned  t o  o p e r a t e  a t  a 
f i e l d  of  7 . 4  Tes l a  and a nominal c u r r e n t  d e n s i t y  o f  10,000 
amps / cmz . 
3 . 2 - 4  STABILITY. Due t o  t h e  c o i l  d e s i g n ,  o v e r a l l  motion o f  
t h e  i n s u l a t e d  conduc to r  when e n e r g i z e d  w i l l  n o t  be s u f f i c i e n t  
t o  r e s u l t  i n  a c o i l  quench. The conduc to r  w i l l  be c a p a b l e  of 
a c h i e v i n g  7 .4  Tesla  o n  t h e  f i rs t  exposure  t o  t h e  d e s i g n  c u r r e n t .  
S t r e s s e s  e x p e r i e n c e d  d u r i n g  winding and f a b r i c a t i o n  w i l l  no t  
degrade  conduc to r  performance below t h e  s p e c i f i c a t i o n  r e q u i r e m e n t s .  

3 . 2 . 5  SWERCONDUCTOR MINIMUM LENGTH C R I T E R I A .  The m i n i m u m  
c o n d u c t o y l e n g t h  f o r  t h e  h i g h  f i e l d  r e g i o n  o f  an E13T-P c o i l  
s h a l l  be l o n g  enough t o  wind t h e  f i r s t  f i v e  l a y e r s  and  t h e  34 
l a y e r s  of t h e  pancake.  T h i s  r e q u i r e s  approx ima te ly  1200 f e e t  
o f  c o n d u c t o r .  The minimum l e n g t h  o f  conduc to r  t o  be u s e d  i n  
t h e  low f i e l d  r e g i o n  s h a l l  be  long  enough t o  wind f o u r  l a y e r s  
of t h e  c o i l .  T h i s  allows t h e  s p l i c e s  t o  b e  p l a c e d  on t h e  
o u t s i d e  o f  t h e  c o i l  f o r  maximum c o o l i n g  and keeps  them from 
b e i n g  i n  a d j a c e n t  l a y e r s .  T h i s  r e q u i r e s  approx ima te ly  1000 
f e e t ,  which is  t h e  minimum d e l i v e r a b l e  l e n g t h .  

3 . 3  WENDING ASSEMBLY 

3.3.1 GENERAL - PACK CONFIGURATION. A s  developed  d u r i n g  
Phase  I and Phase  11, t h e  d e s i g n  v a r i a b l e s  f o r  EST-P mi r ro r  
c o i l  winding assembly o r  pack are  c l o s e l y  r e l a t e d  t o  t h e  r e q u i r e d  
p h y s i c s  p a r a m e t e r s  f o r  t h e  d e v i c e .  The i n p u t  p a r a m e t e r s  of  
plasma r a d i u s ,  number of s e c t o r s ,  c o i l  w i d t h ,  annu lus  f i e l d ,  
c o i l  winding t o  f l u x  l i n e  d i s t a n c e s ,  p a s s i n g  p a r t i c l e  f r a c t i o n ,  
and c o i l  length- to-width  r a t i o  de te rmine  t h e  mir ror  r e q u i r e m e n t s .  
These o u t p u t  v a r i a b l e s  axe mean c o i l  r a d i u s ,  m i r r o r  r a t i o ,  
t o r u s  major r a d i u s ,  midplane  f i e l d  QII a x i s ,  t h r o a t  f i e l d  on 
ax is ,  peak f i e l d  on c o i l ,  and c o i l  c u r r e n t  d e n s i t y .  The s p e c i f i c  
p h y s i c s  r equ i r emen t s  r e q u i r e  t h e  c o r r e s p o n d i n g  mi r ro r  c o i l  
p a r a m e t e r s  t a b u l a t e d  i n  F i g u r e  3.3-1. 

The conduc to r  pack w i l l  have  o n l y  one g r a d e  o f  conduc to r  d e s i g n e d  
f o r  t h e  h igh  f i e l d  r e q u i r e m e n t s .  T h i s  c r i t e r i a  w a s  changed 
d u r i n g  Ti t le  I d e s i g n  from a two-grade c o n c e p t .  I t  w a s  de t e rmined  
t h a t  t h e  cost s a v i n g s  of t w o  conduc to r  g r a d e s  were o f f s e t  by 
t h e  a d d i t i o n a l  c o m p l i c a t i o n s  a s s o c i a t e d  w i t h  a m u l t i g r a d e  
procurement .  T h i s  was e s p e c i a l l y  t r u e  a f t e r  t h e  d e c i s i o n  w a s  
made t o  have more t h a n  o n e  s o u r c e  of s u p p l y  l o r  s u p e r c o n d u c t o r .  
An added b e n e f i t  o f  t h i s  c r i t e r i a  change i s  t h a t  t h e  gross  
s t a b i l i t y  of  t h e  conduc to r  pack is i n c r e a s e d  w i t h  a h igh  f i e l d  
conduc to r  i n  t h e  l o w e r  f i e l d  r e g i o n s .  On a q u a l i t a t i v e  b a s i s ,  
a more r e l i a b l e  coi l .  r e s u l t s .  
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GENERAL OYNAMICS 
Convair Division 

WANT 1 TY QUANT I TY 
PARMETER (60 GHz) (90 GHz) 

~ 

INSIDE COIL RADIUS 2 4 , o  24.0 
OUTSIDE COIL RADIUS 34,O 34,O 
MEAN COIL RADIUS 29,O CM 29,O CM 

MIRROR RATIO 2,2:1 2 . 2 : 1  
TORUS MAJOR RADIUS 4,s M 4,s M 
MIDPLANE FIELD ON AXIS 1S T 2,2 T 
THROAT FIELD OtJ AXIS 5 3  T 4,8 7 
PEAK FIELD ON COIL 5.1 T 7,4 T 
COIL CURRENT DENS ITY €667 A h 2  10,000 A h 2  
CONDUCTOR PACK LENGTH 2111 CM 2111 CM 
OPERAT I NG CURRElJf 1133 A 1700 A 
AMPERE TURNS 1,4 x lo6 211 x 106 

FIGURE 3,3-11 FSIRROR COIL PARAMETERS 



3 . 3 . 2  W I N D I N G  CONCEPT .-_I..- AND TENSION. The winding concept  is t o  
be l a y e r  wound w i t h  a ha l f -pancake  ( p i e )  OIP one  s ide .  T h i s  p i e  
approach  is  s p e c i f i e d  t o  minimize t h e  l e a d  e f f e c t s  on t h e  
magne t ' s  s t r a y  f i e l d s .  The  c o i l  e l e c t r i c a l  l e a d s  a r e  brought  
o u t  close t o g e t h e r  o v e r  t h e  c e n t e r  of t h e  conduc to r  pack.  T h i s  
concept  a l so  maximizes t h e  amount of a c t i v e  conductor  i n  t h e  
a v a i l a b l e  winding pack area.  

The winding pack/bobbin  d e s i g n  is t o  be  b a s e d  on a winding  
t e n s i o n  t h a t  minimizes  conduc to r  pack movements ( i .  e . ,  l i f t - o f f  
and  a x i a l  s h i f t i n g )  d u r i n g  o p e r a t i o n .  

A f t e r  a conduc to r  pack has  been d e s i g n e d  as  p h y s i c a l l y  s t a b l e  
a s  p o s s i b l e  f o r  o p e r a t i n g  c o n d i t i o n s ,  c r e d i b l e  e v e n t s  w i l l  be 
deve loped  based  on t h e  c h a r g i n g  s c e n a r i o  and f a u l t  c o n d i t i o n s .  
These e v e n t s / d i s p l a c e r n e n t s ,  w i t h  t h e i r  a s soc ia . t ed  f o r c e s ,  w i l l  
t h e n  be  u t i l i z e d  as  d e s i g n  c r i t e r i a  f o r  t h e  conductor  s t a b i l i t y  
and magnet ic  f i e l d  accuracy  a n a l y s i s .  

3 . 3 . 3  INSULATION/COOLENG CONCEPT. The conduc to r  pack is an  
u n i m p r e g s e d ,  l i q u i d  hel ium-coolgx,  p o o l - b o i l i n g  c o n f i g u r a t i o n .  
Turn- to- turn  and l a y e r - t o - l a y e r  i n s u l a t i o n  w i l l  c o n s i s t  O P  a 
50% coverage  of  sp i r a l -wrapped  nomex t a p e .  T h i s  t a p e  is 6 . 5  m i l s  
t h i c k  and  .12 i n c h  wide. The ground i n s u l a t i o n  concept  is t o  
b e  based  on a combina t ion  of po ly imide  and G - 1 0 C R .  The po ly imide  
is t o  p r o v i d e  coverage  a t  t h e  c o r n e r s  i n  t h e  bobbin  and  a t  j o i n t s  
i n  t h e  G-1OCR. The G-10CR is t o  be  des igned  so  t h a t  t h e r e  i s  
a he l ium plennum a l o n g  t h e  s i d e w a l l s  o f  t h e  conduc to r  pack. 
T h i s  same G-1OCR c o n f i g u r a t i o n  is t o  p r o v i d e  a s e p a r a t e  he l ium 
plennum a g a i n s t  t h e  c o i l  bobbin .  

Both t h e  v e n t i l a t e d  conduc to r  pack and t h e  he l ium plennum 
aga ins t  t h e  bobbin  were s e l e c t e d  as c r i t e r i a  f o r  t h e  pack ,  
a f t e r  an  e v a l u a t i o n  of t h e  non-uniformly d i s t r i b u t e d  10-matt 
t h e r m a l  l o a d  which r e s u l t s  from t h e  x-ray environment  imposed 
011 t h e  m i r r o r  c o i l s .  

3 . 3 . 4  BOBBIN.  The c o i l  bobbin is t o  be des igned  of  s t a i n l e s s  
s t ee l  e f i m n g  t h e  lowest magne t i c  p e r m e a b i l i t y  i n  weld  areas 
at  l i q u i d  h e l i i m  t e m p e r a t u r e s  e Exper i ence  on o t h e r  programs 
h a s  l e d  GDC t o  e s t a b l i s h  magne t i c  p e r m e a b i l i t y  as  a n  a c c e p t a n c e  
c r i t e r i a  o n  t h e  s t a i n l e s s  s t ee l  p l a t e  material .  The maximum 
a l l o w a b l e  p e r m e a b i l i t y  of t h e  bobbin  welds  s h a l l  no t  exceed  TBD. 
Base material s h a l l  no t  exceed  " B D .  Beyond material  s e l e c t i o n  
t o  minimize magne t i c  p e r m e a b i l i t y ,  t h e  bobbin s h a l l  be des igned  
t o  g i v e  t h e  l a r g e s t  c lear  bore w i t h  an a c c e p t a b l e  winding t e n s i o n .  

The bobbin must p r o v i d e  a s t a b l e ,  a c c u r a t e  s u p p o r t  s t r u c t u r e  
for t h e  conduc to r  pack unde r  normal  o p e r a t i n g  c e n t e r i n g  and 
f a u l t  ou t -o f -p l ane  l o a d i n g  c o n d i t i o n s  s p e c i f i e d  i n  Pa rag raph  3 . 5 .  

3 . 3 . 5  I N S U L A T I O N  STRENGTH. T h e  f a c t o r  of s a f e t y  f o r  i n s u l a t i o n  
gaps w i t h i n  t h e  c o i l  pack shall be de termined  a s  f o l l o w s :  
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Gap Breakdown V o l t a g e  i n  Ambi~ent H e l i u m  
Maximum P r e d i c t e d  Vo l t age  F.S. = 

For d i e l ec t r i c  materials other  t h a n  he l ium,  t h e  f a c t o r  of  s a f e t y  
s h a l l  be de te rmined  s i m i l a r l y  as f o l l o w s  : 

Material Breakdown Vol t age  
F*S' = Maximum P r e d i c t e d  Voltage 

I n  c a l l  c a s e s ,  t h e  f a c t o r  of s a f e t y  s h a l l  be 2 .0  minimum. 

The minimum gap f o r  c o n d u c t o r s  s e e i n g  t h e  f u l l  400-vol t  d i s c h a r g e  
s h a l l  be 6mm. (Breakdown v o l t a g e  f o r  6mm is g r e a t e r  t h a n  800 

The i n s u l a t i o n  test v o l t a g e  i n  a i r  from c o n d u c t o r  t o  grounh 
s h a l l  be determined as f o l l o w s :  

v o l t s .  ) 

400 ( D e s i g n  V o l t a g e )  X 1.5 ( F a c t o r  of  S a f e t y )  
X 4 . 6 7  (Rat io  of Breakdown i n  A i r  t o  H e l i u m )  
= 2800 v o l t s  

3.3.6 PROTECTION. S p e c i a l i z e d  c i r c u i t r y  w i l l  be p r o v i d e d  t o  
e l ec t r i ca l ly  i s o l a t e  each  co i l  i n  t h e  e v e n t  of a quench and 
a l l o w  i t  t o  d i s c h a r g e  i n t o  a r e s i s t i v e  e lement  i n  o r d e r  t o  
p r o t e c t  t h e  c o n d u c t o r .  

Maximum d i s c h a r g e  v o l t a g e  at any p o i n t  i n  t h e  magnet sys t em w i l l  
be  c o m p a t i b l e  w i t h  t h e  magnet i n s u l a t i o n  scheme. Maximum 
t e m p e r a t u r e  i n c r e a s e  a t  any p o i n t  w i t h i n  t h e  c o i l  d u r i n g  a quench 
w i l l  be less t h a n  100K. The s u p p o r t i n g  quench a n a l y s i s  is 
p r e s e n t e d  i n  S e c t i o n  5.1.  

3 .4  MAGNET DEWAR 

3.4.1 GENERAL. The m i r r o r  c o i l  dewar and s u p p o r t  s t r u c t u r e  
s h a l l  be d e s i g n e d  t o  minimize h e a t  l e a k  i n t o  t h e  l i q u i d  he l ium 
env i ronmen t ,  minimize t h e r m a l  r a d i a t i o n  from t h e  dewar w a l l  t o  
he l ium c o o l e d  mirror c o i l ,  and w i t h s t a n d  g r a v i t y  and magnet ic  
l o a d s  d u r i n g  normal o p e r a t i o n  and  f a u l t  c o n d i t i o n s .  I t  a r i l 1  be 
d e s i g n e d  f o r  seismic l o a d s  d u r i n g  normal o p e r a t i o n  b u t  n o t  f a u l t  
c o n d i t i o n s .  Coi l  s u p p o r t s  s h a l l  b e  d e s i g n e d  t o  p r e v e n t  t h e  need 
fo r  c o i l  r e a l i g n m e n t  a f t e r  a c o i l  quench .  

S u f f i c i e n t  c o i l  p o s i t i o n  a d j u s t m e n t s  s h a l l  be p r o v i d e d  t o  align 
t h e  c o i l  a x i s  and t h e  axis  of t h e  d e v i c e .  If r e q u i r e d ,  
r e a d j u s t m e n t  c a p a b i l i t y  w i l l  be p r o v i d e d  when t h e  c o i l  is a t  
4.2OK. T h i s  ad jus tmen t  can  be p r o v i d e d  by moving t h e  c o i l  i n  
t h e  dewar or moving t h e  dewar and c o i l  combina t ion .  F u t u r e  
i n s t a l l a t i o n  of ARE c o i l s  s h a l l  n o t  r e q u i r e  i n t e r n a l  m o d i f i c a t i o n  
of t h e  vacuum dewar. 

3-5 



3 . 4 . 2  INTERFACES 

- St ruc tu ra l /Vacuum.  The m i r r o r  c o i l  dewars s h a l l  comply w i t h  
t h e  i n t e r f a c e  d imens ions  shown on MDAC drawing 70B376001. 

Cryogenic .  The m i r r o r  c o i l  dewars s h a l l  comply w i t h  t h e  p h y s i c a l  
i n t e r f a c e s  imposed by MDAC drawing 70B373009. 

3 . 4 . 3  DEWAR VACUUM 

Base P r e s s u r e .  The vacuum dewar s h a l l  be d e s i g n e d  f o r  a b a s e  
p r e s s u r e  of 10-5 t o r r .  

D e w a r  Pumpdown. The t i m e  r e q u i r e d  t o  pump down t h e  dewar s h a l l  
be  minimized by s e l e c t i n g  materials and s u r f a c e  f i n i s h e s  t h a t  
minimize o u t  g a s s i n g .  

Helium Vessel Leakage. The t o t a l  he l ium v e s s e l  l e a k a g e  i n t o  
t h e  dewar a t  o p e r a t i n g  t e m p e r a t u r e  s h a l l  n o t  exceed  1 X 10-9 
SCCS of he l ium gas .  

Ou tgass ing  and Bake-out.  The dewar s h a l l  be  d e s i g n e d  t o  f a c i l i t a t e  
bake-out a t  l O O o C  i n  t h e  e v e n t  t h a t  l o s s  of sys t em vacuum is 
e x p e r i e n c e d  o r  r e q u i r e d  f o r  ma in tenance .  
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3.4 .4  THERMAL PERFORMANCE 

LHe Demand. The f o l l o w i n g  r e p r e s e n t s  t h e  nominal  c a l c u l a t e d  
h e l i u m  a l l o c a t i o n s  t o  v a r i o u s  s u b a s s e m b l i e s  i n  t h e  vacuum dewar. 
Acceptance r e j e c t i o n  c r i t e r i a  w i l l  be e s t a b l i s h e d  f o l l o w i n g  
development t e s t i n g  and i n c o r p o r a t e d  d u r i n g  t h e  T i t l e  I1 d e s i g n .  

... 

Subassembly 

Cold Mass S u p p o r t s  
MLI I n s u l a t i o n  
S t a c k  Losses  
X-ray H e a t i n g  
C o n t r o l s  & 

Conductor  Losses 
Vapor- Coo 1 e d Le ads 

I n s t r u m e n t a t  i o n  

R e f  r i g e r a t  i o n  L i q u e f i c a t i o n  

4 . 2 5  watts 
. 2 3  w a t t s  

4 . 5 3  w a t t s  
10 wat t s  

( I n c l u d e d  i n  S t a c k )  
.03 w a t t s  

4 . 9  l / h r  

19.0 w a t t s  4 . 9  l / h r  

9 Demand. 
a l l o c a t i o n  t o  v a r i o u s  s u b a s s e m b l i e s  i n  t h e  vacuum dewars. 

The f o l l o w i n g  r e p r e s e n t s  t h e  maximum n i t r o g e n  

Subass  emble H e a t  Load 

Cold Mass S u p p o r t s  39.0 w a t t s  
Cold Wall R a d i a t i o n  (Thermal) 14 .0  watts 
S t a c k  Losses 13.4 w a t  t s 

66.4 watts 

3 . 5  STRUCTURAL REQUIREMENTS 

The s t r u c t u r a l  r e q u i r e m e n t s  for t h e  m i r r o r  c o i l  are e x t r a c t e d  
from t h e  p r e l i m i n a r y  procurement  s p e c i f i c a t i o n ,  Re fe rence  3 . 5 - 1 .  
Refe rence  3.5-2  w a s  searched t o  e n s u r e  comple t eness  of t h e  
r e q u i r e m e n t s .  R e f e r e n c e  3.5-1 cal ls  o u t  R e f e r e n c e s  3.5-4 t h r u  
3.5-6  which c o n t a i n  f u r t h e r  s t r u c t u r a l  r e q u i r e m e n t s .  The m o s t  
s i g n i f i c a n t  of these a d d i t i o n a l  r e f e r e n c e s  is 3.5-4 which  is 
t h e  ASME Boiler and P r e s s u r e  Vessel code. 

The s t r u c t u r a l  a n a l y s i s  of  t h e  EBT-P is based on t h e  r e q u i r e m e n t s  
of t h e  ASME P r e s s u r e  Vessel code. Sect ion V I I I ,  D i v i s i o n s  1 and 
2 are  used on t h e  p r e s s u r e  v e s s e l  components and  S e c t i o n  111, 
D i v i s i o n  1, Appendix XVII on t h e  component s u p p o r t s .  The code 
p r o v i d e s  v a l u e s  f o r  room t e m p e r a t u r e  p r o p e r t i e s ,  f a c t o r s  of 
s a f e t y ,  methods of a n a l y s i s ,  and acceptable d e s i g n  c o n f i g u r a t i o n s .  
I n  areas of t h e  p r e s s u r e  v e s s e l  which t h e  code does no t  a d d r e s s ,  
such  as t h e  i n n e r  b o r e ,  t h e  code  has been  used as a g u i d e  fo r  
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c o n f i g u r a t i o n  development ,  and d e t a i l e d  a n a l y s i s  h a s  been used  
t o  conf i rm adequa te  margins .  

The  o v e r a l l  st r u c t u r a l  r e q u i r e m e n t s  a r e  s u b d i v i d e d  i n t o  
Performance Requirements  and  Design Environments  which are 
t a b u l a t e d  i n  the f o l l o w i n g  t w o  s e c t i o n s .  

3 . 5 . 1  STRUCTURAL PERFORMANCE REQUIREMENTS. The gove rn ing  
s t r u c t u r a l  per fo imance  requi rement  is ( p a r a p h r a s e d ) :  

N o  i n e l a s t i c  deformat ion  which c o u l d  d e s t r o y  t h e  
a l ignment  o r  c a u s e  c o i l  quench s h a l l  o c c u r  d u r i n g  
any of t h e  a n t  i c i p a t e d  n o r m a l  o r  f a u l t  env i ronmen t s .  

T h i s  requi rement  is  s a t i s f i e d  th rough  d e t a i l e d  a n a l y s i s  and  
u s e  of fac tors  of  s a f e t y  f o r  computing margins  of s a f e t y .  The 
material p r o p e r t i e s  used  are s p e c i f i c a t i o n  g u a r a n t e e d  minimums, 
and minimum margins  are  a l l  a s s o c i a t e d  w i t h  a 1 . 5  f a c t o r  of 
s a f e t y  o n  y i e l d  excep t  f o r  t h e  t i t a n i u m  co ld  m a s s  s u p p o r t s  
which are  c r i t i c a l  a t  u l t i m a t e  w i t h  a f a c t o r  of  s a f e t y  of 2 . 0 .  

F a c t o r s  of  SafetQ 

F a c t o r s  of s a f e t y  r e f e r r e d  t o  i n  t h i s  c r i t e r i a  are  r e g a r d e d  as 
d e s i g n  f a c t o r s  of s a f e t y .  A d e s i g n  f a c t o r  of s a f e t y  is i n t e n d e d  
t o  ra i se  t h e  d e s i g n  l o a d  t o  a. v a l u e  which is compa t ib l e  w i t h  
t h e  d e s i g n  s t r e n g t h  p r o p e r t y  ( i . e * ,  y i e l d  o r  u l t i m a t e )  of t h e  
material . 
F i g u r e  3 .5-1 shows t h e  f a c t o r s  of s a f e t y  w e  used  f o r  t h e  mirror  
c o i l  assembly a n a l y s i s  

The f o l l o w i n g  ex t rac ts  from Refe rence  3.5-1. p r o v i d e  a more 
d e t a i l e d  list of t h e  s t r u c t u r a l  per formance  r equ i r emen t s  
imposed on t h e  EBT-P mir ror  magnets.  

a .  O v e r a l l  motion of t h e  i n s u l a t e d  conduc to r  when e n e r g i z e d  
s h a l l  n o t  be s u f f i c i e n t  t o  r e s u l t  i n  a c o i l  quench ( p a r a .  
3.2.2). 

b .  S t r e s s e s  e x p e r i e n c e d  d u r i n g  winding and f a b r i c a t i o n  s h a l l  
n o t  deg rade  conductor  per formance  below s p e c i f i c a t i o n  
r e q u i r e m e n t s  ( p a r a .  3 . 2 . 4 ) .  

c .  The  conductor - to-conductor  j o i n i n g  t e c h n i q u e s  s h a l l  be 
s e l e c t e d  t o  minimize e l e c t r i c a l  r e s i s t a n c e  w h i l e  m a i n t a i n i n g  
95% of  t h e  mechanica l  y i e l d  s t r e n g t h  of  t h e  p a r e n t  c o n d u c t o r s  
( p a r a .  3 . 2 . 4 . 2 ) .  

d.  The bobbin s h a l l  b e  c a p a b l e  of r e s i s t i n g  t h e  stresses 
i n c u r r e d  d u r i n g  b o t h  normal o p e r a t i o n  and f a u l t  c o n d i t i o n s  
( p a r a .  3 . 2 . 9 ) .  
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Conwair Division 
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FIGURE 305-1 FACTORS OF SAFETY USED FOR 
M 1 RROR CO I L ASSEMBLY 

PA RAG RAP H 
CONDITION BEHAVIOR FACTOR OF SAFETY NOS 8 

REF, 3 , S - l  

OPERATIONAL ULTIMATE STRENGTH 3,o" 
LOADS Y I E D  STRENGTH 1,s 3 0 9 0 1  

BUCKLING STRENGTH 4,O 3 , g 0 1  

FAT I GUE STRENGTH 10 BASED Off CYCLES 3 0 9 8 1  

HANDLING AND ULTIMATE STRENGTH 3,o 

TRANSPORTATION YIELD STRENGTH 200 30981 

FAT I GUE STRENGTH 10 BASED ON CYCLES 3 ,9 ,1  

BUCKLING STRENGTH q 0 0  3 , g 0 1  

"SEE 5,2,3 FOR EXCEPTION 



e .  The mir ror  c o i l  dewar and s u p p o r t  s t r u c t u r e  s h a l l  be  
des igned  t o .  . . w i t h s t a n d  g r a v i t y  and  magnet l o a d s  d u r i n g  
normal o p e r a t  ion and under  f a u l t  c o n d i t i o n s .  C o i l  s u p p o r t s  
s h a l l  be  d e s i g n e d  t o  p r e v e n t  t h e  need  f o r  c o i l  a l ignment  
a f t e r  a c o i l  quench ( p a r a .  3 . 3 ) .  

f .  D e l e t e d .  

g .  A 1 1  materials,  p a r t s ,  and p r o c e s s e s  s h a , l l  be d e f i n e d  and 
c o n t r o l l e d  by e n g i n e e r i n g  drawings ,  s p e c i f i c a t i o n s ,  a n d / o r  
s t a n d a r d s  ( p a r a .  3 . 9 . 4 ) .  

h .  P a r t i c u l a r  a t t e n t i o n  snall be p a i d  t o  o p e r a t i o n a l  
t e m p e r a t u r e s ,  f r a c t u r e  toughness ,  impac t ,  c r e e p ,  stress 
r u p t u r e ,  t h e r m a l  s t a b i l i t y ,  t h e r m a l  f a t i g u e ,  stress 
c o r r o s i o n ,  e m b r i t t l e m e n t  , and magnetic p r o p e r t i e s  ( p a r a .  
3 . 9 * 4 m 1 ) .  

3 . 5 . 2  DESIGN ENVIRONMENTS. T h i s  s e c t i o n  p r e s e n t s  the  l o a d s ,  
accelerat ions,  t e m p e r a t u r e s ,  and  o t h e r  envi ronments  which t h e  
EBT-? s t r u c t u r e  must w i t h s t a n d .  These envi ronments  are 
e x t r a c t e d  from Refe rence  3.5-1 w i t h  cross checks  t o  Refe rences  
3.5-2 and 3 . 5 - 3 .  

The f o r c e s  due t o  magnet l o a d s  are r e p o r t e d  i n  S e c t i o n  5 . 1  and 
are  no t  r e p e a t e d  i n  t h i s  s e c t i o n .  

Ambient Environment .  The mirror  magnet s h a l l  meet a l l  
r e q u i r e m e n t s  when o p e r a t i n g  i n  a i r  a t  38oC and 80% r e l a t i v e  
humid i ty .  

Tempera ture .  The c o i l  s h a l l  be c a p a b l e  of b e i n g  c o o l e d  from 
3000K t o  4 . 2 O K  ( p a r a .  3.2.6.1). 

O p e r a t i n g  L i f e .  The c o i l  s h a l l  b e  c a p a b l e  of  o p e r a t i n g  f o r  a 
minimum o f  10 years i n c l u d i n g  t h e  c y c l e  l i f e  s p e c i f i e d  below,  
when o p e r a t i n g  f o r  4000 h r s / y e a r  under  EBT-P nominal o p e r a t i n g  
c o n d i t i o n s  ( p a r a .  3 . 2 . 7 )  . 
Thermal C y c l e s .  The c o i l  shall b e  c a p a b l e  of mee t ing  a l l  t h e  
r e q u i r e m e n t s  of t h i s  s p e c i f i c a t i o n  a f t e r  b e i n g  s u b j e c t e d  t o  
200 t h e r m a l  cyc le s .  A t he rma l  c y c l e  is d e f i n e d  t o  be cooldown 
from 3000K t o  4 O K  and warmup from 4 O K  t o  3OO0K ( p a r a .  3 . 2 . 7 . 1 ) .  

E l ec t r i ca l  Cyc le s .  The c o i l  s h a l l  be c a p a b l e  of meet ing  t h e  
r e q u i r e m e n t s  of t h i s  s p e c i f i c a t i o n  a f t e r  b e i n g  s u b j e c t e d  t o  
2,000 c h a r g i n g  cyc le s .  A c h a r g i n g  cyc le  i s  d e f i n e d  as  e n e r g i z i n g  
the c o i l  from z e r o  c u r r e n t  t o  t h e  nominal o p e r a t i n g  c u r r e n t  
w i t h i n  30 minutes  and d i s c h a r g i n g  ( p a r a .  3 . 2  7 . 2 ) .  
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F a u l t  Loading C y c l e s .  The  c o i l  s u p p o r t  s y s t e m  s h a l l  be c a p a b l e  
of w i t h s t a n d i n g  t h e  ou t -o f -p l ane  f a u l t  loads f o r  a t o t a l  of 20 
c y c l e s  d u r i n g  t h e  l i f e  o f  t h e  machine ( p a r a .  3.2.7.3). 

R a d i a t i o n .  The mirror c o i l  and  s u p p o r t  equipment must meet a l l  
r e q u i r e m e n t s  of t h e  s p e c i f i c a t i o n  af ter  a t o t a l  x-ray exposure  
o v e r  10 years a s  g iven  i n  F i g u r e  3 . 5 - 2  ( p a r a .  3.2.8.2). The coil 
must o p e r a t e  w i t h  a maximum s t e a d y - s t a t e  heat load from x-ray 
r a d i a t i o n  of 10 watts pe r  c o i l .  

Loads and a c c e l e r a t i o n s  which are  a p p l i e d  t o  t h e  EBT-P mirror  
magnets  are g i v e n  i n  F i g u r e  3 . 5 - 3 .  P r e s s u r e s  a p p l i e d  t o  t h e  
hel ium v e s s e l  and  dewar are g i v e n  i n  F i g u r e  3.5-4. 

F i g u r e  3 . 5 - 5  p r e s e n t s  t h e  load c o n d i t i o n  combina t ions  which w e  
u s e d  fo r  a n a l y s i s .  Most of these combina t ions  were r u n  i n  t h e  
overall f i n i t e  e lement  model of t h e  mirror c o i l  assembly .  
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3.6 POWER SUPPLY AND DISTRIBUTION SYSTEM 

3 . 6 . 1  POWER SUPPLY DESIGN C R I T E R I A .  T h e  magnet power supp ly  s h a l l  
be  a c o n t i n u o u s l y  v a r i a b l e ,  c u r r e n t - r e g u l a t e d ,  dc power supp ly  
c a p a b l e  of  O N ,  OFF, FtESET, i n t e r l o c k  s t a t u s  and d i g i t a l  c u r r e n t  
ramp, and v o l t a g e  c o n t r o l  from an e x t e r n a l  s o u r c e s .  The magnet 
power supp ly  s h a l l  f e a t u r e  a u t o m a t i c  c r o s s - o v e r ,  o v e r - c u r r e n t  
c u t o f f  and r e v e r s e  v o l t a g e  p r o t e c t i o n .  

3.6.1.1 Per formance .  The magnet power supp ly  s h a l l  have a b a s i c  
m i n i m u m  o u t p u t  r a t i n g  of  5 50 vdc a t  1800 adc.  The power supp ly  
s h a l l  have a long-term s t a b i l i t y  of  +- 0.5% o u t p u t .  From a c o l d  
s t a r t ,  t h e  power supp ly  s h a l l  a t t a i n  f 0.5% s t a b i l i t y  w i t h i n  two 
hour s .  

3 .6 .1 .2  I n p u t  Power: 480 vae ,  3 p h a s e ,  60 Wz. 

Line  v o l t a g e  v a r i a t i o n s :  2 6% 

L i n e  v o l t a g e  imbalance:  5% maximum 

+ 1.0 Bz Frequency v a r i a t i o n :  - 
3.6.1.3 Output  C h a r a c t e r i s t i c s :  50 v d c g  0-1800 adc. 

Output  c u r r e n t  v a r i a t i o n :  2 0.05% maximum peak-to-peak 

R i p p l e  v o l t a g e  f r equency :  720 H z  ( fundamen ta l )  

r i p p l e  

3.6.1.4 C u r r e n t  C o n t r o l .  The magnet power s u p p l y  s h a l l  b e  c a p a b l e  
of c u r r e n t  c o n t r o l  f rom t h e  p r o c e s s  c o n t r o l l e r .  The magnet power 
supp ly  s h a l l  r e f e r e n c e  i ts  o u t p u t  t o  an e x t e r n a l  p r e c i s i o n  c u r r e n t  
t r a n s d u c e r  ( s u c h  a s  a s h u n t )  i n t e r f a c e d  t o  t h e  o u t p u t  bus.  The 
power s u p p l y  s h a l l  respond smoothly t o  t h e  c u r r e n t  l e v e l  s p e c i f i e d  
by t h e  c o n t r o l  i n p u t ,  t h e  o u t p u t  v o l t a g e  r e q u i r e d  t o  change t h e  
o u t p u t  c u r r e n t  s h a l l  b e  l i m i t e d  by t h e  v o l t a g e  c o n t r o l ,  b u t  i n  no 
case g r e a t e r  t h a n  50 vdc. The power s u p p l y  c o n t r o l l e r  s h a l l  limit 
t h e  o u t p u t  v o l t a g e  s l e w  r a t e  t o  1 V/sec. The magnet power supp ly  
s h a l l  o p e r a t e  w i t h  a phase  margin  of a t  least  30' with t h e  supe r -  
conduc t ing  magnet load as  shown. The r e q u i r e m e n t s  f o r  t h e  d i g i t a l  
i n p u t  are l i s t e d  below: 

A .  I s o l a t i o n :  500 V between c o n t r o l  i n p u t  and power 
s u p p l y  c o n t r o l  c i r c u i t  

3 .  Format: 4 d i g i t s  FJCD 

C. R e s o l u t i o n  : 2000 amps s h o u l d  correspond to the 
BCD code 
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D. I n p u t  C u r r e n t :  15 m a  m a x .  TTL, CMOS c o m p a t i b l e  

E.  No i se  Immunity: i n p u t  s h a l l  have common mode t r a n s i e n t  
immunity o f  a t  l e a s t  1000 V/us  

F. C u r r e n t  T r a n s d u c e r  
C u r r e n t  Range : 0 t o  1800 adc  

V o l t a g e  Drop: 500 mvdc m a x i m u m  

I s o l a t  i on :  1000 vdc  t o  ground 

Accuracy and L i n e a r i t y :  2 0.02% minimum 

G. C u r r e n t  T r a n s d u c e r  

H. C u r r e n t  T r a n s d u c e r  

I .  C u r r e n t  T r a n s d u c e r  

3.6.1-5 Voltage C o n t r o l .  The magnet power s u p p l y  s h a l l  be c a p a b l e  
of c u r r e n t  ramp (a rnps /sec> c o n t r o l  from t h e  p r o c e s s  c o n t r o l l e r .  
The magnet power s u p p l y  s h a l l  r e f e r e n c e  its o u t p u t  t o  an  e x t e r n a l  
p r e c i s i o n  c u r r e n t  t r a n s d u c e r  ( s u c h  as a s h u n t )  i n t e r f a c e d  to t h e  
o u t p u t  bus .  The power s u p p l y  s h a l l  r e spond  smooth ly  t o  t h e  l e v e l  
s p e c i f i e d  by t h e  r m p  c o n t r o l  i n p u t ,  t h e  o u t p u t  v o l t a g e  r e q u i r e d  t o  
change t h e  o u t p u t  c u r r e n t  s h a l l  be l i m i t e d  t o  50 vdc. The power 
s u p p l y  c o n t r o l l e r  s h a l l  l i m i t  t h e  o u t p u t  v o l t a g e  s l e w  ra te  t o  
1 . 0  v o l t  p e r  second.  The magnet power s u p p l y  s h a l l  o p e r a t e  w i t h  a 
phase  margin  of a t  least 30' w i t h  t h e  s u p e r c o n d u c t i n g  magnet l o a d  
as shown. The r e q u i r e m e n t s  for t h e  d i g i t a l  i n p u t  are l i s t e d  below: 

A .  I s o l a t i o n :  

B. Format: 

C. R e s o l u t i o n :  

500 V between c o n t r o l  i n p u t  and power 
s u p p l y  c o n t r o l  c i r cu i t  

2 d i g i t s  BCD 
50 V should c o r r e s p o n d  t o  t h e  BCD code 
0101 0000 

D. I n p u t  C u r r e n t :  15 m a  max. TTL, CaaOS c o m p a t i b l e  

E. Noise Immunity: i n p u t  s h a l l  have  common mode t r a n s i e n t  
immunity of a t  least  1000 V/us 

3.6.1.6 Isolated Output  S i m a l .  Two isolated d i g i t a l  o u t p u t s  
s h a l l  be proved  which s h a l l  i n d i c a t e  c u r r e n t  f lowing t h r o u g h  
t h e  c u r r e n t  t r a n s d u c e r  and o u t p u t  v o l t a g e .  These  o u t p u t s  s h a l l  
be a c c u r a t e  t o  w i t h i n  5 1 LSB and s h a l l  be used  t o  o p e r a t e  a remote 
d i g i t a l  r e a d o u t .  The  o u t p u t s  s h a l l  be l a t c h e d  and t h e  sample rate 
s h a l l  be a t  least  1 Hz. The r e q u i r e m e n t s  for t h e  d i g i t a l  o u t p u t  
are l i s t e d  below: 

A.  I s o l a t i o n :  

B. Format: 

500 V between t r a n s d u c e r  and o u t p u t  

4 d i g i t s  BCD 
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C. Output  C u r r e n t  Dr ive :  15 m a  minimum f o r  each o u t p u t  b i t  

D .  Output  Vol tage :  TTL, CMOS compa t ib l e  

E .  No i se  Immunity: Output  s h a l l  have a common mode 
t r a n s i e n t  immunity of a t  l ea s t  1000 
v/us. 

3.6.1.7 Loads. The m a i n  magnet power s u p p l y  load s h a l l  be 36, 
1.07 Henry s u p e r c o n d u c t i n g  ma n e t s ,  ser ies  connec ted ,  w i t h  a t o t a l  
series r e s i s t a n c e  of 1 0  x lo-$ ohms. 
a 244 x ohm r e s i s t i v e  l o a d  i n  pa ra l l e l  w i t h  each  magnet coil's 
t e r m i n a l s .  

I n  a d d i t i o n ,  t h e r e  s h a l l  b e  

3.6.1.8 I n p u t  C i r c u i t  Breake r .  The i n p u t  c i r c u i t  b r e a k e r  s h a l l  
have an i n t e r r u p t  c a p a c i t y  asymmetrical w i t h  a min imum c o n t i n u o u s  
c u r r e n t  r a t i n g  of 120% f u l l  l o a d  i n p u t  c u r r e n t  a t  480 vac. The  
c i r c u i t  breaker s h a l l  be c a p a b l e  o f  i n s t a n t a n e o u s  magne t i c  t r i p ,  
ambient  compensated t h e r m a l  trip and manual t r i p  ( w i t h  s a f e t y  
lockou t  p r o v i s i o n s  f o r  a p a d l o c k ) .  

3.6.1.9 Main I n p u t  C o n t a c t o r .  The main i n p u t  c o n t a c t o r  s h a l l  be 
a t h r e e - p o l e  c o n t a c t o r  w i t h  1500 V i n s u l a t i o n  and a minimum con- 
t i n u o u s  c u r r e n t  r a t i n g  of 120% of f u l l - l o a d  at; 480 V B C .  O p e r a t i n g  
c o i l s  s h a l l  be c o n t i n u o u s  d u t y  t y p e  and s h a l l  o p e r a t e  t h e  c o n t a c t o r  
i n  t h e  r ange  of 85 t o  110% of t h e  r a t e d  c o i l  v o l t a g e .  

3 .6 .1 .10  R e c t i f i c a t i o n .  The magnet power supply s h a l l  c o n t a i n  two 
ma in  t r a n s f o r m e r s  and s h a l l  produce 12-phase r e c t i f i c a t i o n .  One 
t r a n s f o r m e r  sha l l  c o n t a i n  a d e l t a  p r imary ,  t h e  o t h e r  s h a l l  have  a 
wye pr imary .  The two s e c o n d a r i e s  o f  t h e s e  t r a n s f o r m e r s  s h a l l  be 
connec ted  i n  a d o u b l e  wye w i t h  i n t e r p h a s e  t r a n s f o r m e r  c o n f i g u r a t i o n .  

3.6.1.11 C o n t r o l ,  P r o t e c t i o n  and F u n c t i o n .  I n d i c a t i n g  d e v i c e s  and 
swi t ches  of t h i s  s e c t i o n  s h a l l  be mounted on t h e  power s u p p l y  
f r o n t  p a n e l .  C i r c u i t r y  of t h i s  s e c t i o n  s h a l l  be powered from t h e  
secondary  s ide  o f  a 480/120 V c o n t r o l  t r a n s f o r m e r .  I n d i c a t i n g  
l i g h t s  s h a l l  b e  LEDs u n l e s s  o t h e r w i s e  s p e c i f i e d .  

3.6.1.12 Mete r ing  and Non-Annunciator I n d i c q t i n g  Dev ices .  

Arnmet ers : 
Output  Curren t :  2% d i g i t a l  d c  ammeter 
3-Phase L ine  C u r r e n t :  expanded scale ac ammeter w i t h  s w i t c h  

Vo l tme te r s :  
Output  V o l t  age : 2% dc v o l t m e t e r  
3-Phase L ine  Vo l t age :  expanded scale ac v o l t m e t e r  w i t h  s w i t c h  
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AC ''ON" i n d i c a t i n g  l i g h t  

DC "ON-OFF-RESET" c o n t r o l  pushbu t ton  s w i t c h e s  w i t h  i n d i c a t i n g  
l i g h t s  

3.6.1.13 Alarm D e t e c t o r s ,  Annunc ia to r s  and C o n t a c t s .  F i g u r e  3.6-1 
shows t h e  alarm c o n d i t i o n s  which s h a l l  r e q u i r e  a n n u n c i a t o r s  a n d / o r  
a p a i r  of re lay  c o n t a c t s  for remote  i n d i c a t i o n  of power s u p p l y  
alarms. An a n n u n c i a t o r  s h a l l  be a neon i n d i c a t i n g  l i g h t .  The 
r e l ay  c o n t a c t s  r e q u i r e d  f o r  remote i n d i c a t i o n  s h a l l  be normal ly  
closed, i . e . ,  t h e  r e l a y  c o n t a c t s  s h a l l  open fo r  an alarm c o n d i t i o n .  
The c o n t a c t s  s h a l l  be ra ted a t  1 A  and s h a l l  b e  e lec t r ica l ly  i s o l a t e d  
from t h e  power s u p p l y  and s h a l l  be c a p a b l e  of w i t h s t a n d i n g  a 500 vdc  
h i g h  p o t e n t i a l  t e s t  from t h e  c o n t a c t s  t o  t h e  power s u p p l y  p r imary  
or  secondary  c i r c u i t s .  

3.6.1.14 Power Supply P r o t e c t i o n  System. I n  t h e  e v e n t  of any of 
t h e  f a i l u r e s  l i s t e d  i n  F i g u r e  3.6-1 (I t b r u  6 o n l y ) ,  t h e  main i n p u t  
c o n t a c t o r  shall be l a t c h e d  open. The Magnet Power Supply s h a l l  be 
d e s i g n e d  so  t h a t  i n  t h e  even t  of a power f a i l u r e  o r  o t h e r  f a u l t  
t h a t  r e q u i r e s  i n t e r r u p t i o n  of t h e  480 i n p u t  power, t h e  Magnet 
Power Supply s h a l l  be c a p a b l e  of p a s s i n g  t h e  cu r ren t  s t o r e d  i n  t h e  
magnet u n t i l  t h e  magnet is f u l l y  d i s c h a r g e d .  This r e q u i r e s  t h a t  
t h e  Magnet Power Supply s h a l l  abso rb  the s t o r e d  energy  i n  free a i r  
c o n v e c t i o n  over a p e r i o d  of t i m e .  

3.6.1.15 Output  P r o t e c t i o n .  Redundant f r ee -whee l ing  SCR's a c r o s s  
the output  shall be used t o  a b s o r b  t h e  magnet energy d u r i n g  power- 
l i n e  d i s t u r b a n c e s  and l o a d  o v e r v o l t a g e s .  The SCR's s h a l l  be 
t r i g g e r e d  by redundant  means o t h e r  t h a n  t h e  i n p u t  ac power. 

3.6.1.16 Power F a i l u r e .  The se l le r  shall p r o v i d e  an i s o l a t e d  relay 
c o n t a c t  f o r  remote i n d i c a t i o n  of " loss  of ac power" f o r  loss of 
480 vac power. The c o n t a c t  s h a l l  open on loss  o f  480 v a c  power. 

3.6,1.17 Power Supply  Mal func t ion .  The se l le r  shall p r o v i d e  an 
i s o l a t e d  r e l a y  c o n t a c t  fo r  remote i n d i c a t i o n  of "power s u p p l y  
ma l func t ion . "  The c o n t a c t  shall be open as  a r e s u l t  of the  power 
supply being s h u t  down by any internal l n t e r l o c k .  

3.6'.1.18 Output F a u l t  C u r r e n t .  The seller s h a l l  l i m i t  t h e  o u t p u t  
f a u l t  c u r r e n t  (dead  s h o r t  on dc o u t p u t )  to no more t h a n  20,000 
amperes peak.  

3.6.1.19. Ground F a u l t .  The Magnet Power Supply  s h a l l  i n c o r p o r a t e  
a shutdown c i r c u i t  such  t h a t  e x c e s s i v e  ground c u r r e n t  s h a l l  s h u t  
down t h e  power s u p p l y .  
contac t  which opens  when ground c u r r e n t  is detected. 

Vendor s h a l l  supply an  i s o l a t e d  r e l a y  
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3.6.1.20 T r a n s i e n t  P r o t e c t i o n .  Semiconductor  t r a n s i e n t  v o l t a g e  
p r o t e c t i o n  s h a l l  be p r o v i d e d  f o r  t r a n s i e n t s  50% and g r e a t e r  t h a n  
the  m a n u f a c t u r e r ' s  i n v e r s e  and fo rward  v o l t a g e  r a t i n g s .  

3.6.1.21 T e r m i n a l s .  The ac i n p u t  t e r m i n a l s  s h a l l  b e  l o c a t e d  a t  
t h e  rear of t h e  Magnet Power Supp ly .  
be located a t  t h e  t o p  of t h e  Magnet Power Supply .  

The dc o u t p u t  t e r m i n a l s  s h a l l  

3,6.1.22 Cool ing .  A i r  is p r e f e r r e d ,  b u t  i f  water cooling is u s e d ,  
each p a r a l l e l  water p a t h  s h a l l  b e  304 s t a i n l e s s  s t e e l  and s h a l l  b e  
mon i to red  by a f low s w i t c h  i n t e r l o c k e d  w i t h  t h e  magnet power s u p p l y  
such t h a t  loss of r e t u r n  f l o w  on any one of t h e  b r a n c h e s  s h a l l  
i n h i b i t k h u t  down t h e  magnet power s u p p l y .  

3.6.1.23 Grounding P r a , c t i c e .  The  Magnet Power Supply  s h a l l  be 
c a p a b l e  o f  o p e r a t i o n  e i t h e r  ungrounded o r  w i t h  e i t h e r  s i d e  of t h e  
dc o u t p u t  grounded,  o r  grounded t h r o u g h  a c e n t e r  t a p  on t h e  resis- 
t i v e  l o a d  across t h e  o u t p u t  t e rmina ls .  A ground pad s h a l l  be 
p r o v i d e d  f o r  e x t e r n a l  c o n n e c t i o n  t o  t h e  f rame of t h e  Magnet Power 
Supply  a t  t h e  rear of t h e  supp ly .  The Magnet Power Supply 
c u r r e n t  t r a n s d u c e r  s h a l l  be capable of  o p e r a t i n g  2 1000 vdc above 
f rame p o t e n t i a l .  

3.6.2 DISTRIBUTION SYSTEM DESIGN CRITERIA. The power w i l l  be  
s u p p l i e d  t o  t h e  magnets  by means of a s o l i d  coppe r  c i r cu la r  ring 
bus  which is l o c a t e d  above t h e  magnets  on t h e  to rus  mezzanine.  
Connec t ions  t o  t h e  magnet w i l l  be made w i t h  f l e x i b l e  jumpers t o  
f a c i l i t a t e  magnet a l ignmen t .  

I /  

3.6.2.1 F i e l d  Er ror .  
magne t i c  f i e l d  produced i n  t h e  plasma r e g i o n .  T h i s  w i l l  be accom- 
p l i s h e d  i n  t w o  ways. First, a circular  re turn  b u s  w i l l  b e  f o l d e d  
back  and run  p a r a l l e l  t o  t h e  series magnet s u p p l y  bus. Second ly ,  
a l l  t a / f r o m  l i n e s  must be run as close t o g e t h e r  as p o s s i b l e .  T h i s  
las t  r equ i r emen t  d o e s  n o t  a p p l y  t o  c o n d u c t o r s  c a r r y i n g  c u r r e n t  
o n l y  d u r i n g  an emergency d i s c h a r g e .  

The b u s  must be d e s i g n e d  t o  minimize  t h e  

3.6.2.2 S i z i n g  Cr i t e r i a .  The h i g h  c u r r e n t  c o n d u c t o r s  w i l l  be  
i n i t i a l l y  s i z e d  a t  1 amp/MCM. T h i s  v a l u e  is s u f f i c i e n t l y  conse r -  
v a t i v e  t o  assure a less  t h a n  3OoC s t e a d y - s t a t e  t e m p e r a t u r e  rise. 
S o l i d  buswork w i l l  be o r i e n t e d  w i t h  t h e  l o n g  d imens ion  v e r t i c a l  
t o  maximize c o n v e c t i v e  c o o l i n g .  

J o i n t s  i n  t he  s o l i d  buswork w i l l  b e  o v e r l a p p e d  s u f f i c i e n t l y  t o  
m a i n t a i n  a r e s i s t a n c e  less t h a n  o r  e q u a l  t o  an  e q u i v a l e n t  l e n g t h  
o f  bus .  A l l  o t h e r  j o i n t s  must have a r e s i s t a n c e  s u f f i c i e n t l y  
l o w  t o  a s s u r e  no more t h a n  a 30*C rise l o c a l l y .  

3-21 



J o i n t  d e s i g n  must r e c o g n i z e  t h a t  t h e  magnet c h a r g i n g  c y c l e s  imply 
a t h e r m a l  c y c l i n g  r equ i r emen t .  

3 . 6 . 2 . 3  I n s o l a t i o n l I n s u l a t i o n .  S o l i d  copper  buswork w i l l  b e  
i n s u l a t e d  by m a i n t a i n i n g  a minimum i s o l a t i o n  d i s t a n c e  of 0.75 i n c h  
between it; and any o t h e r  a d j a c e n t  bus o r  c o n d u c t i v e  mater ia ls .  
Buswork w i l l  be  r i g i d l y  h e l d  t o  a s s u r e  t h a t  d e f l e c t i o n s  due  t o  
t e m p e r a t u r e  g r a i d e n t s  o r  magne t i c  f o r c e s  w i l l  n o t  deg rade  t h e  
i n s u l a t i n g  c a p a b i l i t y .  

I n s u l a t i n g  mater ia l s  must w i t h s t a n d  an X-ray d o s e  of approx ima te ly  
2 x lo8 r a d s  o v e r  a 10 -yea r  l i f e .  

All buswork w i l l  b e  d i e l e c t r i c  t e s t e d  t o  1500 vdc.  

3.7 MAGNET PROTECTION SYSTEM D E S I G N  CRITERIA 

The  magnet p r o t e c t i o n  s y s t e m  must m o n i t o r  t h e  o p e r a t i o n a l  s t a t u s  
of  each of t h e  36 s u p e r c o n d u c t i n g  magnets  and t a k e  a p p r o p r i a t e  
a c t i o n  i n  t h e  e v e n t  an anomaly is d e t e c t e d .  The sys t em is some- 
what d i s t r i b u t e d  th roughou t  t h e  e l e c t r o n i c s .  I t  c o n s i s t s  of the  
m o n i t o r i n g  equipment which d e t e c t s  anomalous c o n d i t i o n s ,  d e c i s i o n  
making equipment which  i n i t i a t e s  a p r o t e c t i v e  a c t i o n ,  and t h e  
equipment which implements  t h e  chosen  p r o t e c t i v e  a c t i o n .  

3.7.1 PROTECTION PHILOSOPEE. T h e r e  are  t h r e e  p r o t e c t i v e  a c t i o n s  
which c a n  b e  per formed by t h e  magnet p r o t e c t i o n  sys tem.  The f i r s t  
is t h e  i n h i b i t i n g  of c h a r g i n g .  The magnet canno t  be  cha rged  u n l e s s  
a l l  equipment i n t e r l o c k s  i n d i c a t e d  a "go". The second p r o t e c t i v e  
a c t i o n  is t o  s l o w l y  ramp down t h e  magnet t h rough  a f r ee -whee l ing  
SCR which w i l l  b e  located i n  t h e  power supp ly .  The f o l l o w i n g  
t a b l e s  i n d i c a t e s  t h e  equipment i n t e r l o c k s  which would e i t h e r  i n h i b i t  
c h a r g i n g  or c a u s e  a slow rampdown by m a i n t a i n i n g  t h e  power s u p p l y  
i n p u t  contactor i n  t h e  open p o s i t i o n .  

MAGNET POWER S U P P L Y  
I N P U T  POWER MONITOR ( L D W )  

MAGNET POWER SUPPLY 
INPUT OVERCURRENT 

MAGNET POWER SUPPLY 
OUTPUT OVERCT[TRREm 

MAGNET POWER SUPPLY 
OUTPUT OVERVOLTAGE 



MAGNET POWER SUPPLY 
THYRISTOR OVERTEMP 

... . .  

MAGNET POWER SUPPLY 
CABINET OVERTEMP 

BREAKER OPEN/CLOSED (OPEN) 

EMERGENCY DISCHARGE 
RESISTOR OVERTEMP 

PROTECTION SYSTEM ENABLE 

Each of t h e s e  s i g n a l s  w i l l  be p rov ided  t o  t h e  I and C s y s t e m  pro- 
c e s s  c o n t r o l l e r  which w i l l  c o n t r o l  t h e  power s u p p l y .  

The t h i r d  p o t e n t i a l  p r o t e c t i v e  a c t i o n  which can be t a k e n  by t h e  
p r o t e c t i o n  l o g i c  is t o  i n i t i a t e  an emergency dump. An emergency 
dump w i l l  b e  i n i t i a t e d  f o r  one of three reasons: (1) t h e  magnet 
is d i r e c t l y  in danger  due t o  a quench c o n d i t i o n ,  (2) t h e  magnet 
can na l o n g e r  be p r o t e c t e d  because  of an equipment f a i l u r e ,  or 
(3) t h e  o p e r a t o r  i n i t i a t e s  an emergency dump. When t h e  d e c i s i o n  
t o  dump is made, all magnets  w i l l  b e  d i s c h a r g e d  s i m u l t a n e o u s l y  t o  
minimize s t r u c t u r a l  imbalances .  The quench d e t e c t i o n  l o g i c  w i l l  
be hardwired  d i r e c t l y  t o  t h e  c i r c u i t  b r e a k e r s  which i n i t i a t e  d i s -  
charge .  No computers  o r  m i c r o p r o c e s s o r s  s h a l l  be used i n  t h e  
emergency d i s c h a r g e  l o g i c  which d i r e c t l y  p r o t e c t s  t h e  magnet.  

The f o l l o w i n g  d i r e c t  m o n i t o r i n g  d e v i c e s  a s s o c i a t e d  w i t h  each 
magnet w i l l  i n i t i a t e  a n  emergency d i s c h a r g e  for a l l  magnets .  

QUENCH DEXECTOR (PRIMARY) 

QUENCH DETECTOR (BACKUP) 

VAPOR-COOLED LEAD A OVERVOLTAGE 

VAPOR-COQLED LEAD B OVERVOLTAGE 

HELIUM LEVEL MONITOR LOW SETPOINT 

LOSS O F  VACUUM (SWITCH) 

HF,LIW OVERPRESSURE (SWITCH) 

S i g n a l s  i n i t i a t i n g  i n  t h e  above m o n i t o r i n g  d e v i c e s  w i l l  be 
normal ly  h i g h  such  t h a t  l o s s  of power t o  any of t h e  d e v i c e s  w i l l  
have t h e  same ef fec t  as d e t e c t i o n  of a f a u l t .  



The sys tem w i l l  be  p r o t e c t e d  f rom power f a i l u r e s  as f o l l o w s .  
Loss  of power to  t h e  magnet pow9r s u p p l y  w i l l  r e s u l t  i n  a f r e e -  
wheel ing  d i s c h a r g e  th rough  t h e  f ree-wheel ing  SCR. The r ema in ing  
d i r e c t  p r o t e c t i o n  equipment w i l l  be  s u p p l i e d  w i t h  u n i n t e r r u p t i b l e  
power. The b r e a k e r  drivers w i l l  a u t o m a t i c a l l y  open t h e  b r e a k e r s  
using a c a p a c i t i v e  d i s c h a r g e  c i r c u i t  s h o u l d  t h e  u n i n t e r r u p t i b l c  
power f a i l .  

3.7.2 PROTECTION EQUIPMENT. The p r o t e c t i o n  equipment w i l l  i n c l u d e  
or i n t e r f a c e  t o  t h e  f o l l o w i n g  d e v i c e s :  

DESCRIPTION DEVICES /MAGNET TOTAL 

LEAD VOLTAGE MONITOR 

QUENCH DETECTOR 

HELIUM LEVEL MQNITOR 

VACUUM SWITCH 

PRESSURE SWITCH 

72 

7 2  

36 

36 

36 

BREAKER DRIVER 1 j d  9 

C I R C U I T  BREAKER 

DUMP RESISTOR 

BYPASS DIODE ASSY 

114 

1 

112 

9 

36 

18 

Each of t h e s e  components must be  compa t ib l e  w i t h  t h e  t e m p e r a t u r e ,  
o p e r a t i n g  l i f e ,  a n d  r a d i a t i o n  dosage  r e q u i r e m e n t s  a s s o c i a t e d  w i t h  
t h e i r  s p e c i f i c  l o c a t i o n .  The f o l l o w i n g  r e p r e s e n t s  a b r i e f  synsp-  
sis of  t h e  i n d i v i d u a l  o p e r a t i n g  r e q u i r e m e n t s  f o r  each  of t h e  above 
u n i t s .  

3.7.2.1 Lead Vol t age  Moni tor .  The v o l t a g e  drop  a c r o s s  each  
vapor-cooled  l e a d  w i l l  b e  mon i to red  t o  p r o t e c t  a g a i n s t  over tempera-  
t u r e  due t o  l o s s  of he l ium c o o l a n t  f l o w .  The m o n i t o r s  must a c c e p t  
an ana log  d i f f e r e n t i a l  i n p u t  which w i l l  t r i g g e r  a d i s c r e t e  o u t p u t  
when a p r e s e t  l e v e l  i s  exceeded.  

I n p u t  Vol tage :  

I n p u t  I s o l a t i o n :  560 vdc  t o  ground a t  e i t h e r  i n p u t  

S e t p o i n t  Adjustment:  5mv - 500mv 
Output  : I s o l a t e d  Con tac t  S e t :  Normally 

closed when power is a p p l i e d  and 
i n p u t  i s  less  t h a n  s e t p o i n t .  
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Normally open when i n p u t  exceeds  
s e t p o i n t  o r  l o s s  of  power. 200ma 
a t  28 vdc. 

Response Time: 20 m i l l i s e c o n d s  max. 

3.7.2.2 Quench D e t e c t o r .  Each magnet must have two means of 
quench d e t e c t i o n ,  e i t h e r  of  which w i l l  be c a p a b l e  of t r i g g e r i n g  
t h e  breaker d r i v e .  The d e t a i l e d  concept  has  n o t  y e t  been deter- 
mined. 

3.7.2.3 H e l i u m  Leve l  Monitor .  The he l ium l e v e l  moni tor  f o r  each 
magnet w i l l  i n t e r f a c e  t o  t h e  helium l e v e l  p robe  i n  t h e  magnet 
stack. I t  w i l l  p r o v i d e  a 0-100mv a n a l o g  o u t p u t  p r o p o r t i o n a l  t o  
hel ium l e v e l  which w i l l  s e r v e  as  an i n p u t  t o  t h e  p r o c e s s  c o n t r o l l e r  
i n  o r d e r  t o  c o n t r o l  hel ium d e l i v e r y  t o  t h e  magnet. The mon i to r  
w i l l  a l s o  p r o v i d e  an  a d j u s t a b l e  s e t p o i n t  f o r  a "hel ium l e v e l  low" 
s i g n a l  which w i l l  i n t e r f a c e  t o  t h e  b r e a k e r  d r i v e r .  T h i s  s e t p o i n t  
s i g n a l  w i l l  be an i s o l a t e d  c o n t a c t  set which is normal ly  c l o s e d  
when power is a p p l i e d  and t h e  hel ium l e v e l  is above t h e  a d j u s t a b l e  
s e t p o i n t ,  and normal ly  open when he l ium l e v e l  is e i the r  below t h e  
s e t p o i n t  o r  power f a i l s .  

3.7.2.4 Vacuum S w i t c h / P r e s s u r e  Swi tch .  The vacuum s w i t c h  w i l l  
be an a d j u s t a b l e  p r e s s u r e  s w i t c h  w i t h  a c o n t a c t  set which is c l o s e d  
when a vacuum e x i s t s  i n  t h e  dewar and open upon loss  of vacuum. 
If t h e  d e v i c e  c o n t a i n s  a c t i v e  components r e q u i r i n g  power, t h e n  
loss of power must produce  t h e  same i n d i c a t i o n  as l o s s  of vacuum. 

The magnet a l s o  c o n t a i n s  a p r e s s u r e  s w i t c h  which w i l l  i n d i c a t e  
o v e r t e m p e r a t u r e  of t h e  hel ium or an u n n o t i c e d  quench. The f u n c t i o n  
of t h e  p r e s s u r e  s w i t c h  is i d e n t i c a l  t o  t h a t  of t h e  vacuum swi t ch .  

3.7.2.5 Breake r  D r i v e r .  The b r e a k e r  d r i v e r  is t h e  c o n t r o l l e r  
of t h e  p r o t e c t i o n  system. Each b r e a k e r  d r i v e r  w i l l  a c c e p t  i n p u t s  
from t h e  p r o t e c t i o n  m o n i t o r i n g  equipment a s s o c i a t e d  w i t h  two 
magnets  and command t h e  b r e a k e r  open upon r e c e i p t  of a command. 
I n p u t s  w i l l  be i n  t h e  form of c o n t a c t  o p e n / c l o s u r e s .  I n p u t s  are  
s a f e  when contact sets are c l o s e d .  When any i n p u t  c o n t a c t  se t  
opens ,  a d i s c h a r g e  w i l l  be i n i t i a t e d ,  The b r e a k e r  d r i v e r  w i l l  be 
f a i l - s a f e  i n  d e s i g n  so t h a t  no s i n g l e  component f a i l u r e  can  
disable  its a b i l i t y  t o  d i s c h a r g e  t h e  magnets .  The b r e a k e r  d r i v e r  
w i l l  have redundant  o u t p u t s  t o  each  c i r c u i t  b r e a k e r  open c o i l .  
A l o s s  of b o t h  pr imary  and u n i n t e r r u p t i b l e  power w i l l  i n i t i a t e  an 
o u t p u t  command t o  open t h e  b r e a k e r .  T h i s  w i l l  be implemented by 
u s i n g  c a p a c i t i v e  s t o r a g e  as  t h e  energy  s o u r c e  t o  t h e  b r e a k e r  open 
c o i l .  
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INPTJTS FOR DUMP 

Lead V o l t a g e  Monitor  

Quench D e t e c t o r  

H e l i u m  Leve l  Monitor  

Vacuum Swi tch  

P r e s s u r e  Swi t ch  

Emergency Shutdown 
( P r o c e s s  C o n t r o l l e r )  

Manual Emergency Shutdown 

Dump Bus 

OUTPUTS T O  BREAICER 

Open C o i l  

NO. 

4 

4 

2 

2 

2 

2 

1 

2 (Redundant)  

2 (Redundant)  

AUXILIARY OUTPUT 

Dump Bus 2 (Redundant)  

S t a t u s  (Shutdown Cause)  6 

Quench i n  P r o g r e s s  1 

The dump bus is moni to red  by each  b r e a k e r  d r i v e  as an i n p u t .  
When any b r e a k e r  d r i v e r  i n i t i a t e s  a dump, a l l  o t h e r  b r e a k e r  
d r i v e r s  are s i m u l t a n e o u s l y  t r i g g e r e d .  

3.7 .2 .6  C i r c u i t  Breaker. The c i r c u i t  b r e a k e r  must b e  c a p a b l e  of 
i n t e r r u p t i n g  a DC i n d u c t i v e  c i r c u i t  upon command. Each b r e a k e r  
w i l l  b e  r a t e d  a t  2000 amps c o n t i n u o u s o p e r a t i o n .  The p r e d i c t e d  
c i r c u i t  v a l u e s  are  1800 amps a t  approx ima te ly  800 v o l t s .  Due t o  
t h e  p o t e n t i a l  for t r a n s i e n t  v o l t a g e s  exceed ing  800 v o l t s ,  t h e  
p r e l i m i n a r y  i n t e r r u p t  v o l t a g e  r equ i r emen t  has been e s t a b l i s h e d  a t  
1500 v o l t s .  The b r e a k e r s  w i l l  open upon r e c e i p t  of a 115 vdc ,  
2 amp s i g n a l .  O n c e  t h e  b r e a k e r  is open ,  a c o n t a c t  i n  t h e  b r e a k e r  
w i l l  open t h i s  c i r c u i t .  A 115 vdc ,  50 amp s i g n a l  w i l l  be used  
t o  reset t h e  b r e a k e r .  

The b r e a k e r  w i l l  be i n s t a l l e d  i n  a DPST c o n f i g u r a t i o n  w i t h  b o t h  
p o l e s  s i d e  by s i d e .  Each p o l e  w i l l  have i n d i v i d u a l  open and c l o s e  
co i l s .  

The o v e r a l l  s ize  ( f o r  t h e  DPST c o n f i g u r a t i o n )  w i l l  b e  l i m i t e d  t o  
18 i n c h e s  w i d e ,  26 i n c h e s  deep ,  and 48 i n c h e s  h i g h .  
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3.7.2.7 Dump R e s i s t o r .  Dump r e s i s t o r s  w i l l  be p l a c e d  e l e c t r i c a l l y  
a c r o s s  each  of t h e  36 magnets .  Each dump r e s i s t o r  must be able t o  
abso rb  1.5 mega jou le s  ad iaba t i ca l ly  w i t h  a t e m p e r a t u r e  r i se  of less  
t h a n  1 5 O O C .  The r e s i s t a n c e  must be 0.238Rk 2%. The r e s i s t o r s  w i l l  
see a peak v o l t a g e  of  approx ima te ly  400 v o l t s  b u t  must m a i n t a i n  
a ground i s o l a t i o n  p o t e n t i a l  o f  2500 vdc. 

The  dump r e s i s t o r  w i l l  be fabricated from 304 s t a in l e s s  steel  i n  an  
i n s u l a t e d  frame. O v e r a l l  s i z e  f o r  a p a i r  mounted t o g e t h e r  w i l l  
no t  exceed 1 2  i n c h e s  wide by  26 i n c h e s  h i g h  by 66 i n c h e s  long .  

3.7.2.8 Bypass Diode Assembly.  Each bypass  d i o d e  assembly w i l l  
c o n t a i n  f o u r  s i l i c o n  h i g h - c u r r e n t  d i o d e s .  The s t eady  s t a t e  d e s i g n  
c u r r e n t  w i l l  be 2500 amps. The c u r r e n t  t h r o u g h  t h e  d i o d e s  w i t h  a 
v o l t a g e  d rop  of 2 .8  v o l t s  s h a l l  no t  exceed 25 amps. A t  full 
c u r r e n t ,  t h e  v o l t a g e  d rop  s h o u l d  n o t  exceed 20 v o l t s .  S t eady  s ta te  
power d i s s i p a t i o n  w i l l  be by  means of free a i r  c o n v e c t i o n .  The  
r e v e r s e  breakdown v o l t a g e  w i l l  be 600 v o l t s  minimum. The t u r n  
on t i m e  for t h e  d i o d e  a s sembly  s h o u l d  n o t  exceed 1 .0  microsecond.  
The  d i o d e  assembly mounting must be i n s u l a t e d  t o  a minimum of 
2500 vdc. 

.. . 

3-8 INSTRUMENTATION AND CONTROL 

I n s t r u m e n t a t i o n  f o r  each  magnet w i l l  i n c l u d e  n i n e  c h a n n e l s  (mini -  
mum) of s t r a i n  c o n d i t i o n i n g  c i r c u i t r y ,  s i x  c h a n n e l s  of t e m p e r a t u r e  
c o n d i t i o n i n g  (four c h a n n e l s  compa t ib l e  w i t h  ca rbon  g l a s s  r e s i s t o r  
sensors,  and t w o  c h a n n e l s  compa t ib l e  w i t h  t y p e  E the rmocoup les ) .  
A helium p r e s s u r e  s i g n a l  c o n d i t i o n e r  and an LHe l e v e l  s i g n a l  con- 
d i t i o n e r  are also r e q u i r e d .  

The d a t a  a c q u i s i t i o n  sys tem w i l l  r e c o r d  a n a l o g  o u t p u t s  from t h e  
quench d e t e c t o r s  and vapor-cooled  lead m o n i t o r s ,  as w e l l  as t h e  
t e m p e r a t u r e  and  s t r a i n  m o n i t o r s .  I n  a d d i t i o n ,  t h e  s t a t u s  o f  t h e  
breaker d r i v e r  and manual emergency shutdown w i l l  be r eco rded .  

A secondary  c o n t r o l  c o n s o l e  w i l l  be l o c a t e d  i n  t h e  c o n t r o l  room, 
I n  t h e  even t  o f  a master c o n t r o l  c o n s o l e  f a i l u r e ,  i t  w i l l  be 
c a p a b l e  of t a k i n g  o v e r  c o n t r o l  of t h e  magnet power s u p p l y .  

i.j_i . . .  - 



3 . 9  SAFETY & HAZARD D E S I G N  CRITERIA 

S y s t e m  Safe ty  r e c o g n i z e s  c e r t a i n  b a s i c  s a f e t y  d e s i g n  c r i t e r i a  
t h a t  must be adhered  t o  i n  t h e  EBT-P s y s t e m  t o  e n s u r e  p e r s o n n e l  
s a f e t y .  Under normal o p e r a t i n g  c o n d i t i o n s ,  t h e  magne t i c  f r i n g -  
i n g  f i e l d ,  t h e  magnet s t r u c t u r e ,  and t h e  c ryogen  sys tem are a l l  
p o t e n t i a l l y  hazs rdous  . 
In  s p i t e  of a l a r g e  amount of e x p e r i m e n t a l  work done i n  t h e  
f i e l d  of biomagnet ism,  u n d e r s t a n d i n g  of t h e  e f f e c t s  which 
magne t i c  f i e l d s  have o n  t h e  human body remains  r u d i m e n t a r y .  
However, enough d e l e t e r i o u s  e f f e c t s  have been recorded t o  
l a b e l  exposure  t o  magne t i c  f i e l d s  a p o t e n t i a l  h a z a r d .  Hence, 
p e r s o n n e l  exposure  t o  s t a t i o n a r y  magne t i c  f i e l d s  s h o u l d  be 
minimized.  Another  p o t e n t i a l  haza rd  sterning f r o m  t h e  magne t i c  
f i e l d  is i n  i n c o r r e c t  i n s t r u m e n t  r e a d i n g s .  Thus ,  i n s t r u m e n t s  
shou ld  be e i the r  s h i e l d e d  o r  removed from h i g h  magne t i c  f i e l d s .  

I n  t h e  even t  t h a t  t h e  l i q u i d  he l ium or ni t rog .en  of t h e  cyrogen  
sys tem go th rough  a phase  change t o  gas, most l i k e l y  o c c u r r i n g  
d u r i n g  a t r a n s i e n t  s i t u a t i o n ,  p r e s s u r e  r e l i e f  v a l v e s  and v e n t -  
i n g  system must be  i n c l u d e d  t o  e n s u r e  t h a t  p e r s o n n e l  w i l l  n o t  
be exposed t o  a p o s s i b l y  haza rdous  gaseous  envi ronment .  Dump 
resis tors  shou ld  be l o c a t e d  away from p e r s o n n e l ,  s i n c e  t h e y  
produce l a r g e  aniounts of h e a t  (maximum resistor t e m p e r a t u r e  is 
350oF) upon c o i l  d i s c h a r g e ,  

The magnet s t r u c t u r e  p o s e s  p o t e n t i a l  h a z a r d s  unde r  b o t h  normal 
o p e r a t i n g  c o n d i t i o n s  and d u r i n g  t e s t i n g  and f a u l t  i s o l a t i o n .  
F a i l u r e  of. t h e  magnet s t ruc ture  c o u l d  c a u s e  s e r i o u s  i n j u r y  t o  
p e r s o n n e l ,  hence ,  s t r u c t u r a l  s a f e t y  fac tors  are  i n c o r p o r a t e d  
i n t o  t h e  d e s i g n .  These  are  1,s f o r  y i e l d  s t r e n g t h ,  3 .0  f o r  
u l t i m a t e  t e n s i l e  s t r e n g t h ,  and 4 .0  for buck l ing .  Also, the 
vacuum v e s s e l  h a s  a f a c t o r  of s a f e t y  of 10 f o r  f a t i g u e  
s t r e n g t h ,  based  on l i f e  c y c l e s .  P r e s s u r e  r e l i e f  v a l v e s  a re  
i n c o r p o r a t e d  t o  e n s u r e  t h a t  p r e s s u r e  i n  t h e  s t r u c t u r e  does n o t  
exceed  m a x i m u m  t o l e r a n c e  l e v e l s  e 

During  main tenance  o p e r a t i o n s ,  p e r s o n n e l  access t o  c r y o p a n e l s  
shou ld  be l i m i t e d  u n t i l  t h e y  r e t u r n  t o  ambient t e m p e r a t u r e .  
I n  a d d i t i o n ,  s a f e t y  d e v i c e s ,  such  as h a n d r a i l s ,  s c a f f o l d s ,  and 
p r o t e c t i v e  equipment must be  p rov ided  f o r  main tenance  p e r s o n n e l .  
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NORMAL OPERATION 

o MAGNETIC FIELD 

P e r s o n n e l  exposure t o  h i g h  m a g n e t i c  f i e l d s  w i l l  be 
minimized .  

a STRUCTURE 

A l l  s t r u c t u r e s  i n  t h e  EBT-P magnet sys t em are  de- 
s i g n e d  w i t h  sa fe ty  factors o f :  

1 . 5  f o r  y i e l d  s t r e n g t h  
3.0 f o r  u l t i m a t e  s t r e n g t h *  
4 . 0  f o r  b u c k l i n g  

A d d i t i o n a l l y ,  the vacuum v e s s e l  i s  d e s i g n e d  t o  w i t h -  
s t a n d  10 times t h e  l i f e  c y c l e  of  f a t i g u e  associated 
w i t h  t e h  EBT-P o p e r a t i o n s .  

P r e s s u r e  relief devices w i l l  be i n c o r p o r a t e d  t o  a s s u r e  
t h a t  p r e s s u r e  of t h e  s t r u c t u r e  does n o t  exceed  maxi- 
mum t o l e r a n c e  l e v e l s .  

0 CRYOGEN SYSTEM 

P r e s s u r e  relief v a l v e s  and a v e n t i n g  sys t em a s s u r e  
t ha t  p e r s o n n e l  will no t  be s u b j e c t e d  t o  a p o s s i b l y  
haza rdous  gaseous  envi ronment .  

* See 5 . 2 . 3  f o r  e x c e p t i o n .  

3-29 



TESTING A M )  FAULT ISOLATION 

e MAGNETIC 
Same exposure  s t a n d a r d s  as i n  normal  o p e r a t i o n .  

o CRYOGENIC 
L i m i t  p e r s o n n e l  exposure  t o  c r y o p a n e l s  d u r i n g  main- 
t e n a n c e  u n t i l  t h e y  r e tu rn  t o  ambient t e m p e r a t u r e .  

MAINTENANCE PERSONNEL 
P r o v i d e  s a f e t y  d e v i c e s  f o r  main tenance  p e r s o n n e l  
s u c h  as h a n d r a i l s ,  s c a f f o l d s ,  and p r o t e c t i v e  
equipment .  
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3 .10  X-RAY SHIELD 

The mirror c o i l  x- ray  s h i e l d  d e s i g n  c r i t e r i a  e s t a b l i s h e d  i n  t h e  

&'P were r e v i s e d  by t h e  ORNL/MDAC/ANL I n t e r n a l  S h i e l d i n g  Review 

Meet ing of 9 J u l y  1981. The mee t ing  r e s u l t e d  i n  an agreement  

to u s e  an  ex tended  h i g h  e n e r g y  t a i l ,  a h i g h e r  r i n g  t e m p e r a t u r e ,  

and a d i s t r i b u t i o n  of t h e  x- ray  s o u r c e  between the e l e c t r o n  

r i n g s  and l imiters .  A l ist  of t h e  c r i t e r i a  u s e d  f o r  design and 

a n a l y s i s  of t h e  x-ray s h i e l d  is as f o l l o w s :  

The x-ray s h i e l d  s h a l l  b e  d e s i g n e d  t o  l i m i t  m i r r o r  c o i l  

h e a t i n g  t o  10 w a t t s  maximum during 90 GHz operation. 

The x-ray  s p e c t r a  is b a s e d  upon an  e l e c t r o n  maxwel l ian  

d i s t r i b u t i o n  o u t  t o  1 4  MEV, r i n g  t e m p e r a t u r e  of 2 MEV, 
and a plasma i m p u r i t y  level of 2% aluminum. 

The s o u r c e  d i s t r i b u t i o n  is 77% f rom the e l e c t r o n  r i n g s  

and 23% from t h e  limiters. 

Mirror c o i l / x - r a y  s h i e l d / t o r r i d a l  v e s s e l  i n t e g r a t e d  

d e s i g n  s h a l l  clear t h e  1 6 . 0  c m  f l u x  l i n e .  
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3.11 DEVELOPXENT PROGRAM 

3 . 1 1 . 1  INTHODUCTION. Just .  a f t e r  t h e  EBT-P p r o j e c t  s t a r t e d ,  
there  was a p e r i o d  of about  a year  b e f o r e  t h e  p r i n c i p l e  indus-  
t r i a l  p a r t i c i p a n t  and t h e  i n d u s t r i a l  magnet manufac tu re r  were 
chosen .  The magnet development program w a s  s t a r t e d  i n  May, 1979,  
a t  ORNL t o  take advantage  of t h i s  y e a r  t o  s t a r t  t h e  magnet de- 
velopment .  The magnet d e s i g n  underwent a number of changes  i n  
t h e  f a l l  and e a r l y  w i n t e r  of 1979 d u r i n g  t h e  Phase  I m e e t i n g s  
among t h e  f o u r  competing i n d u s t r i a l  teams and ORNL. The pa ra -  
meters f o r  t h e  c u r r e n t  magnet d e s i g n  were e s t a b l i s h e d  d u r i n g  
t h c s c  m e e t i n g s .  The d e s i g n  i s  c o n t a i n e d  i n  the proposed  re fer -  
ence  d e s i g n  reviewed i n  J a n u a r y ,  1980. 

lll_l_._-_s_l-- 

I n  a d d i t i o n  t o  d e m o n s t r a t i n g  t h a t  t h e  c o i l  d e s i g n  w i l l  p roduce  
t h e  p r o p e r  f i e l d  magni tudes  and  be a b l e  TO t o l e r a t e  t h e  x- ray  
l o a d ,  t h e  o t h e r  program o b j e c t i v e s  are:  

1. To demons t r a t e  d e s i g n  f e a t u r e s  and f a b r i c a t i o n  t e c h n i q u e s  
t h a t  will. produce  t h e  r e q u i r e d  f i e l d  accu racy  and e l i m -  
i n a t e  s y s t e m a t i c  ( c u m u l a t i v e )  f i c l d  e r rors .  

2 .  T o  s o l v e  t h e  problems of s t r u c t u r a l  conta inment  and of 
m a i n t a i n i n g  p r o p e r  a l ignmen t  i n  t h e  dewar a f t e r  c.ooldown 
and e n e r g i z i n g .  

3 .  To e v a l u a t e  t h e r m a l  d e s i g n  f e a t u r e s  and determine h e a t  
removal c a p a b i l i t y .  

4 .  To  deve lop  t e c h n i q u e s ,  f a c i l i t i e s ,  and c r i t e r i a  f o r  
a c c e p t a n c e  t e s t i n g  of t h e  co i l s  manufac tured  f o r  EBT-P. 

I n  s h o r t ,  t h e  magnet development p l a n  is for  ORNE t o  wind two 
development c o i l s  and t e s t  them i n  a g e n e r a l  purpose  dewar 
(Open D e w a r  T e s t s ) ,  w h i l e  d e s i g n i n g  and b u i l d i n g  a f a c i l i t y  t o  
t e s t  t h e  development c o i l s  and t h e  GDC wound p r o t o t y p e  c o i l  i n  
t h e i r  i n d i v i d u a l  dewars .  The  two-coil  tests and t h e  p r o t o t y p e  
t e s t s  w i l l  a d d r e s s  most of t h e  program o b j e c t i v e s  l i s t e d  above.  
The  p l a n  is t o  t es t  t h e  dewar r e s t r a i n t  sys tem f o r  t h e  c e n t e r i n g  
load and f a u l t  load cases i n  t h e  two-coil  t e s t ,  t h e n  t o  test  t h e  
p r o t o t y p e  magnet a s  t h e  c e n t e r  magnet of a three-magnet  a r r a y .  
T h i s  w i l l  t e s t  t h e  p r o t o t y p e  i n  a magne t i c  environment  s imilar  
t o  t h e  environment  e x p e c t e d  i n  EBT-P, as w e l l  as  t e s t  it i n  t h e  
worst f a u l t  l o a d i n g  case. S i n c e  t h e  program began ,  t h e  t w o  
development c o i l s  have been wound a n d h a v e  had t h e i r  open dewar 
t es t s ;  t h e  t e s t  f a c i l i t y  h a s  been d e s i g n e d  and is unde r   on- 
s t r u c t i o n ;  GDC is manuf a c t u r i n g  the development dewars ;  and GDC 
is p r e p a r i n g  t o  wind t h e  p r o t o t y p e  c o i l ,  

Technology t r a n s f e r  from t h e  development program t o  t h e  magnet 
manufac tu re r  i s  a n  impor t an t  part of t h e  magnet development 
program, but it is  o n l y  p a r t  of t h e  overall p l a n  t o  r e d u c e  risks 
i n  g e t t i n g  t h e  magnet s y s t e m  f o r  EBT-P. There  are t h r e e  main 
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s t e p s  i n  the t r a n s i t i o n  from t h e  magnet development program t o  
magnet m a n u f a c t u r i n g  : 

1. I n f o r m a t i o n  t r a n s f e r  f rom t h e  development  program t o  t h e  
magnet m a n u f a c t u r e r .  The i n f o r m a t i o n  t r a n s f e r  i s  b e i n g  
done b y  hav ing  a GDC o n - s i t e  observer f o r  winding and 
c o i l  t e s t i n g ,  b y  o n - s i t e  GDC v i s i t s  d u r i n g  c r i t i ca l  winding 
s t e p s ,  and by a 40 m i n u t e  movie t h a t  h a s  been made of t h e  
winding  of t h e  f i r s t  development  c o i l  which w i l l  be g i v e n  
to MDAC and GDC i n  mid-September.  Also, MDAC/GDC has 
p a r t i c i p a t e d  i n  t h e  d e s i g n  changes  from D-P t o  D-2. 

2 .  ORNL is s e t t i n g  d e s i g n  c r i t e r i a  w i t h  a c t i v e  p a r t i c i p a t i o n  
by MDAC/GDC. ORNL is r e s p o n s i b l e  for  e v a l u a t i n g  d e s i g n  
a n a l y s i s ,  r e v i e w i n g ,  commenting, and approv ing  t h e  MDACjGDC 
magnet s y s t e m  d e s i g n .  T h i s  s t e p  i n c l u d e s  t h e  GDC dewar 
d e s i g n  and c o n s t r u c t i o n  fo r  t h e  two development c o i l s  and 
t h e  p r o t o t y p e  c o i l ,  and t h e  p r o t o t y p e  magnet design and 
c o n s t r u c t i o n  a t  GDC. 

3 .  Magnet manufac tu re  a c c o r d i n g  t o  t h e  m a n u f a c t u r i n g ,  Q A ,  and 
a c c e p t a n c e  t es t  p l a n s .  These plans w i l l  be based on t h e  
r e s u l t s  of t h e  development program and p r o t o t y p e  program. 

3 . 1 1 . 2  C O I L  DESIGN. The f o l l o w i n g  list contains p a r t  of t h e  
magnet p a r a m e t e r s  deve loped  d u r i n g  Phase  I :  

I n s i d e  Radius  24 c m  

O u t s i d e  Radius  34 c m  

Length  2 1 . 1  c m  

Peak F i e l d  7 . 4  T 

Peak C u r r e n t  D e n s i t y  1 0 , 0 0 0  A / c m 2  

F o r t u n a t e l y ,  t h e s e  magnets  w i l l  n o t  be o p e r a t e d  i n  t h e  p u l s e  
mode, and w i l l  n o t  be  subjected t o  s t r o n g  e x t e r n a l l y  generated 
p u l s e d  magne t i c  f i e l d s ;  however,  t h e  magnets  w i l l  be s u b j e c t e d  
t o  x-ray r a d i a t i o n  g e n e r a t e d  i n  t h e  plasma r e g i o n .  Estimates 
g e n e r a t e d  d u r i n g  Phase I set t h e  volume e n e r g i z e d  x-ray load a t  
10 wa t t s  i n t o  t h e  wind ing .  Subsequent  source estimates and 
s h i e l d i n g  c a l c u l a t i o n s  have lowered t h i s  estimate,  b u t  the 
c o i l s  w e r e  d e s i g n e d  and tested w i t h  t h e  1 0  w a t t  load as the 
c r i te r ia  . 
The c o n d u c t o r  used i n  t h e  c o i l  is a compacted monolith2. 
grades of c o n d u c t o r  w e r e  u s e d .  
coppe r  by volume and a c r i t i c a l  c u r r e n t  of 3500 A a t  7.5 T. T h e  
low f i e l d  conduc to r  has a 76% copper  volume and a c r i t i c a l  
c u r r e n t  of 4300 A a t  6 T ;  and 3000 B a t  7 .5  T .  

Two 
The high  f i e l d  g r a d e  has 71% 

, 3 4 3  
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Our p r e f e r e n c e  i n  magnet d e s i g n s  s u b j e c t e d  t o  e x t e r n a l  h e a t ,  i n  
this case x-ray r a d i a t i o n ,  is a v e n t i l a t e d  d e s i g n  r a the r  t h a n  
windings po t t ed  i n  epoxy. L i q u i d  hel ium heat capac i ty  is 
enormous compared t o  t h e  NbTi and coppe r  t h a t  comprise t h e  
s u p e r c o n d u c t o r .  I t  is preferable  t o  have heat t r a n s f e r  d i r e c t l y  
from t h e  s u r f a c e  of t h e  conduc to r  t o  l i q u i d  hel ium r a t h e r  t h a n  
v i a  conduc t ion  t h r o u g h  a poor thermal.  c o n d u c t o r ,  as is t h e  case 
f o r  all p o t t i n g  compounds. 

T h e  i n s u l a t i o n  i n  t h e  wind ings  must be t h i n  t o  a c h i e v e  t h e  
o b j e c t i v e  c u r r e n t  d e n s i t y  and a l low f o r  hel ium c i r c u l a t i o r ~  
th rough  t h e  c o i l  wind ings .  The  t u r n - t o - t u r n  and l a y e r - t o - l a y e r  
i n s u l a t i o n  i n  t h e  c o i l  winding  pack is p rov ided  b y  8 s p i r a l  wrap 
of 7 m i l  (nominal  d imens ions )  un impregnated  Nomex l a c i n g  t a p e .  
T h e  t a p e  is wrapped t o  c o v e r  50% of t h e  c o n d u c t o r .  About 8% of 
t h e  winding pack volume is f r ee  for l i q u i d  hel ium c i r c u l a t i o n .  

The winding scheme f o r  t h e  mirror c o i l s  must be chosen  carefully 
t o  keep t h e  f i e l d  errors  low. These e r ro r s  are i n t r o d u c e d  by 
c r o s s o v e r s ,  b y  l a y e r - t o - l a y e r  t r a n s i t i o n s  i n  t h e  magnet ,  and by 
l e a d s .  The la rges t  p o t e n t i a l  error is t h e  r e s u l t  of t h e  large 
s e p a r a t i o n  of t h e  l e a d s  as t h e y  l e a v e  t h e  wind ing .  The choice 
of t h e  winding scheme s t r o n g l y  i n f l u e n c e s  t h e  lead placement .  
Two common winding  t y p e s  are l a y e r  winding  and pancake wind ing .  
An i n a p p r o p r i a t e  l a y e r  winding scheme would f e e d  t h e  conduc to r  
o n t o  t h e  bobbin th rough  a hole  i n  a s i d e  p la te  and t h e n  wind 
each Layer  and b r i n g  t h e  o t h e r  lead o f f  t h e  o u t s i d e  diameter. 
The  bad f e a t u r e  of t h i s  scheme is t h a t  there is a n  uncompensated 
c u r r e n t  lead t h e  l e n g t h  of t h e  c o i l  b u i l d .  One can  a l so  d e s i g n  
a pancake winding w i t h  uncompensated leads on each end of t h e  
c o i l ,  Pancake-wound c o i l s  f o r  t h i s  a p p l i c a t i o n  have  t h e  d i s -  
advan tage  t h a t  if t h e  conduc to r  is g r a d e d ,  there must b e  t w o  
j o i n t s  i n  each pancake t o  make t h e  g r a d e  change .  Two more 
j o i n t s  are  r e q u i r e d  t o  connec t  t h e  pancakes  e l e c t r i c a l l y .  
J o i n t s  take c o n s i d e r a b l e  t i m e  t o  make, t h u s  i n c r e a s i n g  t h e  
o v e r a l l  winding  c o s t .  But as  i n  the layer-wound case, p rope r  
d e s i g n s  of pancake-wound c o i l s  are  also poss ib l e  ( e . g . ,  t h e  
mirror magnets  f o r  EBT-S). 

A h y b r i d  winding scheme has  been chosen  f o r  t h e  EBT-P c o i l s .  
B a s i c a l l y ,  t h i s  d e s i g n  c o n s i s t s  of a layer-wound c o i l  w i t h  a 
p i e  (one-half  of a pancake)  wound on one  end  t o  b r i n g  t h e  con- 
d u c t o r  n e x t  t o  t h e  bobbin t o  t h e  ou ts ide  d i a m e t e r  as a lead. 
There  w i l l  b e  an  even  number of layers  and t h e  same number of 
t u r n s  i n  t h e  p i e  s o  t h a t  t h e  two leads end up a n  t h e  o u t s i d e  
diameter. The leads can  e i t h e r  be p u t  on t h e  same end of t h e  
c o i l  or t h e  c o i l  can  be wound so that  t h e  leads a re  b rough t  
o u t  on t h e  c o i l  midp lane .  The  l a t t e r  method was chosen  for  t h e  
development c o i l s .  The leads are  t h e n  b rough t  ou t  close t o g e t h -  
er f o r  good f i e l d  error compensa t ion .  The  lead s p a c i n g  is se t  
b y  hel ium breakdown v o l t a g e s  d u r i n g  a p o s s i b l e  dump. 



The t w o  development c o i l s  ( D - 1 ,  D - 2 )  are  n o t  i d e n t i c a l .  D-1 is 
wound w i t h  both g r a d e s  of c o n d u c t o r  w h i l e  0-2 is wound w i t h  o n l y  
t h e  l o w  f i e l d  g r a d e .  The basic r e a s o n  is t h a t  t h e  h i g h  f i e l d  
c o n d u c t o r  i n  D-1  is u n i q u e ;  Airco c o u l d  n o t  p roduce  a n o t h e r  
l e n g t h  of t h i s  material  when D-2 w a s  r e a d y  t o  be wound. F o r t u -  
n a t e l y ,  t h e  l o w  f i e l d  g r a d e  i s  r e p r o d u c i b l e  and  i t  h a s  s u f f i -  
c i e n t  c r i t i ca l  c u r r e n t  a t  7 . 4  T to w a r r a n t  u s i n g  as t h e  o n l y  
g r a d e  i n  D-2.  

The p r a c t i c e  wind ing ,  winding  t e s t s ,  and c o i l  winding  are  d e s -  
c r i b e d  i n  t h e  f o l l o w i n g  p a p e r s  i n c l u d e d  i n  t h e  append ix  of t h i s  
s e c t i o n  and  p r e s e n t e d  a t  t h e  9 t h  Symposium on  E n g i n e e r i n g  Pro- 
blems i n  Fus ion  R e s e a r c h :  

"Design and  C o n s t r u c t i o n  of t h e  EBT-P Development C o i l s "  

"A compar ison  Between E x p e r i m e n t a l  and A n a l y t i c a l  Winding 
P r e s t r a i n  f o r  a C i r c u l a r  S o l e n o i d "  

Also i n c l u d e d  i n  t h i s  s e c t i o n ' s  append ix  are t h r e e  a d d i t i o n a l  
p a p e r s  d e s c r i b i n g  advances  i n  a n a l y t i c a l  methods deve loped  t o  
a i d  i n  t h e  stress a n a l y s i s  of  t h e  EBT-P c o i l .  

3.11.3 WELD TEST. The c o i l  d e s i g n  r e q u i r e s  t h a t  a c l o s u r e  r i n g  
be welded on  t h e  bobbin  a f te r  t h e  c o i l s  are wound and t e s t e d  i n  
an  open dewar ,  b u t  b e f o r e  t h e  co i l s  are  i n s t a l l e d  i n  t h e  GDC 
d e s i g n e d  and b u i l t  dewars .  T h e r e  w a s  c o n s i d e r a b l e  conce rn  abou t  
t h i s  weld b e c a u s e  it might  o v e r h e a t  and  damage t h e  bobbin  i n -  
s u l a t i o n ,  and t h e r e  may be some weld s p a t t e r  on t h e  c o i l .  A 
weld tes t  was done a t  O W L  on a mock u p  of t h e  bobb in  when it 
w a s  t h o u g h t  t h a t  t h e  w e l d i n g  would be done a t  ORNL. Beca.use of 
t h e  s t r i k e ,  t h i s  s t e p  w a s  moved t o  GDC and t h e  weld t e s t  re- 
p e a t e d .  T h e r e  was no  damage t o  t h e  mocked up  i n s u l a t i o n  and 
t h e r e  w a s  no weld s p l a t t e r  on t h e  c o i l  side of t h e  weld w i t h  
e i t h e r  t h e  O W L  t e s t  or  t h e  GDC t e s t .  

3.11.4 CRITICAL CURRENT TESTS. Although b o t h  g r a d e s  of  con- 
d u c t o r  had s u f f i c i e n t  c u r r e n t  c a r r y i n g  c a p a b i l i t y  t o  meet or 
exceed  t h e  c r i t i ca l  c u r r e n t  s p e c i f i c a t i o n s  t h e r e  were t w o  d i s -  
x u r b i n g  a s p e c t s  t o  t h e  measurements .  The c o n d u c t o r  w a s  h i g h l y  
u n s t a b l e  t o  v e r y  small m o t i o n s  as m a n i f e s t e d  by t h e  t r a i n i n g  
d u r i n g  t h e  s h o r t  sample  measurements even  when s a m p l e s  were 
p o t t e d  i n  epoxy.  T r a i n i n g  is a phenomena u s u a l l y  o n l y  o b s e r v e d  
i n  h i g h l y  u n s t a b l e  magne t s .  I t  c o n s i s t s  i n  a series of q u e n c h e s ,  
e a c h  one  a t  a h i g h e r  c u r r e n t  ( h e n c e  h i g h e r  f o r c e )  t h a n  the p r e -  
v i o u s  measurement,  u n t i l  f i n a l l y  some v a l u e  is a s y m p t o t i c a l l y  
approached  which is c o n s i d e r e d  t h e  c r i t i ca l  c u r r e n t .  

The second  effect  w h i c h  caused doubt about t h e  c o n d u c t o r  w a s  
t h e  r e s i s t i v e  v o l t a g e  o b s e r v e d  a t  v e r y  r a p i d  sweep of t h e  
t r a n s p o r t  c u r r e n t  w i t h  t h e  sample i n  a background f i e l d .  The 
o r i g i n  of t h i s  v o l t a g e  became a p p a r e n t  when t h e  m a g n e t i z a t i o n  
measurements showed a v e r y  l a r g e  m a g n e t i z a t i o n  l o o p .  The 
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area i n  t h e  l o o p  was s e n s i t i v e  t o  ramp ra te  even  a t  v e r y  s low 
rates .  T h i s  i n d i c a t e d  t h a t  c i r c u l a t i o n  c u r r e n t s  i n  magnet iza-  
t i o n  c u r r e n t s  are v e r y  worrisome b e c a u s e  t h e i r  stored ene rgy  
p e r  u n i t  volume of conduc to r  is l a r g e r  t h a n  t h e  e s t i m a t e d  (MPZ 
Model) a l l o w a b l e  sudden h e a t  d i s p o s i t i o n  r a t e  p e r  u n i t  volume. 
When t h i s  w a s  d i s c o v e r e d ,  m a g n e t i z i a t i o n  tests were done on 
s i m i l a r  m o n o l i t h i c  N b T i  c o n d u c t o r s  from ORNL's conduc to r  s amples  
from o t h e r  p r o j e c t s  and  on samples  s u p p l i e d  by Airco. These 
tests showed t h a t  t h e  p m b l e m  l a g  i n  t h e  d i s t r i b u t i o n  of t h e  
f i l a m e n t s .  The best  f i l a m e n t  d i s t r i b u t i o n  found w a s  a un i fo rm 
d i s t r i b u t i o n  of f i l a r n c n t s  o v e r  an  a n n u l a r  r e g i o n .  The f i l a m e n t s  
s h o u l d  be s e p a r a t e d  as f a r  a p a r t  as p o s s i b l e ,  b u t  t he re  must be 
enough f i l a m e n t s  t o  j n s u r e  t h a t  t h e  c r i t i c a l  c u r r e n t  w i l l  meet 
s p e c s .  

The  s h o r t  sample c r i t i c a l  c u r r e n t  measurements  are  shown i n  
F i g u r e  3.11-1. The  sample  numbers are  t h e  Ai rco  spool  d e s i g n a t i o n s .  
The s h o r t  sample  c r i t i c a l  c u r r e n t  measurements  have  a s e n s i t i v -  
i t y  of 56-cm r e f e r r e d  t o  t h e  s u p e r c o n d u c t i n g  f r i c t i o n .  
The c r i t i c a l  c u r r e n t  is g i v e n  for each case where c u r r e n t  s h a r -  
i n g  c o u l d  be  o b t a i n e d  a f t e r  a number of t r a i n i n g  s t e p s .  The  
c u r r e n t  s h a r i n g  s t a t e  w a s  n o t  r e a c h e d  i n  t h e  h i g h  f i e l d  g r a d e .  
The c r i t i c a l  c u r r e n t  i n  t h i s  case is t h e  quench c u r r e n t .  

3 .11.5 JOINT TESTS. Mechanica l  and  electrical. t e s t s  of t h e  
p o t e n t i a l  s p l i c e s  u s e d  i n  t h e  developnient c o i l s  were done a t  
room t e m p e r a t u r e  and a t  he l ium t e m p e r a t u r e .  One sample  s p l i c e  
was made u s i n g  each of t h e  f o l l o w i n g  s o l d e r s :  50% Pb, 5Q% Sn ,  
97.5% Pb,  2 .5% Ag; and 97.5% Pb, 1 .5% A g ,  1.0% Sn.  An a p p a r a t u s  
was made u s i n g  e x i s t i n g  equipment  t o  p u l l  t es t  e a c h  j o i n t  a t  
he l ium t e m p e r a t u r e .  The 97.5% P b ,  2.5% A g  solder performed best  
and was u s e d  i n  t h e  c o i l .  

Another  sample u s i n g  t h e  97.5% Pb, 2 .5% A g  solder w a s  made and  
p u t  o n  t h e  s h o r t  sample  a p p a r a t u s  u s e d  t o  t e s t  t h e  conduc to r  
so  t h e  j o i n t  r e s i s t a n c e  can  be measured i n  t h e  p r o p e r  m a g n e t i c  
f i e l d .  The j o i n t  r e s i s t a n c e  w a s  5 x 10-9 ohms and t h e  conduc- 
t o r  showed t h e  same short  sample  c r i t i c a l  c u r r e n t  as measured 
w i t h o u t  t h e  j o i n t .  A t h e o r e t i c a l  estimate i n d i c a t e d  t h a t  a 
j o i n t  r e s i s t a n c e  of 10-7 ohms woilld s p o n t a n e o u s l y  quench t h e  
c o i l  a t  f u l l  c u r r e n t  and  t h a t  a j o i n t  r e s i s t a n c e  of 10-8 ohms 
would c a u s e  a n e g l i g i b l e  d e c r e a s e  i n  c o i l  s t a b i l i t y .  

3.11.6 OPEN DEWAR TESTS. Each development  c o i l  w a s  t e s t e d .  
T h e  t e s t s ,  re fe r red  ta as  open dewar tests ( O D T ) ,  w e r e  done i n  
a l a r g e  l a b o r a t o r y  dewar ra ther  t h a n  i n  smaller dewars  t o  be 
used i n  EBT-P. These  c o i l s  w i l l  b e  t e s t ed  a g a i n  a f t e r  t h e y  are  
p u t  i n t o  t h e  smaller dewars. The purpose  of t h e  ODT is t o  
d e t e r m i n e  i f  t h e  c o i l s  c a n  make f i e l d  w i t h o u t  t r a i n i n g ,  t o  
d e t e r m i n e  t h e  amount of heat t h e y  c a n  to le ra te  at t h e  60 GHz 
and 90 G H z  o p e r a t i n g  p o i n t s ,  and t o  d e t e r m i n e  i f  t h e  conduc to r  
l i f t s  o f f  t h e  bobbin  i n  t h e  c e n t e r  o f  t h e  winding  pack .  The 
open dewar tests and t e s t  r e s u l t s  are descr ibed i n  t h e  p a p e r  

3-36 



" T e s t s  of t h e  F i r s t  Development C o i l s  for EBT-P". T h i s  paper 
is i n c l u d e d  i n  Appendix H f o r  t h i s  sec t ion  and was a l so  
p r e s e n t e d  a t  t h e  9 t h  Sympsoium on E n g i n e e r i n g  Problems i n  
Fus ion  Research. 

3.11.7 SUMMARY. The magnet development program has  d e m o n s t r a t e d  
t h a t  t h e  d e s i g n  of t h e  EBT-P mirror coils is b a s i c a l l y  sound,  
t h a t  these c o i l s  c a n  be m a n u f a c t u r e d ,  and  t h a t  i n  a l a r g e  labora- 
t o r y  dewar the  c o i l s  w i l l  o p e r a t e  up t o  s p e c i f i c a t i o n s .  Ques- 
tions c o n c e r n i n g  o p e r a t i o n  i n  i n d i v i d u a l  dewars and magnet 
a l ignmen t  w i l l  be a d d r e s s e d  i n  t h e  t w o  c o i l  tests and p r o t o t y p e  
tes t  e a r l y  n e x t  year. 
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F i g u r e  3 .11-1 .  Measured Shor t  Sample C r i t i c a l  C u r r e n t  V a l u e s  

Low F i e l d  Grades 
b c 

Jc A 
Remarks Sens it i v i t y  Sc2 

Sample # ( T )  (A) (G'cm) cu:sc (mm ) (Armn-2) 

D- 3-80-A 

D- 3-80-B 

13-4-80 

D- 7- 80 

w 
b) 
00 

1 D-10-80 

d P- 1 1 - 8 0 - A  

P-11-80-B 

P-11-80-E 

B-4SOe 

7 . 5  

6.0 

7 . 5  

6.0 
7 . 5  

6 . 0  

7 . 5  

7 . 0  

6 .0  

7 . 5  

7.5 

7 .5  

7 .5  

7 . 5  

7 . 0  

6 . 5  

2840 3 . 2 0 : 1  3 . 4 6  82 I 

4 340 d2 1255 

3 . 2 0 : 1  818 

4 320 1249 

3020 2.99:1 3.64 8 30 

4290 2 . 5  X 1179 

1820 3.06:l 3 . 5 8  508 

2 3.10 10- l2 589 

2830 10-3.2 

2770 10- I2 774 

2750 10- l2 3 . 2 4 : l  3 . 4 3  802 

High F i e l d  Grades 

35 15 quench 2 . 4 0 : 1  4 . 2 7  82 3 

3565 quench 2 . 4 0 : P  4 . 2 7  335 

2 . 4 0 : 1  4 . 2 7  sa1 3720 -6  X 10 

32 30 2.86:B 3.76 859 

3870 10- l2 1029 

- 13 

44 10 10- I2 1173 

An a v e r a g e  of t w o  t r a i n i n g  
s teps  r e q u i r e d  t o  reach t h e  
c r i t i c a l  c u r r e n t  a t  e a c h  
s p e c i P i e d  f i e l d  l e v e l .  

C u r r e n t  s h a r i n g  no t  o b s e r v e d  

C u r r e n t  s h a r i n g  n o t  o b s e r v e d  

C u r r e n t  s h a r i n g  o b s e r v e d  

~ 

a f t e r  4 t r a i n i n g  s t e p s .  

a f t e r  6 t r a i n i n g  s t eps .  

a f t e r  10 t r a i n i n g  s t e p s .  

I_ 

T r a i n i n g  e l i m i n a t e d  by  
s o l d e r i n g  t o  s t a i n l e s s  
s teel  mandre l .  

F i e l d  a p p l i e d  p e r p e n d i c u l a r  t o  t h e  c u r r e n t  d i r e c t i o n  and t o  t h e  narrow Pace of t h e  c o n d u c t o r .  a 

bCn.oss  s e c t i o n a l  area of  t h e  s u p e r c o n d u c t o r  f r a c t i o n  of t h e  c o n d u c t o r .  

dSamples d e s i g n a t e d  with P r e f e r  t o  t h e  f i r s t  l e n g t h  of t h e  h i g h  f i e l d  g r a d e  r e c e i v e d  (Type 1). 

%'his number r e f e r s  t o  t h e  second  l e n g t h  of h i g h  f i e l d  conduc to r  r e c e i v e d  (Type 2 ) .  

Cur ren t  d e n s i t y  i n  t h e  s u p e r c o n d u c t i n g  f r a c t i o n  of t h e  conduc to r  a t  t h e  c r i t i c a l  c u r r e n t .  C 



SECTION 4 

DESIGN DESCRIPTION 

4.1 COLD SfASS ASSEMBLY DETAILS 

The bobbin  assembly c o n s i s t s  of t w o  s i d e  p l a t e s  and a n  i n n e r  
r i n g  welded t o g e t h e r  t o  form a s p o o l ,  see Drawing 11-38013. 
A l l  materials are 316L s t a i n l e s s  s teel .  The s i d e  p l a t e s  are 
.650 t h i c k  and t h e  i n n e r  r i n g  h a s  a t h i c k n e s s  of , 366  i n c h e s .  
The w i d t h  of t h e  comple ted  bobbin  i s  9.80 i n c h e s  and h a s  an 
o u t s i d e  d i a m e t e r  of  3 0 . 6 4  i n c h e s .  The i n n e r  b o r e  d i a m e t e r  i s  
17 .966  i n c h e s .  A l l  p a r t s  a r e  c o m p l e t e l y  machined a f t e r  we ld ing  
t o  m a i n t a i n  t h e  r e q u i r e d  d imens ions .  

The c o i l  pack ,  F i g u r e  4 .1-1,  c o n s i s t s  of  a m o n o l i t h i c  NbTi 
s u p e r c o n d u c t o r ,  2 . 9  mm X 5.0 mm i n  size, b a r b e r  p o l e  wrapped 
w i t h  .178 mm t h i c k  Nomex t o  p r o v i d e  50% c o v e r a g e  of  t h e  
s u p e r c o n d u c t o r ,  see F i g u r e  4.1-2. 

S l o t t e d  and s o l i d  (3-10 CR e p o x y - f i b e r g l a s s  i s  u s e d  f o r  t h e  
bobbin i n n e r  r i n g  and s i d e w a l l  i n s u l a t i o n .  

F i v e  s h e e t s  of i n s u l a t i o n  are i n s t a l l e d  n e x t  t o  t h e  bobbin 
s i d e w a l l s  and i n n e r  r i n g  ( 2  s l o t t e d ,  1 s o l i d  and 2 s l o t t e d  
s h e e t s ) .  

The e n t r y  wind a g a i n s t  one s i d e  is a 34 l a y e r  pancake  l e a d  
winding .  T h i s  is f o l l o w e d  by 5 more s h e e t s  of i n s u l a t i o n  and a 
32 l a y e r  X 37 t u r n  l a y e r  w ind ing .  

A p e r f o r a t e d  s h e e t  of .005 t h i c k  Kapton is used  t o  c o v e r  t h e  
s l o t t e d  i n s u l a t i o n  a t  t h e  i n n e r  r i n g  t o  p r e v e n t  c h a f i n g  of t h e  
Nomex on t h e  s u p e r c o n d u c t o r  d u r i n g  o p e r a t  i o n .  

The o u t s i d e  of t h e  winding  is cove red  by e i g h t  s h e e t s  of  
s l o t t e d  i n s u l a t i o n ,  a n o t h e r  l a y e r  of winding  t o  e x i t  t h e  l e a d s ,  
and e i g h t  more s h e e t s  of s l o t t e d  i n s u l a t i o n .  The o u t e r  i n s u l a -  
t i o n  is h e l d  i n  p l a c e  by t w o  s t a in l e s s  s tee l  r i n g  c lamps .  

The hel ium v e n t i l a t i o n  f o r  t h e  c o i l  pack is p r o v i d e d  from a 3 /8 -  
i n c h  O . D .  304L s t a i n l e s s  s tee l  he l ium f i l l  t u b e  on t h e  o u t e r  
d i a m e t e r  of t h e  c o i l  pack ,  see F i g u r e  4.1-3 and Drawing 11-38002. 

The o u t e r  r i n g  f o r  t h e  c o l d  mass a s s y  is i n  t w o  ha . lves .  The 
uppe r  h a l f  c o n t a i n s  a c o n c e n t r i c  r e d u c e r  neck  a s sy  welded i n  
p l a c e  t o  a t t a c h  t h e  he l ium s t a c k .  The o u t e r  r i n g  h a l f  i s  .50- 
i n c h  t h i c k  316L s t a i n l e s s  s tee l  r o l l e d  t o  a 14 .82 - inch  i n s i d e  
radius as shown i n  Drawing 11-38005. T h e  w e l d  p r e p a r a t i o n  for 
t h e  e n d s  and e d g e s  are machined t o  conform t o  t h e  ASME P r e s s u r e  
Vessel Code. These  r i n g s  are welded t o  t h e  bobbin  p e r  
MIL-STD-278, u s i n g  ER 316 e l e c t r o d e s .  The r o o t  and f i n a l  l a y e r  
o f  a l l  welds  are p e n e t r a n t  i n s p e c t e d ,  a l l o w i n g  no d e f e c t s .  Three  
mounting b o s s e s  are welded t o  t h e  o u t e r  r i n g  t o  mount t h e  c o l d  
mass s u p p o r t s ,  see F i g u r e  4.1-4. 
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FIGURE 4 I 1-2 NBTI SUPERCONDUCTOR 
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FIGURE 4,1-3 HELIUM SUPPLY TUBE 
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FIGURE 4,1-4 COLD MASS ASSEMBLY SHOWING BOSSES 
FOR MOUNTING SUPPORTS I 
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The he l ium s t a c k ,  Drawing 11-38030, is an  8 . 0 - i n c h  d i a m e t e r  
s t a i n l e s s  s t ee l  p i p e  w i t h  an 8 .0 - inch  d i a m e t e r  b e l l o w s  welded 
t o  t h e  upper  end of t h e  p i p e .  The lower end of t h e  p i p e  is 
welded t o  the r e d u c e r  neck a s s y  on t h e  c o l d  mass. The upper  
end of t h e  be l lows  i s  welded t o  a 1 1 / 8 - i n c h  t h i c k  p l a t e  to 
close o u t  tile hel ium v e s s e l .  The b e l l o w s  wil l .  accommodate t h e  
expans ion  and c o n t r a c t i o n  of t h e  s t a c k ,  

The s t a c k  c o n t a i n s  two 2000 amp vapor-cooled leads,  a .50-inch 
O . D ,  l i q u i d  he l ium s u p p l y  o p e r a t i o n  t u b e ,  a .EiO-inch O . D .  
l i q u i d  hel ium s u p p l y  cooldown t u b e ,  a 2 .375- inch  O . D .  c o l d  
hel ium r e t u r n  v e n t  t u b e ,  a l i q u i d  l e v e l  s e n s o r ,  and G-10 CR 
b a f f l e s  t o  r e d u c e  t h e  h e a t  l e a k  d u r i n g  o p e r a t i o n  and cooldown. 

To f u r t h e r  r e d u c e  t h e  h e a t  l e a k  i n  t h e  s t a c k ,  f i n g e r  c o n t a c t  
s t r i p s  of b e r y l l i u m  copper  are  i n s t a l l e d  around t h e  he l ium s u p p l y  
t u b e s  and t h e  v e n t  t u b e  t o  p r o v i d e  LN2 i n t e r c e p t s .  
s t r a p s  a r e  a l s o  e q u a l l y  spaced  around t h e  o u t s i d e  of t h e  he l ium 
s t a c k  and  connec ted  t o  t h e  i n s i d e  of t h e  LN2 s h i e l d .  

A 1 0 - l a y e r  Kapton i n s u l a t i o n  b l a n k e t  is i n s t a l l e d  between t h e  
s t a c k  and t h e  LN2 s h i e l d .  

The c o l d  mass a s s y  i s  cove red  w i t h  a 20-layer Kapton i n s u l a t i o n  
b l a n k e t  (hl1,I) and i n s t a l l e d  i n t o  an .032-inch t h i c k  copper  a l l o y  
LNz s h i e l d ,  see Drawing 11-38040. The cold mass s u p p o r t s  p r o j e c t  
beyond t h e  diameter of t h e  LN2 s h i e l d ,  t h e r e f o r e ,  it is n e c e s s a r y  
t o  f a b r i c a t e  t h e  s h i e l d  i n  two h a l v e s  w i t h  c u t o u t s  t o  a c c e p t  
t h e  s u p p o r t s .  These h a l v e s  a re  i n s t a l l e d  from e a c h  s i d e  of t h e  
c o l d  mass ass;.. and r i v e t e d  together a t  the c i r c u m f e r e n t i a l  c e n t e r -  
l i n e .  The h a l v e s  c o n s i s t  of a r o l l e d  i n n e r  and o u t e r  r i n g  b r a z e d  
t o  a s i d e  p l a t e .  The o u t e r  r i n g  is 35.14 i n c h e s  i n  d i a m e t e r ,  and 
t h e  i n n e r  r i n g  is 1 7 . 1 4  i n c h e s  i n  d i a m e t e r .  
s h i e l d  a s s y  i s  10.50 i n c h e s  wide.  

Seven copper  

The comple ted  L,Nz 

Two 1 / 2 - i n c h  0.D. copper  t u b e s  a re  b razed  t o  t h e  o u t e r  r i n g  t o  
p r o v i d e  an IJJ2 s u p p l y  l i n e  and an N2 r e t u r n  l i n e ,  F i g u r e  4.1-5, 
t o  cool  t h e  s h i e l d .  

MLX b l a n k e t s  are  i n s t a l l e d  a round t h e  o u t s i d e  of t h e  s h i e l d .  
Twenty (20 )  layers  around t h e  cold m a s s  area,  t h i r t y  (30) l a y e r s  
i n  t h e  s t a c k  area,  and due t o  space l i m i t a t i o n s ,  t e n  (10) l a y e r s  
i n  t h e  i n n e r  bore. 
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FIGURE 4,1-5 U42 COLD WALL WITH LM2 TRACER TUBE 
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4 . 2  DEWAR DETAILS 

The vacuum dewar,  as shown i n  Drawing 11-38060, c o n s i s t s  of 
a n  o u t e r  r i n g ,  an  i n n e r  r i n g ,  s i d e  p l a t e s ,  s tack  p l a t e s ,  and a 
s u p p o r t  a s s y .  A l l  mater ia ls  are 3 0 4 L  s t a i n l e s s  s t e e l  and are 
welded t o g e t h e r  u s i n g  ER316L e lectrode.  

The dewar is 1 2 . 0  i n c h e s  wide and has a 1 .00 - inch  t h i c k  o u t e r  
r i n g  w i t h  an o u t s i d e  diameter of 42 .75  i n c h e s .  The s i d e  p l a t e s  
are .25 i n c h e s  t h i c k ,  w i t h  a spun i n n e r  bore d i a m e t e r  of 16.50 
i n c h e s .  

The s tack p l a t e s  a r e  . 25  i n c h e s  t h i c k  on the  s ides  and .50  i n c h e s  
t h i c k  f r o n t  and back. The s t ack  si ts  on t o p  of t h e  o u t e r  r i n g  
and. e x t e n d s  4 8 . 0  i n c h e s  above t h e  h o r i z o n t a l  c e n t e r l i n e  of t h e  
dewar.  

The s u p p o r t  assy,  has  a 1 . 5 - i n c h  t h i c k  p l a t e  t o  b o l t  t o  the bucking  
r i n g .  The s u p p o r t  p l a t e  is 33.84 i n c h e s  a f t  o f  t h e  v e r t i c a l  
c e n t e r l i n e  of t h e  dewar and is welded t o  t h e  o u t e r  r i n g  w i t h  
g u s s e t s  and s ide  p l a t e s .  

The e x t e r n a l  s t r u c t u r e  of t h e  dewar sha l l  have  l o c a t i o n s  f o r  
a l ignmen t  c o n s t r u c t i o n  b a l l s ,  f i t t i n g s  for  ou t -o f -p l ane  s t r u t s ,  
and s i x  u n d e r s i z e d  ho le s  t h r u  t h e  o u t e r  r i n g  t o  p i c k  u p  t h e  
l o c a t i o n  of t h e  c o l d  mass s u p p o r t  b o l t  ho le s .  

To  comple te  t h e  o v e r a l l  magnet a s s y ,  t h e  c o l d  m a s s  a s s y  i s  
i n s t a l l e d  i n  t h e  dewar and t e m p o r a r i l y  a l i g n e d  t o  t h e  p r o p e r  
a d j u s t m e n t s .  A d i a l  i n d i c a t o r  is i n s e r t e d  t h r u  t h e  s i x  under-  
sized holes  i n  t h e  dewar o u t e r  r i n g  from t h e  o u t s i d e ,  t o  p i c k  
up  t h e  e x a c t  l o c a t i o n  of t h e  b o l t  holes  i n  t h e  cold mass 
s u p p o r t s .  A f t e r  l o c a t i n g  t h e  exact c e n t e r  of t h e  s u p p o r t  b o l t  
h o l e s ,  the ho le s  i n  t h e  dewar are opened t o  i n s e r t  a c lose - f i t  
mounting l u g .  These  l u g s  are t h e n  bo l t ed  t o  t h e  s u p p o r t s  and 
welded i n  p l a c e  t o  t h e  o u t s i d e  of t h e  dewar ,  see F i g u r e  4.2-1.  
T h i s  e n s u r e s  an e x a c t  f i t  w i t h  no p re - load  on t h e  mounting b o l t s .  

The close-out s ide  p l a t e  of t h e  dewar i s  t h e n  welded i n  place, 
F i g u r e  4 . 2 - 2 ,  

The  completed magnet a s s y  w i l l  be t e m p o r a r i l y  i n s t a l l e d  on t h e  
bucking r i n g  and w i l l  t h e n  be  o p t i c a l l y  a l i g n e d ,  u s i n g  t h e  
c o n s t r u c t i o n  b a l l s  located on t h e  e x t e r n a l  s t r u c t u r e  t o  i d e n t i f y  
t h e  l o c a t i o n  of t h e  conduc to r  midplane  axes,  see MDAC I n t e r f a c e  
Drawing 70B376001. The assembly w i l l  t h e n  he  a d j u s t e d  th rough  
four  sets of spherical  washers and s p h e r i c a l  n u t s  b o l t e d  t h r o u g h  
t h e  s u p p o r t  s t r u c t u r e  and bucking  r i n g ,  F i g u r e  4 . 2 - 3 ,  u n t i l  i t  
is i n  t h e  r e q u i r e d  s e c u r e d  p o s i t i o n  a s  o p t i c a l l y  v e r i f i e d  by t h e  
pre-de termined  c o n s t r u c t  i o n  b a l l  l o c a t  i o n .  

4-8 



FIGURE '4,2-1 DEWAR WITH MOUNTING LUGS INSTALLED 
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FIGURE 4,2-2 DEWAR WITH CLOSEOUT PLATE WELDED I N  PLACE 
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Fol lowing  a l ignmen t  v e r i f i c a t i o n ,  f o u r  dowel p i n s  w i l l  be d r i l l e d  
and reamed th rough  t h e  magnet s u p p o r t  s t r u c t u r e  and t h e  bucking  
r i n g  s u p p o r t .  Loca to r  p i n s  w i l l  be  i n s e r t e d ,  t h e  magnet s u p p o r t  
s t r u c t u r e  and bucking  r i n g  w i l l  b e  shimmed, and a l l  s u p p o r t  
f a s t e n e r s  w i l l  be t o r q u e d .  
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4 . 3  X-RAY SHIELD 
The baseline shield configuration incorporated a 3/4 inch tungsten t h r o a t  

and 14 inch lead sides. 

was n o t  necessary and that  a thinner, contoured 

Sufficient. On the basis of the analysis, MDAC has submitted a Proposed 

Design Change ( P D C )  t o  replace the tungsten/lead baseline by a n  a l l  lead 

shield. Additionally, the provision for  water cooling of  the shield was 

removed, since the steady-state temperature r i s e  was found t o  be less  than  

10°F a t  upgrade operation. The envelope o f  the proposed shield i s  shown 

i n  drawing number 708376008. This design, i n  conjunction w i t h  a stainless  

steel toroidal vessel, contoured along the 16.5 cm flux l ine ,  should provide 

a passing par t ic le  f ract ion o f  more t h a n  35%. The shield i s  t o  be cast  i n  

equal halves, thus requiring only one tooling setup for  manufacture. Since 

the throat i s  approximately a mean free path thick, streaming i s  i n s i g n i f i -  - .  
cant and a stepped j o i n t  i n  the bore i s  not required. Any ins t a l l a t ion '  

gaps can be f i l l e d  w i t h  a lead paste or mortar. The shield i s  t o  be bolted 

t o  the outside o f  the magnet dewar prior to  instal la t ion of the toroidal 

vessel vacuum l iner .  T h i s  simplified design greatly reduces cost  w i t h  a 

very small impact t o  x-ray heating o f  the cold mass. 

Detailed analysis indicated t h a t  the tungsten t h r o a t  

lead throat was more t h a n  

. 
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4 . 4  MAGNET INSTRUMENTATION 

4 . 4 . 1  MEASUREMENT PROGKAM. The i n s t r u m e n t  a t  ion  measurement 
q u a n t i t i e s  and  l o c a t i o n s  for t h e  EBT-P development and  p roduc t  i o n  
magnet s y s t e m s  have been e s t a b l i s h e d .  A summary of t h e  development 
magnet, i n s t r u m e n t  a t  ion  quant  i t  ies  and g e n e r a l  l o c a t  i o n s  is 
p r e s e n t e d  i n  F i g u r e  4 .4 -1 ,  These  i n c l u d e  27 t e m p e r a t u r e ,  28  
s t r a i n ,  and  1 e a c h  of  l i q u i d  he l ium l e v e l ,  he l ium p r e s s u r e ,  and 
an  a c o u s t i c  emis s ion  measurement t o  be t r i e d  e x p e r i m e n t a l l y  on 
t h e  f i r s t  development magnet.  A d d i t i o n a l l y ,  f o u r  vapor-cooled  
lead v o l t a g e  measurements are i n c l u d e d .  

A development magnet measurement 1 ist i n c l u d i n g  measurement 
number, t y p e ,  l o c a t  i o n ,  r a n g e  , s e n s o r ,  i n s t a l l a t  i o n  drawing  
r e f e r e n c e ,  and  measurement p e r i o d  is i n c l u d e d  a t  t h e  end  of 
t h i s  s e c t i o n .  

F i g u r e  4.4-2 summarizes  t h e  p r o d u c t i o n  magnet measurements .  
These i n c l u d e  s i x  t e m p e r a t u r e ,  n i n e  s t r a i n ,  one  l i q u i d  he l ium 
l e v e l ,  o n e  he l ium p r e s s u r e ,  and  four vapor-cooled  lead v o l t a g e  
measurements and  f o u r  c o i l  winding  vol tage  t a p s .  

A p r o d u c t i o n  magnet measurement l ist  is i n c l u d e d  a t  t h e  end  of 
t h i s  s e c t i o n .  

4 . 4 . 2  TEMPERATURE MEASUREMENTS, 

4 . 4 . 2 . 1  Development Magnets.  Cooldown and  warmup t e m p e r a t u r e  
s e n s o r s  l o c a t e d  on  t h e  he l ium v e s s e l  s i d e w a l l s  and  o u t e r  r i n g  
a re  c r y o g e n i c  l i n e a r  t e m p e r a t u r e  sensors  (CETS) bonded t o  t h e  
measurement l o c a t i o n s  w i t h  c r y o g e n i c  s t r a i n  gage a d h e s i v e s  w i t h  
t h e  i n s t a l l a t i o n  t e c h n i q u e  shown i n  F i g u r e  4 .4-3 .  The s e n s o r  
w i r i n g  s c h e m a t i c  is a l s o  d e p i c t e d .  

S i m i l a r l y ,  t h e  CLTS s e n s o r  is i n s t a l l e d  a t  n i n e  a d d i t i o n a l  
l o c a t i o n s  on t h e  s u p p o r t  assemblies ,  t h r e e  p e r  a s sembly ,  and 
s i x  l o c a t i o n s  w i t h i n  t h e  s t a c k  assembly .  

Cooldown, warmup and  o p e r a t i o n a l  t e m p e r a t u r e  measurements which 
u t i l i z e  t y p e  E ,  chrome1 c o n s t a n t a n  thermocouples  are i n s t a l l e d  
as shown i n  F i g u r e  4 .4 -4 .  The w i r i n g  s c h e m a t i c  is a l s o  shown. 
The thermocouples  a re  i n s t a l l e d  on each  suppor t  assembly  a t  t h e  
c e n t e r  a t t a c h  p o i n t  t o  t h e  he l ium v e s s e l  and  a t  t h r e e  p o i n t s  o n  
t h e  l i q u i d  n i t r o g e n  s h i e l d s .  

4 . 4 . 2 . 2  P r o d u c t i o n  Magnets.  Twa thermocouples  are i n s t a l l e d  
o n  t h e  l i q u i d  n i t r o g e n  s h i e l d s  i n  t h e  same manner as  d e s c r i b e d  
f o r  t tie development magnets  , F i g u r e  4.4-4. 

Two CLTS s e n s o r s  are i n s t a l l e d  on t h e  w a r m  end  of t h e  vapor-cooled  
leads p e r  methods shown in F i g u r e  4.4-3.  

Two carbon g l a s s  res is tors  are i n s t a l l e d  i n  the l i q u i d  he l ium 
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t o  o b t a i n  cooldown, warmup and o p e r a t i o n a l  b a t h  t e m p e r a t u r e s  
The p r e c i s e  l o c a t i o n  and i n s t a l l a t i o n  d e t a i l s  have not  been 
f i n a l i z e d  a t  t h i s  t i m e .  

4.4.3 STRAIN MEASUREMENTS 

4.4.3.1 Development Magnets.  Karma a l l o y  f o i l ,  b i - a x i a l  
s t r a i n  gages  which are w i r e d  t o  form h a l f - b r i d g e  comple t ion  
ne tworks ,  a re  used  f o r  t h e  16 he l ium v e s s e l  s t r u c t u r a l  measurements .  
The gages  a r e  i n s t a l l e d  w i t h  c r y o g e n i c  s t r a i n  gage  a d h e s i v e s  
w i t h  t h e  methods shown i n  F i g u r e  4.4-5. 

K a r m a  a l l o y  f o i l ,  s i n g l e  a x i s  s t r a i n  gages  which are  w i r e d  t o  
form o n e - q u a r t e r  a c t i v e  a r m  b r i d g e  comple t ion  ne tworks ,  a r e  used  
fo r  t h e  12  s u p p o r t  assembly measurements .  I n s t a l l a t  i o n  and 
w i r i n g  s c h e m a t i c s  f o r  t h e s e  gages  a r e  shown i n  F i g u r e  4.4-6. 

4.4.3.2 P r o d u c t i o n  Magnets.  Weldable ,  n icke l -chrome a l l o y ,  
s i n g l e  a x i s  s t r a i n  gages  are used  t o  form h a l f - b r i d g e  comple t ion  
ne tworks  f o r  t h e  six s u p p o r t  assembly and t h r e e  he l ium v e s s e l  
i n n e r  b o r e  measurement p o i n t s .  One of t h e  h a l f - b r i d g e  gages  is 
a c t i v e  and  t h e  o t h e r  h a l f  is a dummy, s t r a i n - f r e e  gage ,  t h a t  
s e r v e s  a s  a t e m p e r a t u r e  compensat ion d e v i c e .  Each gage is 
t e m p e r a t u r e  compensated from room t e m p e r a t u r e  t o  l i q u i d  n i t r o g e n  
t e m p e r a t u r e .  The i n s t a l l a t i o n  and w i r i n g  s c h e m a t i c  f o r  t h i s  
gage h a s  not  been d e t a i l e d  a t  t h i s  t i m e .  

4.4.4 VOLTAGE MEASUREMENTS - ALL MAGNETS. Two v o l t a g e  t a p s  
are  i n s t a l l e d  on each  vapor-cooled  l e a d ,  one  a t  t h e  a t t a c h  
p o i n t  t o  t h e  c o i l  conduc to r  and one a t  t h e  w a r m  end  above the 
s t a c k  area. S i n g l e  c o n d u c t o r ,  s h i e l d e d  and  j a c k e t e d ,  30 AWG 
c a b l e s  are used .  The 30-gage conduc to r  is s t r i p p e d  back and 
i n s e r t e d  i n t o  a .030 t o  .050 deep h o l e  d r i l l e d  at  t h e  a t t a c h  
p o i n t .  The hole a round  t h e  t a p  w i r e  is f i l l e d  w i t h  s i l v e r -  
f i l l e d  c o n d u c t i v e  epoxy.  

Vo l t age  t a p  i n s t a l l a t i o n s  are  p lanned ,  f o r  p r o d u c t i o n  magnets 
o n l y ,  a t  an a d d i t i o n a l  f o u r  p l a c e s  w i t h i n  t h e  co i l  winding .  
These t a p s  w i l l  b e  s o f t  s o l d e r e d  t o  t h e  conduc to r  s u r f a c e .  

4.4.5 LIQUID HELIUM LEVEL MEASUREMENT - ALL MAGNETS, An 
NbTi  s u p e r c o n d u c t i n g  he l ium l e v e l  s e n s o r  is i n s t a l l e d  i n  t h e  
s t a c k  of each  magnet.  The a c t i v e  l e v e l  s e n s i n g  l e n g t h  w i l l  
e x t e n d  from t h e  minimum hel ium l e v e l  p o i n t  w i t h i n  t h e  s t a c k  t o  
t h e  h i g h e s t  l i q u i d  p o i n t .  

4.4.6 HELIUM VESSEL PRESSURE - ALL MAGNETS. A c r y o g e n i c  
s t r a i n  gage p r e s s u r e  t r a n s d u c e r  is i n s t a l l e d  on e a c h  s t a c k  
assembly .  The  s e n s o r  is close coup led  t o  a p r e s s u r e  t u b e  t h a t  
p e n e t r a t e s  t h e  he l ium o u t l e t  f l a n g e .  

One a c o u s t i c  emis s ion  s e n s o r  is i n s t a l l e d  i n  t h e  first development 
4 . 4 . 7  ACOUSTIC EMISSION MEASUREMENT - DEVELOPMENT MAGNET. 
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HDiM MAGNET W I R E  .a31 O l R  
STRAIN RELIEF AX -050 D€EP\ 

3 PL 0-06032- I 

TO CONNECTOR 

M23053/12-310-l 

STRAIN RELIEF 

0-0033 7-2 
E- 0-06139-1 

.05 TO .08 THK OVER 
AREA SHOWN / 

GENERAL DYNAMICS 
Convair Division 

WK-06-250EG-350 
M BONO 610 
0-00337-2 

i 
TO CONNECTOR' 

nOUNT I Nlf SURFRCE 
GROUND 

FIGURE 414-6 SINGLE AXIS SUPPORT ASS'Y, STRAIN GAGES 



magnet f o r  experimental .  pu~poses .  The s e n s o r  i s  located i n  t h e  
s t a c k  as sembly  at t h e  m i n i m u r i i  l i q u i d  he l ium l e v e l  p o i n t .  The 
s e n s o r  is a q u a r t z  c r y s t a l ,  h igh  f r e q u e n c y ,  p r e s s u r e  t r a n s d u c e r .  

4 . 4 . 8  SENSOR DESCRIPTIONS 

4 . 4 . 8 . 1  Tempera ture  S e n s o r s .  The t e m p e r a t u r e  s e n s o r  p a r t  
numbers a n d d e s c y i p t i o n s  are shown i n  F i g u r e  4.4-7 f o r  t h e  

.II_ 

development magnets  and F i g u r e  4.4-10 f o r  t h e  p r o d u c t i o n  magnets .  

4 . 4 . 8 . 2  S t r a i n  -.-- Gages. S t r a i n  gage p a r t  number and d e s c r i p t i o n s  
are shown i n  Figure 4.4-7 f o r  t h e  development magnets and F i g u r e  
4 .4-11  f o r  p r o d u c t i o n  rna.gnets. I t  is c o n s i d e r e d  n e c e s s a r y  t o  
use  weldable s t r a i n  gages  i n s t e a d  of  a d h e s i v e  bonded gages  for 
product  i on  magnets f o r  the f o l l o w i n g  r e a s o n s  : 10-year 1 i f e  
r e q u i r e m e n t ,  l i m i t e d  number of g a g e s ,  r a d i a t i o n  env i ronmen t ,  
and due t o  t h e  i n a c c e s s i b i l i t y  for r ep lacemen t .  These gages  
a l s o  p r o v i d e  b e t t e r  t e m p e r a t u r e  compensat ion and less  appa ren t  
s t r a i n  due t o  magne t i c  f i e l d  a f f e c t .  

4 . 4 . 8  3 A c o u s t i c  Emission e The a c o u s t i c  e m i s s i o n  sensor  
p l anned  for i n s t a l l a t  i on  i n  t h e  f i r s t  development magnet is 
d e s c r i b e d  i n  F i g u r e  4.4-8,  The  usage  of t h i s  s e n s o r  is 
c o n s i d e r e d  s t r i c t  Zy deve lopmenta l  a t  t h i s  t i m e ,  

_I_- 

4 . 4 . 8 . 4  L i q u i d  Helium Level  S e n s o r .  The s u p e r c o n d u c t i n g  w i r e  
he l ium l e v e l  s e n s o r  is i n s e n s i t i v e  t o  magne t i c  f i e l d s  up t o  
10 Tes l a .  The 70 m i l l i a m p e r e  c u r r e n t  c a r r i e d  by t h e  NbTi 
a s s u r e s  res 1st i v e  o p e r a t  i on  i n  he1 iuin g a s  and s u p e r c o n d u c t i n g  
o p e r a t i o n  i n  l i q u i d  he l ium.  A d e s c r i p t i o n  of t h i s  s e n s o r  is 
shown i n  F i g u r e  4 .4 -9 .  

4 . 4 . 8 . 5  Helium Vessel Pressure Transduce r .  The p a r t  number 
and d e s c r i p t i o n  o f  t h e  hel.ium v e s s e l  p r e s s u r e  t r a n s d u c e r  is 
shown i n  F i g u r e  4.4-9. T h i s  t r a n s d u c e r  is a h i g h l y  accurate and 
s t a b l e  d e v i c e  used  where c r y o g e n i c  t e m p e r a t u r e  and long-term 
s t a b i l i t y  i s  of concern.  The sensor  h a s  a t i m e  r e sponse  of 
approximate ly  50 m i l l i s e c o n d s  e 

4 .4 .9  ELECTRICAL W I R I N G .  The i n s t r u m e n t a t i o n  and c o n t r o l  
w i r i n g  is e x p e c t e d  t o  be of  t h r e e  c o n f i g u r a t i o n s :  s i n g l e  
c o n d u c t o r ,  t h r e e  conduc to r  and four conduc to r .  S i n g l e  conduc to r  
30 AWG w i r e  is used  f o r  v o l t a g e  t a p s , a n d  m u l t i c o n d u c t o r  30 AWG 
w i r e  is  used  f o r  t h e  r ema in ing  s e n s o r  t y p e s .  ,411 w i r e s  are 
s i l v e r  p l a t e d  coppe r .  A l l  cables  a re  i n s u l a t e d  w i t h  Kapton-PEP 
i n s u l a t i o n  for w i r e s  and j a c k e t s .  All i n s u l a t i o n  materials 
ave rage  approx ima te ly  .004 i n c h  t h i c k .  

All cables are  s h i e l d e d .  The  s i n g l e  and m u l t i c o n d u c t o r  c a b l e  
h a s  a s i l v e r  p l a t e d  copper  b r a i d e d  wire s h i e l d  for added 
mechanica l  p r o t e c t i o n  and n o i s e  min imiza t ion .  The s h i e l d  
coverage  is s p e c i f i e d  a s  85% minimum. 
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GENERAL DYNAMIC2 
Convair Division 

FIGURE 4,4-10 
PRODUCT I ON MAGNET TEMPERATURE SENSOR DESCR I PT I ONS 

. .  

PART NO, : HF/D-~O-E 
CONSTRUCT I ON : TYPE E, THERMOCOUPLE MRE, 

CROMEL CONSTANTAN 
30 RWG CONDUCTORS 
KAPTON TAPE I NSULAT I ON 

SIZE: 0,04-INCH OUTER DIA, 
RANGE : 300 TO 4,2OK 
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GIENERAL DYNAMICS 
Convek Division 

FIGURE b14-11 
PRODUCTION MAGNET STRAIN GAGE DESCRIPTION 

STRAIN GAGES 

PART NOS, : 
CONSTRUCTION: 

SG-355/12-09-1/4-T ITAN I UM 8 SG-355/12 -09-1/4-316 
HALF-BRIDGE (I ACTIVE, 9 DUMMY) 350 
OHM NICRONE WIRE GAGES INSTALLED 
I N  321 STAINLESS STEEL TUBE FILLED 
WITH P'lAGNESIUM OXIDE POWDER, THE 
STRAIN TUBE IS ON A FLANGE USED 
FOR SPOTWELIHPJG TO THE TEST MAT'Ll 
1,093 INCH GAGE TUBE LENGTH X 
0,187 INCH WIDE WELDING FLANGE 
350 5 5 OHMS 

SIZE: 

RES I STANC E: 
RATED STRAIN: -t 20,000 



A l l  c a b l e s  have  a v o l t a g e  r a t i n g  of 600 v o l t s  rms a n d  w i l l  b e  
sample  t e s t e d  by t h e  s u p p l i e r  a t  1500 v o l t s  f rom c o n d u c t o r  t o  
c o n d u c t o r  a n d  c o n d u c t o r  t o  s h i e l d .  ( S e e  F i g u r e  4 .4-12  for t h e  
e l ec t r i ca l  w i r e  summary. ) 

4 4.10 ELEC'FRI CAL CONNECTORS 

4 . 4 . 1 0 . 1  Vacuum Vessel I n t e r f a c e  C o n n e c t o r s .  The development  
magnets  u t i l i z e  TWO 12X--pin,  h e r m e t i c ,  j am-nut mounted r e c e p t a c l e s  
and  o n e  37- -p in ,  h e r m e t i c ,  jam-nut  mounted r e c e p t a c l e  f o r  w i r i n g  
a l l  i n t e r n a l l y  mounted t e m p e r a t u r e  S ~ K ~ S O P S  a n d  s t r a i n  g a g e s .  

_.---_ -- 

One of t h e  128-p in  r e c e p t a c l e s  is u t i l i z e d  f o r  al l .  of  t h e  28 
s t r a i n  gage  measu remen t s .  The s e c o n d  128-p in  r e c e p t a c l e  is 
u t i l i z e d  f o r  a l l  15 CLTS-2 i n t e r n a l l y - m o u n t e d  t e m p e r a t u r e  
sensors. 

The 37-pin r e c e p t a c l e ,  which c o n s i s t s  o f  8 p a i r s  o f  c h r o m e l /  
c o n s t a n t a n  c o n t a c t s  p l u s  21. go ld  p l a t e d ,  c o p p e r  a l l o y  c o n t a c t s ,  
i s  u t i l i z e d  w i t h  t h e  6 i n t e r n a l l y  loca ted  t h e r m o c o u p l e  measu remen t s .  

The 1.28-pin, h e r m e t i c  r e c e p t a c l e s ,  m a n u f a c t u r e d  b y  PTT Cannon, 
a r e  a,n e n v i r o n m e n t a l  r e s i s t a n t  c l a s s  r a t e d  f o r  -65 t o  150OC 
t e m p e r a t u r e  operat i o n .  

The s h e l l  ma te r i a l  is aluminum a l l o y ,  w i t h  cadmium o v e r  
e l e c t r o l e s s  n i c k e l  p l a t i n g ,  The s h e l l  s ize  is 24-35 which  
c o n t a i n s  128 number 22 g a g e ,  go ld  p l a t e d ,  c o p p e r  a l l o y ,  c r i m p  
c o n t a c t s  * 

The p a r t  number is KJ7Y24E35PN.  The  m a t i n g  p l u g  p a r t  number 
is KJ6F24N35SN which is a n  e n v i r o n m e n t a l  r e s i s t a n t ,  s t r a i g h t  
p l u g  w i t h  s t r a i n  r e l i e f .  

The 37-p in ,  h e r m e t i c  r e c e p t a b l e ,  a l s o  m a n u f a c t u r e d  by ITT 
Cannon is an e n v i r o n m e n t a l  r e s i s t a n t  c lass  r a t ed  f o r  -162 t o  
2320C t e m p e r a t u r e  o p e r a . t i o n .  

The shell mate r i a l  is s t a i n l e s s  s t e e l  w i t h  c l ea r  c h r o m a t e  o v e r  
cadmium p l a t i n g .  The s h e l l  s i z e  is 28-21  which c o n t a i n s  8 
c h r o m e l ,  8 c o n s t a n t a n ,  and  21 go1.d p l a t e d ,  c o p p e r  a l l o y ,  number 
16 g a g e ,  s o l d e r  p o t  c o n t a c t s .  

The p a r t  number i s  BFH20412-117. The m a t i n g  p l u g  p a r t  number 
i-s CA24275-4388 w h i c h  is  a n  e n v i r o n m e n t a l  r e s i s t a n t ,  s t r a i g h t  
p l u g  w i t h  s t r a i n  relief a 

The p r o d u c t i o n  magne t s  w i l l  u t i l i z e  o n e  o f  t h e  above  d e s c r i b e d  
37-pin c o n n e c t o r s  a n d  o n e  42-pin c o n n e c t o r ,  as d e s c r i b e d  l a t e r ,  
on  e a c h  vacuum v e s s e l  i n t e r f a c e .  

4 . 4 . 1 0 . 2  Helium Vessel  I n t e r f a c e  C o n n e c t o r .  Each p r o d u c t i o n  
a n d  development  magnet w i l l  u t i l i z e  o n e  42-pi1-1, h e r m e t i c ,  
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weld-mounted  r e c e p t a c l e  f o r  w i r i n g  c o n n e c t i o n s  t o  a l l  i n t e r n a l l y  
mounted  v o l t a g e  t a p s  a n d  t e m p e r a t u r e  s e n s o r s .  

The  4 2 - p i n ,  h e r m e t i c ,  weld-mount r e c e p t a c l e ,  m a n u f a c t u r e d  b y  
Hermetic S e a l  C o r p . ,  is a n  envi ronrnenta .1  r e s i s t a n t  c lass  r a t e d  
f o r  -550 t o  175OC t e m p e r a t u r e  o p e r a t i o n .  

The  s h e l l  material  is p a s s i v a t e d  303 o r  304L s t a i n l e s s  s t ee l .  
The s h e l l  s i z e  is  44-1, which  c o n t a i n s  36 number 16 g a g e  a n d  
6 number 12 g a g e ,  gold p l a t e d  c a p p e r ,  s o l d e r  c o n t a c t s .  The 
v o l t a g e  r a t i n g  for t h i s  c o n t a c t  a r r a n g e m e n t  is 2800 v o l t s  rms 
a t  sea l e v e l . .  

The p a r t  number is SSR-2053-44-1P (gold). The m a t i n g  p l u g  
p a r t  number is MS3106$44-1S, which  is a n  e n v i r o n m e n t a l  r e s i s t a n t  
s t r a i g h t  p l u g  w i t h  s t r a i n  r e l i e f .  

The c o n n e c t o r  t y p e s  are  summar ized  i n  F igure  4.4-13. 
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FUNCTION 
" V A C 6 l  6SSEL0 
RECEPTACLE 

*PLUG, MATES WITH 
ABOVE 

VACUUM VESSEL, 
RECEPTACLE 

PLUG, MATES WITH 
ABOVE 

HELIUM VESSEL, 
RECEPTACLE 

PLUG, MATES WITH 
ABOVE 

FIGURE 4.4-13 
ELECTRICAL CONNECTOR SUPlMARY 

PART DESCR I PT I ON 
CIRCULAR, 128, 22 AWG PINS, CRII\1P 

ALUMINUM ALLOYI CAD OVER M I  SHELL 

CIRCULAR, STRAIGHT PLUG WITH 

BAYONET COUPLED 

CIRCULAR, 37, 16 AWG PINS, SOLDER 
8 CHROMEL, 8 CONSTANTAN, 21 COPPER 
HERMETIC, JM-NUT MOUNTED 

HERMETIC, JAM-NUT MOUNTED 

STRA I N  R E L I  EF 0 ENV I RONMENTAL 

STAINLESS STEEL, CHROMATE OVER CAD 
SHELL 
CIRCULAR, STRAIGHT PLUG WITH 
STRAIN RELIEF, ENVIRONMENTAL0 
THREADED COUPLING 

CIRCULAR, 42, SOLDER CONTACTS 
36, 16 AN6 AND 6# 12 AWG 
HEMETIC, WED MOUNT 
PASSIVATWI STAINLESS STEEL SHELL 

CIRCULAR, STRAIGHT PLUG HITH STRAIN 
RELIEF, ENV ~ ~ O ~ ~ E N T A L ,  THREADED 
COUPLING 

QiENaRAL DYNAMICS 
Convair Division 

PART NO, 
KJ7Y24E35PN 

KJ6F24N35SN 

BFH20412 -117 

CA24275-4388 

SSR-2053-44-1P 



EBT-P DEVEL$OPI\IENT PROGRAM 

I4 E A  S I1 I t  l i M  l*:N'l' I ,  1 S'1' 

MEAS. 
NO. 

T1 

T2 

T3 

T 4  

'f 5 

T6 

T7 

T8 

T9 

T10 

T13 

T12 

T i  3 

T14 

T15 

'l'I 6 

T17 

-__. 

'r18 

UESCIt I l T I  ON / 
LOCAT I ON 

TRANS l)UCE R 

T ~ P . ,  w. SIDEWALL 

CTR. M G .  

CTR. MTG. 
TEMP., SUPPORT STRAP 

TEMP. , SUPPORT s'rwip 

TEMP., OUTER RING 

TEMP., SUPPORT STRAP 

-- 

*Kef. ORNL SK-TJM-881-001 

1 1 i 
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E3T-P DEVELOPMENT P_SOGRA?/I 

MEAS. 
N O .  

Karma Alloy 
F o i l  Cage --- STRAIN I-lOOP , I N N E R  BOF -__ 

-t 
STRAIN ,11001'. I N N E R  BOn 

S T R A I N ,  A X I A L ,  I N N E R  BC 

STKATN.AXTAL.INNER BC 

STRAIM,M'TAL,O~~FEK R I  - 

dK- 1 5 -2 50W-33 A X  

X 

X 

X 

X 

X 

-__ 

- +-- --I 
X 

E 

E X 

X 
,. 

1' 
X X 

S T R A I N  , A X I A L  OU'l'EK Kl -1 X X ~ .~ 

STRAIN,RADIAI,, 

S T R A I N  ,RADIAL, 
1.7.  /---I -----+---- __t-. 

I+ c 
X X 

X 

X 

X 

--- 

-__ 
Karma A l l o y  
F o i l  Cage 1 1-38087 
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EBT-P PROTOTYPE AND PRODUCTION 

MEASUILI~MRNT I,I s r  

MEAS. 
NO. 

v1 

P 

P 
I 
-. 
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4 . 5  ELECTRICAL DISTRIBUTION SYSTEM DESIGN DESCRIPTION 

S tanda rd  mater ia l s ,  p r a c t i c e s  and p r o c e s s e s  have been used  when 
a v a i l a b l e  t o  keep  c o s t s  low and r e l i a b i l i t y  h i g h  for t h e  e l e c t r i c a l  
d i s t r i b u t i o n  s y s t e m  d e s i g n .  The  d e s i g n  d e t a i l s  t h e  manner i n  which 
power is r o u t e d  from t h e  magnet power s u p p l y  t o  t h e  36 se r ies  con- 
n e c t e d  magnets .  The power bus and r e t u r n  are  s t a n d a r d  f l a t  b a r  
conduc to r s  made f rom e l e c t r i c a l  g r a d e  copper  and form c o n c e n t r i c  
r i n g s  above t h e  magnets  on t h e  t o r u s  mezzanine as shown i n  Drawing 
SK82881 (Appendix A . ) .  Breaks  i n  t h e  o u t e r  power b u s  o c c u r r i n g  
ove r  t h e  magnets a l low f o r  s e r i e s  e l e c t r i c a l  c o n n e c t i o n s .  The 
se r ies  c o n n e c t i o n  between t h e  power bus  and magnet vapor-cooled  
l e a d s  is  made w i t h  t w o  sets  of f o u r  f l e x i b l e  jumper c a b l e s .  

4.5.1 S I Z I N G  CONDUCTORS AND J O I N T  OVERLAPS. The copper  bus  bar 
and f l e x i b l e  jumper c a b l e  s i z i n g  h a s  been v e r i f i e d  u s i n g  t h e  
f o l l o w i n g  s t a n d a r d  fo rmulas  (Refe rence  4.5-1) f o r  a 30OC r i se  above 
a 40OC ambient t e m p e r a t u r e :  

F l a t  Bars on Edge: 

I = 504 A e 5  Pe3 '  amperes 

S o l i d  or H o l l o w  Round Bars 

I = 510 A S 5  PS3' amperes 

( Equa t ion  4 5-1 ) 

(Equa t ion  4 .5-2)  

where I = c u r r e n t  i n  amperes 

A = cross s e c t i o n a l  area of t h e  c o n d u c t o r s  i n  s q u a r e  i n c h e s .  

P = p e r i m e t e r  of t h e  conduc to r  i n  i n c h e s .  

A 5" X 1/2" copper  f l a t  b a r  h a s  been s e l e c t e d  f o r  t h e  power b u s  
and r e t u r n .  These d imens ions  g i v e  a c u r r e n t  c a p a c i t y  of 2030 amps 
when used t o  s o l v e  Equa t ion  4 .5 -1 ,  

The f l e x i b l e  jumper cables have  been s e l e c t e d  t o  be 535 MCM each .  
With four i n  p a r a l l e l ,  t h e  c u r r e n t  c a p a c i t y  is 1784 amps when 
Equa t ion  4.5-2 is  s o l v e d .  

Both of t h e  above c o n d u c t o r s  are  more t h a n  a d e q u a t e  for c a r r y i n g  
t h e  normal power s u p p l y  c u r r e n t  of 1683 amps. 

J o i n t  o v e r l a p s  o n  t h e  bus  b a r s  w i l l  be  s i l v e r - p l a t e d  or coated 
w i t h  s p e c i a l  j o i n t  compounds t o  p r e v e n t  o x i d a t i o n  and t h e  r e s u l t i n g  
c o n t a c t  r e s i s t a n c e .  The o v e r l a p  r e g i o n  w i l l  be b o l t e d  t o  p r o v i d e  
a c o n t a c t  p r e s s u r e  of a t  l e a s t  750 p s i  and w i l l  be a t  l ea s t  f i v e  
i n c h e s  i n  l e n g t h  (10 t i m e s  t h e  conduc to r  w i d t h ) .  The  f i v e - i n c h  
o v e r l a p  and '750 p s i  c o n t a c t  p r e s s u r e  a s s u r e  t h a t  t h e  r e s i s t a n c e  
of t h e  o v e r l a p  area is less  t h a n  or e q u a l  t o  an e q u i v a l e n t  
l e n g t h  of c o n d u c t o r .  
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4 . 5 . 2  FIELD ERROR. The b u s  is d e s i g n e d  s o  t h a t  t h e  power 
and r e t u r n  c o n d u c t o r s  a re  separated by  one i n c h .  S i n c e  t h e  
c o n d u c t o r s  a r e  i n  close p r o x i m i t y  and t h e i r  c u r r e n t s  f l o w  i n  
o p p o s i t e  d i r e c t i o n s ,  t h e  magnet ic  f i e lds  t e n d  t o  c a n c e l  o u t .  
The f l e x i b l e  jumper cables are  also d e s i g n e d  t o  be i n  c l o s e  
p r o x i m i t y  f o r  t h e  same r e a s o n .  A p r e l i m i n a r y  c a l c u l a t i o n  
f o r  t h e  f i e l d  g e n e r a t e d  i n  t h e  plasma r e g i o n  is reported i n  
S e c t i o n  5 .1 .  

4 . 6  PROTECTION SYSTEM DESIGN DESCRIPTION 

Every e f f o r t  h a s  been made t o  a s s u r e  r e l i a b i l i t y  i n  t h e  d e s i g n  
of t h e  p r o t e c t i o n  s y s t e m .  Redundancy and f a i l - t o - s a f e  o p e r a t i o n  
have been t h e  key d e s i g n  c r i t e r i a .  I n  a d d i t i o n ,  c o s t  i s  an 
i m p o r t a n t  c o n s i d e r a t i o n  and o f f - t h e - s h e l f  equipment has been 
used  when a v a i l a b l e .  

Drawings of p r o t e c t i o n  s y s t e m  c a b i n e t s  and e lectr ical  s c h e m a t i c s  
are  found i n  Appendix A . 
A de ta i l ed  d e s c r i p t i o n  of t h e  p r o t e c t i o n  s y s t e m ' s  s u b a s s e m b l i e s  
f o l l o w  0 

4 . 6 . 1  C I R C U I T  BREAKER. The c i r c u i t  breaker p r o v i d e s  t h e  means 
fo r  i n t e r r u p t i n g  magnet c u r r e n t  d u r i n g  an 'emergency  d i s c h a r g e .  
I t  r e c e i v e s  i ts command t o  open c i r c u i t  from t h e  c i r c u i t  breaker 
d r i v e r  which is d i s c u s s e d  i n  S e c t i o n  4 . 6 . 2 .  

P h y s i c a l l y ,  there are  n i n e  c i r c u i t  b r e a k e r s  d i s t r i b u t e d  a round 
t h e  t o r u s  as shown i n  Drawing SK82881 (Appendix A ) .  E l e c t r i c a l l y ,  
t h e  n i n e  c i r c u i t  b r e a k e r s  are c o n f i g u r e d  as  9 DPST s w i t c h e s  for 
a t o t a l  of  18 c i r c u i t  breakers. 

The c i r c u i t  breakers are of t h e  West inghouse DMD t y p e  and are 
e x t e n s i v e l y  used  i n  heavy i n d u s t r y .  The t w o  po le s  are ra ted 
a t  2000 amps each  a t  1500 vdc.  

The c o n t r o l  c i r c u i t r y  c o n s i s t s  of a c l o s i n g  c o i l  for c l o s i n g  
t h e  c o n t a c t s  and an open ing  c o i l  fo r  opening  t h e  c o n t a c t s .  The  
c l o s i n g  co i l  r e q u i r e m e n t s  are 110 vdc  a t  50 amps, w h i l e  t h e  open ing  
c o i l  is rated a t  110 vdc and 2 amps. 

The p h y s i c a l  d imens ions  are 4 7 . 5  i n c h e s  h i g h  by 25 i n c h e s  deep  
by 18 i n c h e s  wide.  

The maximum t i m e  r e q u i r e d  t o  break a c i r c u i t  from t h e  t i m e  t h e  
opening  c o i l  is e n e r g i z e d  is 250 msec. 

The  breakers are i n t e r f a c e d  to t h e  power bus  by f o u r  pairs of 
1000 MCM cables and h i g h  c u r r e n t  l u g s .  The i n t e r f a c e s  b e t w e e n  
t h e  c l o s i n g l o p e n i n g  c o i l s  and c i r c u i t  b r e a k e r  d r i v e r s  on t h e  n o r t h  
ba l cony  are  by ha rd  w i r e  c a b l i n g  and an overhead  w i r e  t r a y .  
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4 . 6 . 2  C I R C U I T  BREAKER D R I V E R S ,  The c i r c u i t  breaker d r i v e r s  
perform the f u n c t i o n  of e n e r g i z i n g  t h e  18 c i r c u i t  b r e a k e r  opening  
c o i l s  when an emergency dump command i s  r e c e i v e d  a t  t h e i r  
r e s p e c t i v e  i n p u t s .  A dump w i l l  a l so  b e  i n i t i a t e d  i n  case of l o w  
c a p a c i t o r  v o l t a g e / c h a r g e  o r  l o s s  o f  b o t h  110 v a c  pr imary  a,nd 
back-up power. 

S i n c e  an emergency dump is a c r i t i c a l  p r o t e c t i o n  f u n c t i o n ,  t h e  
c i r c u i t  b r e a k e r  d r i v e r s  a r e  d e s i g n e d  f o r  maximum r e l i a b i l i t y .  
T h i s  is accompl ished  by u s i n g  redundancy i n  c r i t i c a l  c i r c u i t s  
and f a i l - t o - - s a f e  o p e r a t i o n  (emergency dump) 

R e f e r i n g  t o  F i g u r e  4 . 6 - 1 ,  t h e  o u t p u t s  of t h e  p r o t e c t i o n  sys tem 
m o n i t o r i n g  d e v i c e s  a re  relay coiita-cts. The c o n t a c t s  a r e  normal ly  
open when power is o f f  oi' when a dump command i s  i n i t i a t e d .  
With t h i s  c o n f i g u r a t i o n ,  a broken w i r e  o r  l o s s  of power w i l l  
i n i t i a t e  a dump, i . e . ,  f a i l - t o - s a f e .  T h e  w i r i n g  between t h e  
mon i to r ing  d e v i c e s  and c i r c u i t  b res l re r  d r i v e r s  is t o t a l l y  
redundant  and d i o d e - i s o l a t e d  a t  b o t h  t e r m i n a t  i o n s .  T h i s  a l lows 
t h e  w i r i n g  t o  be one  f a u l t  t o l e r a n t  t o  a s h o r t e d  c o n d i t i o n .  

The b r e a k e r  d r i v e r  c i r c u i t r y  c o n s i s t s  e s s e n t i a l l y  of a l o w  power 
dc v o l t a g e  s u p p l y  f o r  c h a r g i n g  a c a p a c i t o r  bank which stores t h e  
c h a r g e  f o r  f i r i n g  t h e  c i r c u i t  b r e a k e r ,  redundant  i n p u t  d i o d e  
"or" l o g i c  and redundant  s o l i d  s t a t e  s w i t c h e s  f o r  comple t ing  t h e  
opening  c o i l  c i r c u i t .  S p e c i a l  d e t e c t o r s  w i l l  i n i t i a t e  a dump on 
l o s s  of i n p u t  ac power or  l o w  v o l t a g e  on any c a p a c i t o r  i n  t h e  
c a p a c i t o r  hank.  

The c a p a c i t o r  bank w i l l  b e  o v e r - r a t e d  by 50% so t h a t  t h e  f a i l u r e  
of any o n e  c a p a c i t o r  w i l l  no$ degrade  i t s  a b i l i t y  t o  open t h e  
c i r c u i t  b r e a k e r s .  I n  a d d i t i o n ,  e v e r y  c a p a c i t o r  i n  t h e  bank w i l l  
be  d i o d e  i s o l a t e d  so  t h a t  a s h o r t e d  c a p a c i t o r  w i l l  have n o  a d v e r s e  
e f f e c t  on t h e  rest  of t h e  c a p a c i t o r  bank ,  Discrete  o u t p u t s  such  
a s  t h e  s t a t u s  and quench i n  p r o g r e s s  w i l l  be b u f f e r e d  b e f o r e  
t r a n s m i s s i o n  t o  t h e  d a t a  a c q u i s i t i o n  system. The dump b u s  w i l l  
be comfl~ri to a l l  b r e a k e r  d r i v e r  i n p u t s  t o  a s s u r e  all magnets  
d i s c h a r g e  s i m u l t a n e o u s l y .  

The  w i r i n g  t o  and from t h e  c i r c u i t  b r e a k e r  d r i v e r  and t h e  c i r c u i t  
b r e a k e r  opening c o i l  w i l l  b e  f u l l y  redundant  f o r  r e l i a b i l i t y .  

The 18 c i r c u i t  b r e a k e r  d r i v e r s  are  located o n  t h e  n o r t h  ba lcony 
i n  n i n e  c a b i n e t s .  The re  a re  t w o  breakex- d r i v e r s  l o c a t e d  i n  
e a c h  c a b i n e t .  

4.6.3 DUMP RESISTORS. The p r o t e c t i o n  sys tem w i l l  i n c o r p o r a t e  
e m e r g e n c y  dump resistxrs t o  d i s c h a r g e  the? magnets .  
will have  i ts  own i n d i v i d u a l  r e s i s t o r .  Two res i s tor  e l e m e n t s  w i l l  
be  combined i n t o  a s i n g l e  s t r u c t u r e .  The resistors are a i r -  
c o o l e d  and i n c o r p o r a t e  o v e r - t e m p r r z t u r e  p r o t e c t i o n  v i a  a t h e r m a l  
s w i t c h  'Located on t h e  r e s i s t o r s  t o  i n h i b i t  o p e r a t i o n  of the c o i l  
immediately a f t e r  a d i s c h a r g e .  The res i s tor  e lement  w i l l  b e  a 

Each coil 
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m i l l e d  ( z i g  zag  p a t t e r n )  sheet of s t a i n l e s s  s t e e l  and is shown 
i n  F i g u r e  4 .6 -2 .  The s u p p o r t  s t r u c t u r e  is made from f i b e r g l a s s  
epoxy composite.  

A worst case t h e r m a l  a n a l y s i s  assuming a c o n s t a n t  ene rgy  i n p u t  
and no thermal. l o s s e s  u s e s  t h e  e q u a t i o n :  

AT = F 
c * w 

(Equa t ion  4.6-1)  

0 where A T  is t h e  f i n a l  t e m p e r a t u r e  r ise  i n  C, E i s  t h e  ene rgy  
i n p u t  i n  j o u l e s ,  W is t h e  weight  of t h e  res i s tor  i n  pounds ,  and 
C is the the rma l  c a p a c i t y  i n  j o u l e s  p e r  pound p e r  deg .  c e n t .  
of t h e  s t e e l .  

S u b s t i t u t i n g  t h e  f o l l o w i n g  v a l u e s  i n t o  Equa t ion  4.6-1: 

E = 1 . 5  mega jou le s  ( s t o r e d  c o i l  e n e r g y )  

C = 228 Jou le s / lb s /OG 

W = 49 pounds (we igh t  of s t ee l )  

AT will be e q u a l  t o  a maximum t e m p e r a t u r e  r i se  of 134OC. 
Assuming a. maximuni ambient t e m p e r a t u r e  of 3 8 O C ,  t h e  peak o p e r a t i n g  
t e m p e r a t u r e  w i l l  be f72'C. The dump r e s i s t o r  f i b e r g l a s s  i n s u l a t i o n  
and s u p p o r t  s t r u c t u r e  ( G - 1 0 )  c an  w i t h s t a n d  a f l e x  t e s t  w i t h  a 
50% d e g r a d a t i o n  f o r  35,000 h o u r s  a t  1 8 5 O C  which is more t h a n  
a d e q u a t e  mechanica l  s t r e n g t h .  The G-10 w i l l  also p r o v i d e  an  
e l e c t r i c a l  ground i s o l a t i o n  of a t  l eas t  2500 vdc .  

The peak p o t e n t i a l  any resistor s h o u l d  see w i t h  r e s p e c t  t o  ground 
is 400 vdc,  

The  t w o  dump r e s i s t o r s  and f rame f o r  each  magnet are p h y s i c a l l y  
l o c a t e d  on t h e  t o r u s  s u p e r s t r u c t u r e  as  shown i n  Drawing SK82881 
(Appendix A ) .  They are e l e c t r i c a l l y  connec ted  t o  t h e  power 
b u s s e s  by  f o u r  p a i r s  of 1000 M@M c a b l e  and t e r m i n a t e d  w i t h  h i g h  
c u r r e n t  l u g s .  

The  d i s c h a r g e  t i m e  c o n s t a n t  is a f u n c t i o n  of t h e  resistor v a l u e  
and magnet c o i l  i n d u c t a n c e .  The t i m e  c o n s t a n t  f o l l o w s  t h e  
e q u a t i o n  : 

t = L/R 

w i t h  L = 1 . 0 7  II and R = .238 ohms, t h e  t i m e  c o n s t a n t  is 4 . 5  sec. 
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4 .6 .4  BYPASS __lll ___...-- DIODE ASSEMBLY. The bypass  d i o d e  assembly 
p r o v i d e s  f o r  a c u y r e n t  t r a n s f e - r  made t o  limit t h e  m a g n e t ' s  c o i l  
v o l t a g e  t o  chassis  ground d u r i n g  an emergency discharge. 

The bypass  d i o d e  assembly w i l l  c o n s i s t  of f c u r  Westinghouse 
t y p e  RA201025XX00 d i s c  d i o d e s  and two West inghouse  d u a l  d i o d e  
h e a t  s i n k s  PDAARA201248 w i t h  t h e i r  a s s o c i a t e d  mountirig b r a c k e t s .  

The h e a t  s i n k s  allow the d i o d e s  t o  conduct  2 ,580  amps s t e a d y -  
s t a t e  a t  a 40°C ambient  t e m p e r a t u r e  and w i t h  n a t u r a l  convec t ion  
c o o l i n g .  The maximum v o l t a g e  r a t i n g  of t h e  assembly is 1200 vdc .  
I t  may b e  i s o l a x e d  f r o m  c h a s s i s  g ~ o u n d  t o  2500 vdc by u s i n g  
G - 1 0  i n s u l a t i o n .  Each d i o d e  i s  r a t e d  f o r  an ave rage  c u r r e n t  of 
4800 amps a t  1 .56 vdc or 6 . 2 4  vdc a c r o s s  t h e  e n t i r e  assembly .  
The r e p e t i t i v e  peak r e v e r s e  v o l t a g e  i s  r a t ed  a t  1200 V .  

The d i o d e  assemblies are i n t e r f a c e d  t o  t h e  power bus  and a d j a c e n t  
d i o d e  assemblies with 3 p a i r s  of 1000 MCM c a b l e s .  The p h y s i c a l  
l a y o u t  and l o c a t i o n  on "Le torus s u p e r s t r u c t u r e  is shown i n  
Drawing SR82881 (Appendix A ) .  

4 . 6 . 5  VAPOR-COOLED -"-- LEAD VOLTAGE MONITOH. The vapor-cooled lead 
v o l t a g e  moni tor  i n d i r e c t l y  measures  t h e  t e m p e r a t u r e  of t h e  vapor-  
coaled l e a d s  by d e t e c t i n g  a v o l t a g e  i n c r e a s e  as  a f u n c t i o n  of a 
t e m p e r a t u r e  dependent  res is tance i n c r e a s e  a t  a c o n s t a n t  magnet 
power supp ly  c u r r e n t .  The re  i s  a s e p a r a t e  moni tor  f o r  e a c h  
vapor-cooled lead,  or t w o  p e r  magnet .  

The m o n i t o r s  have an a d j u s t a b l c  set p o i n t  or v o l t a g e  t r i p  l e v e l  
w i t h  a BCB o u t p u t  go ing  t o  t h e  d a t a  a c q u i s i t i o n  u n i t  and a n o r -  
ma l ly  closed contact  set g o i n g  t o  t h e  c i r c u i t  breaker d r i v e r s ,  

The m o n i t o r s  w i l l  b e  implemented by u s i n g  s t a n d a r d  B e l l  and H o w e l l  
b a r  g raph  v o l t m e t e r s  w i t h  t h e  f o l l o w i n g  s p e c i f i c a t i o n s :  

a. 
b .  

d .  

f .  
g ,  
h .  
i. 

C. 

e .  

j. 

k .  

O p e r a t i n g  v o l t a g e  - 117 vac ,  60 Hz, s i n g l e  phase  
Inpu t  common mode v o l t a g e  - 500 v o l t s  minimum 
Any i n p u t  t o  ac s u p p l y  l i n e  i s o l a t i o n  - 500 v o l t s  minimum 
Any i n p u t  t o  c h a s s i s  ground - 500 v o l t s  minimum 
Analog d i f f e r e n t i a l  i n p u t  ranage - 0 t o  and 3 vdc  m i n i m u m  
Input  impedance 10 megohms 
Accuracy ( a t  any common mode v o l t a g e )  - - C 1% minirnuni 
Read speed  - u p d a t e  e v e r y  20 msec's 
Output  - 3 d i g i t  BCD minimum, c o v e r i n g  t h e  r a n g e  c .000  t o  +3 .00  
vol. t s , TTL cotnpat ible 
T h e  u n i t  h a s  an a d j u s t a b l e  se t  p o i n t ,  e x t e r n a l l y  a d j u s t a b l e  
from 0.00 t o  3.00 v o l t s  w i t h  a t o l e r a n c e  of 3% of t r u e  
v o l t a g e .  T h e  o u t p u t  of t he  set p o i n t  t r i p  c i r c u i t  is an 
i so la ted  c o n t a x t  s e t ,  no rma l ly  closed when power is a p p l i e d  
and when t h e  i n p u t  is  below t h e  set p o i n t .  The c o n t a c t s  are 
rated f o r  200 m a  a t  28 vdc .  
The enve lope  s i z e  of t h i s  u n i t  is 1 . 5 "  w i d e  X 6.97" h i g h  X 
6 .38"  deep .  
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The m o n i t o r s  w i l l  be allocated t o  n i n e  c a b i n e t s  located on t h e  
n o r t h  b a l c o n y .  

4 . 6 . 6  QUENCH DETECTORS. The d e s i g n  r e q u i r e m e n t s  f o r  t h e  quench 
d e t e c t o r  r e q u i r e  t h a t  each magnet must have two means of quench 
d e t e c t i o n ,  e i ther  of which w i l l  be capable of t r i g g e r i n g  t h e  
breaker d r i v e .  The de ta i led  concep t  has  n o t  y e t  been d e t e r m i n e d .  

4 . 6 . 7  HELIUM LEVEL MONITOR. The re  w i l l  be one he l ium l e v e l  
mon i to r  f o r  each magnet .  The o u t p u t s  w i l l  p r o v i d e  an  a n a l o g  
s i g n a l  for u s e  b y  t h e  process c o n t r o l l e r  and an i so la ted  c o n t a c t  
s e t  wh ich  w i l l  t r i g g e r  t h e  breaker d r i v e r  when t h e  h e l i u n  is 
below a l o w  l e v e l  set p o i n t .  

The  he l ium l e v e l  m o n i t o r  w i l l  be implemented u s i n g  an o f f - t h e -  
s h e l f  American Magne t i c s ,  I n c .  l i q u i d  he l ium l e v e l  m o n i t o r  and 
s e n s o r  p robe .  The s p e c i f i c a t i o n s  are as f o l l o w s :  

a. Sample f r e q u e n c y :  once  in three m i n u t e s  t o  c o n t i n u o u s  
b .  Mete r :  3 1 / 2 "  t a u t  band 
c.  Analog o u t p u t :  0-100 mv 
d .  R e l a y  r a t i n g :  250 m a  or 100 v o l t s  maximum 
e.  Power: 110 v o l t s ,  50-60 Hz, 20 w a t t s  
f .  S i z e :  11" wide X 9 5 / S f f  deep  X 3 7/8" h i g h  
g .  Weight :  8 lbs. 

The p r o b e  i s  described i n  t h e  magnet s e n s o r  S e c t i o n  4 . 4 .  
The m o n i t o r s  are located on t h e  n o r t h  ba l cony  i n  two c a b i n e t s ,  
18 m o n i t o r s  p e r  c a b i n e t .  

4 . 6 . 8  VACUUM SWITCH/PRESSURE SWITCH. The vacuum and p r e s s u r e  
s w i t c h  f u n c t i o n s  are d e s c r i b e d  i n  S e c t i o n  3.7.2.4. The p h y s i c a l  
characterist ics are d e l i n e a t e d  i n  t h e  magnet s e n s o r  s e c t i o n  4 . 4 .  

4 .6 .9  GROUND REFERENCING RESISTORS AND STEERING DIODES. I t  is 
n e c e s s a r y  t o  r e f e r e n c e  t h e  j u n c t i o n s  of each d i s c h a r g e  magnet 
p a i r  t o  c h a s s i s  ground i n  order t o  l i m i t  t h e  m a x i m u m  magnet-to- 
ground and d i s c h a r g e  p o t e n t i a l  t o  400 vdc .  T h i s  r equ i r emen t  
is a p p a r e n t l y  sa t i s f ied  by u s i n g  a g round- re fe renc ing  resistor 
in series w i t h  a s t e e r f n g  diode.  The d i o d e  p r e v e n t s  ground 
l o o p  or  sneak  p a t h  c u r r e n t s  from f l o w i n g .  

A t  p r e s e n t ,  a Sys tems Computer A n a l y s i s  Program (SYSCAP) noda l  
a n a l y s i s  i s  b e i n g  used  t o  e v a l u a t e  and o p t i m i z e  t h e  c i r c u i t  
d e s i g n .  

4 . 7  MATERIAL SELECTION 

The f o l l o w i n g  spec i f ic  c r i t e r i a  w e r e  u sed  i n  s e l e c t i n g  t h e  
materials fo r  t h e  EBT-P magnet.  

a .  E x c e l l e n t  mechanica l  and p h y s i c a l  p r o p e r t i e s  a t  room and 
c r y o g e n i c  t e m p e r a t u r e s .  
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b.  High degree of f a b r i c a b i l i t y  and p r o d u c i b i l i t y .  
c .  Large  d a t a  base and s p e c i f i c a t i o n  cove rage .  
d .  R e l i a b i l i t y  e s t a b l i s h e d  by s e r v i c e  h i s t o r y .  
e .  Proven f a b r i c a t i o n  methods and p r o c e s s e s .  
f .  A v a i l a b i l i t y  i n  t h e  r e q u i r e d  s i z e s  and s h a p e s  a t  r e a s o n a b l e  

g .  P r e v i o u s  d e s i g n  and f a b r i c a t i o n  e x p e r i e n c e .  
c o s t .  

4 . 7 . 1  METALLIC MATERIALS. Based on t h e  above c r i t e r i a ,  t h e  
f o l l o w i n g  metal l ic  materials were s e l e c t e d  f o r  t h e  EBT-P magnet :  

Type 304L s t a i n l e s s  s t ee l  f o r  t h e  vacuum v e s s e l .  
Type 316L s t a i n l e s s  s t ee l  f o r  t h e  c o i l  case. 
One hundred t e n  (110) copper  for t h e  LN2 cold 
w a l l  a ssembly .  
Ti-4V-6A1 a l l o y  f o r  t h e  c o l d  m a s s  s u p p o r t  
s t r u c t u r e .  
NbgSn s u p e r c o n d u c t o r .  
NbTi s u p e r c o n d u c t o r .  

TYPE 3042, STAINLESS STEEL FOR THE VACUUM VESSEL. Type 304L s t a i n -  
less  s tee l  is a l o w  carbon/chromiurn-nickel c o r r o s i o n - r e s i s t a n t  
s t e e l  which,  i n  t h e  a n n e a l e d  c o n d i t i o n ,  p o s s e s s e s  an a u s t e n t i c ,  
f a c e - c e n t e r e d  c u b i c  c r y s t a l l i n e  s t r u c t u r e ,  having  l o w  magne t i c  
p e r m e a b i l i t y  and freedom from g r a i n  boundary c a r b i d e  p r e c i p i t a t i o n  
d u r i n g  we ld ing .  Of t h e  a v a i l a b l e  300 ser ies  c o r r o s i o n - r e s i s t a n t  
s t e e l s ,  t y p e  304L p o s s e s s e s  t h e  m a s t  economic combina t ion  of 
mechanica l  and p h y s i c a l  p r o p e r t i e s ,  f a b r i c a b i l i t y  and a v a i l a b i l i t y  
i n  v a r i o u s  forms and s i zes ,  and h a s  a l a r g e  d a t a  b a s e  and s e r v i c e  
r e l i a b i l i t y  i n .  c r y o g e n i c  a p p l i c a t i o n s .  

TYPE 316L STAINLESS STEEL FOR THE COIL  CASE. Type 316L s t a i n -  
l e s s  s t e e l  w a s  s e l e c t e d  f o r  t h e  c o i l  case. T h i s  a l l o y  h a s  
e s s e n t i a l l y  t h e  same p r o p e r t i e s  as 304L w i t h  t h e  e x c e p t i o n  t h a t  
i t  is more c o r r o s i o n - r e s i s t a n t  and remains  non-magnetic a t  
c r y o g e n i c  t e m p e r a t u r e s .  A non-magnetic material i s  d e s i r a b l e  t o  
p reven t  i n t e r a c t i o n  w i t h  t h e  magne t i c  f i e l d .  

-- ONE WNDRED TEN (110) COPPER FOR LN? COLD WALL ASSEMBLY. One 
hundred t e n  (110) copper  is 99.9% p u r e  copper  w i t h  a good 
combina t ion  of t h e r m a l ,  mechanica l  and j o i n i n g  p r o p e r t i e s  and is 
non-magnetic a t  c ryogen ic  t e m p e r a t u r e s .  

Ti-4V-6Al ALLOY FOR COLD MASS SUPPORT STRUCTURE. Ti-4V-6A1 a l l o y  
w a s  selected because  i t  w a s  r a d i a t i o n - r e s i s t a n t  and had the high-  
e s t  s t r e n g t h  t o  t h e r m a l  c o n d u c t i v i t y  r a t i o  a t  c r y o g e n i c  t e m -  
p e r a t u r e s .  

Nb3Sn SUPERCONDUCTOR STRIP FOR CONNECTING VAPOR-COOLED LEADS - 
TO N b T i  SUPERCONDUCTOR. 
an i n t e r m e d i a r y  c o n n e c t o r  between t h e  vapor-cooled  l e a d s  and t h e  

Nb3Sn supe rconduc to r  w a s  s e l e c t e d  as 

NbTi  supe rconduc to r  because  of i t s  h i g h  s u p e r c o n d u c t i n g  t r a n s i t  i on  
t e m p e r a t u r e .  I n t r o d u c t i o n  of Nb3Sn w i l l  r e s u l t  i n  a reduced  risk 
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of quench and lower h e a t  l o a d s  i n  t h e  vapor-cooled  l e a d  r e g i o n  
of  t h e  magnet.  

In  a r a d i a t i o n  environment  c h i  f l y  c o n s i s t i n g  of  x - r a y s  w i t h  a 
t o t a l  maximum dose of 7 . 3  X 10  r a d s  o v e r  a p e r i o d  of t e n  years ,  
no s i g n i f i c a n t  r a d i a t i o n  damage is a n t i c i p a t e d  i n  t h e  s t r u c t u r a l  
materials 304L and 316L s t a i n l e s s  s teels ,  copper  or Ti-4V-6A1 
a l l o y .  The  m e c h a n i c a l  and t h e r m o p h y s i c a l  p r o p e r t i e s  of these 
m a t e r i a l s  w i l l  r emain  e s s e n t i a l l y  unchanged.  

Ei 

The s u p e r c o n d u c t o r  NbgSn and NbTi w i l l  a lso r e t a i n  t h e i r  s u p e r -  
c o n d u c t i n g  p r o p e r t i e s ,  and t h e r e  w i l l  n o t  be any s i g n i f i c a n t  
change i n  t h e  c r i t i c a l  c u r r e n t ,  t h e  c r i t i c a l  t e m p e r a t u r e  o r  
t h e  c r i t i c a l  f i e l d .  

4 . 7 . 2  NON-METALLIC MATERIALS. The p r i n c i p a l  n o n - m e t a l l i c  
materials used  i n  t h e  EBT-P magnet are as f o l l o w s :  

o NE,MA g r a d e  G - 1 0  CR f i b e r g l a s s / e p o x y  l a m i n a t e  
and Kapton f i l m  (MIL-P-46112 Type I )  f o r  
ground i n s u l a t i o n .  

o Nomex t a p e  (MIL-T-43435 Rev. B ,  Type V ,  S i z e  
2 ,  F i n i s h  A )  f o r  t u r n - t o - t u r n  i n s u l a t i o n .  

o E t h y l e n e  p r o p y l e n e  r u b b e r  for O-ring seals .  
o Eccobond 57C s i l v e r - f i l l e d  c o n d u c t i v e  epoxy 

o M-Bond 610 two-part  epoxy a d h e s i v e  (GD/C EMS 0-06072-1) 

o S t y c a s e  2850 f t .  two-par t  epoxy a d h e s i v e  f o r  bonding 

o P o l y o l i f i n  h e a t  s h r i n k a b l e  s l e e v i n g  (MIL-I-23053/6B) 

o Aluminized Kapton for m u l t i l a y e r  s u p e r i n s u l a t i o n  t o  

a d h e s i v e  (GD/C EMS 0-06023-1). 

f o r  bonding s t r a i n  g a g e s .  

and a n c h o r i n g  of wi res  and l e a d s .  

f o r  i n s t r u m e n t a t  i o n  w i r e  i n s u l a t i o n  

res t r ic t  t h e  t h e r m a l  r a d i a t i o n  l o a d  on t h e  c o l d  mass. 

These  materials are s e l e c t e d  on t h e  b a s i s  t h a t  t h e y  remain  
f u n c t i o n a l  i n  ‘the o p e r a t i o n a l  envi ronment  of  t h e  EBT P magnet 
w i t h  a c u m u l a t i v e  x- ray  r a d i a t i o n  dosage  of 4 . 0  X 1 0  r a d s  a t  
t h e  end of t e n  years of  o p e r a t i o n  ( s t a c k  r e g i o n  w i t h  s t a i n l e s s  
s teel  s h i e l d i n g  - F i g u r e  3.5-2). The r a t i o n a l e  f o r  e a c h  
s e l e c t i o n  is based  on d a t a  a v a i l a b l e  a n d / o r  s u c c e s s f u l  u s a g e  of 
t h e  material unde r  a s i m i l a r  o p e r a t i o n a l  env i ronmen t .  

s 

S l o t t e d  G - 1 0  CR f i b e r g l a s s l e p o x y  l a m i n a r e  is p l a c e d  between t h e  
s t a i n l e s s  s t ee l  bobbin and t h e  c o n d u c t o r  pack .  P a r t  of t h e  G-10  
CR is s l o t t e d  t o  allow l i q u i d  he l ium c o o l a n t  t o  c i r c u l a t e  on a l l  
s i d e s  of  t h e  c o n d u c t o r  pack .  L a y e r s  of 0 .005- inch  t h i c k  by 2- 
i n c h  wide Kapton f i l m  (DuPont Type 500H) are p l a c e d  around t h e  
c o r n e r s  t o  o f f e r  redundant  ground i n s u l a t i o n ,  as w e l l  as t h e r m a l  
p r o t e c t i o n ,  f o r  t h e  G-10 CR l a m i n a t e  d u r i n g  t h e  c l o s e - o u t  weld ing  
of t h e  o u t e r  case. The  Kapton film layers are held in p l a c e  
d u r i n g  assemblying  by t h e  s i l i cone  p r e s s u r e - s e n s i t i v e  a d h e s i v e  
a p p l i e d  on o n e  s ide  of t h e  f i l m  ( t h i s  is p r o c u r a b l e  as Permacel  
Tape N o .  2 2 2 ) .  
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The t u r n - t o - t u r n  i n s u l a t i o n  is p r o v i d e d  by a Nomex t a p e  
(MIL-T-43435, Rev. B ,  Type V ,  S i z e  2 ,  F i n i s h  A ,  p r o c u r a b l e  
from Western F i l a m e n t ,  I n c .  unde r  t h e  t r a d e  name of Nomex Tape 
7 0 H O F 2 5 X ) .  The  tape is a p p r o x i m a t e l y  .12 inch wide and 
6 . 5  m i l s  t h i c k  s p i r a l l y  wound around t h e  conduc to r  under  1-5 
l b s .  t e n s i o n .  During t h e  winding of t h e  t a p e  o n t o  t h e  c o n d u c t o r ,  
t a p e  e n d s  are b u t t - j o i n e d  and bonded onto t h e  conduc to r  u s i n g  
a c y a n o a c r y l a t e  a d h e s i v e  ( G D / C  EMS 0-00089-1). The t a p e  
c o v e r s  a p p r o x i m a t e l y  50% of t h e  conduc to r  s u r f a c e  area. The 
s u c c e s s f u l  u s e  of Nomex t a p e  fo r  t u r n - t o - t u r n  i n s u l a t i o n  has 
been demons t r a t ed  by t h e  development magnets  b u i l t  by t h e  Oak 
Ridge N a t i o n a l  L a b o r a t o r y .  

The r a d i a t i o n  r e s i s t a n c e  of G - 1 0  CR f i b e r g l a s s / e p o x y  l a m i n a t e s  
are shown i n  R e f e r e n c e  4.7-1 and of po ly imide  f i l m s ,  such  a s  
Vespel  End Kapton, i n  R e f e r e n c e  4 . 7 - 1  and 4 .7 -2 .  G-10  CR 
showed a l o s s  i n  compress ive  s t r e n g t h ,  f xure  s t r a i n ,  modulus,  
and s t r e n g t h  a f t e r  2 . 4  X lo9 rads and loi8 r a d s  r a d i a t i o n  dosage ;  
w h i l e  t h e  po ly imide  f i l m s  are  v i r t u a l l y  u n a f f e c t e d .  Data 
o b t a i n e d  by Oak Ridge N a t i o n a l  Labora to ry  unde r  DOE C o n t r a c t  N o .  
W-7405-eng-26 ( R e f e r e n c e  4 . 7 - 3 )  showed t h a t  under  2 X I O 8  r a d  
r a d i a t i o n  dosage ,  f i b e r g l a s s / e p o x y  l a m i n a t e  showed no  change i n  
f l e x u r e  s t r e n g t h .  T h i s  is a l so  i n  agreement  w i t h  d a t a  p r e s e n t e d  
i n  S c i e n c e  Research  Counc i l  Repor t  RHEL/R200 ( R e f e r e n c e  4.7-4). 

R a d i a t i o n  r e s i s t a n c e  of Nomex h a s  a l s o  Been s t u d i e d .  
w a s  found t o  be a b l e  t o  t o l e ra t e  2 X 10 r a d  w i t h  no  loss  i n  
e l ec t r i ca l  breakdown v o l t a g e  ( R e f e r e n c e  4 .7-3)  and o n l y  a s l i g h t  
d i s c o l o r a t i o n  and  a less  t h a n  0.60% i n  weight  loss  a f t e r  2 . 4  X 
lo9 rad r a d i a t i o n  exposure  ( R e f e r e n c e  4.7-5) . 

-- 

The m a t e r i a l  

The s i l i c o n e  p r e s s u r e - s e n s i t i v e  and t h e  c y a n o a c r y l a t e  a d h e s i v e s  
are n o t  e x p e c t e d  t o  endure  l o 8  r a d  r a d i a t i o n  dosage .  
t h e s e  a d h e s i v e s  are s t r i c t l y  u s e d  i n  a ve ry  small  q u a n t i t y  as  
an assembly a i d ,  t h e  by-product  and t h e  ene rgy  l i b e r a t e d  as  a 
r e s u l t  of r a d i a t i o n  d e g r a d a t i o n  of t h e  a d h e s i v e s  shou ld  n o t  
a f f e c t  t h e  per formance  of t h e  magnet .  

However, 

Data on t h e  r a d i a t i o n  r e s i s t a n c e  of e t h y l e n e  p r o p y l e n e  r u b b e r ,  
Eccobond 5 7 C  s i l v e r - f i l l e d  c o n d u c t i v e  epoxy a d h e s i v e ,  and M-Bond 
610 two-part  epoxy a d h e s i v e  are n o t  a v a i l a b l e .  These materials 
have been used  i n  o t h e r  s u p e r c o n d u c t i n g  magnets  under  c r y o g e n i c  
t e m p e r a t u r e s .  I t  is not e x p e c t e d  t h a t  t h e  epoxy a d h e s i v e s  would 
pose  a problem under  r a d i a t i o n  d o s a g e s  less  t h a n  l o 9  r a d s  bu t  
further r e s e a r c h  w i l l  be  done d u r i n g  T i t l e  11. The same can be 
s a i d  f o r  S t y c a s e  2850 f t .  ( u s e d  w i t h  7% 24LV h a r d e v e r ) ,  a two-part  
epoxy c u r e d  a t  room t e m p e r a t u r e  manufac tured  by Emerson and 
Cuming, I n c .  Data a v a i l a b l e  t o  s u b s t a n t i a t e  t h e s e  claims are 
g i v e n  i n  Refe rence  4.7-6. 

4-52 



The r a d i a t i o n  r e s i s t a n c e  of heat s h r i n k a b l e  s l e e v i n g  for  wire 
b u n d l e s  is not as good as t h e  epoxies. However, t h e  p o l y a l e f i n  
t y p e  (MIL-I-23053/6B) s u c h  as p o l y e t h y l e n e  w a s  s e l e c t e d  s i n c e  
it is more r a d i a t i o n - r e s i s t a n t  and c r y o g e n i c a l l y - r e l i a b l e  t h a n  
the  o t h e r  t h e r m o p l a s t i c s  u sed  for h e a t  s h r i n k a b l e  sleeving. 

Aluminized Kapton w i l l  be used fo r  mul t i - layer  s u p e r i n s u l a t i o n .  
Kapton h a s  e x c e l l e n t  r a d i a t i o n  r e s i s t a n c e  as discussed ear l ier .  
In a d d i t i o n ,  aluminized Kapton was evaluated by ORNL ( R e f e r e n c e  
4.7-7) which showed t h a t  t h e  material could s e r v e  as s u p e r i n s u l a t i o n  
for c r y o g e n i c  environment a t  least  up  t o  a dose of 1010 rads 
w i t h  minimal  change i n  material appea rance  and o u t g a s s i n g  upon 
warm-up. 

.... . 
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5 

SUPPORT ING ANALYS IS  

5 .1  MAGNETICS ANALYSIS 

FORCE AND FIELD ANALYSIS 

Magnet ic  f i e l d  s t r e n g t h s  and f o r c e s  were c a l c u l a t e d  u s i n g  t h e  
program EBTFLD3. T h i s  program sums t h e  i n d i v i d u a l  f i e l d  con- 
t r i b u t i o n s  from an array of  f i l a m e n t a l  c i r c u l a r  l o o p s  d i s t r i b u t e d  
t h r o u g h  each c o i l  pack .  Each c o i l  w a s  modeled w i t h  200 l o o p s .  
The f i e l d  from e a c h  loop w a s  c a l c u l a t e d  u s i n g  e l l i p t i c  i n t e g r a l s .  

Va lues  of t h e  m a g n e t i c  f i e l d  s t r e n g t h s  and f o r c e s  and t h e i r  
l o c a t i o n s  are t a b u l a t e d  i n  Appendix B-1 . The peak f i e l d  w a s  
found t o  be  approx ima te ly  7.4 Tesla and is located a t  t h e  c e n t e r  
of  t h e  c o i l  a l o n g  t h e  i n n e r  r a d i u s .  

ERROR FIELD ANALYSIS 

The  e r r o r  f i e l d  i n  t h e  EBT-P w i l l  be  generated by d i f f e r e n t  
s o u r c e s  s u c h  a s  t h e  overhead  buswork, t h e  c u r r e n t  l eads ,  and a lso 
t h e  a c t u a l  he l ica l  and s p i r a l  t u r n s  w i t h  which t h e  c o i l s  w i l l  
be wound. T h i s  e r ror  a n a l y s i s  w a s  g e n e r a t e d  i n  two p a r t s ,  t h e  
f irst  d e a l i n g  w i t h  t h e  buswork and t h e  second d e a l i n g  w i t h  t h e  
c u r r e n t  leads and t h e  n o n - s o l e n o i d a l  w ind ings .  

The buswork above t h e  t o r u s  is a system of c u r r e n t - c a r r y i n g  seg- 
ments  which r e p e a t  e v e r y  40 d e g r e e s  ( r e f e r  t o  SK82881, sheets 1 
and 2 i n  Appendix A ) .  Only those leads which carry c u r r e n t  
d u r i n g  normal o p e r a t i o n  were c o n s i d e r e d ;  t h a t  i s ,  a l l  power s u p p l y  
leads and dump c i r c u i t r y  were i g n o r e d .  

T h i s  buswork w a s  t h e n  d i v i d e d  i n t o  a ne twork  of s t r a i g h t - l i n e  
segments  which a r e  i l l u s t r a t e d  i n  F i g u r e  5.1-1. C o i l  4 i n  t h i s  
f i g u r e  was d e t e r m i n e d  t o  be t h e  c o i l  whose f i e l d  would be most 
p e r t u r b e d  by  t h e  c u r r e n t  network above t h e  t o r u s .  Therefore, 
f i e l d  p o i n t s  i n  t h e  b o r e  of c o i l  4 and a t  t h e  midplane  between 
c o i l s  3 and 4 were c a l c u l a t e d  for a wors t  case d e t e r m i n a t i o n .  
R e f e r  t o  F i g u r e s  5.1-2 and 5.1-3 f o r  f i e l d  p o i n t  l o c a t i o n s .  

The magne t i c  f i e l d  due t o  f i v e  40-degree s e c t o r s ,  two on e i the r  
s ide of t h e  s e c t o r  c o n t a i n i n g  t h e  f i e l d  p o i n t s  ( r e f e r  t o  F i g u r e  
5.1-3), w a s  c a l c u l a t e d  u s i n g  t h e  computer program LINES.  T h i s  
program c a l c u l a t e s  t h e  m a g n e t i c  f i e l d  due t o  any number of 
c o n s e c u t i v e ,  c u r r e n t - c a r r y i n g  l i n e  segments .  T h i s  da ta  i s  
summarized i n  t h e  t a b l e  i n  F i g u r e  5.1-4. According t o  t h i s  
data, the worst case r ad ia l  f i e l d  d e v i a t i o n  will be approx ima te ly  
one g a u s s  located i n  t h e  c o i l  t h r o a t  a t  the t o p  of t h e  t o r o i d a l  
array.  

The second p a r t  of  t h e  e r r o r  a n a l y s i s  deals  w i t h  t h e  f i e l d  
d e v i a t i o n  caused  by t h e  vapor-cooled  e n t r y  leads and t h e  non- 
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FIGURE 5@P-3 T-P F I E D  POINT LOCATIONS 
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GENERAL DYNAMICS 
Convair Division 

FIELD (WORST CASE) I N  GAUSS 
PO I NT BR Be BZ MAGNITUDE 

1 0,46006 0 I 78168 0,19323 0 t 92737 
2 0,41544 0 I 67692 0,18010 0 , 81440 
3 0 , 38988 0 , 63'380 0,19897 0,77026 n 

z 4 0 , 42518 0 , 72097 0,21769 0 86485 
5 0 42232 0 , 70264 0 , 19731 0,84320 

w 

3 
a. 
Y 

6 0,59487 0,79746 0,19768 
7 0,53067 0,68899 O, 18123 
8 0,49579 0 , 64328 0,20033 
9 0 I 54671 0 I 73304 O 22191 

10 0,54130 0 , 71480 0,200O4 

I- a 
0 
ry: 
I 
I- 
J 

0 u 
U 

1 I 01434 
0,88835 
0 , 83651 
0 I 94010 
0 , 91868 

NOTE: MIDPLANE IS BETWEEN COILS 3 AND 4, 
COIL THROAT IS I N  REFERENCE TO COIL 4, 
FIELD IS DUE TO 5 - 40' SECTORS OF EUSWORK, 

FIGURE 5,1-4 FIELD DUE TO OVERHEAD BUS WORK 



s o l e n o i d a l  w ind ings  of t h e  c o i l s  t h e m s e l v e s .  

T h e  a s - b u i l t  c o i l  c o n f i g u r a t i o n  w a s  per formed u s i n g  t h e  code 
COILS2, which  was p r e p a r e d  s p e c i f i c a l l y  for t h e  EBT-P program. 
The computer code models t h e  coil u s i n g  a c u r r e n t - c a r r y i n g  
f i l a m e n t  which t races  o u t  t h e  p a t h  f o l l o w e d  by t h e  s u p e r c o n d u c t o r  
t h roughou t  t h e  winding .  

The  magne t i c  model can be d e s c r i b e d  m o s t  s i m p l y  by d i v i d i n g  it 
i n t o  si.x s e c t i o n s :  

a .  
b.  

C .  

d .  
e. 

f .  

The 

lead e n t r y  down th rough  s tack ,  
h a l f  of 32nd l a y e r  from center t o  l e f t  f l a n g e  
( h e l i x ) ,  
pancake s p i r a l  f rom 32nd l a y e r  t o  1st l a y e r ,  
31 he l i ca l ly -wound  l a y e r s ,  
h a l f  of 32nd l a y e r  from r i g h t - h a n d  f l a n g e  t o  c e n t e r  
( h e l i x )  a n d ,  
lead e x i t  up t h r o u g h  s tack .  

d imens iona l  data can  be found from Drawing 11-38006 
(Appendix A ) ,  A more d e t a i l e d  e x p l a n a t i o n  of t h e  model 
follows. 

The computer  code models  t h e  magnet by s e n d i n g  a s i n g l e ,  c u r r e n t -  
c a r r y i n g  f i l a m e n t  down t h e  e n t r y  l e a d  p a t h  shown i n  Figure 5.1-5 
t o  t h e  c o i l  p a c k .  

A f t e r  lead e n t r y ,  t h e  c o i l  pack i tself  w a s  modeled by first 
winding 1 / 2  of t h e  32nd l a y e r  from t h e  center of t h e  c o i l  t o  t h e  
l e f t - h a n d  f l a n g e  ( a s  viewed i n  Drawing 11-38006-1 of Appendix 
A > .  The f i l a m e n t  w a s  wound i n  a he l i ca l  manner,  c o n s i s t i n g  
of 3 6 0 - s t r a i g h t  l i n e  segments  p e r  t u r n ,  f o r  19  t u r n s .  The  con- 
d u c t o r  t h e n  f o l l o w s  a descend ing  s p i r a l  p a t h  f o r  34 t u r n s  
( layers )  t o  t h e  bobb in .  Two e x t r a  t u r n s  ( l a y e r s )  were i n c o r -  
p o r a t e d  i n  t h i s  pancake t o  compensate  f o r  t h e  double-conductor -  
w i d t h  i n s u l a t i o n  between t h e  31st and 32nd l a y e r s  ( r e f e r  t o  
d r a w i n g ) .  The model t h e n  moves t h e  c u r r e n t  e lement  h e l i c a l l y  i n  
t h e  first l a y e r  u n t i l  it p a s s e s  t h e  t u r n  of i n s u l a t i o n  s e p a r a t i n g  
the pancaked l a y e r s  from t h e  rest  of t h e  wind ings .  A t  t h i s  p o i n t ,  
t h e  main c o i l  pack winding b e g i n s .  The c u r r e n t  e lement  h e l i c a l l y  
p r o g r e s s e s  from t h e  i n s u l a t i o n  on t h e  l e f t - h a n d  side t o  t h e  
f l a n g e  an  t h e  r i g h t - h a n d  side (as  s e e n  i n  F i g u r e  5.1-6). 

Each t i m e  a l e f t -  or r i g h t - h a n d  boundary d imens ion  is m e t ,  a 
l a y e r  t r a n s i t i o n  a u t o m a t i c a l l y  occurs. Dur ing  a l a y e r  trans- 
i t i o n ,  t h e  c u r r e n t  e lement  t r a v e l s  a p a t h  t a n g e n t  t o  t h e  p o i n t  
where it c o n t a c t e d  t h e  boundary.  T h i s  t a n g e n t  takes t h e  e lement  
t o  t h e  nex t  l a y e r ,  a l o n g  t h e  boundary ,  and then begins its 
he l ica l  t r a v e r s e  back t o  t h e  other  s ide  of t h e  c o i l .  The model 
of the c o i l  pack is t h e n  completed b y  winding t h e  l a s t  (32nd)  
layer f r o m  t h e  r i g h t - h a n d  f l a n g e  back t o  the center of t h e  c o i l  
where t h e  lead e x i t s  as s e e n  i n  Figure 5.1-5. 

.1 

... 
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FIGURE 5,1-6, COIL PACK HINDING MODEL 
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Each he l ica l  a n d / o r  s p i r a l  t u r n  of t h e  conduc to r  w a s  modeled 
as 360 s t r a i g h t  l i n e  segmen t s ,  one  segment per d e g r e e .  The 
f i e l d s ,  due  t o  each l i n e  segment ,  were c a l c u l a t e d  and t h e n  summed 
t o  reach t h e  f i n a l  f i e l d  v a l u e .  A s t u d y  w a s  per formed t o  deter-  
mine t h e  d e v i a t i o n  caused  by  u s i n g  l i n e  segments .  I n  t h i s  s t u d y ,  
t h e  f i e l d  due t o  a c i r c u l a r  t u r n  of  c u r r e n t  was compared t o  those 
produced by t u r n s  of 36 ,360  and 3600 s t r a i g h t  l i n e  segmen t s ,  The 
f i e l d  d e v i a t i o n s  were found t o  be  0.2%, 2 X and 8 X lo+%, 
r e s p e c t i v e l y .  Due t o  t h e  number of c a l c u l a t i o n s  needed when 
o v e r  1200 t u r n s  are segmented i n t o  3600 l i n e s ,  360 l i n e  segments  
were de te rmined  t o  be s u f f i c i e n t .  F u r t h e r  s t u d y  of t h i s  e f f e c t  
is n e c e s s a r y  d u r i n g  T i t l e  11. 

The f i e l d  data a re  p r e s e n t e d  i n  F i g u r e s  5.1-7 and 5.1-8 f o r  
p o i n t s  a l o n g  t h e  c o i l  a x i s .  F i g u r e  5.1-7 t a b u l a t e s  t h e  non-ax ia l  
f i e l d s  a t  p o i n t s  on e i the r  s ide  of  t h e  c o i l .  These p o i n t s  are 
l o c a t e d  a t  t h e  i n t e r s e c t i o n s  of t h e  axes from two a d j a c e n t  
c o i l s .  The d a t a  p r e s e n t  t h e  e f f e c t s  of i n d i v i d u a l  conduc to r  
s e c t i o n s  as t h e y  i n f l u e n c e  t h e  f i e l d  b e h a v i o r s  a t  t h e s e  p o i n t s .  
The  v a l u e s  a s s i g n e d  t o  t h e s e  i n d i v i d u a l  s e c t i o n s  of c o n d u c t o r  
may be somewhat m i s l e a d i n g .  T h i s  is due t o  t h e  f a c t  t h a t  t h e  
wind ings  of  a p a r t i c u l a r  s e c t i o n  do n o t  s ta r t  and s t o p  a t  t h e  
same a n g u l a r  (or c i r c u m f e r e n c i a l )  p o s i t i o n s ;  t h e r e f o r e ,  t h e  f i e l d  
e r r o r  g i v e n  is p a r t i a l l y  due  t o  incomple t e  l o o p s  which are  
completed i n  a n o t h e r  sect i o n .  

F i g u r e  5.1-8 t a b u l a t e s  t h e  f i e l d s  a t  p o i n t s  a l o n g  t h e  a x i s  from 
l e f t  t o  r i g h t .  The a v e r a g e  a x i a l  f i e l d  is also shown. In  t h i s  
r e f e r e n c e  frame, Bx is a p p r o x i m a t e l y  e q u a l  t o  t h e  a x i a l  f i e l d  
and t h e  r o o t  mean s q u a r e  of By and Bz is approx ima te ly  e q u a l  t o  
t h e  r ad ia l  f i e l d .  With t h i s  in mind,  t h e  a v e r a g e  a x i a l  f i e l d  
is 2.49 Tesla and t h e  r a d i a l ,  or error  f i e l d ,  is a p p r o x i m a t e l y  
0.15 g a u s s .  T h i s  a v e r a g e  s h o u l d  r e p r e s e n t  a f i r s t  o r d e r  a t t e m p t  
a t  q u a n t i f y i n g  t h e  t o r o i d a l  f i e l d  error due  t o  c o i l  s h a p e .  The 
0.15 g a u s s  r e p r e s e n t s  a g l o b a l l y - a v e r a g e d  AB/B of a p p r b x i m a t e l y  
5 x 10-6. 
During  t h e  T i t l e  I1 s t u d y  p e r i o d ,  a d d i t i o n a l  f i e l d  c a l c u l a t i o n s  
w i l l  be n e c e s s a r y .  For example,  t h e  worst case t o l e r a n c e  
b u i l d u p  e f f e c t s  w i l l  be a n a l y z e d .  The c o i l  model w i l l  a l so  be 
mod i f i ed  s o  t h a t  t h e  l a y e r - l a y e r  t r a n s i t i o n s  take p l a c e  a t  
s p e c i f i e d  l o c a t i o n s .  T h i s  w i l l  i n c l u d e  t h e  e f f e c t s  due t o  n e x t -  
to - las t  t u r n  spacers r e q u i r e d  t o  e q u a l i z e  t h e  number of t u r n s  i n  
e a c h  l a y e r .  

CONDUCTOR DESCRIPTION 

The s u p e r c o n d u c t i n g  c a b l e  t o  be used  f o r  t h e  c o i l  w ind ings  is 
described i n  G e n e r a l  Dynamics/Convair S p e c i f i c a t i o n  N o .  11-38007, 
Rev. A ,  which  is attached as Appendix 8-2 . 
B r i e f l y ,  t h e  s u p e r c o n d u c t i v e  material is a n iob ium- t i t an ium 
a l l o y  (46 .5  + 1.5% W t .  N b )  i n  a h i g h  c o n d u c t i v i t y  coppe r  m a t r i x .  
The c o n d u c t o r  as  a whole i s  a r e c t a n g u l a r  m o n o l i t h  w i t h  t h e  follow- 
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QENERAL DYNAMlCa 
Convair Division 

PT 

A 
B 
C 
D 
E 
F 
G 
H 
I 

Ax IAh 
AVERAGE : 

+1 I 00345 
+1, 60879 
+2 , 61737 
+3 . 79341 
+4,36235 
+3,79446 
+2 , 61808 
+I , 60906 
+1.00357 

+2 I 49006 

+1 . 33879E-05 
+1. 61234E-05 
+1 , 88133 E-05 
+1 a 83618E-05 
+1,82903E-05 
+l I 59865E-05 
+1 I 09632E-05 
+9,99710E-06 
+9 , 97861E-06 

+2,35127E-06 
+4 . 15350E-07 
+3 a 07985E-06 
+4,49921E-06 
+8 96304E-06 
-1,13331E-06 
-6 I 86026E-06 
-5 I 96136E-06 
-4.35466E-06 

1,3593E-05 
1 a 6129E-05 
1,9064E-05 
1,8905E-05 
2,0368E-05 
1,60276-05 
1,2933E-05 
1,164OE-05 
1 , 0887E-05 

+1 a 4653E-05 +1 . 1101E-07 1,5505E-05 

FIGURE 5,1-8 MAGNETIC FIELD ALONG COIL A X I S  



i n g  d imens ions :  

0.1969 + 0.001 i n c h  (nom: 5 . 0  mm) 

0.1142 -+ 0.001 i n c h  (nom: 2 . 9  mm)  

- Width :  

Height  : __ 

Corner  
Radius  : 

cu : sc 
R a t  i o  : 3.0:l ( b y  volume) 

0 . 0 2  + 0.004 i n c h  - 

The conduc to r  c r i t i c a l  c u r r e n t  a t  7 . 5  Tes la  and 4 . 2 K  is 
2800 amps and t h e  z e r o  f i e l d  composi te  r e s i s t i v i t y  r a t i o  is  1 2 0 .  

The c o u p l i n g  t i m e  c o n s t a n t  i s  d e f i n e d  a s :  

where : 

= 4 x ~ / m ,  
PO 

&p = t w i s t  p i t c h  l e n g t h  ( m )  and 

P = matr ix  r e s i s t i v i t y  a t  4.2K and 5 . 5 T  ( a .  m) 

and is less t h a n  one  second f o r  t h i s  c o n d u c t o r .  

QUENCH ANALYSIS 

The d a t a  i n  t h e  t a b l e  i n  F i g u r e  5.1-9 w e r e  i n p u t  i n t o  t h e  
computer program SUPERQ, which r e l a t e s  v o l t a g e ,  t e m p e r a t u r e ,  
cu r ren t ; ,  and time i n  t h e  e v e n t  of a quench s i t u a t i o n .  SUPERQ 
is an i t e r a t i v e  t i m e  s t e p  program w h i c h  i n c l u d e s  the e n t h a l p y  
of  b o t h  copper  and supe rconduc to r  b u t  d o e s  n o t  i n c l u d e  he l ium 
c o o l i n g  e f f e c t s .  T h i s  r e p r e s e n t s  a r e a l i s t i c  case f o r  t h e  
s i t u a t i o n  where a quench i s  i n i t i a t e d  by a low hel ium l e v e l .  
R e f e r r i n g  t o  F i g u r e  5,1-10, w e  can see t h a t  w i t h  an o p e r a t i n g  
c u r r e n t  of 1683 amps, t h e  maximum t e m p e r a t u r e  w i l l  reach 9 6 K  
approx ima te ly  10 seconds  after t h e  start .  of t h e  quench.  
F i g u r e  5.1-11 i l 1 . u s t r a t . e ~  t h e  dump v o l t a g e  b e h a v i o r  i n  t h i s  
i n s t a n c e .  
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OPERATING CURRENT = 1683. ( AMPS ) 

OVERALL CURRENT DENSITY = 10156. (AMPS/SQ. CM) 

M A X I M U M  DISCHARGE VOLTAGE = 400. (VOLTS ) 

MAGNETIC ENERGY = 1.44400 (MEGAJOULES) 

CRITICAL TEMPERATURE = 5.0 (DEG K) 
NORMAL ZONE LENGTH = 40.  

NORMAL ZONE TRIGGER VOLTAGE = .04600 
DELAY = .20000 

SELF FIELD = 7.40000 

BACKGROUND FIELD = 0.00000 

FIELD ANGLE = 0.00000 

Cu/Sc RATIO = 3 . 0  

PACKING FRACTION = .87500 

RRR = 120. 

AREA OF U N I T  CELL = .16571 
AREA OF CONDUCTOR = .14500 

AREA OF COPPER = .lo875 
DUMP RESISTANCE = .23767 

INDUCTANCE = 1.01960 

(CM) 

(VOLTS ) 

( SEC 1 
(TESLA) 

(TZSLA) 

(DEGREES ) 

F i g u r e  5.1-9 Quench A n a l y s i s  I n p u t  Data 

5 . 2  STRESS ANALYSIS 

T h i s  s e c t i o n  p r e s e n t s  a summary of t h e  stress a n a l y s i s  done 
t o  d a t e  on t h e  EBT-P mi r ro r  magnets .  D e t a i l e d  stress c a l c u l a t i o n s  
are c o n t a i n e d  i n  Appendix 8-3 . These a n a l y s e s  show t h a t  t h e  
m i r r o r  magnet assembly s a t i s f i e s  t h e  r e q u i r e m e n t s  of S e c t i o n  
3.5.1 when t h e  assembly is exposed t o  t h e  env i ronmen t s  d e s c r i b e d  
i n  S e c t i o n  3 .5 .2 .  

5 . 2 . 1  HELIUM VESSEL STRESS ANALYSIS. The he l ium v e s s e l  w a s  
ana lyzed  u s i n g  b o t h  t h e  ASME Boiler  and P r e s s u r e  Vessel Code and 
an MSC/NASTRAN f i n i t e  e lement  model.  The ASME Code w a s  u sed  t o  
e v a l u a t e  s t r u c t u r a l  r e q u i r e m e n t s  due  t o  u n i f o r m a l l y  d i s t r i b u t e d  
l o a d i n g ,  and t h e  NASTRAN model w a s  u s e d  t o  i n v e s t i g a t e  t h e  e f f e c t s  
of non-uniform l o a d s .  For areas of t h e  s t ruc tu re  which do n o t  
conform t o  s t a n d a r d  ASME Code c o n f i g u r a t i o n s ,  s t a n d a r d  e n g i n e e r i n g  
a n a l y s i s  p r a c t i c e s  were f o l l o w e d .  
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The NAS'TRAN model is shown i n  F i g u r e  52-1 and c o n t a i n s  144  
quad 8 p l a t e  e l emen t s :  33 b a r  e l e m e n t s ,  and h a s  4575 d e g r e e s  
o f  f reedom. The model is a h a l f  s y m m e t r i c  s t r u c t u r e ,  s y m m e t r i c  
about, t h e  X-Y p l a n e .  The outel- ring t h i c k n e s s  is . 7 5 ,  t h e  
i n n e r  r i n g  is  .3 '75,  and t h e  s ide  walls t a p e r  from . 3 7 5  t o  
. 6 2 5 .  The model was ana lyzed  under  l o a d i n g  c o n d i t i o n s  shown. i n  
F i g u r e  5 .2 -2  

The i n n e r  b o r e  is  loaded  d u r i n g  c o i l  w ind ing ,  T h i s  p roduces  
maximum l o a d  c o n d i t i o n  a t  room t e m p e r a t u r e  accordir ig  t o  t h e  
STANSOL a n a l y s i s  (see Figure 5 . 2 - 3 ) .  T h i s  l o a d i n g  can produce  
both s t a b i l i t y  and s t r u c t u r a l  y i e l d i n g .  'The winding t e n s i o n  used 
of 180 pounds p roduces  a maximum hoop stress i n  t h e  i n n e r  bore 
of -14,865 p s i  and a maximum r a d i a l  stress of -571 p s i .  A 
s t a b j  l i t y  a n a l y s i s ,  when u s i n g  a f ac to r  of s a f e t y  of 4 g i v e s  t h e  
f o l l o w i n g  margin of s a f e t y .  

- 1 = 2 . 3 0  b u c k l i n g  7 5 3 2  
571 ( 4 )  MIS = 

The margin of  s a f e t y  on y i e l d  i s :  

- 1 = +.12 yie3.a MS z 25  000 
1 4 , 8 6 5  ( 1 . 5 )  

The i n n e r  bore is  a l so  loaded  by t h e  c e n t e r i n g  f o r c e  a c t i n g  on t h e  
c o i l  pack.  T h i s  p roduces  an unequal  l o a d  d i s t r i b u t i o n  a round t h e  
b o r e  which was modeled i n  t h e  f i n i t e  element model .  The r e s u l t s  
o f  this a n a l y s i s  i n d i c a t e d  t h e  maximum stress c o n d i t i o n  e x i s t e d  
on t h e  s i d e  o p p o s i t e  rhe c e n t e r i n g  d i r e c t i o n .  The maximum p r i n c i p a l  
stresses are  : 

L o n g i t u d i n a l  stress = '9 ,286 p s i  

Hoop scress = 1,508 p s i  

Combining t h e s e  s t r e s s e s  u s i n g  VonMises c r i t e r i a  gives an 
e f f e c t i v e  stress of : 

Effecttive stress = 6 , 6 3 0  p s i  

2 5 , 0 0 0  ..--_.I Ip_____ 

Muls = 6 , 6 3 0  ( 1 . 5 )  - 1 = +1.51 y i e l d  u s i n g  R . T .  p r o p e r t i e s  

A d i s c o n t i n u i t y  a n a l y s i s  of t h e  i n n e r  bore s i d e  p l a t e  j o i n t  
i n d i c a t e s  a maximum stress of 2 ,908  p s i  a t  proof  p r e s s u r e  and 
3 , 8 7 7  p s i  a t  b u r s t  p r e s s u r e  e x i s t s .  T h i s  p rov ides  t h e  f o l l o w i n g  
margins  of s a f e t y  : 

2 5 , 0 0 0  - . ~  MS =: 1 . 5  (2908)  -1 = 4-4.73 proof p r e s s u r e  
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7 0 )  000 
MS = 3 (3877)  _- 1 = i-5.02 b u r s t  p r e s s u r e  

An a n a l y s i s  of t h e  s i d e  f l a n g e  c o r n e r  stress when loaded  b y  t h e  
f a u l t  c o n d i t i o n  of 50 p s i  ? I u s  7 3 , 0 0 0  pounds s ide  l o a d  i n d i c a t e s  
t h e  maximum stress o c c u r s  a t  t h e  i n n e r  r a d i u s  and is 27 ,718  p s i .  
S i n c e  t h i s  l o a d i n g  can o n l y  o c c u r  a t  o p e r a t i n g  t e m p e r a t u r e ,  t h e  
low t e m p e r a t u r e  p r o p e l ' t i e s  of t h e  ma te r i a l .  are u s e d .  The margin 
of s a f e t y  i s :  

'70 ) 000 
MS = 27 ,710  ( 1 . 5 )  - 1 = + . 6 8  f a u l t  c o n d i t i o n  

The NASTRAN model i n d i c a t e s  t h e  maximum l o a d i n g  i n  t h e  o u t e r  r i n g  
o c c u r s  a t  t h e  a t t achmen t  p o i n t  of t h e  bot tom c o l d  mass s u p p o r t  
s t r u t .  The i n d i c a t e d  stress a t  t h i s  p o i n t  is 42 ,922  p s i .  The 
model does  n o t  accoun t  f o r  t h e  l o c a l i z e d  r e i n f o r c e m e n t  due t o  t h e  
mounting pad f o r  t h e  s u p p o r t ,  so  t h i s  stress is c o n s e r v a t i v e .  A t  
c h i s  c o n d i t i o n ,  t h e  margin of s a f e t y  i s :  

70  , 000 
MS -i 42,922 ( 1 . 5 )  - 1 = +.09 on y i e l d  

The he l ium v e s s e l  stack is a c y l i n d e r  of v a r y i n g  wall t h i c k n e s s .  
The bottom s e c t i o n  i s  .11 i n .  t h i c k ,  t h e  uppe r  s e c t i o n  is 
. 035  i n .  t h i c k .  Analyzing t h i s  u s i n g  t h e  ASME Code i n d i c a t e s  
t h e  minimum wall t h i c k n e s s  is -0169 i n c h e s .  T h i s  is a margi.n 
of s a f e t y  o f :  

. 0 3 5  
MS = .0169 - 1 = 1-07 proof  p r e s s u r e  

5 . 2 . 2  W I N D I N G  STRESS ANALYSIS. The mirror magnet winding w a s  
ana lyzed  w i t h  computer program STANSOL. Two series of a n a l y s e s  

--- 
were performed i n v e s t i g a t i n g  t h e  e f f e c t s  of u s i n g  Kapton v s .  
Nomex as  t h e  conduc to r  wrapping mater ia l .  One f u r t h e r  d i f f e r e n c e  
between t h e  two a n a l y s e s  was t h e  use of 115 Ibs. winding  t e n s i o n  
f o r  t h e  Kapton and 180 l b s .  winding t e n s i o n  f o r  t h e  Nomex. 
E a r l i e r  runs  wi th  Kapton and 180 l b s .  winding t e n s i o n  ove r -  
stressed t h e  bobbin i n  compress ion .  For  each  c o n f i g u r a t i o n ,  
t h e r e  were t h r e e  a n a l y s e s  r u n :  t h e  f i r s t  i n c l u d e d  a l l  materials 
and w a s  l oaded  by t h e  winding  p r e l o a d  and a t e m p e r a t u r e  r e d u c t i o n  
t o  4OK; t h e  second a n a l y s i s  w a s  t h e  same as t h e  f i r s t  e x c e p t  f o r  
t h e  a d d i t i o n  of magnet ic  l o a d s ;  t h e  t h i r d  a n a l y s i s  removed t h e  
bobbin t o  s i m u l a t e  l i f t  o f f  and w a s  l oaded  w i t h  magne t i c  l o a d s  
o n l y .  T h e  a c t u a l  o p e r a t i n g  stresses are  o b t a i n e d  by combining 
a l l  three c o n d i t i o n s .  -4 summary of t h e  r e s u l t i n g  s t resses  is 
g iven  i n  F i g u r e  5.2-3.  The Nonnex design w a s  se lected even though 
t h e  Kapton d e s i g n  gave a more ben ign  stress s t a t e .  

The conduc to r  i s  purchased  t o  Convair  s p e c i f i c a t i o n  number 1l-38007. 
T h i s  s p e c i f i e s  a room t e m p e r a t u r e  y i e l d  s t r e n g t h  of  a t  l ea s t  30 
k s i .  A v a i l a b l e  d a t a  ( R e f e r e n c e  M-216 d a t e d  1 1 / 2 9 / 7 7 )  i n d i c a t e s  
t h a t  Type 101  OFHC copper  is s t r o n g e r  a t  20°K t h a n  a t  room t e m p e r a t u r e .  
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The material r e p o r t e d  which h a s  p r o p e r t i e s  n e a r e s t  t h e  conduc to r  
R . T .  y i e l d  is 1 4 hard  (10% c o l d  work). Its R.T .  y i e l d  is 
2 9 . 6  k s i  and 20 K y i e l d  i s  3 8 . 5  k s i .  T h e r e f o r e ,  r a t i o  our  spec -  
i f i c a t i o n  v a l u e  t o  g e t  a 4 O K  a l l o w a b l e  o f :  

6 

F = 30 X 3 8 . 5  = 3 9 . 0  k s i  
TY40K 29.6 

Conductor  margins  of s a f e t y  w e r e  c a l c u l a t e d  a t  e a c h  of t h e  f o u r  
winding pack e l e v a t i o n s  where magne t i c  f i e l d s  were d e f i n e d .  These 
f i e l d s  were used  f o r  c a l c u l a t i o n  of stresses a l o n g  t h e  a x i s  of t h e  
t o r u s .  The c r i t i c a l  l o c a t i o n  was i n  l a y e r  number 5 from t h e  bobbin 
which had t h e  peak a x i a l  t e n s i o n .  The r a d i a l  stresses from STANSOL 
and t h e  t o r u s  axis stresses are  m u l t i p l i e d  by f o u r  t o  account  for 
peak ing  where t h e  Nomex overwraps  c o n t a c t  e a c h  o t h e r .  
stresses a t  t h e  c r i t i ca l  l a y e r  f i v e  are: 

The r e s u l t i n g  

Hoop = +16593 p s i  

R a d i a l  = 4 X (-391)  = -1564 p s i  

Axial = 4 X (-2767) = -11068 p s i  

D . E .  = (16593 + 1564)2  + (11068 - 1564)2  + (16593 + 11068)2  
( A c t u a l )  

= 11.85 X lo8 

D . E .  = 2 X 390002 = 30 .42  X 10' 
( A1 l o w )  

430.42 X lo8  
M.S. = J m 8  - 1 = +0.07 

The s t r a i n ,  due  t o  winding and mechanica l  l a a d ,  i n f l u e n c e s  t h e  
c r i t i c a l  c u r r e n t  i n  t h e  s u p e r c o n d u c t o r .  The winding s t r a i n  i s :  

E C 0 .1142 /2  
w =  ?i = 9 . 5  = 0 .0061  

- o 24 ,000  
€0 = E = 1 4 . 6  X lo6 = 0.0016 

To ta l  = 0 .0061  + 0.0016 = 0.0077 

Based on d a t a  from J .  W .  Ek in ,  "Mechanical E f f e c t s  on Supercon-  
d u c t o r  Pe r fo rmance , "  a s t r a i n  of 0.77% w i l l  d e g r a d e  t h e  c r i t i c a l  
c u r r e n t  abou t  3% i n  a 7 T e s l a  f i e l d .  Note t h a t  t h i s  d e g r a d a t i o n  
is o n l y  s i g n i f i c a n t  a t  t h e  ex t reme f i b e r s  a t  t h e  peak f i e l d .  
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5 . 2 . 3  COLD MASS SUPPORTS STRESS A N A L Y S I S .  The 11-38060-6 c o l d  
mass s u p p o r t s  p r o v i d e  a r a d i a l l y  f l e x i b l e ,  near s i m p l e  s u p p o r t  

-----_I 

f o r  t h e  c o l d  mass and r e a c t  l o a d s  t o  t h e  o u t s i d e  of t h e  dewa,r 
The mater ia l  used  i s  T i - - 6 A I - 4 V  which h a s  the d e s i r a b l e  p r o p e r t i e s  
of h igh  s t r e n g t h  and l o w  h e a t  c o n d u c t i o n .  The a n a l y s i s  c r i t e r i a  
used  w a s  that of t h e  ASME Boiler  and Pressure Vessel Code, S e c t i o n  
111, D i v i s i o n  1, Appendix XVII which is f o r  n u c l e a r  power p l a n t  
component s u p p o r t s .  The most s i g n i f i c a n t  i t e m s  from t h i s  appendix  
are t h e  s t ep -by- s t ep  d i r e c t i o n s  f o r  a n a l y z i n g  b o l t e d  j o i n t s  and 
t h e  f a c t o r s  of s a f e t y  o f :  

F.S. Y i e l d  = 5 / 3  

F . S .  U l t  = 2 . 0  

The i n t e r n a l  l o a d s  i n  t h e  co ld  mass s u p p o r t s  were de te rmined  u s i n g  
NASTRAN. Three  b a r  models of t h e  s u p p o r t s  w e r e  c r e a t e d  as shown 
i n  F i g u r e  5 . 2 - 4 .  Each model c o n t a i n e d  22 b a r s  so t h a t  v a r y i n g  
cross sect i o n s  w e r e  a c c u r a t e l y  r e p r e s e n t e d .  The bar material  
m o d u l i i  were i n p u t  w i t h  v a l u e s  a p p r o p r i a t e  f o r  t h e  o p e r a t i n g  
t e m p e r a t u r e s .  These t h r e e  s u p p o r t  models were i n c o r p o r a t e d  i n t o  an 
o v e r a l l  model of t h e  he l ium v e s s e l ,  vacuum v e s s e l ,  and s u p p o r t  
s t r u c t u r e  as  shown i n  F i g u r e  5 . 2 - 5 .  The model w a s  l oaded  w i t h  
combina t ions  of g r a v i t y ,  t e m p e r a t u r e ,  normal magnet ic  l o a d s ,  
f a u l t  magnet ic  l o a d s ,  and p r e s s u r e ,  Each b a r  of each  s u p p o r t  was 
s e a r c h e d  f o r  c r i t i c a l  l o a d  c o n d i t i o n s  and marg ins  of s a f e t y  
c a l c u l a t e d .  The a l l o w a b l e s  used  were t aken  from MIL-IIDBK-5C 
and c o r r e c t e d  f o r  t e m p e r a t u r e  w i t h  d a t a  from t h e  same s o u r c e .  
Due t o  t h e  c l o s e n e s s  of y i e l d  and u l t i m a t e  i n  Ti-BAl-4V, t h e  
u l t i m a t e  s t r e n g t h  r equ i r emen t  governed t h e  d e s i g n .  The m o s t  
c r i t i ca l .  margin of  s a f e t y  is a t  node 18 i n  t h e  lower s u p p o r t .  

- ANALYSIS AT NODE 18 

0 T = -27.5 F 

= 1.09 X 130 ,000  = 141,700 p s i  
F t U  

= P/A I__ i- MICl 

= 47,723 p s i  

MS = 141,700 - 1 = t.0.48 
2 . 0  X 47723 

In  a d d i t i o n  t o  stress c h e c k s ,  t h e  l e g s  of t h e  s u p p o r t s  w e r e  
checked f o r  column s t a b i l i t y  a c c o r d i n g  t o  ASME Code methods 
(Refe rence  Equa t ion  1 9 ,  Appendix XVIX). 
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FIGURE 5,2-4 FINITE ELEMENT MODEL OF COLD MASS 
SUPPORTS 
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FIGURE 5,2-5 FINITE ELEMENT MODEL OF MIRROR NAGNET 
INCLUDING COD MASS SUPPORTS 
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5 1 . 0  f a  + Cmxfbx 
Fa ( 1 - f a / F ' e x ) F b x  (1-faYF'ey)Fby 

Cmyf b + 

12  n2E 
where Fe = 23 ( K  l / r ) 2  

w i t h  r e s t r a i n e d  e n d s ,  Cm = 0.85 

K = 0.80 ( p i n n e d  - f i x e d )  

Tens ion  i n  t h e  legs due t o  cooldown is c o n s e r v a t i v e l y  i g n o r e d .  
The most c r i t i c a l  e lement  is e l emen t  14 a t  cold t e m p e r a t u r e .  

Mx = 65.31 i n  l b s . ,  My = 735 .6  i n  l b s . ,  
P = 17650 l b s .  

Fa = 9 8 , 8 7 5  psi 

.P, = 1 1 . 0  i n .  

6 E = 1 8 . 5  X 10 p s i  

Px = 4.375 i n .  

r = 0 .132  i n .  r = 0.317 i n .  Y X 

= 135 ,500  p s i  F *  = 123 ,617  p s i  
Ff iX e Y  

f a  = 35 ,300  psi 

fbx  = 1719 p s i  

R1 + R2 $. R3 = 0.357 + 0 .020  + 0 .0973  = 0.474 

f b y  = 8084 p s i  

END BOLTS, 
vessel a re  s i z e d  a c c o r d i n g  t o  t h e  ASME Code, S e c t i o n  111, 
D i v i s i o n  1, Appendix X V I I ,  Pa rag raph  2460. 
are : 

The b o l t s  in t h e  cold mass suppor ts  t o  t h e  vacuum 

The g o v e r n i n g  e q u a t i o n s  

L / d  1 0 . 5  + 1 . 4 3  ( fp /SU)  

L/d L 1 . 2  

f p / su  <, I. 5 
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- 0 .62  Su 
Fv .-- .-- 3 

s u  
Ft --. - 2 

B o l t  ma te r i a l  i s  Incone l  718 heat t r ea t ed  t o  Su =1 1.85,OOO p s i .  
The b o l t s  a t t a c h  t o  t h e  o u t e r  vacuum v e s s e l  w a l l  and room 
t e m p e r a t u r e  p r o p e r t i e s  a re  u s e d .  

The  c r i c i c a l  load c o n d i t i o n  is f a u l t  o p e r a t i o n  where t h e  lower,  
i n n e r  s u p p o r t  b o l t  i s  loaded w i t h  a s h e a r  of 1 6 , 8 1 4  lbs. The 
c r i t i c a l  margin of s a f e t y  f o r  t h e  l u g  i s :  

= 4 0 , 0 3 3  p s i  f 16814 
. 5 6  X .75 

L / d  --- e = 1 . 3 3 3  .7a 

The b o l t  s i m u l t a n e o u s l y  e x p e r i e n c e s  a t e n s i l e  l o a d  of 292 Ibs. 

.---2 
2 = 7rD2 = Ipx 4 * 7 5  = 0.4418 i n .  

v = - -  ''''* - 38059 p s i  f 
.4418 

292 - 661 psi. 

Î  0 . 6 2  X 185000 = 38233 psi 
3 Fv -- 

- 185000 = 92,500 psi Ft - 2 
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Z)=R = (,,, 92500 ) 2  + (,,059) 38233 = 0.9910 

- - -1 = +0.009 
"bol t  0 . 9 9 1  

CENTER BOLTS. The b o l t s  a t  t h e  center of t h e  c o l d  mass s u p p o r t s  
which a t t a c h  i t  t o  t h e  c o l d  m a s s  a re  a p a t t e r n  of t h r e e  b o l t s ,  
a s i n g l e  one of which is shown i n  F i g u r e  5 .2-6 .  These b o l t s  are  
0 .50  i n c h e s  i n  d i a m e t e r ,  and made of A-286 h e a t - t r e a t e d  t o  
a m i n i m u m  of 160 ,000  p s i  t ens i l e  s t r e n g t h .  The c o l d  mass is n e a r  
4'K. 
g i v e s  a 1 . 4 8  i n c r e a s e  i n  F t u  a t  1 7 0 K .  The ASME a l l o w a b l e  s h e a r  

The handbook on materials f o r  s u p e r c o n d u c t i n g  machinerv 

0.62 X 1.48 X 160000 = 48,940 psi stress is :  
= 

FV 3 

The c r i t i ca l  l o a d  c o n d i t i o n  is t h e  f a u l t  c o n d i t i o n  a t  the lower 
s u p p o r t  where t h e  l o a d s  a re :  

Axial +- Lateral  = Tota l  

(15027 + 9127) +-9237 = 25860 lbs. 

or  25860 = 8620 l b s / b o l t  s h e a r  
3 

= 4 3 , 9 0 1  p s i  - 8620 - 
-2 f v  n X  .25 

The c r i t i c a l  b e a r i n g  stress is i n  t h e  316 L pads .  The p rocure -  
ment s p e c i f i c a t i o n  of a f a c t o r  of  s a f e t y  of  1 . 5  on y i e l d  is 
more r e s t r i c t i v e  thoan t h e  ASME code.  
v a l u e  a t  4'K, t h e  4 K F t y  v a l u e  is r a t i o e d  by t h e  room t e m p e r a t u r e  
r a t  i o  of Fbry/Fty for 301 t a k e n  from MIL-HDBK-5C. 

To g e t  a b e a r i n g  y i e l d  

50 = 60 ,000  X 3o = 100,000 p s i  @ 4'K Fbry 

= 66308 p s i  - 8620 f b  - - 0.5 X 0 . 2 6  

- 1 = +Q.O05 100,000 
MS = 1.5 X 66308 

5.2.4 VACUUM VESSEL STRESS A N A L Y S I S .  The vacuum vessel w a s  
a n a l y z e d  u s i n g  MSC/NASTRAN f i n i t e  e lement  a n a l y s i s  code  and ASME 
B o i l e r  and P r e s s u r e  Vessel Code. N a s t r a n  models w e r e  u sed  t o  
d e t e r m i n e  t h e r m a l  and magnet ic  l o a d  d i s t r i b u t i o n s ,  as w e l l  as t o  
p r o v i d e  de ta i led  a n a l y s i s  o f  t h e  s t a c k  d i s c o n t i n u i t y  e f f e c t s .  
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+ - 0,260 

COD MASS 
SUPPORT 

COD MASS 

FIGURE 5,2-6 BOLT INSTALLATION - COLD MASS 
SUPPORT TO COLD MASS 
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S e c t i o n  V I I I ,  D i v i s i o n s  1 and 2 ,  were used  i n  t h e  ASME Code 
a n a l y s i s .  

The N a s t r a n  model u sed  t o  d e t e r m i n e  t h e  l o a d  d i s t r i b u t i o n s  is 
shown i n  F i g u r e  5 .2-1 .  I t  c o n s i s t s  o f  150 quad 8 p l a t e  e l e m e n t s ,  
10  t r i a n g u l a r  p l a t e  e l e m e n t s ,  74 b a r  e l e m e n t s ,  and h a s  2572 d e g r e e s  
of f reedom.  Magnet ic  l o a d s  were imposed on t h e  model by a p p l y i n g  
g r a v i t y  l o a d s  t o  t h e  c o l d  mass i n  d i r e c t i o n s  and magni tudes  which 
would s i m u l a t e  t h e  magne t i c  f o r c e s  a c t i n g  on t h e  cold m a s s .  T h e s e  
f o r c e s  are d e f i n e d  i n  F i g u r e  3 .5 -3 .  The r e s u l t s  of  t h i s  model 
were used  f o r  t h e  c o l d  mass s u p p o r t s  and ou t -o f -p l ane  s u p p o r t s  
a n a l y s i s .  The N a s t r a n  model u sed  t o  i n v e s t i g a t e  t h e  s t a c k  d i s -  
c o n t i n u i t y  is  shown i n  F i g u r e  5 .2-7 .  The model c o n s i s t s  of 168 
quad 8 p l a t e  e l e m e n t s  and has 2050 d e g r e e s  of f reedom. The model 
is a h a l f - s e m e t r i c  model of a 70  d e g r e e  segment which s u b t e n d s  
t h e  s t a c k  s e c t i o n  of  t h e  vacuum v e s s e l .  The model a l s o  i n c l u d e s  
t h e  i n n e r  b o r e  c o r n e r  r a d i u s  t o  p r o v i d e  stress d i s t r i b u t i o n  i n  
t h a t  r e g i o n .  The ASME Code 'does  no t  p r o v i d e  for t h e  a n a l y s i s  
of  s i d e  p l a t e s ,  such  as are used  on t h e  vacuum vesse l  and so  t h i s  
model a l s o  p r o v i d e s  d a t a  f o r  t h i s  p o r t i o n  of t h e  s t r u c t u r e ,  as  w e l l .  

The r e s u l t s  of t h i s  model showed t h e  need f o r  r e i n f o r c e m e n t  a c r o s s  
t h e  v e s s e l - s t a c k  i n t e r f a c e .  Due t o  s p a c e  c o n s t r a i n t s ,  t h e  s u p p o r t  
had t o  b e  p l a c e d  i n s i d e  and trimmed t o  o n l y  0 .25"  t h i c k  f o r  a 

' span of 7 .5" .  The p r e s s u r e  l o a d  s u p p o r t e d  is abou t  12" wide.  
The b a r  u sed  is 1 . 0 "  t h i c k  and welded t o  0.25'' t h i c k  o u t e r  p l a t e ,  
Using 1 0 t  e f f e c t i v e  w i d t h ,  I = 0.157, C = 0.304. 

n n 

f = MC/I = 827 X 0 .304 /0 .0157  = 16013 psi 

- 1 = +Q.O4 25000 
MS = 1 .5  X 16013 

The s i d e  p l a t e s  i n d i c a t e  t h a t  stress peak ing  o c c u r s  a t  
app rox ima te ly  t h e  mid r a d i u s  of t h e  s i d e  p l a t e s .  The p r i n c i p a l  
stress i n  t h e  r a d i a l  d i r e c t i o n  is 9110 p s i  and t h e  2099 p s i  i n  
t h e  t a n g e n t i a l  d i r e c t i o n .  T h i s  i s  an e f f e c t i v e  stress of  
8263 p s i  f o r  a margin of  s a f e t y  o f :  

- 1 = +1.02  o n  y i e l d  25000 
MS = 1 . 5  (82.63) 

The peak stress i n  t h e  i n n e r  b o r e  corner r a d i u s  o c c u r s  a t  
approx ima te ly  4 5 O  of t h e  900 c o r n e r  r a d i u s .  T h e . p r i n c i p a 1  
stresses are -5 ,680 p s i  and -12 ,990  m i ,  r e s p e c t i v e l y .  T h i s  
is an e f f e c t i v e  stress of 1 1 , 2 7 9  p s i  f o r  a margin of s a f e t y  
o f :  

25000 - 1 = + . 4 8  on y i e l d  MS = 1 . 5  ( 1 1 , 2 7 9 )  
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The peak stress i n  t h e  s t a c k  s i d e  p l a t e s  o c c u r s  approx ima te ly  
h a l f  way up t h e  s t a c k .  The p r i n c i p a l  stresses a r e  13,117 p s i  
i n  t h e  v e r t i c a l  d i r e c t i o n  and 4 , 9 5 7  p s i  i n  t h e  h o r i z o n t a l  
d i r e c t i o n .  T h i s  i s  an  e f f e c t i v e  stress of  1 1 , 4 7 2  p s i  f o r  a 
margin of s a f e t y  o f :  

- 1 = + . 4 5  on y i e l d  25000 '' = 1.5 ( 1 1 , 4 7 2 )  

The center b o r e ,  corner  r a d i u s ,  and s i d e  p l a t e s  were a l l  
i n i t i a l l y  s i z e d  u s i n g  t h e  ASME code .  The center b o r e  w a s  
s i z e d  t o  pe rmi t  p r e s s u r e  r e v e r s a l  w i t h o u t  c o l l a p s e .  The margin 
of s a f e t y  on c o l l a p s e  is +2 .94 .  

The center b o r e  b u t t  weld is s i z e d  t o  pe,mit non- rad iog raph ic  
i n s p e c t i o n  a c c o r d i n g  ts t h e  r e q u i r e m e n t s  of D i v i s i o n  1. The 
margin of  s a f e t y  on t h i s  weld is + . 2 0 .  

The ou t -o f -p l ane  s u p p o r t  l u g s  i n c u r  a peak  l o a d i n g  of  22,660 lb. 
d u r i n g  f a u l t  c o n d i t i o n  l o a d i n g .  The bolts which ho ld  t h e  
s u p p o r t s  t o  t h e  vacuum v e s s e l  are 1.0" I n c o n e l  718, h e a t  t r e a t e d  
t o  180 k s i .  The margin  of s a f e t y  i n  s h e a r  is: 

Bea r ing  margin of s a f e t y  on t h e  h o l e s  i n  t h e  ou t -o f -p l ane  
s u p p o r t  l u g s  is : 

5 . 2 . 5  MISCELLANEOUS STRESS ANALYSIS. 

OUT-OF-PLANE STRUTS. The ou t -o f -p l ane  s t r u t s  are c o n s e r v a t i v e l y  
s i z e d  t o  c a r r y  a l l  ou t -o f -p l ane  loads on a s i n g l e  p a i r .  The 
m a x i m u m  l o a d  based  on  f i n i t e  element a n a l y s i s  is 

P = 22660 l b  

The s t r u t s  a re  made from 304L 2 .0"  hex s t o c k .  

'y = 25,000 p s i  

2 A = 3 . 0  i n .  

r = 0.5270 i n .  
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T h e  column i s  checked  t o  t h e  ASME Code, S e c t i o n  111, Appendix 
XVII, Para, 2213. 

Fa - f ( S y J  K l / r j  Cc )  = 1 3 , 2 6 0  p s i  

NOTE: T h i s  is l e s s  t h a n  S / 1 . 5  
Y 

f == p/A = - 22660 - - 7553 p s i  
3 . 0  

The h i g h  s t r e n g t h  r o d  end t h r e a d s  i n t o  t h e  end  of t h e  s o f t  304L 
hex .  The b a l a n c e d  s t r e n g t h  s h e a r  s e c t i o n  t h r u  t h e  t h r e a d s  is 
a t  abou t  80% of t h e  304L t h r e a d  s e c t i o n .  The t h r e a d  engagement 
is  a t  least  1,O i n c h .  

As = L X P . D .  X n X  0 .8  = 3.0  i n .  2 

fs = 22660/3 .0  = 7550 p s i  

zz 0 .6  F = 15000 p s i  
*§Y t Y  

- 1 = + 0 . 3 2  15000 
1 . 5  X 7550 MS = 

The m a n u f a c t u r e r  ' s u l t i m a t e  r a t i n g  of the BRE-16-2450 r o d  e n d  
is 73,300 l b s .  T e s t  d a t a  i n d i c a t e s  a f a c t o r  of 1 . 5  between 
t h e  p r o p o r t i o n a l  l i m i t  and u l t i m a t e .  

- 1 = i-0.44 7 3 3 0 0 p . 5  
MS = 1 . 5  X 22660 
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AXIAL STIFFNESS ANALYSIS. I n f o r m a t i o n  p rov ided  by ORNL i n d i c a t e d  
t h a t  the r e q u i r e d  a x i a l  s t i f f n e s s  for s t a b i l i t y  of a t o r o i d a l  
a r r a y  is:  

For EBT-P 

ks > 26,700 l b / i n  

From N a s t r a n  model,  a x i a l  d i s p l a c e m e n t  due  t o  an  ou t -o f -p l ane  
force of  7 3 , 0 0 0  pounds is -091482 (mean va lue  of 12  p t s . ) .  

Then 

- - 73 Oo0 = 797,970 l b / i n  ks .Oh1482 
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5 . 3  THERMODYN,kM I C  ANALYS 1 S 

5 . 3 . 1  STABILITY. T h e  ve ry  h igh  o v e r a l l  c u r r e n t  d e n s i t y  of 
10,000 A/cmz r e q u i r e d  f o r  t h e  ERT-P mirror c o i l s  n e c e s s i t a t e s  
a m e t a s t a b l e  conduc to r  design. A t  t h e  90 GHz o p e r a t i n g  p o i n t ,  
t h e  1683 amp c u r r e n t  and 7.4T peak f i e l d  produce a j o u l e  h e a t  
f l u x  of 1 .57  iil’/cr$ on t h e  w e t t e d  p e r i m e t e r  of t h e  conduc to r .  
Although t r a n s i e n t  peak n u c l e a t e  b o i l i n g  f l u x e s  i n  hel ium a r e  
approx ima te ly  t h a t  h lgh  ( R e f e r e n c e s  5.3-1,  5.3-2), t r a n s i - e n t  
r e c o v e r y  f l u x e s  a r e  typically about  t h e  same as  s t e a d y - s t a t e  
r ecove ry  f l u x e s ,  rough ly  10% of t h e  t r a n s i e n t  n u c l e a t e  peak 
l e v e l s  (Refe rence  5.3-1). Thus,  r e c o v e r y  from t h e  normal s t a t e  
is no t  expec ted  w i t h  t h e  EST-P c o n d u c t o r ,  and s t a b i l i t y  depends 
on t h e  p r e v e n t i o n  of t h e  forma-Lion of a norriral zone.  The 
conduc to r  must w i t h s t a n d  t r a n s i e n t  f a u l t  e v e n t s  a s s o c i a t e d  w i t h  
conductor  motion as w e l l  a s  a s t e a d y - s t a t e  h e a t i n g  from x- rays  
produced i n  t h e  plasma.  . 

A t  90 GHz, t h e  c o i l  is o p e r a t e d  a t  only 60% o f  t h e  conduc to r  
c r i t i c a l  c u r r e n t  t o  p r o v i d e  a margin of . 7 K  above t h e  b a t h  
t e m p e r a t u r e  of 4.2K b e f o r e  c u r r e n t  s h a r i n g  b e g i n s .  The c r i t i c a l  
t e m p e r a t u r e  of t h e  conduc to r  a t  1683 amps and  7 . 4 T  is 5 . 8 K .  
The bas i c  u n i t  c e l l  is shown i n  F i g u r e  5 .  3-1, t o g e t h e r  w i t h  t h e  
p e r t i n e n t  pa rame te r s  used  i n  t h e  s t a b i l i t y  a n a l y s i s .  

The magnet s y s t e m  s p e c i f i c a t i o n  (Refe rence  5 - 3 - 3 )  r e q u i r e s  t h e  
conduc to r  pack t o  w i t h s t a n d  a s t e a d y - s t a t e  h e a t  l o a d  due t o  
x- rays  of 1OW p e r  c o i l  a t  90 G H z .  T h i s  is e q u i v a l e n t  t o  an 
ave rage  energy  d e p o s i t i o n  of 0 .30  mW/crnS o f  conduc to r  or a h e a t  
f l u x  of  . 0 5 9  mW/cm:! of conduc to r  w e t t e d  s u r f a c e .  A t  t h e  i n s i d e  
c o r n e r  of  t h e  c o i l  pack,  where the x-ray h e a t i n g  is most s e v e r e ,  
t h e  peak  d e p o s i t i o n  r a t e  f o r  a. 106Y t o t a l  l o a d  i s  approx ima te ly  
0 . 7 5  mlY/cm3, which co r re sponds  t o  a w e t t e d  s u r f a c e  h e a t  f l u x  of 
. 174 mW/ cm2 , 

The c r i t i c a l  h e a t  f l u x  i n  t h e  v e r t i c a l  channe l  shown i n  F i g u r e  
5 . 3 - 2  m a y  be e s t i m a t e d  from t h e  c o r r e l a t i o n  g iven  i n  Refe rence  
5.3-4,  i.e., 

5.3-1 w = o -  
qc  J2 

Where 

2 = m a x i m u m  h e a t  f l u x  i n j e c t e d  i n t o  a channe l  (W/cm 1 
9, 

CJ a 7.0 ( e m p i r i c a l  c o n s t a n t )  

V? = w i d t h  of channe l  ( c m )  

Z = h e i g h t  of channe l  (cm) 
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, 320 

'y 

ALL DIMENSIONS I N  'CM 

U N I T  CELL AREA = ,170 CIl2 
CONDUCTOR AREA = ,143 CM2 
COPPER : SUPERCONDUCTOR = 3 : 1 
SUPERCONDUCTOR AREA = ,0357 CM2 
COPPER AREA = ,107 CM2 
WETTED PERIMETER = ,746 CM 
HELIUM VOLUME 
IFJSULATION COVERAGE 
Io = 1683 AMPS 
EN*, = 7 A  T 

STAB I LIZER RRR 
C R I T I C A L C U RR EN T 

= 9% OF UNIT CELL VOLUME 
= 50% OF CONDUCTOR SURFACE 

= 120 
= 2500 AMPS AT 7 , 4  T, 4,ZK 

BATH TEPIPERATURE = 412K 

95 = 1,57 W/CM2 

"FIGURE 5,T-I EBT-P UNIT CELL AND STABILITY PP.F?AMETERS 
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CM 

FIGURE 5,3-2 MAXIMUM HEATED CHANNEL VERTICAL LENGTH 
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Taking  t h e  i n s u l a t i n g  wrap t h i c k n e s s  as t h e  channe l  w id th  ( . 015  c m ) ,  
and t h e  chord  l e n g t h  i n d i c a t e d  i n  F i g u r e  5.3-2 as t h e  maximum 
channe l  h e i g h t  (50cm) g i v e s  a c r i t i c a l  f l u x  o f  15 mW/cm2. Thus,  
h e a t  removal s h o u l d  be accompl ished  i n  t h e  n u c l e a t e  b o i l i n g  
reg ime,  even  though t h e  e f f e c t s  of  vapor  accumula t ion  a n d / o r  
h o r i z o n t  a1 s u r f  aces b l o c k i n g  upward f low w i t h i n  t h e  conduc to r  
pack  c o u l d  deg rade  t h e  c r i t i c a l  f l u x  s i g n i f i c a n t l y  . However , 
a t  t h e  w o r s t  h e a t i n g  l o c a t i o n ,  t h e  p r e s e n c e  o f  g r o u n d / g r i d  
i n s u l a t i o n  s h o u l d  p r o v i d e  enough he l ium volume l o c a l l y  t o  a v o i d  
t h i s  d e g r a d a t  i o n .  

The t e m p e r a t u r e  d i f f e r e n c e  between conduc to r  and  b a t h  r e q u i r e d  
t o  t r a n s f e r  .18 mW/cm2 must b e  l e s s  t h a n  t h e  conduc to r  c u r r e n t  
s h a r i n g  margin .  A t  t h i s  ve ry  l o w  f l u x  l e v e l ,  h e a t  t r a n s f e r  
approaches  a l i m i t i n g  case o f  conduc t ion  across a l i q u i d  f i l m  
i n t o  t h e  i n t e r c o n d u c t o r  channe l .  A minimum h e a t  t r a n s f e r  
c o e f f i c i e n t  can be  c a l c u l a t e d  by assuming a channe l  N u s s e l t  
number of u n i t y  and  u s i n g  a channe l  h y d r a u l i c  d i a m e t e r  of  .029 c m .  
I f  t h e  channe l  is assumed vapor  l o c k e d  so t h a t  no li u i d  is 

t h e  m a x i m u m  t e m p e r a t u r e  d i f f e r e n c e  r e q u i r e d  t o  remove ,18 mW/cm 
is .050K. 

p r e s e n t ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  is 3 . 6 5  mW/cm 3 - K ,  and  

The a n a l y s i s  i n d i c a t e s  t h a t  t h e  b o i l i n g  h e a t  t r a n s f e r  s h o u l d  
b e  s u f f i c i e n t  t o  remove t h e  s t e a d y - s t a t e  x-ray h e a t i n g  w i t h  a 
l a r g e  margin o f  s a f e t y .  T h i s  c o n c l u s i o n  is a t  odds  w i t h  t h e  
r e s u l t s  o f  t h e  x-ray h e a t i n g  s i m u l a t i o n  done i n  t h e  open dewar 
test  o f  t h e  f i r s t  development c o i l  a t  ORNL, which i n d i c a t e d  
t h a t  13W is t h e  maximum l o a d  fo r  t h e  c o n d u c t o r  pack t o  be  s t a b l e  
One p o s s i b l e  e x p l a n a t i o n  for t h e  d i f f e r e n c e  is t h e  p o s s i b i l i t y  
o f  l o c a l i z e d  vapor  l o c k i n g  of t h e  he l ium w i t h i n  t h e  pack.  A 
t es t  t o  measure t h e  s t e a d y - s t a t e  he l ium h e a t  t r a n s f e r  w i t h i n  a 
s i m u l a t e d  conduc to r  pack  is recommended t o  b e t t e r  u n d e r s t a n d  t h e  
r e a s o n s  f o r  t h i s  d i s c r e p a n c y .  

The open dewar t es t  a t  ORNL a l s o  demons t r a t ed  an unexpec ted  
l e v e l  of  s t a b i l i t y  a g a i n s t  t r a n s i e n t  f a u l t  e v e n t s  i n  t h e  f i r s t  
development c o i l ,  p a r t i c u l a r l y  i n  l i g h t  o f  t h e  f a c t  t h a t  t h e  
conduc to r  w a s  demons t r a t ed  t o  have  l i f t e d  o f f  t h e  bobbin .  
F i g u r e  5.3-3 is a p l o t  of t h e  ene rgy  d e p o s i t i o n  r e q u i r e d  t o  
create t h e  minimum p r o p a g a t i n g  zone  (MPZ)  as a f u n c t i o n  o f  
maximum, or peak ,  n u c l e a t e  b o i l i n g  h e a t  f l u x .  The a n a l y s i s  is 
documented i n  Appendix B-4 . The r e s u l t  of t h e  a n a l y s i s  is 
t h a t  i f  t h e  c o i l  is s t a b l e ,  t h e n  t h e  ene rgy  d e p o s i t i o n  from a 
f a u l t  e v e n t  such  as a s l i p  must be ve ry  s m a l l ,  even as t h e  peak 
n u c l e a t e  b o i l i n g  f l u x  approaches  t h e  h igh  l e v e l s  a s s o c i a t e d  
w i t h  t r a n s i e n t  b o i l i n g  h e a t  t r a n s f e r  i n  h e l i u m .  

Two a n a l y s e s  were done t o  de te rmine  whether  t h e  heat f l u x e s  and 
ene rgy  d e p o s i t i o n s  o f  F i g u r e  5 . 3 - 3  are c r e d i b l e  i n  terms of  t h e  
EBT-P conduc to r  pack .  The f i r s t  a n a l y s i s  w a s  done t o  estimate 
t h e  magnitude of energy  d e p o s i t i o n  from t w o  d i f f e r e n t  f a u l t  
e v e n t s ,  o n e  a r a d i a l  s l i p ,  t h e  o t h e r  an ax ia l  s l i p  of a conduc to r  
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i n  t h e  first l a y e r  of t h e  wind ing .  The second w a s  done t o  
estimate t h e  l e v e l  of heat t r a n s f e r  w i t h i n  t h e  conduc to r  pack ,  
c o n s i d e r i n g  a channe l  l i m i t e d  b o i l i n g  mechanism and also a n  
induced  f low mechanism u t i l i z i n g  t h e  c a p i l l a r y  a c t i o n  of t h e  
po rous  Nornex b r a i d  i n s u l a t i o n .  Both a n a l y s e s  are documented i n  
Appendix E-4 . 
The f i rs t  f a u l t  even t  a n a l y z e d  assumed t h a t ,  due t o  f r i c t i o n  
between two a d j a c e n t  t u r n s ,  t h e  conduc to r s  are c o n s t r a i n e d  t o  
move t o g e t h e r  as t h e  conduc to r  pack l i f t s  o f f  t h e  bobbin .  
However, s i n c e  there  is an a x i a l  g r a d i e n t  i n  t h e  r ad ia l  magne t i c  
f o r c e ,  a s l i p  between the c o n d u c t o r s  can o c c u r .  The e x p r e s s i o n  
for t h e  ene rgy  released d u r i n g  s u c h  a s l i p ,  d e r i v e d  i n  Appendix 

0 - 3  , is: 

5.3-2 

Where 

AU = ene rgy  r e l e a s e d / u n i t  l e n g t h  o f  conduc to r  (J/m) 

p = c o e f f i c i e n t  of f r i c t i o n  at s l i p  plane 

Fa = accumula ted  a x i a l  force on conduc to r  a t  s l i p  p l a n e  ( N )  

AFr = d i f f e r e n c e  i n  n e t  rad ia l  force between a d j a c e n t  
conduc to r s  ( N )  

r = r a d i u s  o f  s l i p p i n g  conduc to r  ( m )  

Ac = c r o s s - s e c t i o n a l  area of conduc to r  ( m  ) 

E = Young's modulus of t h e  conduc to r  (Pa)  

2 

If t h e  t e r m  AF,/vFa is g r e a t e r  t h a n  one ,  a s l i p  can o c c u r .  
Examinat ion of t h e  forces  a c t i n g  on t h e  f i r s t  layer  c o n d u c t o r s  
shows t h a t  t h e  q u a n t i t y  AFr/Fa is s m a l l  everywhere  e x c e p t  a t  
t h e  s idewal l  ( n e g l e c t i n g  any ax ia l  precompress ion  of t h e  w i n d i n g ) ,  
and  even at t h a t  p o i n t ,  a c o e f f i c i e n t  of f r i c t i o n  smaller t h a n  
0.09 i s  n e c e s s a r y  f o r  a r a d i a l  s l i p  t o  occur .  The m a x i m u m  s l i p  
ene rgy  c o r r e s p o n d s  t o  p = 0 .05 ,  f o r  which AU = 2mJ/m o r  . 1 5 0 m J / c m  , 

The s e c o n d  f a u l t  e v e n t  a n a l y z e d  was an a x i a l  s l i p  a l o n g  t h e  
bobb in .  I n  t h i s  scenario,  as t h e  magnet is c h a r g e d ,  a t  some 
p o i n t  t h e  accumula ted  a x i a l  force becomes greater t h a n  t h e  
f r i c t i o n a l  forces p r e s e n t  because  of t h e  winding  p r e t e n s i o n  and 
can  c a u s e  a s l i p  i f  a gap between a d j a c e n t  c o n d u c t o r s  e x i s t s .  
T h i s  case is more d i f f i c u l t  t o  a n a l y z e  due t o  t h e  complex way 
t h e  a x i a l  fo rces  accumula te  assuming t h e  c o n d u c t o r s  h a v e n ' t  
l i f t e d  o f f  t h e  bobb in .  Q u a l i t a t i v e l y ,  t h e  f o r c e s  t h a t  would 
produce  an a x i a l  s l i p  d u r i n g  a chargeup are  shown i n  F i g u r e  5.3-4. 
As t h e  magnet is cha rged ,  t h e  f r i c t i o n a l  r e s t r a i n i n g  f o r c e  
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decreases because  t h e  n e t  inward rad ia l  f o r c e  is d e c r e a s i n g .  
A t  t h e  same t i m e ,  the  a x i a l  forces t h a t  produce  t h e  s l i p  are 
i n c r e a s i n g .  The n e t  r e s u l t  is t h a t  motion can o c c u r  a t  c u r r e n t  
l e v e l s  below t h e  c u r r e n t  at which l i f t o f f  o c c u r s .  Motion a t  
lower c u r r e n t  l e v e l s  releases less ene rgy  because t h e  f o r c e s  
are s m a l l ,  and there is a l a r g e r  margin o n  t h e  c u r r e n t  s h a r i n g  
t e m p e r a t u r e  d i f f e r e n c e  because  t h e  c o n d u c t o r  is o p e r a t i n g  a t  a 
smaller f r a c t i o n  of its c r i t i c a l  c u r r e n t .  Both e f f e c t s  can  
account  f o r  t h e  o b s e r v e d  s t a b i l i t y  i n  the  f i r s t  development c o i l  

A l l  of t h e  ene rgy  released as a r e s u l t  of  c o n d u c t o r  motion does 
not  go d i r e c t l y  i n t o  t h e  conduc to r .  In  Appendix B-4 , it is 
shoym t h a t  when two materials s l i d e  a g a i n s t  each o t h e r  o r  c o l l i d e  
i n t o  each o t h e r ,  t h e  energy  is d i s s i p a t e d  i n  each material 
a c c o r d i n g  to: 

Where 

AUl = ene rgy  d i s s i p a t e d  i n  m a t e r i a l  1 

AU = t o t a l  ene rgy  r e l e a s e d  d u r i n g  s l i p  o r  c o l l i s i o n  

5 . 3 - 3  

El = Young's modulus of material  1 

E2 = Young's modulus of  material 2 

Using v a l u e s  of 1 X IO5 MPa f o r  t h e  modulus of c o p p e r ,  and 70 MPa 
f o r  t h e  e f f e c t i v e  modulus of  t h e  Nomex b r a i d ,  Equa t ion  5 . 3 - 3  
s a y s  t h a t  e s s e n t i a l l y  a l l  of t h e  r e l e a s e d  ene rgy  goes i n t o  t h e  
b r a i d  immedia te ly  a f t e r  a s l i p .  

The p o r o s i t y  of  t h e  b r a i d  a l l o w s  he l ium t o  permeate  i n t o  i t ,  
which  i n  t u r n  means t h a t  t h e  ene rgy  d e p o s i t e d  i n  t h e  b r a i d  is 
absorbed by t h e  he l ium d i r e c t l y .  The Nomex f i l a m e n t s  compr i s ing  
t h e  b r a i d  form c h a n n e l s  for helium f l o w  t h a t ,  q u a l i t a t i v e l y  at 
l e a s t ,  s h o u l d  e x h i b i t  s imilar  t r a n s i e n t  h e a t  t r a n s f e r  b e h a v i o r  
as  t h a t  o b s e r v e d  i n  i n t e r n a l l y  c o o l e d  c a b l e d  s u p e r c o n d u c t o r s .  
There  is also a pumping c a p a b i l i t y  of t h e  b r a i d ,  due t o  c a p i l l a r y  
a c t i o n ,  t h a t  t e n d s  t o  minimize any local c h a n n e l  d r y o u t s ,  and 
keeps t h e  b r a i d ,  and also t h e  c o n d u c t o r  s u r f a c e  unde rnea th  t h e  
b r a i d ,  at  least  p a r t i a l l y  wetted. It is p o s s i b l e  t h a t  t h e  b r a i d  
a c t s  l i k e  t h e  w i c k  of a h e a t  p i p e ,  and p r o v i d e s  a s i g n i f i c a n t  
enhancement of t h e  normal b o i l i n g  h e a t  t r a n s f e r  w i t h i n  t h e  
conduc to r  pack .  A s i m p l e  a n a l y s i s ,  documented i n  Appendix 6-4 , 
s u g g e s t s  t h a t  t h e  wick ing  action of t h e  b r a i d  c o u l d  produce  heat 
f l u x e s  w i t h i n  t h e  b r a i d  of a t  least  t h e  same o r d e r  of magni tude  
as t h e  c h a n n e l  b o i l i n g  f l u x  t h a t  o c c u r s  a t  t h e  bare conduc to r  
s u r f  ace. 
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The maximum channel  b o i l i n g  f l u x  can be e s t i m a t e d  u s i n g  E q .  5 .3-1.  
The d i f f i c u l t y  is de te rmin ing  what a "channel"  i s  w i t h i n  t h e  
conducto-r pack .  A r e a s o n a b l e  assumpt ion  t o  de te rmine  a maximum 
f l u x  i s  t o  assume a channel  one-"wrap-thickness wide wi th  a 
h e i g h t  e q u a l  t o  t h e  s h o r t  conduc to r  d imens ion ,  i.e., t h e  channe l  
formed between two h o r i z o n t  a1 c o n d u c t o r s .  With a wrap t h i c k n e s s  
o f  .015cm and conduc to r  h e i g h t  of  .29cm, E q .  5 .3-1 p r e d i c t s  a 
maximum b o i l i n g  f l u x  of 0 . 2 0  W/cm2. T h i s  es t imate  is probably  
o p t i m i s t i c  when compared t o  t h e  d a t a  of  Reference  5.3-1, and 
is c o n s i d e r e d  an upper  bound for t h e  s t e a d y - s t a t e  h e a t  f l u x  
o b t a i n a b l e  w i t h i n  t h e  conduc to r  pack. Maximum t r a n s i e n t  peak  
n u c l e a t e  b o i l i n g  f l u x e s  might be up t o  s i x  t i n e s  t h i s  v a l u e  f o r  
very  h igh  power,  s h o r t  d u r a t i o n  h e a t i n g  p u l s e s  d e p o s i t e d  d i r e c t l y  
t o  t h e  c o n d u c t o r .  

The open, dewar t e s t  x-ray h e a t i n g  s i m u l a t i o n  s u g g e s t s  t h a t  t h e  
s t e a d y - s t a t e  h e a t  t r a n s f e r  is c o n s i d e r a b l y  l e s s  t h a n  p r e d i c t e d  
above.  However, i t  is unknown whether  t h e  r e s u l t s  of t h e  open 
dewar t e s t  app ly  o n l y  g l o b a l l y  o r  whether  t h e y  are  v a l i d  f o r  a 
s i n g l e  h e a t e d  conduc to r .  The  I-esclts do imply t h a t  t h e  background 
h e a t i n g  does degrade  t h e  h e a t  removal c a p a c i t y  of t h e  he l ium 
d u r i n g  a f a u l t  e v e n t ,  however. 

The p r e c e d i n g  a n a l y s e s  have  shown t h a t ,  due t o  t h e  l o w  modulus 
of t h e  Nomex b r a i d e d  i n s u l a t i o n  and t h e  way t h e  magnetic. Porces  
o p e r a t e  w i t h i n  a c o i l ,  t h e  f a u l t  e n e r g i e s  d e p o s i t e d  i n  t h e  
conduc to r  are p robab ly  t h e  same o r d e r  of magnitude as t h e  
minimum p r o p a g a t i n g  zone ene rgy  of  t h e  conduc to r ,  a few t e n t h s  
of  a m i l l i j o u l e  p e r  cm3. N o r m a l  channe l  b o i l i n g  f l u x e s  were 
e s t i m a t e d  t o  b e  of t h e  o r d e r  o f  10-1 W/cm2, which i s  t o o  l a r g e  
t o  e x p l a i n  t h e  x-ray h e a t i n g  r e s u l t s  of t h e  f i r s t  development 
c o i l  t e s t ,  and t o o  small  t o  e x p l a i n  t h e  s t a b i l i t y  of t h e  c o i l  
a g a i n s t  conduc to r  mot ion .  T h i s  i m p l i e s  t h a t  a n o t h e r  h e a t  
t r a n s f e r  mechanism is  a c t i n g  w i t h  t h e  c o i l  pack.  One p o s s i b i l i t y  
is h e a t  t r a n s f e r  due t o  induced  flow caused  by c a p i l l a r y  ac t ion  
w i t h i n  t h e  b r a i d e d  conduc to r .  To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  
and t o  de t e rmine  t h e  s t e a d y - s t a t e  h e a t  t r a n s f e r  and  o p e r a t i n g  
t e m p e r a t u r e  w i t h i n  t h e  conduc to r  pack ,  a h e a t  t l - a n s f e r  t es t  on  
a s i m u l a t e d  conduc to r  pack is recommended. The pack s h o u l d  
model t h e  EBT-P winding  c o n f i g u r a t i o n ,  channe l  s i z e s ,  and  s u r f a c e  
o r i e n t a t i o n s  seen w i t h i n  t h e  magnet. The p o s s i b l e  e f f e c t  of t h e  
porous  b r a i d  s h o u l d  be checked by  comparing t h e  heat t r a n s f e r  
from an i d e n t i c a l  conductor /wrap  conf i g u r a t  i o n  u t i l i z i n g  a 
non-porous i n s u l a t i o n  such  as Kapton t a p e .  

O n c e  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  conduc to r  pack are 
a c c u r a t e l y  de t e rmined ,  i t  i s  p o s s i b l e  t o  b e t t e r  unde r s t and  why 
t h e  f irst  development c o i l  behaved as i t  d i d  d u r i n g  t h e  open 
dewar t e s t .  T h i s  i n  t u r n  a s s u r e s  a h i g h e r  d e g r e e  o f  manufac tu r ing  
q u a l i t y  c o n t r o l  as t h e  EBT-P program t r a n s i t i o n s  from development 
t o  product  i o n  phase .  

5-42 



5 - 3 . 2 .  HEAT LOADS TO CRYOGENS. The EBT-P mir ro r  c o i l s  are 
d e s i g n e d  t o  o p e r a t e  i n  s a t u r a t e d  l i q u i d  he l ium a t  a b a t h  
t e m p e r a t u r e  of 4.2K. A l i q u i d  n i t r o g e n  sys t em is employed t o  
p r o v i d e  a 7 7 K  t h e r m a l  s h i e l d  between t h e  c o l d  mass and  room 
t e m p e r a t u r e  dewar t o  minimize the  h e a t  l e a k  t o  t h e  l i q u i d  
he  1 ium. 

The major components o f  t h e  B e  r e f r i g e r a t i o n  and l i q u e f a c t i o n  
l o a d s  are shown i n  F i g u r e  5 . 3 - 5 .  The major s o u r c e s  are t h e  
x-ray h e a t i n g  from t h e  p lasma,  conduc t ion  from t h e  LN2 
i n t e r c h p t s  i n  t h e  c o l d  mass s u p p o r t s ,  and  conduc t ion  a l o n g  t h e  
v a r i o u s  e l emen t s  compr i s ing  t h e  service s t ack .  

The v a l u e  l i s t e d  i n  F i g u r e  5 . 3 - 5  for t h e  x-ray h e a t i n g  is a 
s p e c i f i c a t i o n  maximum l i m i t  and n o t  t h e  a c t u a l  l o a d .  A 
s h i e l d i n g  a n a l y s i s  done by MDAC i n d i c a t e s  t h a t  t h e  a c t u a l  
maximum heat l o a d  is 2.5W due t o  x-rays.  

The conduct  i o n  l o a d s  were computed assuming one-d imens iona l  
heat t r a n s f e r  and u s i n g  t h e r m a l  C o n d u c t i v i t y  i n t e g r a l s  t o  
account  f o r  t h e  t e m p e r a t u r e  dependence of c o n d u c t i v i t y  a t  l o w  
t e m p e r a t u r e s .  F i g u r e  5.3-6 shows a s k e t c h  o f  one -qua r t e r  o f  
a s u p p o r t ,  i d e n t i f y i n g  t h e  p a r a m e t e r s  of t h e  a n a l y s i s  per formed 
t o  d e t e r m i n e  t h e  s u p p o r t  h e a t  leak. The s i n g l e  p i e c e  t i t a n i u m  
s u p p o r t  is shown. 

A s c h e m a t i c  diagram o f  t h e  conduc t ion  p a t h s  i n  t h e  s t a c k  is 
shown i n  F i g u r e  5 . 3 - 7 .  The s t a c k  w a l l  and  gaseous  h e l i u m / b a f f l e  
p a t h s  a re  LN2 i n t e r c e p t e d .  The vacuum j a c k e t s  of t h e  v e n t / c o l d  
gas r e t u r n  l i n e  and t h e  he l ium f i l l  t u b e s  are p a r t i a l l y  
i n t e r c e p t e d  w i t h  b e r y l l i u m / c o p p e r  f i n g e r  s p r i n g s  p r o v i d i n g  
some the rma l  c o n t a c t .  The h e a t  l e a k  c a l c u l a t i o n  a l l o w e d  f o r  
a h i g h  t h e r m a l  c o n t a c t  r e s i s t a n c e  a t  t h a t  p o i n t ,  and  t h e r e f o r e  
those  p a t h s  are  assumed i n t e r c e p t e d  a t  100K. 

The pu rpose  of  t h e  G - 1 0  b a f f l e s  i n  t h e  s t a c k  is t o  e l i m i n a t e  
any  n a t u r a l  convec t  i on  loops above t h e  l i q u i d  l e v e l .  The 
b a f f l e  s p a c i n g  w a s  de t e rmined  by r e q u i r i n g  t h e  Grashof -P rand t l  
p roduc t  o f  t h e  gas  t o  b e  l ess  t h a n  2000, which l i m i t s  t h e  
N u s s e l t  number fo r  hea t  t r a n s f e r  between t w o  a d j a c e n t  h o r i z o n t a l  
p l a t e s  t o  u n i t y ,  i . e . ,  h e a t  t r a n s f e r  is by conduc t ion  o n l y .  
(Refe rence  5 . 3 - 5 )  

The vapor  c o o l e d  l e a d s  a re  s t a n d a r d  E f f e r s o n - t y p e  leads r a t e d  
a t  2000 amps. The b o i l o f f  rate is b a s e d  on an optimum b o i l o f f  
o f  1 . 4  ml/A-hr-lead a t  r a t e d  c u r r e n t  and is d e r a t e d  a c c o r d i n g  
t o  

= .60 f .40 
'rated ' r a t e d  

(5.3-4) 
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Where 

qop = t h e  operating b o i l o f f  

= t h e  optimum b o i l o f f  a t  r a t ed  c u r r e n t  %at e d 

I = o p e r a t i n g  current 
O P  

Irated = rated c u r r e n t  

T h e  l o a d s  to t he  l i q u i d  n i t r o g e n  s y s t e m  are shown i n  F i g u r e  
5.3-8 a n d  consist of conduc t ion  loads to t h e  i n t e r c e p t s  i n  
the s u p p o ~ t s  and  s t a c k ,  and t h e r m a l  r a d i a t i o n  from t h e  dewar 
w a l l  a% room tempera ture  through 20 l ayers  of MLI t o  t h e  c o l d  
wall. In te l -cept  l o c a t i o n s  are  i n d i c a t e d  i n  F igu re  5 . 3 - 6  for 
t h e  s u p p o r t s  and  i n  F i g u r e  5.3-7 for t h e  s tack .  

The heat load t h r o u g h  t h e  MLI, which is double  aluminized 
m y l a r  w i t h  dacmn spacers, was computed (on  both  s i d e s  o f  t h e  
c o l d  w a l l )  usii ig a n  e f f ec t ive  thermal. c o n d u c t i v i t y  for a n  MLI 
b l anke t  given by (Reference 5 3-6 > : 

I 

N = l a y e r  d e n s i t y  (79 Layer s / inch )  

N = number of l ayers  

Th = hot s i d e  tempel-ature ( R )  

Tc = cold s ide t e m p e r a t u r e  ( R )  

E = s h i e l d  emittance (.Q7 f o r  DAM) 

17 = Stefan-Boltzman @ o n s t a n t  (1 .714 X 10'' BTU/hr-f t  2 - R4) 

@%fl = 8 f feet 1 ve con duct i v i  t y (BTU/ h r- f t -R > 
'Pa account far pins, sea , and p e n e t r a t i o n s  i n  a b l a n k e t ,  

dard prac t ice  at GDC is to multiply t he  above K,ff by a 
factor  of 4 . 0  before computing radiation loads. However, 
s i i s c s  t h e  l a y e r s  in the EBT blankets are p e r f o r a t e d ,  a 25% 
degradation (increase) in the  above v a l u e  was assumed, as 
i n d i c a t e d  by data f r o m  Reference 5.3-7. T h e r e f o r e ,  a f a c t o r  
of 5 ins tead  sf 4 was used Lo compute the r a d i a t i o n  loads 
through t h e  MLI .I 
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Detai ls  of t h e  a n a l y s e s  t o  compute t h e  v a r i o u s  h e a t  l oads  a r e  
g iven  i n  Appendix B-4  . 
5 .3 .3  QUENCH PRESSURE RISE. 

In  t h e  e v e n t  of a global quench of a c o i l  and s u b s e q u e n t  h i g h  
h e a t  g e n e r a t i o n  rates w i t h i n  t h e  c o n d u c t o r ,  l a r g e  amounts of 
ene rgy  w i l l  be a b s o r b e d  by t h e  l i q u i d  h e l i u m  i n  t h e  c r y o s t a t  
i n  a s h o r t  p e r i o d  of t i m e .  The i n t e r n a l  p r e s s u r e  w i l l  r i s e  
r a p i C l y  and  must be  r e l i e v e d  before s t r u c t u r a l  f a i l u r e  o c c u r s  
by a l l o w i n g  helium t o  v e n t  from t h e  c r y o s t a t .  An a n a l y s i s  
was performed t o  d e t e r m i n e  t h e  v e n t  l i n e  s ize  r e q u i r e d  t o  k e e p  
t h e  h e l i u m  p r e s s u r e  belaw t h e  c r y o s t a t  d e s i g n  p r e s s u r e  of 
50 p s i a ,  g iven  t h e  worst case h e a t i n g  ra tes  e x p e c t e d  d u r i n g  a 
quench .  With  t h e  p r e s e n t  v e n t  s y s t e m  c o n f i g u r a t i o n ,  a v e n t  
diameter of 2.3 i n c h e s  I . D .  l i m i t s  t h e  c r y o s t a t  p r e s s u r e  rise 
t o  a p p r o x i m a t e l y  45 p s i a . *  

F i g u r e  5.3-9 shows t h e  h e a t  rate t o  t h e  h e l i u m  f o r  a quench .  
T h i s  c u r v e  is  b a s e d  on  da t a  shown i n  F i g u r e  5 .  3-10 measured  
d u r i n g  t h e  open dewar tes t  of t h e  f i r s t  development  c o i l  and  
shows c u r r e n t ,  c o i l  r e s i s t a n c e ,  and  dump t i m e  c o n s t a n t  as a 
f u n c t i o n  of  t i m e  from start of  dump. R e s u l t s  from t h e  open 
dewar t e s t  s u g g e s t e d  t h a t  t h e  best  conservat ive estimate of 
t h e  h e a t i n g  r a t e  t o  t h e  he l ium i s  t o  assume t h a t  a l l  T 2 R  h e a t  
goes i n t o  t h e  l i q u i d .  T h u s ,  t h e  c u r v e  of Figure 5.3-10 is a 
plot of 

Where 

Q = heat r a t e  t o  helium ( w a t t s )  

c u r r e n t  at t i m e  to (amps)  

c o i l  resistance a t  t i m e  t (ohms) 

t i m e  a t  w h i c h  measurement is made 
( s e c o n d s  from s t a r t  of dump) 

0 

T = dump t i m e  c o n s t a n t  a t  to ( s e c o n d s )  

( 5 .  3-6) 

The h e a t i n g  c u r v e  does  n o t  i n c l u d e  the e f f e c t s  of a vacuum 
loss. An estimate of t h e  h e a t  r a t e  and t i m e  cons tan t  p roduced  
by s u d d e n l y  r a i s i n g  t h e  o u t e r  w a l l  t e m p e r a t u r e  of t h e  cold 
mass t o  90K ( t h e  t e m p e r a t u r e  of  l i q u i f y i n g  a i r )  showed t h a t  
t h e  h e a t  conduc ted  t h r o u g h  t h e  w a l l  is n e g l i g i b l e  u n t i l  a 
point i n  time after all the l i q u i d  h a s  b e e n  v e n t e d  from t h e  
magnet due t o  a s i m u l t a n e o u s  quench.  Loss of vacuum a l o n e  
is a less s e v e r e  fault t h a n  a c o i l  quench ,  s ince  t h e  heating 

* The quench pressure rise will be re-estimated in Title I1 when definitive 
data i s  available f rom the development coil  tests. 
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o c c u r s  a t  lower l e v e l s  and  o v e r  l o n g e r  p e r i o d s  of t i m e .  
Details  of t h i s  a n a l y s i s  are p r e s e n t e d  i n  Appendix 3-4 . 
A schematic o f  t h e  vent  l i n e  c o n f i g u r a t i o n  is shown i n  
F i g u r e  5,3-11. An e q u i v a l e n t  loss c o e f f i c i e n t  f o r  t h e  e n t i r e  
l i n e  is r e q u i r e d  f o r  i n p u t  t o  the computer program used  t o  
computer t h e  he l ium p r e s s u r e  d u r i n g  quench.  T h i s  e q u i v a l e n t  

L 
l o s s  c o e f f i c i e n t  was o b t a i n e d  by summing t h e  i n d i v i d u a l  
c o e f f i c i e n t s  shown i n  F igu re  5-3-11., p l u s  add ing  i n  an ( f  Dl 
f ac to r  f o r  each s t r a i g h t - s e c t i o n  of t h e  v e n t .  T h e  e f f e c t i v e  
coef f ic ien t  u s e d  i n  t h e  a n a l y s i s  was 8.0.  T h i s  i n p u t  v a l u e  
w a s  v a r i e d  from about  5 t o  15 w i t h  l i t t l e  effect  s e e n  on t h e  
maximum p r e s s u r e .  The  p r e s s u r e  showed g r e a t e s t  s e n s i t i v i t y  
t o  vent  l i n e  d i a m e t e r .  A 2 .0 - inch -d iame te r  v e n t  p roduces  a 
maximum p r e s s u r e  of approx ima te ly  61. p s i a . ’  A 2 , 3 - i n c h  i n s i d e  
diameter l i n e  is needed to b r i n g  t h e  p r e s s u r e  r i se  down t o  
45 p s i a  maximum. 

The  o t h e r  f a c t o r  t h a t  affected t h e  p r e s s u r e  r i s e  was  t h e  
amount of gas o r  u l l a g e  a v a i l a b l e  t o  absorb t h e  expanding  
l i q u i d  a t  t h e  s t a r t  o f  quench. Var ious  r u n s  made w i t h  v a r y i n g  
i n i t i a l  u l l a g e  volumes showed t h a t  t h e  ra te  a t  which t h e  
p r e s s u r e  rises is s e n s i t i v e  t o  t h i s  p a r a m e t e r ,  b u t  t h e  peak  
p r e s s u r e  is r e l a t i v e l y  u n a f f e c t e d .  For  t h e  d e s i g n  c a s e ,  o n l y  
the g a s  above t h e  m a x i m u m  l i q u i d  l e v e l  and  below tine bottom 
b a f f l e ,  a n d  t h a t  i n  t h e  v e n t  l i n e  i t se l f  below t h e  vacuum 
v e s s e l  f l a n g e  a t  t h e  t o p  of the s t a c k ,  w a s  c o n s i d e r e d  as  
u l l a g e  volume, approx ima te ly  3 . 6  l i t e r s .  The maximum i n i t i a l  
l i q u i d  volume is 29.0 l i ters.  

F i g u r e  5.3-12 shows t h e  c a l c u l a t e d  r e s p o n s e  of t h e  he l ium t o  
t h e  heat i n p u t .  GDC program QCHPRS ( R e f e r e n c e  5.3-8) was 
used t o  s i m u l a t e  t h e  v e n t i n g  process,  s i n c e  t h e  f l o w  i n  t h e  
vent  is e s s e n t i a l l y  Fanno flow (ad iaba t ic  c o n s t a n t  area f l o w ) .  
H e l i u m  p r e s s u r e ,  mass, arid e x i t i n g  mass f l o w  r a t e  are shown 
as f u n c t i o n s  of t i m e .  Note i n  p a r t i c u l a r  t h a t  a f t e r  about  
1 .67  seconds  o n l y  10% of t h e  i n i t i a l  mass of h e l i u m  remains  
i n  the dewar,  A t  t h i s  p o i n t ,  t h e  heat b e i n g  g e n e r a t e d  i n  t h e  
conduc to r  w i l l  s t a y  i n  t h e  c o n d u c t o r ,  i . e .  t h e  h e a t  t r a n s f e r  
t o  t h e  he l ium becomes l i m i t e d  a n d  t h e  pressure t r a n s i e n t  is 
e s s e n t i a l l y  o v e r .  The a n a l y s i s  is no t  v a l i d  a f t e r  t h i s  p o i n t  
i n  t ime.  

5 3.4 COOLDOWN AND WARMUP ANALYSIS - 
Two multi-mode t h e r m a l  models of t h e  EBT-P mirror c o i l s  were 
b u i l t ,  t o  i n v e s t i g a t e  t h e  t h e r m a l  r e s p o n s e  d u r i n g  warmup and  
cooldown. The GDC the rma l  a n a l y z e r  program P456QD ( R e f e r e n c e  
5.3-9) w a s  used  t o  so lve  t h e  models t o  o b t a i n  t e m p e r a t u r e  vs .  
t i m e  c u r v e s  and t o  get tempelaature g r a d i e n t s  t h r o u g h  t h e  magnet 
assemblies  d u r i n g  t h e  t r a n s i e n t s .  

A s i m p l e  model, deno ted  m o d e l  A and shown s c h e m a t i c a l l y  i n  
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F i g u r e  5.3-13, w a s  u sed  p r i m a r i l y  t o  es tabl ish flow ra te  and  
hel iutn i n l e t  t e m p e r a t u r e  s c h e d u l e s .  A more complex model ,  
model E3, shown i n  F i g u r e  5.3-14, w a s  used t o  de t e rmine  
t e m p e r a t u r e  g r a d i e n t s ,  p a r t i c u l a r l y  from t h e  bottom t o  t h e  t o p  
of t h e  magnet 

T h e  m a i n  d i f f e r e n c e  between t h e  models is t h a t  model B has 
node d i v i s i o n s  i n  t h e  8 d i r e c t i o n  ( w . r . t .  c o i l  r e f e r e n c e  
frame) w h i l e  the s i m p l e r  model lumps t h e  t h e r m a l  mass i n  t h a t  
d i r e c t i o n  i n t o  o n e  node. 

The heat t r a n s f e r  c o e f f i c i e n t ;  between t h e  f l o w i n g  he l ium gas 
and  t h e  magnet structure is a ma jo r  d r i v e r  i n  t h e  t o t a l  t i m e  
r e q u i r e d  f o r  cooldown or warmup. I f  t h e  h e l i u m  i s  assumed t o  
f l o w  i n t o  t h e  c o n d u c t o r  pack ,  t h e  h e a t  t r a n s f e r  t o / f ro rn  t h e  
he l ium will be ve ry  good and  the iriagnet mean t e m p e r a t u r e  w i l l  
be  equa l  t o  t h e  e x i t i n g  he l ium t e m p e r a t u r e .  T h i s  w a s  t h e  case 
p r e s e n t e d  i n  t h e  d e s i g n  proposa l  ( R e f e r e n c e  5.3-10) and 
r e s u l t e d  i n  a cooldown time of 11 h o u r s  a n d  a warmup time o f  
n i n e  h o u r s  w i t h  t h e  f l o w  rate and i n l e t  t e m p e r a t u r e  s c h e d u l e  
shown i n  Figure 5 .  3-15 ( R e f e r e n c e  5.3-10). An a n a l y s i s  t o  
de te rmine  e x p e c t e d  P l o w  r a t e  d i s t r i b u t i o n s  w i t h i n  t h e  c r y o s t a t  
shows t h a t  p o s s i b l y  o n l y  10% o f  t h e  flow would be d i s t r i b u t e d  
w i t h i n  t h e  wind ing ,  and  90% would f l o w  i n  t h e  a n n u l a r  r e g i o n  
between t h e  conduc to r  pack  and c l o s u r e  r i n g .  To be c o n s e r v a t i v e :  
it was  assumed t h a t  n o n e  of t h e  flow would p e n e t r a t e  t h e  
wind ing ,  r e q u i r i n g  t h e  conductor  pack and  bobbin  t o  b e  
c o n d u c t i v e ?  y cooled from t h e  a n n u l a r  passage.. S i n c e  t h e  
anriular  pas sag2  inas s u c h  a l a rge  c r o s s - s e c t i o n a l  a r e a ,  t h e  
f l o w  is larnina.r ,  which w i l l  f u r t h e r  degrade heat t r a n s f e r .  
However, t h e  p a s s a g e  i s  s h o r t  enough t h a t  t h e r e  is a d e v e l o p i n g  
thermal a n d  hydrodynamic boundary l a y e r ,  The N u s s e l t  number 
i n  t h e  p a s s a g e ,  t h e n ,  r a n g e s  from about 15 .5  a t  the e n t r a n c e  
t o  about  '7.6 at; t h e  e x i t  ( R e f e r e n c e  5 . 3 - 1 1 )  w i t h  an  i n t e g r a t e d  
a v e r a g e  Musse l t  number o f  8 , 9 .  The v a l u e  of 8 .9  w a s  u sed  i n  
Model A ,  w h i l e  the  N u s s e l t  number as a f u n c t i o n  of l e n g t h  
a r o u n d  the ci rcurnference o f  t h e  annu lus  w a s  i n c o r p o r a t e d  i n t o  
Model &,  i n  o rder  t o  see t h e  effect; on bot tom-to- top g r a d i e n t s .  
'The computa t ion  o€ t h e  local  Niisselt number is d e t a i l e d  i n  
Appendix B-lk . 
With t h e  f l o w  r a t e  and s u p p l y  t e m p e r a t u r e  s c h e d u l e  o f  F i g u r e  
5,3-15 and  t h e  h e a t  t r ans l2e r  l i m i t e d  t o  f l o w  i n  t h e  a n n u l a r  
p a s s a g e  o n l y ,  t h e  cooldown t i m e  s t r e t ches  o u t  t o  about  25 
h o u r s ,  s ad  t h e  warmup time to 15 h o u ~ s .  The temperature 
r e s p o n s e s  vs. t i m e  are s h o ~ n  i n  F i g u r e s  5.3-16 a n d  5 . 3 - 1 7 ,  
curves which mere g e n e r a t e d  from a s o l u t i o n  o f  Model A .  A 
check of Model A was made by r u n n i n g  Model B w i t h  the same 
i n p u t  a n d  t h e  r e s u l t s  were i n  agreement t o  w i t h i n  10%. 

The  6 . 7 5  gm/sec wai-mup a n d  i n i t i a l  cooldown f l o w  rate  proposed  
i n  Refe rence  5.3-10 and  l i s t e d  i n  F i g u r e  5.3-15 is u n r e a l i s t i c a l l y  
h i g h .  The cooldown s u p p l y  l i n e  is o n l y  . 3 7 5  inch OD, r e q u i r i n g  
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very  h i g h  v e l o c i t i e s  o u t  of  t h e  t u b e .  These  j e t s  impac t ing  
t h e  s t r u c t u r e  w i l l  c reate  l o c a l i z e d  cold/warm s p o t s  which 
can  c a u s e  t h e r m a l  stress problems.  However, F i g u r e s  5.3-18 
and  5.3-19 show a n g u l a r  t e m p e r a t u r e  g r a d i e n t s  (assuming no 
local  cold/warm s p o t s )  d u r i n g  cooldown and  warmup, r e s p e c t i v e l y ,  
f o r  t h e  F i g u r e  5.3-15 s c h e d u l e .  The r a d i a l  g r a d i e n t s  can be 
seen  i n  F i g u r e s  5 .3-16 and  5.3-17. S t r e s s  a n a l y s i s  h a s  shown 
t h e s e  g r a d i e n t s  produce  a c c e p t a b l e  t h e r m a l  stress l e v e l s .  

An a l t e r n a t e  s u p p l y  t e m p e r a t u r e  and f l o w  r a t e  s c h e d u l e  i s  
proposed  i n  F i g u r e  5.3-20. Although at t h i s  w r i t i n g  no model 
had  been run  w i t h  t h i s  s c h e d u l e ,  it i s  e s t i m a t e d  t h a t  t h e  
3.375 gm/sec f low w i l l  s imp ly  double  t h e  warmup t i m e  t o  30 
h o u r s  and s t r e t c h  t h e  cooldown t i m e  t o  approx ima te ly  42 h o u r s  
b a s e d  on s imply  s c a l i n g  t h e  times a t  a g iven  mass f low ra te  
by t h e  r a t i o  of new f low r a t e /o ld  f low ra te .  These t i m e s  w i l l  
b e  s u b s t a n t i a t e d  d u r i n g  d e t a i l e d  a n a l y s i s .  The slower cooldown 
t i m e s  w i l l  p roduce  smaller t h e r m a l  g r a d i e n t s  d u r i n g  t h e  
t r a n s i e n t s  t h a n  those  shown i n  F i g u r e s  5.3-16, -17, -18, and 
-19. However, t h e  s p e c i f i e d  72-hour cooldown warmup p e r i o d s  
are s a t i s f i e d  w i t h  a l a r g e  margin.  
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5.4 X-RAY ANALYSIS 
Severa l  des ign  o p t i o n s  f o r  t h e  m i r r o r  c o i l  X-ray s h i e l d  w e r e  ana lyzed t o  
p r o v i d e  da ta  f o r  s h i e l d  des ign  (see Appendix A.2-5).  Since t h e  b a s e l i n e  
des ign  c o u l d  n o t  p r o v i d e  adequate pass ing  p a r t i c l e  f r a c t i o n ,  t h e  s h i e l d  

envelope was mo 
t r i m e d  by 0.10 
t o  1.5 inches. 
w i t h  a tungs ten  
w i t h  tungs ten  r 

i f i e d  i n  t w o  ways. 
i n c h .  Then, t o  add conserva t ism,  t h e  s ides  were  i nc reased  
Opt ions,  based an t h e  m o d i f i e d  envelope, i n c l u d e d  a des ign  
t h r o a t  and l e a d  s ides ,  an a l l - l e a d  design, and a des ign  
ngs p laced  i n  t h e  s ides .  R e s u l t s  i n d i c a t e d  t h a t  a l l  these 

F i r s t ,  t h e  c o r n e r s  of t h e  s h i e l d  were 

des igns  were o v e r c o n s e r v a t i v e  w i t h  r e s p e c t  t o  b o t h  t o t a l  h e a t i n g  and peak 
h e a t i n g .  
t h r o a t  t h i c k n e s s  wh ich  would a l l o w  a g r e a t e r  pass ing  p a r t i c l e  f r a c t i o n .  

T h i s  l e d  t o  examina t ion  of an  a l l - l e a d  des ign  w i t h  a reduced 

T h i s  l a s t  des ign  was found t o  exceed a l l  d e s i g n  c r i t e r i a  by a s u b s t a n t i a l  
ma rg i n . 
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SECTION 6 

PROGRAM PLANS AMI) SCHEDULE 

6. 1 MANUFACTURING PLAN 

The P r e l i m i n a r y  Manufac tur ing  P l a n ,  Appendix @ , h a s  been 
developed  b y  rnanuf ac tur i rag  e n g i n e e r s  based on c u r r e n t  d e s i g n  
and i n  accordance  w F t h  c u r r e n t  s c h e d u l e s .  Working c l o s e l y  
w i t h  t h e  d e s i g n  g r o u p s ,  a l l  drawings have been c a r e f u l l y  
rev iewed from a p r o d u c i b i l i t y  and m a n u f a c t u r a b i l i t y  s t a n d p o i n t .  
The  manufac tu r ing  p r o d u c i b i l i t y  e n g i n e e r s  p r o v i d e  manufac tu r ing  
e n g i n e e r i n g  d i r e c t i o n  and guidance t o  EBT d e s i g n  e n g i n e e r s  i n  
p r o c e s s  se lec t  i o n ,  material r e q u i r e m e n t s  and a l lowances  f o r  
forming ,  machin ing ,  we ld ing ,  and  winding .  They conduct  t r ade  
s t u d i e s  o n  weld j o i n t  geometries, welder  a c c e s s i b i l i t y ,  and 
machining + 

The ma,jor c o n t r i b u t i o n  of t h i s  a c t i v i t y  is t o  upda te  t h e  
manufac tu r ing  sequence  and flow chart and  manufac tu r ing  p l a n  
t o  r e f l ec t  t h e  l a tes t  d e s i g n  changes .  T h i s  manufac tu r ing  
s e q w n c e  and  f low p l a n  s e r v e s  as  a road map t h a t  d e f i n e s  a l l  
major o p e r a t i o n s  required t o  produce t h e  EBT magnets .  The 
major rnanuf a c t u r i n g  p r o d u c i b i l i t y  requi rement  f o r  t h e  EBT 
program is  t o  e n s u r e  t h e  drawvi.ngs can  be used by f a b r i c a t i n g  
s h o p s  and t h e  magnet can be manufac tured  w i t h  e x i s t i n g  
t echno logy  a n d  equipment .  T h e  p rodduc ib i l i t y  e n g i n e e r ' s  major 
r e s p o n s i b i l i t y  is t o  e n s u r e  l o w  cost manufac tu r ing  methods 
aye des igned  i n t o  the magnet i n  t h e  e n g i n e e r i n g  design p h a s e  
of t h i s  program w h i l e  e n s u r i n g  the d e l i v e r y  of h i g h  q u a l i t y  
rnsgne t s 

6.1.1 TOOLING. T h e  se? e c t  i o n  of manufac tu r ing  methods and 
t h e  r e l a t e d  t o o l s  a re  b a s e d  upon the lowest combined cost  for 
t o o l s  manufac tu r ing  materials a n d  q u a l i t y  c o n t r o l ,  i n c l u d i n g  
both n o n - r e c u r r i n g  and r e c u r r i n g  c o s t s .  Genera l  Dynamics 
t o o l i n g  p l a n  f o r  EBT-P is designed t o  meet t h e  o b j e c t i v e  of 
minimum t o o l i n g  e x p e n d i t u r e s  w h i l e  m a i n t a i n i n g  program q u a l i t y  
r e q u i r e m e n t s .  The t o o l i n g  p l a n  i s  based on 1 p r o t o t y p e  
36 p r o d u c t i o n  a r t i c l e s  and 3 spares which w i l l  be fabr ica ted ,  
t e s t e d ,  arid d e l i v e r e d .  The p r e l i m i n a r y  t o o l  list is i n c l u d e d  
i n  Appendix 0 . 
6. I. 2 SCXEIIULE. The too l ing ;  and maniuf a c t u r i n g  p l a n  is based 
o n  a s t a n d a r d  axe-shift, 40-hour week. The peak  r a t e  r equ i r emen t  
of  f i v e  magne t s  a rnoni;h requires t h e  use of two winding  and  
two f i n a l  a s s e m b l y  s t  a t  ions. 

6 - 1 - 3 l___l.l- MAN1JFACTURING e The f a b r i c a t i o n  and assembly of each 
major elerrent the.-rnagnet i s  d e s c r i b e d  i n  d e t a i l  i n  Appendix 
0 . The assemblies  a d d r e s s e d  are:  
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0 The c o l d  mass, which i n c l u d e s  t h e  wound conduc to r  pack 
and  t h e  he l ium v e s s e l  

0 The LN2 cold wall  and  m u l t i l a y e r  i n s u l a t i o n ,  which c o v e r  
the he l ium v e s s e l  

0 'The vacuum v e s s e l ,  which forms the o u t e r  c o n t a i n e r  for 
t h e  e n t i r e  magnet 

0 The s t a c k  assembly ,  which c o n t a i n s  t h e  h i g h  c u r r e n t  leads 
and plumbing components.  
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6.2 QUALITY ASSURANCE 

T h e  EBT-P q u a l i t y  a s s u r a n c e  a d m i n i s t r a t o r  is a f u n c t i o n a l  member 
of  t h e  EBT-P program manage r ' s  s t a f f  w i t h  t h e  r e s p o n s i b i l i t y  and 
a u t h o r i t y  t o  act for  t h e  q u a l i t y  a s s u r a n c e  d i r e c t o r  on t h e  EBT-P 
Program. H e  draws upon t h e  e n t i r e  f u n c t i o n a l  q u a l i t y  a s s u r a n c e  
o r g a n i z a t i o n  as needed t o  s a t i s f y  program q u a l i t y  r equ i r emen t s .  
H e  a l s o  s e r v e s  as  t h e  f o c a l  p o i n t  f o r  a l l  q u a l i t y  a s s u r a n c e  r e q u i r e -  
m e n t s  and q u a l i t y  a s s u r a n c e  c o o r d i n a t i o n .  He w i l l  p r o v i d e  assur- 
ance of  d e s i g n  c o n t r o l s ,  a p p r o p r i a t e  q u a l i t y  a s s u r a n c e  p l a n n i n g ,  
i n s t r u c t i o n s ,  p r o c e d u r e s ,  and s t a n d a r d s  n e c e s s a r y  t o  e s t a b l i s h  and 
m a i n t a i n  EBT-P q u a l i t y  r e q u i r e m e n t s  t h roughou t  procurement ,  f a b r i -  
c a t i o n ,  t e s t i n g  and d e l i v e r y .  H i s  r e s p o n s i b i l i t i e s  a l so  i n c l u d e  
s u p p o r t i n g  program and d e s i g n  r ev iews ,  p a r t i c i p a t i n g  i n  v e r i f i c a -  
t i o n  t e s t s ,  r e s o l v i n g  q u a l i t y  a s s u r a n c e  problems,  i n p u t t i n g  q u a l i t y  
a s s u r a n c e  r e q u i r e m e n t s  t o  program documents ,  d e v e l o p i n g  r e q u i r e d  
p l a n s  and p r o c e d u r e s ,  i d e n t i f y i n g  r e q u i r e d  s p e c i a l  equipment o r  
p e r s o n n e l  t r a i n i n g  and c e r t i f i c a t i o n  and c o n d u c t i n g  QA a u d i t s .  

T h i s  o r g a n i z a t i o n a l  s t r u c t u r e  h a s  an e x c e l l e n t  per formance  imple- 
m e n t a t i o n  r e c o r d  w i t h  e x p e r i e n c e  on o t h e r  magnet programs and 
larger s c a l e  m i l i t a r y  c o n t r a c t s .  The  s y s t e m  p r o v i d e s  a proven  
c lose -coup led  c o s t - e f f e c t i v e  q u a l i t y  a s s u r a n c e  program t a i l o r e d  
t o  p r o v i d e  t h e  s p e c i a l t y  r e q u i r e m e n t s  of  t h i s  program. 

S p e c i a l  emphasis  is b e i n g  p l a c e d  on t h e  o v e r a l l  q u a l i t y  program and 
c o n t r o l s  o f ' t h e  supe rconduc to r  s u p p l i e r s .  I n  J u l y ,  a v i s i t  w a s  
made t o  each  of  them a t  which t i m e  a s p e c i a l l y - s e l e c t e d  GDC 
r e s i d e n t  procurement q u a l i t y  a s s u r a n c e  r e p r e s e n t a t i v e  w a s  i n t r o -  
duced and a s s i g n e d .  S i n c e  t h e  two s u p p l i e r s  are i n  a c o m p e t i t i v e  
p o s i t i o n  f o r  t h e  p r o d u c t i o n  c o n t r a c t ,  a s e p a r a t e  r e p r e s e n t a t i v e  
w a s  a s s i g n e d  t o  each company. These  r e p r e s e n t a t i v e s  a r e  c h a r t e r e d  
t o  become p e r s o n a l l y  invo lved  and t o t a l l y  famil iar  w i t h  a l l  i n -  
p r o c e s s  manufac tu r ing  s t e p s  and i n s p e c t i o n  check  p o i n t s .  Mandatory 
i n s p e c t i o n  ho ld  p o i n t s  have been a s s i g n e d  on c r i t i c a l  p r o c e s s e s .  
These r e p r e s e n t a t i v e s  w i l l  be m o n i t o r i n g  t h e  c o n t e n t s  of t h e  
c o n t r a c t u a l l y  r e q u i r e d  l o t  c o n t r o l  h i s t o r y  j a c k e t .  T h i s  j a c k e t  
w i l l  i n c l u d e  : 

A .  Copies  of  c e r t i f i c a t i o n s  f o r  a l l  conduc to r  c o n s t i t u e n t  

5. A color photograph of the conduc to r  billet, p r i o r  t o  close, 

materials. 

showing t h e  l o c a t i o n  of  c o n s t i t u e n t  materials.  The photograph  
s h a l l  be i d e n t i f i e d  t o  t h e  l o t  and  s i g n e d  and d a t e d  by a 
r e p r e s e n t a t i v e  of  t h e  S e l l e r s  q u a l i t y  a s s u r a n c e  o r g a n i z a t i o n .  
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C I) D a t a  sheets i n d i c a t i n g  compliance w i t h  the i n - p r o c e s s  

D .  Da ta  sheets i n d i c a t i n g  comp7 i a n c e  w i t h  t h e  d imens iona l  

E .  Data shee t s  i n d i c a t i n g  compl iance  w i t h  t h e  performance 
a c c e p t a n c e  r equ i r emen t s  i n c l u d i n g  c o p i e s  of c r i t i c a l  c u r r e n t  
p l o t s ,  r e s i s t i v i t y  p l o t s ,  and s t r e s s - s t r a i n  c u r v e s .  

r equ i r emen t s .  

i n s p e c t  i o n s .  

a c c e p t a n c e  r equ i r emen t s .  

F. Data sheets  i n d i c a t i n g  compliance w i t h  t h e  g e n e r a l  a c c e p t a n c e  

G. Data sheets i n d i c a t i n g  conduc to r  l e n g t h .  

H .  Non-conformance r e p o r t s  (WLUXF)~ 

Each f o l d e r  s h a l l  be i d e n t i f i e d  with t h e  spool  l o t  number. T h e  
f o l d e r  s h a l l  be  p r e s e n t e d  t o  t h e  GDC r e p r e s e n t a t i v e  a t  t h e  t i m e  
of a c c e p t a n c e .  The  f o l d e r  s h a l l  be m a i n t a i n e d  up-to-date  and 
a v a i l a b l e  f o r  rev iew at  any t i m e  d u r i n g  t h e  m a n u f a c t u r i n g l t e s t  
c y c l e .  

A w e e k l y  w r i t t e n  r e p o r t i n g  sys tem has been e s t a b l i s h e d  where in  
c u r r e n t  s u p p l i e r  e n g i n e e r i n g  and q u a l i t y  a c t i v i t y  i s  p r e s e n t e d  t o  
o u r  program management. T h i s  i n f o r m a t i o n ,  w h i l e  a u s e f u l  seal  
t i m e  management t o o l ,  w i l l  a l s o  be  b e n e f i c i a l  when t h e  p r o d u c t i o n  
phase  c o n t r o l  is c o n s i d e r e d .  

Thus,  t h i s  r e s i d e n t  r e p r e s e n t a t i v e  p r o v i d e s  a f u l l y - f u n c t i o n a l  
q u a l i t y  a s s u r a n c e  and c o n t r o l  system t h a t  c o n f i d e n t l y  m o n i t o r s  
t h e  s u p p l i e r  manufac tu re r  with "in-house" c o n t i n u i t y .  
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6 . 3  PRELIMINARY I-IAZARD ANALYSIS SUMMARY 

The sys tem s a f e t y  p r i n c i p a l  c o n t r i b u t i o n  t o  t h e  p r e l i m i n a r y  de- 
s i g n  r e v i e w  is t h e  P re l i rn ina ry  Hazard Analysis ( P H A ) .  The PHA 
is performed t o  o b t a i n  a n  initial s a f e x y  e v a l u a t i o n  of  t h e  EBT-P 
magnet subsys tem w i t h  i t s  i n t e r f a c i n g  subsys t ems .  The informa- 
t i o n  from t h e  PHA w i l l  be in@GrpOrated i n t o  t h e  f i n a l  GDC d e s i g n  
of t h e  ELMO-BUMPY Torus  magnet subsys tem.  T h e  PHA accompl i shes  
t h i s  by  p r o v i d i n g  t h e  basis for d e s i g n  c r i t e r i a  and fo r  subse-  
quen t  subsys tem hazard a n a l y s e s ,  which w i l l  i d e n t i f y  s a f e t y  
c r i t i c a l  areas, the hazards involved and w i l l  d e l i n e a t e  t h e  pre-  
v e n t a t i v e  a c t i o n  r e q u i r e d .  

Each of t h e  six areas of s a f e t y  concern  c a r r y  hazards p a r t i c u l a r  
t o  i t s e l f .  Tie magnet ic  f i e l d  raises c o n c e r n s  about  e f f e c t s  of 
exposure  t o  p e r s o n n e l ,  d i s t u r b a n c e  of i n s t r u m e n t a t i o n ,  and a t t rac-  
t i o n  of f e r r o m a g n e t i c  objects, The e l ec t r i ca l  subsys tem i n c l u d e s  
t h e  Power and D i s t r i b u t i o n ,  P r o t e c t i o n ,  and  I n s t r u m e n t a t i o n  and 
C o n t r o l  subsys tems.  Concerns i n  t h i s  area c e n t e r  on h i g h  vol tage 
problems ( u s u a l l y  due to transient s i t u a t i o n s  such as charge or  
dump 3 and i n s t r u m e n t a t i o n  failure ~ Degrada t ion  o f  magnet com- 
ponen t s  i s  the main s a f e t y  concern. caused  by r a d i a t i o n .  P o t e n t i a l  
h i g h  p r e s s u r e ,  ex t r eme  c o l d ,  and i n e r t  gases are  t h e  primapry 
s a f e t y  i n t e r e s t s  i n  the c r y o g e n i c  s y s t e m .  S a f e t y  i n  t h e  vacuum 
pumping system focuses on  the p r e s s u r e  d i f f e r e n t i a l  due  t o  t h e  
vacuum, and  leaks chang ing  beat t r a n s f e r  c h a r a c t e r i s t i c s  p o s s i b l y  
l e a d i n g  t o  u n d e s i r e d  helium b o i l - o f f .  The chief  mechanica l  and 
s t r u c t u r a l  c o n c e r n s  are  fatigue f a i l u r e  and e a r t h q u a k e  damage. 

C o r r e c t i v e  a c t i o n  w i l l  be t a k e n  t o  r educe  t o  a n  a c c e p t a b l e  l e v e l  
t h e  hazards i d e n t i f i e d  by the  PHA. These a c t i o n s  w i l l  c o n s i s t  of 
d e s i g n  changes ,  s a f e t y  d e v i c e s ,  warnirxg d e v i c e s  o r  procedures and  
t r a i n i n g .  The s y s t e m  s a f e t y  group w i l l  c o n t i n u e  t o  work c l o s e l y  
w i t h  t h e  d e s i g n  group throughout  t h e  EBT-P development and pro-  
d u c t i o n  t o  minimize p o s s i b l e  s a f e t y  problems i d e n t i f i e d  by subse-  
quent hazard a n a l y s e s .  The magne t i c  f i e l d  produced b y  t h e  EBT-P 
s t a n d s  o u t  a s  an i n h e r e n t  s a f e t y  conce rn ,  s i n c e  t h e  f i e l d  e x t e n d s  
o u t s i d e  of t h e  r e a c t o r  v e s s e l  and p e r s o n n e l  w i l l  undoubtedly  be 
s u b j e c t e d  t o  i t .  Ne s u g g e s t ,  on t h e  b a s i s  o f  r e s e a r c h e d  biomag- 
n e t i s m  data t h a t  p e r s o n n e l  adhere to DOE s t a n d a r d s  fo r  oceupa t ion -  
a l  u s e  w i t h  s t a t i o n a r y  magne t i c  f i e l d s  (SMF). I n  a d d i t i o n  t o  t h e  
above l i m i t a t i o n s ,  it is recommended t h a t  people w i t h  a h i s t o r y  
of m e n t a l  problems, those w i t h  imp lan ted  e l e c t r o n i c  medical de- 
v i c e s ,  p r e g n a n t  we inen ,  and p e ~ s a n s  with chronic health problems, 
s u c h  as  s ick le  ce l l  anemia  or heart problems, be exc luded  from 
exposure  t o  SMF. 



6 . 4  ACCEPTANCE TEST PLAN 

P r o d u c t i o n  magnets  w i l l  be s u b j e c t e d  to  t h e  t e s t s  l i s t e d  below t o  
assure each  magnet h a s  becn p r o p e r l y  manufac tured  and t h e  r e q u i r e -  
rnents  of MDAC procurement spec. .  70P370000 have been  s a t i s f i e d .  
The t e s t s  l i s t e d  are  f i n a l  a c c e p t a n c e  t e s t s  arid do no t  i n c l u d e  t h e  
manufac tu r ing  in -p rocess  t e s t s .  

1. Winding I n s u l a t i o n  R e s i s t a n c e  T e s t *  

2 .  Proof  P r e s s u r e  T e s t *  

3 .  F i n a l  GIIe Leak T e s t *  

4 .  Vacuum L i n e r  GHe Leak T e s t  

5. Magnet O p e r a t i o n a l  T e s t  

6 .  Magnetic Axes Alignment 

7. Heat Leak T e s t  

*Performed p r i o r  t o  i n s t a l l a t i o n  of s h i e l d  and vacuum l i n e r .  

A4dd i t iona l  d e t a i l  i n f o r m a t i o n  r e l a t i v e  t o  t h e s e  t es t s  can be  found 
i n  Appendix E of  t h i s  r e p o r t .  

B t e s t  f a c i l i t y  w i l l  be  p rov ided  t o  accomplish. t h e s e  t e s t s  p l u s  
c e r t a i n  in -p rocess  t e s t s .  The f a c i l i t y  w i l l  become an i n t e g r a l  
e lement  of  t h e  o v e r a l l  manufac tu r ing  p l a n  and w i l l  b e  conce ived  
i n  s u c h  a manner as t o  assure a l l  c o n t r a c t u a l  commitments a r e  
s a t i s f i e d .  A p r e l i m i n a r y  r e q u i r e m e n t s  document f o r  t h e  f a c i l i t y  
is i n  Appendix E . Because of i ts  impor tance  t o  t h e  EBT 
Program, a c o n c e p t u a l  d i s c u s s i o n  r e l a t i v e  t o  i t s  r e q u i r e m e n t s  and 
u t i l i z a t i o n  are p rov ided  i n  t h e  following parag raphs .  

Cur ren t  p l a n n i n g  r e q u i r e s  t h e  f i n a l  a c c e p t a n c e  t e s t i n g  of 39 magnets  
over an  11.-month s p a n  a t  t h e  f o l l o w i n g  rates:  

MONTH 1 2  3 4 5 6 7 8 9 10 11 

NO. O F  MAGNETS 1 2 3 4 4 4 4 4 5 5 3 

I n  a d d i t i o n ,  i t  must be capable  of s u p p o r t i n g  c e r t a i n  manufax tu r ing  
in -p rocess  tests. The m o s t  s i g n i f i c a n t  of these w i l l  be t h e  t e s t -  
i n g  of  t h e  winding  a s s e m b l y  a t  l i q u i d  he l ium t e m p e r a t u r e  ( re fer red  
t o  a s  open dewar t e s t ) .  T h i s  t e s t  u 7 i l l  be accomplished p r i o r  t o  
welding t h e  o u t e r  r i n g  o n t o  the winding  assembly.  



4.  T e s t i n g  would be accompl ished  o n  a o n e - s h i f t  p e r  day  b a s i s  and 
no t e s t i n g  on Sunday. 

5. The  he l ium r e f r i g e r a t i o n  s y s t e m  w i l l  n o t  be used  f o r  warmup 
of t h e  magnet ,  which would a l l o w  t h e  s y s t e m  t o  be a v a i l a b l e  
f o r  t h e  nex t  magnet.  

The r e s u l t  is a 27-day t i m e  span  r e q u i r e d  t o  tes t  5 magnets  and 
5 winding  assemblies. The time can  be reduced  t o  20 d a y s  by 
going t o  t w o  s h i f t s  per day f o r  t e s t i n g .  For p l a n n i n g  p u r p o s e s ,  
one s h i f t  p e r  day is recommended. The t w o - s h i f t  per day  o p e r a t i o n  
and o v e r t i m e  would be u t i l i z e d  as  r e q u i r e d  t o  r e s o l v e  unexpec ted  
problems.  

The s i g n i f i c a n t  f e a t u r e s  of  t h e  f a c i l i t y  are: 

1. Conven ien t ly  l o c a t e d  a d j a c e n t  t o  EBT m a n u f a c t u r i n g  f a c i l i t y .  

2. Power, p r o t e c t ' i o n  and c o n t r o l  sys t ems  w i l l  allow magnet 
t e s t i n g  t o  s i m u l a t e  a c t u a l  EBT sys t em o p e r a t i n g  c o n d i t i o n s .  
Automatic  data  l o g g i n g  will be  p r o v i d e d d u r i n g  t e s t  r u n s .  

3. H e l i u m  r e f r i g e r a t i o n  sys tem w i l l  be sized t o  allow s i m u l t a n e o u s  
c h i l l d o w n  of a completed magnet plus a wind ing  assembly .  

4.  Four  tes t  p o s i t i o n s  w i l l  be  p rov ided  t o  allow c o n c u r r e n t  
t es t  o p e r a t i o n s .  
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To s a t i s f y  t h e s e  r e q u i r e m e n t s ,  t h e  t es t  f a c i l i t y  w i l . 1  be con- 
v e n i e n t l y  l o c a t e d  a d j a c e n t  t o  t h e  manufac tu r ing  f a c i l i t y  (see 
F i g u r e  6.4-1 1. T h i s  w i l l  a l 1 . o ~  subassembl i e s  and completed magnets 
to be easi ly  and q u i c k l y  moved between t h e  two f a c i l i t i e s .  Con- 
current. test  o p e r a t i o n s  a r e  necessary t o  s a t i s f y  the  p r o d u c t i o n  
rate r e q u i r e m e n t s  and w i l l  be accompliskied by p r o v i d i n g  t h e  fol low- 
i n g  Pour test positions w i t h i n  t h e  f a c i l i t y :  

Q P o s i t i o n  (1) w i l l  be  used f o r  proof p r e s s u r e  t e s t i n g  
and leak checking. 

o P o s i t i o n  ( 2 )  will be used t o  prepare a magnet f o r  ch i l l down  
and o p e r a t i o n a l  t e s t i n g .  Tasks performed w i l l  be: 
(I } f i n a l  e l e c t r i c a l .  t e s t s  a t  room t e m p e r a t u r e  
( 2 )  e v a c u a t i o n  of t h e  vacuwnvesse l ,  and ( 3 )  e v a c u a t i o n  
and GKe purg ing  of t h e  winding  assembly. 

o P o s i t i o n  ( 3 )  is where o p e r a t i o n a l  t e s t i n g ,  magnetic 
a l i g n m e n t ,  and heat leak tes t s  w i l l  take place.  

o P o s i t i o n  ( 4 )  w i l l  be used Par the in-process w i n d i n g  
assembly operational t e s t  a t  l i q u i d .  hel ium t e m p e r a t u r e .  

The c r i t i c a l  p a t h  i n  t h e  f a c i l i t y  u t i l i z a t i o n  s c h e d u l e  is t h e  t i m e  
r e q u i r e d  t o  ch i l l down  and complete  t h e  o p e r a t i o n a l  testing f a r  
b o t h  t h e  winding  assembly and a completed magnet. A l l  o t h e r  t a sks  
c a n  e a s i l y  be accomplished c o n c u r r e n t  w i t h  t h e s e  a c t i v i t i e s .  T h e  
l i q u i d  helium r e f r i g e r a t i o n  s y s t e m  w i l l  be des igned  t o  p r o v i d e  
s i m u l t a n e o u s  ch i l l down  of both  a completed magnet a t  p o s i t i o n  ( 3 )  
and a winding  assembly a t  p o s i t i o n  ( 4 ) .  The power, p r o t e c t i o n ,  
c o n t r o l  and i n s t r u m e n t a t i o n  systems w i l l  be des igned  t o  test a 
s i n g l e  magnet at any g i v e n  time. 

F i g u r e  6.4-2 i l l u s t r a t e s  t h e  p l a n  fo r  testing 3 magnets  p e r  month,  
and was based upon the f o l l o w i n g  c r i t e r i a :  

I. The hel ium r e f r i g e r a t i o n  s y s t e m  would be o p e r a t e d  and 
a v a i l a b l e  24 hours  a d a y ,  seven d a y s  a week. 

2. Chi l ldown ,  LHe fill and the rma l  s t a b i l i z a t i o n  would take 
72 hour s .  

3. O p e r a t i o n a l  t e s t i n g  would take 1 2  hours  for a completed 
magnet  and 8 hours for a winding  assembly. 
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E . 5  

T h f s  p i a n  describes the proposed approach for the alignment of the mirror 

c o i l s  and S u p p o r t i n g  structure t o  l imit  the cumulative f i e l d  error  a s  expressed 
by the q u a n t i t y  of  ~ 3 / 8  t o  1 x 
minor  a x i s .  

when averaged around the torus along the 

The alignment p l a n  described herein can be briefly sumarized as follows: 

1. 

2. 

3.  

4.  
5.  

6. 

7.  

a. 

Magnetic f ie ld  measurements will be made on each coi l  t o  define axes 
location with respect t o  construction balls located on the dewar. 

(Magnetic axes to  w i t h i n  - f h005 inches and 2 1.5 minutes angularity). 

Aluminum bucking r ing  structures reference surfaces on the outer 
perimeter to  be optically aligned t o  w i t h i n  0.010 inches and vertical  

t o  w i t h i n  0 degrees, 2 minutes. 
Al l  magnets are '6 be installed on the  torus before s tar t ing a l ignmen t .  

A clearance of 0.30 inch i s  provided between the magnet base and 
aluminum ring. This  allows for  cumulative tolerance buildups and 

magnet adjustments of 0.17 inches o r  0.5 degrees. 
The magnets are aligned optfcally t o  w i t h i n  0.005 inches. 

32 magnets are  locked into position using tapered pins. 
4 magnets (one fn each sector) are temporarily locked i n t s  position 

w i t h  jack screws. 
The magnets are cooled and ponered t o  TED amperes.. 
fied and/or vernier adjustments a r e  made on the 4 magnets w i t h  the 

use o f  a n  electron beam to  determine fie'ld fine closure. 

The final 4 magnets are t h e n  permanently pinned i n  the aligned position. 

Alignment i s  veri- 

The t oo l ing  bars and scopes required for  alfgment will be disassembled and 

removed following a1 ignment verification. 

ORNL i s  currently exploring the possibi l i ty  for u s l n g  a toroidal winding fo r  

detecting flux linkages between the toroidal coil  and the mirror coi ls  which 
are a measure o f  a l i g rmen t  error. 
i t  would be h i g h l y  desfreable t o  incorporate i t  into the EBT-P design and al ign-  
ment procedure as i t  could provide cot1 alignment s ta tus  d u r i n g  device operat ion.  

I t  is MDAC's understanding tha t  

I f  th is  technique has the required sens i t iv i ty ,  
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6 . 6  TITLE I I SCHEDULE 

The T i t l e  I1 d e s i g n  and  f a b r i c a t i o n  s c h e d u l e  as o r i g i n a l l y  
proposed  a p p e a r s  t o  be  r e a l i s t i c  and  a c h i e v a b l e .  The groundwork 
accompl ished  d u r i n g  t h e  T i t l e  X d e s i g n  p h a s e  is  d i r e c t l y  
a p p l i c a b l e  and  t r a n s f e r a b l e  t o  d e t a i l  d e s i g n s  f o r  t h e  magnet 
and  I & C  s y s t e m s .  Depending on t h e  d e g r e e  of s u c c e s s  o f  t h e  
P D R s  f o r  t h e s e  sys t ems  (assuming 110 major r e d e s i g n s ) ,  we s h o u l d  
e n j o y  an  e a s y  t r a n s i t i o n  i n t o  t h e  nex t  and f i n a l  d e s i g n  p h a s e .  
A l l  o f  t h e  a n a l y s i s  b a s i c  t o  t h e  d e s i g n  w i l l  be f u r t h e r  r e f i n e d  
and  documented and  upda ted  a s  a d d i t i o n a l  p h y s i c s  p a r a m e t e r s  
are  d e f i n e d  or s u b s t a n t i a t e d .  Where n e c e s s a r y  v a l i d a t i o n  
t es t s  may b e  p roposed ,  e s p e c i a l l y  f o r  v e r i f y i n g  t h e  s t a b i l i t y  
c r i t e r i a ,  t h e s e  tes ts  would a l s o  b e  accompl ished  e a r l y  during 
this p e r i o d .  P r o d u c i b i l i t y  and  volume f a b r i c a t i o n  d e s i g n  w i l l  
b e  o n e  of t h e  p r i n c i p l e  t a s k s  accompl i shed  d u r i n g  t h i s  phase .  
A major  p o r t i o n  of  effort w i l l  be expended i n  t h e  area of 
maniifact u r i n g  technology. O f  p r i m  impor t ance  is t h e  assurance 
tha . t  each  magnet c a n  be wound i n  a r e p e a t a b l e  manner. We 
w i l l  de t e rmine  t h e  key c h a r a c t e r i s t i c s ,  t o  be v e r i f i e d  d u r i n g  
t h e  winding  p r o c e s s ,  wh ich  w i l l  p r o v i d e  t h i s  n e c e s s a r y  
a s s u r a n c e  a 

New d e s i g n s ,  p rocuremen t ,  and  fabrication encompassing t h e  
tes t  f a c i l i t y ,  p r o d u c t i o n  e n g i n e e r i n g ,  and  t o o l i n g  c a n  also 
proceed  i n  a t i m e l y  f a s h i o n .  

A l a r g e  p o r t i o n  of  the T i t l e  I1 t a s k  w i l l  i n c l u d e  d e t a i l  
d e s i g n  of t h e  quench p r o t e c t i o n  aiid power s y s t e m s .  GBC p l a n s  
t o  p r o c u r e  o f f - t h e - s h e l f  components and  subsys t ems  t o  min imize  
t h e  t a s k  and  m a i n t a i n  t h e  s c h e d u l e .  
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6 . 7  MASTER PROGRAM SCHEDULE 

The Genera l  Dynamics master  program s c h e d u l e ,  which i n c l u d e s  
t h e  Task 1 and Task 6 p h a s e s ,  has been a l t e r e d  c o n s i d e r a b l y  
sirice t h e  s t a r t  of t h i s  p r o j e c t .  I n i t i a l l y ,  changes  e n c o u n t e r e d  
i n  t h e  two development dewar e l e m e n t s  of  t he  program r e s u l t e d  
from a n  i n c r e a s e  i n  t a s k  t o  accormnodate ORNL o b j e c t i v e s  and  
l a t e r  t o  cope w i t h  t h e  ORNL s t r i k e  problems a t  Oak Ridge ,  
Tennessee .  However, a d d i t  i o s a l  d e l a y s  r e s u l t i n g  from s u p e r -  
conduc to r  manufac tu r ing  d i f f i c u l t i e s  and  t e c h n i c a l  p reb lems  
w i t h  r e s p e c t  t o  t h e  d e s i g n  of t h e  hel.ium s t a c k  s y s t e m ,  have 
s t r e t c h e d  t h e  development dewar d e l i v e r y  program s i x  months 
( J u n e  to December).  However, t h e  r e a l  program s l i p  is c o n s i d e r a b l y  
less s i n c e  GD is now s u p p l y i n g  a comple t e ly  assembled  m i r r o r  
c o i l  magnet.  The p r o t o t y p e  is now e s t i m a t e d  for comple t ion  by 
1 A p r i l  1982 and  is paced by s u p e r c o n d u c t o r  d e l i v e r y  now 
s c h e d u l e d  f o r  December 1981. I f  a n y  s e r i o u s  d i f f i c u l t y  i s  
encoun te red  i n  t h e  ORNL development  or p r o t o t y p e  magnet t e s t  
program, w e  can s u r e l y  p r e d i c t  t h a t  - t h i s  would impact  T i t l e  111 
produc t  i o n .  I t  w i l l  t a k e  a c o n s c i e n t i o u s  a.nd d i s c i p l i n e d  
e f f o r t  of a l l  p a r t i c i p a n t s  t o  m i n i m i z e  t h e  impact  of t h e s e  
des ign  and  procurement  d e l a y s .  T i t l e  11 s c h e d u l e  remains  as 
o r i g i n a l l y  p roposed  as  i n d i c a t e d  by pa rag raph  6 . 6  above.  

T i t l e  I I1 s c h e d u l e  a l s o  rcrnains e s s e n t i a l l y  a s  t h a t  o r i g i n a l l y  
p roposed .  M i r r o r  c o i l  p r o d u c t i o n  f a b r i c a t  i o n  is  b a s e d  o n  
i n s t a l l i n g  t w o  c o i l  winding  s t a t i o n s  and two v e s s e l  we ld ing  
t a b l e  p o s i t  i o n s .  The c r i t i c a l  f a b r i c a t i o n  elerneat and  p a c i n g  
o p e r a t i o n  i s  c o i l  winding .  I t .  is  p l a n ~ i e d  t o  wind c o i l s  on a 
two-sh i f t  b a s i s ,  which uti.l.i.zes t h e  t h i r d  s h i f t  f o r  main tenance  
and t o  cope w i t h  a n t i c i p a t e d  schednle  d i f f i c u l t i e s .  Learni i ig  
e x p e r i e n c e  w i l l  a l l o w  u s  t o  i n c r e a s e  p r o d u c t i o n  from o n e  o r  
t w o  c o i l s  p e r  month t o  a m a x i m u m  of f i v e  per. month toward  t h e  
end of t h e  program. We are  n o t  a n t i c i p a t i n g  any d i f f i c u l t y  
i n  any of t h e  d e t a i l e d  p a r t s  f a b r i c a t i o n  o r  t es t  apeas a t  
t h i s  t i m e .  A s i n g l e  ' ! a l l  up" r e f r i g e r a t i o n / p o w e r  test s t la t io i l  
is p l a n n e d  i n  o r d e r  t o  t e s t  each  m i r r o r  c o i l  t o  t h e  maximum 
e x t e n t  p o s s i b l e  p r i o r  t o  shipment. The magnet c o i l  a x i s  w i l l  
be de te rmined  when t h e  magnet is o p e r a t e d  a t  f u l l  f i e l d .  A l l  
e l e c t r o n i c  components i n c l u d e d  i n  t h e  power s u p p l y  a n d  quench 
p r o t e c t i o n  w i l l  be  pu rchased  o r  f a b r i c a t e d  t o  s u p p o r t  t h e  t es t  
program. Long Lead procurement  of  materials t o  s u p p o r t  t h i s  
p r o d u c t i o n  is d i s c u s s e d  i n  d e t a i l  under  p a r a g r a p h  8 . 0  Appendices .  
See Figure 1.,6-1 f o r  Master S c h e d u l r .  
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2.5 INSTALL CABLE ON SUPPORTS AND MLI USING P222 TAPE 
AT INTERHEDIATE INTERVALS (MAX IZ.O! AS REQUIRED. 

2.8 PREPARE SURFACES PER 0-79129 ANO-MIX AN0 IPPLY A W E S I K  
PER hPPL)CAEL€ VENDOR INSTRUCTIONS. 

2.7 IDENTIFY WIRE COLOR COOES AT EM) OF CABLE AS REQUIRED. 

z.8 0-06032-1 TERMINATE ADHESIVE, CABLE SHIELD I N  noLE u a i w  

ON MATEAIAL LfSS WAR .I25 THK: 
ON SUWACe AWD COVER TCRUWTIOP WITH 0-ObOS2-1 
AbkLSlVf. DO NOT DRILL .OSI DIA X ,050 BeE? W O E  

SPOT WE" SHIELD 

nOUHi1NU SUKFRCE 
URDUHD 

C3 MPUTER [ZED R E P R O D i l  C I B L E  
607 -0.499.76i2995.01 .D.A B R 6 / / 8 P  3 



3 

I 

-P?22 
1.i / H D T E 3 . 6  

CL T O  CONNECTOR 

NOTES2 

3 I PREPARE SURFACES AND APPLY ADHESIVE PER 0-79129 

3.2 S O L L E R  ELECTRICAL TERMINATIONS PER 0-73522  

3,3 TERMINATE CO NOT INSTALL CABLE LUG SHIELD ON W ' R E  PER 53-01410. PARA 5.4 .Z .  

- 5  
NO RDHESIVE 
TYP 

THE4tlJCOUPLE INSTRLLRTION I T Y P )  
SCRLEI 411 

TO CdllkECTOR 

- STRAIW RELIEF 
4 PL 

.03L D I R J  
X .050 DEEP 

0-06032-1 
UOTE 1.8 

0-06 139-1 
.06 TO .OE THK OVER 

APPROX WHERE S H O W  
NOTE 31 

i 
BHIELO MIRE 

L -7 
N BONO 810 
NOTE 3.2, 3.6 
P PL 

0-00337-a 

-6 
AWETTE STRAIW C U E  IHsT*LLATlOY (TYPI 

SCALE, E/\ 

TB CORYLCTOB - 
TYPE E TIC 

U 

-5 SCHEMAT1C CTYPI 
THERH060i)PLE 

A-1 03fA-904 

38 ! 37 

-7 
6 C Y E t  411 

3.4 TEST ALL SENSORS ANC COMPLETED SUB-ASSEMBLIES 
PER A9PLlCAELE PARAGRAPH OF GOC-EBT-81-011. 
iDENTlFY END OF CABLE WITH1 

SENSOR PART NO 
SENSOR SERIAL OR BATCH NO 
ASSEMBLY N3 
REF DES 

3.5 INSTALL CABLE O N  SUPPORTS AND ULI USING P222 TAPE 
AT INTERMEDIATE INTERVCLS (MAX 12.0) AS REP'JIRED. 

3.6 PREPARE S RFACES PER 0-79129 AND M I X  dND APPLY ADHESIVE 
PER APPL!!AIABLE VENDOR IWSTRUCTIONS. 

3 7 IaEHTlFY WIRE COLOR CODE: AT END OF CABLE AS REQUIRED. 

3.8 TWIST THERMOCOUPLE WIRES TOGETHER AND SPOT-WEL 
SPOT-WELO THERMOCOUPLE TO WUYTING GURFACCE W E N  ATTACHING 
TO TITAYIUM SUPPORT MATERIAL 

WHEN ATTACHING TO LN2 COPPER SHIELD MATERIAL1 
PRE-TIN THERMOCOUPLE A&B SURFACE ATTACHMENT M E A  
SQLDER THERMOCOUPE USIN5 0-00337-2 EUTECTIC S D L W I .  

CO hPUTERIZED REPRODUC B L E  
§07-¶.498.76L299§.01D.* 8 R 6 N I ) O  3 



I CL t ----===7 
/ 

TI0 SECT &-A ONLY 

T12. SECT C-t ONLY 
rii: SECT 8-8 ONLY 

517. SECT A-A ONLY 
521, SECT 8-8 ONLY 
525, SECT C-C ONLY 

CL r 

T7. SECT 4-A ONLY 

TB. GECT C-C ONLY 
TB. SECT a-8 ohLY 

CL 

CL 

223. 
S 2 f ,  BECT t - C  QNLY 

SECT J-J CA7 
SCALE: 1/2  

sia .  SECT A-A ONLY 
922 SECT 8-8 ONLY 
826, SECT C-C ONLY 

T22 SECT A-d 
T13,'SEGT 8-5 
Tl4. SECT t-C 

D1:-38080-2 
REF 

ONLY 
ONLY 
QNLY 

S20. SECT A-A ONLY 

sa8: $24 SECT SECT 8-8 c-e ONLY OVLY 07. ROTATED 60 DEGREES CW 

SECT c-c De. ROTATED 120 DEGREES CW 

CL 

n5 SECT A-A ONLY 
Tl6: SECT 8-8 ONLY 
117, SECT C-C W L Y  

NOTES: 

4.1 SENSOR LOCATIONS FOR 517 THRU 528: TS. T7,TB. TI0 THRU Ti7. 
AND T22, ARE SHOWN. 

COMPUTERIZED REPRODUCIBLE 
607-0.499.7612SQ5.Ol.O.A 8&46//80 3 

A-1 05JA-106 

43 43 46 45 %. 44 



Y 

NOTES: 

5.1 SENSOR L0CPT:bNS FOR TI THRU TS AND T9 PRE SHOWN 

5.2 R O U F  SEYSOR CARLES TO 5TACK ABOUT C'UCUMFEREHCE 1% 
DIREI~TIOIU SHOWN. WHEN MRE THAN ONE CABLE I S  ROUTEC 
ALONG SAME PATH THEY HAY BE ADJnCENT 3UT M U S T  REMAIN 
F L A T  PGAINET THE HELIUM VESSEL SURFKES.  

JCIBLE 

LEFT SIDE 
SSALEi 114 

PCtNClWE SIDE OF YiNOIYO 

FRONT 
B W E i  I / &  

RIGHT SIDE 
B C M i  1/4 

C C M P U T E R l Z E D  R 

RZF LL i E 7 l E R  %TED 

A- 1 07/A- 1 08 



L.CL*SP 6 3  61 

, I  

7 
i L  

I 

NOTES: 

61  SEFrSOR LOCATlOtiS FOR 5 '  THR9 S I 6  ARE SHOWN 

6 2 kOiJTE SENSOR CABLES TO STACI( ABOUT CIRCUMFERENCE I N  
3IRECTION SHOWN. WHEN MCGE THAN OkE  ABL LE : S  ROdTED 
ALONG SAME PATH THEY M A Y  8 E  ADJACENT BUT MUST REYAlh 
FLAT AGAINST THE HELIUM VESSEL SURFACES. 

6.3 ALL GAGES ARE 90 DEG ROSETTES 

I 
BEAR 
SCALE: 114 

I 

c 

Ci 

PSINCRYE 610E OF UIIDIIO 

CO MPUTER IZ ED R EPR ODU C I B  i E 
607 -0.4Js.7SL2995.0 I .O.A 8/26 / /80  3 
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47 

S T R C K  

46 

W I R E  
fERn I H R T  ION J 

I ,  

M 

NOTES. . 
4.1 CONNECTIONS FOR T23 THRU T27 AND VI AND V Z  

4.2 HATING COHnECTORS PLLGS SHOWN. A R t  Fi iRNlSHtD TO ORNL FOR ALL 
ARE SHOWN ON THIS SHEET, 

COMPUTER [ Z E D  REPRODUCIBLE 
676.EBTP.ll-3608B.Z.D.OD 4/16//81 I 

1 APPROVED nnE I I 
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U * USAGE DATA fl . REF DES10 NOTE SYMBOL: * D . OOwlnENT NO. 0 - GENERAL MITE Y . MAlEAIAL 
L . LIMIT N - MOMENCLANRE T . TYPt DtSlC/VALUL V - VEWOOR ITEM E * END ITW 

I DtSTRllUTlOM PACKAGE NO. 
L CODE ’ 

I 1 NOTES 
PART OH IDENTIFYING NOMENCLATURE OR REQUIREMENTS PER ASSYIINSTL 

NUMBER DESCRIPTION 

I I MS 3354-0 1 S P E C  - 
I 

I MIL -w-g’Bsa S f E C  I 
f 

MIL -1- 6866 I sp_E’c 
/I- - -  P 13944 § P E C  

t I I I 
I I I I I I I 
_ -  M t l ’ s f b - 2 4 8  S P E C  

I I 1 1 4  I L - S T D - 2 7 8  S P E C  I 1 

1 i I I I I I I I 
I v 

i 
x 

I 1 I f I I 1 I 1 1  I I 



-- - 1 " " " ' " " " r  

I 
U I USAGE DATA R . REF O E S l C  

T . YYPE DESIWVALUL V . V E N W R  I r tU 
* 9 . WCUUENI MOP. C . CEHERAL HOSE Y . UATERlAL 

H . NOMENCLATURE E . END ITEM L - L1YIT 

NOMENCLATURE OR 
BESCRIPTiON NOTES 
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EBT-PO10 

VALVE 
FIELD JOINTS 

v5 89.00 

7 W M I O  REF 
1.s TYP Au. JOINT 

V I EW A - A  -1 1 / 1 0  

ROTATED 170 DE0 03 

?---e---- vs M.OO 

-LINE DATA CHART 





Magnet System 
APPENDIX A 

Volume 111 
26 February 1982 

EBT-PO’! 0 

NOTES I 
I .  THIS WAWlNS DEFIhFS THE CRVCOEN:C 

Y E  ORAWiNG 70937603, FOR 3 A 7 U  
F R F A C E S  FOR SPSC,FlCATIGN 7Oo370GG3 uiD7083773000.  

PUN€ OEt-IN:TIOv. 
3. N RETURN. ?E SWPLY-OPERAT:ON. 
A M  nE SLPPLY-COOLC3WN PIPE CES13h 
D U L L  ALLOW R E M ~ V A L  A T  INSTALLATtON 
TO F A C I L I T A T E  WELD CF ATTACl i lhG 
PIPING. 

5 P, 

.. . 

yl.23 5 R  
r‘l C. LEAD kE R_ETLw 

2.62 
NPT 2 R 

1.5 MIN W R O  
GLEAfuNcE TIP 

I - I  
- 1  
49.00 RE’ . .  

c I- - -- 

A- 1 8 1 /A- 1 82 
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Magnet System 
APPENDIX A 

EBY-PO10 
Volume I l l  

26 February 1982 

w SUPRY VALVE-' ' 
OPECUTlON . 
CDLO K RETURN---/ 

W T  =WAR REF 

DETAIL G SCALE: 1 / 1 0  

TYPICAL €I RACES 
1- I 1  

. .  

FLEX JJINT REf 

PP RETURN 

LINE DATA CHART 
I MANIFOLD :X\;TER."ACE MAGNET INTERFACE 

dAQ(,Cf fLUID L I S  JACKET LINE l Q K l  

LWE S U P R Y  .50/. 035 aDO.D64 .5Q/.o5 J5mb 
OPERhTlOu I 

oo/*M* iEIcH OWWniL INCH 
FLUID LINE 

rn/WALL INCH OYVILL Ira4 



SI a
 

k 

.
.

 

C
 

2 

j 
- 

'
-

 

I
 

I 
<3 

I 
iL

 
I 

w
 

t 
0
 

I 
0
 

1 
m

 
I 

U
 



E 

c
 

I- <
.

 

.
.

 
.

*
 

.
.

 

I 
,

#
’

 

,
.

 

<
 

Q
 

z I 

a
 

.I. 
.. . 



- .... 

APPEWTOIX B-1 SUPPORTING ANALYSES 

MAGNETIC ANALYSIS 

... 

8-1 



0
 

b
"l 

-
3
 

... q
-
 

r-""" -- 

f
 

_
-. 

N
 

w
 

z
; 

4
 

__I 
n. 
I 

0
 

E
 

,..I 

B 
-
2
 



A
P
P
E
N
D
I
X
 

B
-L

 

x
 

=
t 

F
 

0
 
0
 

.- 
.- 

O
 

L
h

h
 

Q
I

N
N

 
c

,
m

m
 

m
o

o
 

E
-

 

aJ 
e
 

II 
It 

“
S
t
%
 

‘E 
? 

4 

n
 

-1
 

W
 

U
 



A
P

P
E

N
D

IX
 

B
-1

 

n
 

cu li-
 

e 
F

 

r--- 

9
 

0
 

r
- 

9
 

h
 

e
 

cu 

a3 
N
 

9
 

N
 

C
T
)
 

--.. 

b
 

F
? 

(
v
 

dB 

h
 

N
 

e 
m

 
c
 

on 
-- a 
N

 
N
 

Q
 
a
 

cu 

e
 

h
 

P
 

8
 

a
 

m
 

M
 

cu 

Q
 

w
 

Lc. 
r-i 

B --- 4 



PEAK F I E L D  

P E R I M E T E R  F I E L D S  

8 (0 " )  
9 (30') 

1 0  (60")  

11 (90")  

1 2  (1200)  

1 3  (150') 

1 4  (180")  

M I D P L A N E  F I E L D S  

17 

18 

1 9  

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

X 

4.26000 

4.21 000 

4 2 4 8 8 5  

4.35500 

4.50000 

4.64500 

4.75115 

4.79000 

4.25500 

4,22500 

4.7 9500 

4.1 6500 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

4.25500 

4.22500 

4.19500 

4.1 6500 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

F I E L D S  C O I L  13  

Y 

0 

- .05275 

- .05275 

- .05275 

- .Os275 

- .0527 5 

- .05275 

- .05275 

- .00528 

- . o o u a  
- .!I0528 

- .00528 

- .03693 

- ,03593 

- ,03693 

- .03693 

- ,06858 

- .06858 
- .06858 

- .06858 
- . lo023 

- . l  OO23 

- . lo023 

- . l o023  

0 

0 

.I4500 

.25115 

.29000 

.25115 

, I  4500 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Z 

0 

+1 .73230 

+I .SO1 79 

+ .a7074 

-t .00609 

+ .86117 
-1 ,49748 

-1 .73066 

+ .14805 

c .16134 

f .15561 

+ .13277 

+1 ,16740 

+I .12667 

+ ,94962 

t2 .36749 

~ 2 . 2 9 0 5 1  

+l .86457 

t3.33517 

+4.03605 
+3.93245 

+I .05779 

+2.06807 

+3 e 05208 

B-5 

APPENDIX B-1 

NORMAL O P E R A T I O N  

7.30705 

2.49840 

2.49301 

2.47891 

2.46097 

2 .44441 

2.43307 

2.42908 

6.85567 

3.99095 

1 .15208 

1 .77501 

5.6831 9 

3 3 9 5 2 0  

1 .15452 

1.69823 

6 .I 7625 

3.61882 

1 .17781 

1 .44402 

4.. 99271 

3.06951 

1 .24660 

.70960 

* Z  

0 

0 

.86302 
1 .49676 

1 .739 1 2  

1 3 0 1  37 

.86766 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 



PEKlMETLi?  F I E i  95 

1 ( g o )  

3 (60") 

4 ( 9 0 " )  

5 (12.0") 

7 (1800) 

2 ( 3 0 " )  

6 (150" )  

M i D P l A N E  f-IELOS 

1 

2 

3 

4 
5 

6 

7 

8 

9 

1 0  

11 

1 2  

1 3  

1 4  

1 5  

1 5  

i .3600G 

4.21 000 
11 - 2 6  385 

4.35500 

n . 5 0 0 0 0  

4.5d500 

4 . 7 s i  55 

a. /9030 

a .2'35170 

4.22500 

4 .1  95UO 

4 . 1 6 S O O  
4 .  m u o  
4.22500 

4 . I  9500 

4.1 5500 

4.25500 

4.27500 

4.1 9500 
4.1cs00 
4.25500 

4.22500 

4 . I  g w n  

4.1 6500 

-_I__^__ 

, 
3 0 

-05775 

.o s275  

05215 

.05275 

.05275 

~ 05275 

. a5275 

.00528 

.00528 

.00528 

.00528 

.03693 

.03693 

.036'33 

.03693 

~ 0 68 58 

. o m 5 8  

-06851: 

. I  oa23 

- 1  0023 

. l o023  

. loo23 

.06%58 

- - ._ 

i) 

.14500 

.25115 

.29000 

.25115 

.14 500 

0 

0 

0 

0 
0 

0 

0 

0 
0 

0 
0 
0 
0 

0 

0 

0 
0 

-, . _x_ 

B X  

,aPPENI11X r?-1 

NORMAL OPERATI ON 

0 

-1 .73230 

- 1 . 5 0 i i g  

- .870/4 

- .00609 

.86117 

1 .49748 

1 .73065 

- . l a 8 0 5  

-.16134 

- .15551 

-.13277 

-1.05773 

-1 .1674O 

1 .12667 

- .94967 

=2 -06807 

-2.35749 

-2 ~ 29051 

-1 .PI6457 

-3.3.15i 7 

-4 .03 605 

- 3  93245 
-3 .a5208 

B Y  
_ - _ - ~  

7.30705 

2.49840 

7,19301 

2 -41891 

2 46097 

2 -44441 
2.43307 

2.42908 

6.35567 

3.99095 

1 .15208 

-1 .77501 

6,15831 I) 

3.89520 

1 .15452 

-1 .69823 

6,17625 

3.61 882 

1 .17781 

-1.44482 

4.99279 
3.06951 

1.24060 

- .70960 

0 

0 

.85302 

1 .a9676 

1 . i 3112  

1 .so1 37 

.86766 

0 

0 

0 

0 

0 

0 

0 
0 
0 

0 

0 
0 
0 

0 

0 

0 
0 



F I E L D S  COIL 1 3  
~... 

- ..... 

PEAK F I E L D  

PERIMETER F I E L D S  

8 (0 " )  
9 (30")  

1 0  (60') 

11 (90")  

12 (120")  

1 3  (150")  

14  (180")  

MIDPLANE F I E L D S  
17 

1 8  

1 9  

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

--.--- 

X 
.--- 

4.26000 

4.21 000 

4,24885 

4.35500 

4.50000 

4.64500 

4.75115 

4.79000 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

4.25500 

4.22500 

4.19500 

4.1 6500 

4.25506 

4.22500 

4 -1 9500 

4.1 6500 

Y 

Q 

- .05275 

- .05275 

- .OS27 5 

- .05275 
-.OS275 

- .05275 

- .05275 

- ,00528 

- ,00528 

- .00528 

- .00528 
-I. 03693 

- .03693 

- ,03693 

- .03693 

- ,06858 

- .06858 

- .06858 
- .06a58 

- .10023 

- * 10023 

- . lo023 

- . lo023 

Z 

0 

0 

.14500 

.25115 

.29OQO 

.25115 

.14500 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Q 

0 
0 
0 
0 
0 

5 x  

+. 06392 

a1 .82540 

+l .57976 

+ .90963 

- .00363 

- .91461 

-1.5aoi 7 

-1.82352 

t .21459 

f ,23486 

+ .23515 

+ -21729 

4-1 .13351 

t 1  .25104 

t l  .21707 

+1 .04555 
a2.15458 

a 2  ,46303 

+2.39366 

+l .97385 

4-3 ,43442 

i4 .14564 

+4.05065 

i-3 .I 7709 

APPENDIX B-l 

ONE C O I L  DOWN 

7.1 3759 

2.31 452 

2.31193 

2 e 30509 

2.29633 

2 e 2881 6 

2 e 28253 

2 ~ 28054 

6.68459 

3 e 82833 

.99866 

.1 .91866 

6.49326 

3.71519 

.98528 

-1 .85603 

5 96468 

3.41 893 

.99062 

-1 ,61979 

4 -7561 9 

2 ,84681 

1 .03292 

. -901 42 

0 

0 

.91422 

1 3 8 1  90 

1.82428 

1.57796 

.91027 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
1 

B - 7  



P E A K  F I E L D  

PERIMETER F I E L D S  

1 (0") 
2 (30" )  

3 ( 6 0 " )  

4 (90" )  

5 (120")  

5 (150")  

7 (180")  

M I D P LAN E F I E 1. DS 
1 

2 

3 

4 

5 

6 

7 

a 
9 

1 0  

11 

1 2  

1.3 
1 4  
1 5  

15  

X 
~ ~ 

4.26000 

4.21 000 

4.24885 

4.35500 

4.5000O 

4.64500 

4.7511 5 

4.79000 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

4.25500 
4.22500 

4.1 9500 

4.1 6500 

4.25500 

4.22500 

4 .1  950Q 

4.1 5500 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

FIELDS C O I L  1 4  

Y 

0 

.0527 5 

.0527 5 

.05275 

.0527 5 

.O527 5 

.05275 

.a5275 

.00528 

.00528 

.00528 

.00528 

.03693 

.03693 

.03693 

.03693 

.06858 

. o m 5 8  

.06858 

.06858 

. loo23 

. l o 0 2 3  

. lo023 

. l o023  

___1_.... 

z 

0 

0 

.14500 

.25115 

.29000 

.25115 

.14500 

0 

0 

0 

0 
0 

0 
0 

0 

0 

0 

0 

0 
0 
0 

0 
0 
0 

B X  

.05392 

-1 .67116 
-1 .45014 

- .84101 

- .01108 

.a2689 

1 .44377 

1.66929 

- . O M 2 6  
- .09085 

- .09934 
- .05157 

-1 .00145 

-1 . l a 5 1 3  

-1 .05924 

- .87782 
-2 01 81 3 

-2.31 229 

-2 "23068 

-1.80079 

-3.29075 

-3.98694 

-3  -8791 9 
-2.93524 

A P P E N D I X  n-a 

ONE C O I L  DOWN 

7 . 7  3759 

2.36581 

2.36184 

2.351 47 

2.33835 

2.32632 

2.31 81 3 

2.31 525 

6.59033 

3 .PI3364 

1 .00351 

-1 .!I1430 

5.53365 

3.75254 

1 .01935 

-1 .82541 

6.04059 

3.48909 

1 .Os454 

-1 .5E041 

4.86931 

2 951 23 

1 .177'91 

- -81633 

BZ 

0 

0 

.a301 5 

1 .44153 

1 .66986 

1 .45037 

.83903 

0 

0 

0 

0 
0 

0 

0 

0 
0 

0 

0 
0 

0 
0 
0 
0 

0 

5 -  8 



FIELDS COIL 1 3  

PEAK FIELD 

PERIMETER FIELDS 

8 ( 0 " )  
9 (30')  

1 0  (60")  

11 (90")  

1 2  (1200)  

13 (150') 

1 4  (180")  

MIDPLANE FIELDS 

17 

1 8  

1 9  

20 

21 

22  

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

X 

4.26000 

4.21000 

4.24885 

4.35500 

4.50000 

4.64500 

4.75115 

4.7 9000 

4.25500 

4.22500 

4.19500 

4.1 6500 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

4.25500 

4.22500 

4.1 9500 

4.1 6500 

4,25500 

4.22500 

4.1 9500 

4.16500 

Y 

0 

.. .05275 

- .05275 

- ,05275 

- .05275 

- .05275 
- .05275 

-.05275 

- .0052a 

- .00528 

- .00528 

-. 00528 

- .03693 

-. 03693 

- ,03693 

- .03693 

- .06858 

- .068% 

- .06858 
- .06858 

- . lo023 

- . lo023 

- . lo023 

.. . lo023 

1. 

0 

0 

.14500 

.25115 

,29000 

-251 15 

,14500 

0 

0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

B 9 

.- 
B X  

i- .06769 

+I .83104 

+1 -5841 7 

+ .91087 
- .00635 

.. .92089 

-1 .58884 

-1.83302 

+.21853 

+. 23967 

t .24070 

t .22362 

t 1  .13766 

+1 .25608 

t l  .22297 

+1 .05236 

e2.15896 

t2 .46838 

92.39995 

91 .98105 

t 3  -43905 

+4.15131 

t4 .05735 

t.3 .I 8478 

-- 

APPENDIX B - 1  

TWO COILS DOWN 

7.10968 

2 ~ 28404 

2 281 90 

2 27624 

2.26897 
2.2621 6 

2.25746 

2.25579 

6 * 65643 

3.  a0039 

.97101 

-1 .94596 

6.46332 

3 68549 

.95590 

-1 .88504 

5.93281 

3 I 38732 

.95935 
-1 .64865 

4.72222 

2 .8l '313 

-99960 

- .93429 

*z 

0 

0 

.91849 

1 .58901 

1 .83207 

1 .58438  

,91384 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

' 0  
Q 
0 

0 



APPENDIX B-l. 

TWO COILS DOWN 

PEAK FIELD 

PERIMETER FIELDS 
1 ( O @ )  

2 ( 3 0 " )  

3 ( 6 0 " )  

4 (90") '  

5 ( 1 2 0 " )  

6 (150" )  

7 (180")  

NIDPLANE FIELDS 

1 

2 

3 

4 

5 

6 

7 
8 

9 

1 0  

11 

12 
1 3  

14 

15 
1 6  

4.25000 

4.21 coo 
4.24885 
4.35500 

4.50000 

4.54500 

4.75115 

4.79000 

4.25508 

4.22500 

4 . I  9500 

4 . I  6500 

4.25500 

4.22508 

4.1 9500 

4 . I  6500 

4.25500 
4.22500 

4 .19500 
4.15500 

4.25500 

4.72506 

4.1 9500 

4 . I  6500 

F i P L D S  COIL 1 4  

_.--- I ......... 

Y 
1- . ,_ __ 

0 

. 0 5 ? 7 j  

.05275 

.o s275  

.05275 

.05275 

.05275 

.05775 

.00528 

.00528 

.00525 

.00528 

.03693 

.03693 

.03693 

.03693 

. omja 

. o m a  
,06858 

.06358 

. l o 0 2 3  

. lo023 

. l oo73  

. l o023  

z 

0 

0 

.14560 

.25115 

.29000 

.257 1 5  

.14500 

0 

0 

0 
0 
0 
0 

0 

0 

0 

0 
0 

0 

0 

6 

0 

0 

0 

B X  

.06169 

-1 .66653 

-1 .AS544 

- .84216 

- .01?93 

.82220 

1 .a3655 

1.66200 

- .08039 

- .08619 

- . 0 / " 3 Y O  
- .04547 

- .997// 
-1 . l o072  

-1 .05411 
- .87200 

-2.01 463 

-2 -3087 2 
-2  22584 

-1.79530 

-3.28742 

-3,98299 

-3.87462 

2 ~ 99008 

.......... I_ .. .-.- ----*-. 
B 10 

BY 
..... 

7.1 0968 

2.34088 

2.33721 

2.32763 

2.31 554 

2,30445 

2.29692 

2 -29427 

6 I) 65274 
3.80626 

.97647 

*l  .94106 

6.50765 
3.72575 

.99382 

-1 .85063 

6 01 607 
3.46475 

1 .03045 

-1.58421 

(1.8461 6 

2 92825 

1 ,10516 

~ . 8 3 m  

I_._. 

i 
B Z  [ 

.......... 
~ 

O I  

0 

.82687 

1 .43603 

1 .66373 

1 .44533 

.83620 

0 

0 

0 
0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

0 
0 

0 

0 

-..--........I.. 1 



RUNNING FORCES C O I L  13  
..... 

... 

NORMAL O P E R A T I O N  

P E R I M E T E R  FORCES 

8 ( 0 " )  
9 (30" )  

1 0  (60') 
11 (90" )  
12 (1200) 
13 (150') 
14 (180" )  

ONE C O I L  DOWN 

P E R I M E T E R  FORCES 

8 (0 " )  
9 (30') 

10  (60') 
11 (90') 
12  (1200)  
13  (150")  
14  9180") 

TWO COILS DOWN 

P E R I M E T E R  FORCES 

8 (0" )  
9 (30" )  

10  (60') 
11 (900)  
12  (120")  
13 (150")  
14 (180" )  

X 

4.21000 
4.24885 
4.35500 
4.50000 
4.64500 
4.75115 
4.79000 

4.21000 
4.24885 
4.35500 

4.50000 
4.64500 
4.751 15  
4.79000 

4.21 000 
4.24885 
4.35500 
4.50000 
4.64500 
4.75115 
4.79000 

Y 

- .05275 
- .0527 5 
- .05275 
- .05275 
- .05275 
- ,05275 
-. 05275 

.05275 

.05275 

.05275 

.05275 

.05275 

.-05275 

.05275 

-0527 5 
,05275 
.05275 
.05275 
.05275 
-05275 
.05275 

Z 

0 
,14500 
,251 15  
.29000 
.25115 
.14500 

0 

0 
,14500 
.25115 
.29000 
.25115 
.14500 

0 

0 

.14500 
,251 15  
.29000 

.25115 

.14500 
0 

APPENDIX B-1 

( T O P  H A L F  C O I L )  

-1 4,982 
-1 2,947 
- 7,433 

0 
7,329 

12,635 
14,566 

-1 3,879 
-1 2,006 
- 6,911 

0 
6,860 

11 ,854 
13,675 

-1 3,696 
-11,850 
- 6,825 

0 
6,782 

11,723 
13,527 

! 

FY 

10,388 
10,387 
10,384 
10,381 
10,379 
1 0,378 
10,378 

10,946 
10,945 
10,942 
10,939 
10,937 
10,935 
10,935 

10,980 
10,980 
10,983 
10,986 
10,989 
10,991 
10,992 

0 
7,475 

12,873 
14,757 
12,694 

7,295 
0 

0 
6,932 

11,971 
13,770 
11,883 

6,844 
0 

0 
6,842 

11 ,821 
13,606 
11,748 

6,768 
0 

B-11 



APPENDIX 13-1 

(TOP HALF COIL) 
RUNNING FORCES C O I L  I4 

FORCES 

i NORMAL OPERATiON 

I 

I 

1 ( 0") 

2 ( 30") 
3 ( 60") 
4 ( 90") 
5 (120") 

6 (150") 

7 (180") 

ONE C O I L  DOWN 
PERIMETER 
FORCES 
1 ( 0") 
2 ( 30') 
3 ( 60') 
4 ( 90') 
5 (120") 

7 (180") 

6 (150') 

TWO C01I.S OOWN 
PERIMETER 
FORCES 

1 ( 0°) 
2 ( 30') 

3 ( 60') 
4 ( 90") 
5 (120') 

6 (150") 

7 (180") 

X 
- 

4.21000 

0.24885 

4.35SOO 

4.50000 

4.64500 

4.75115 

4.79000 

4.21 000 
4.24885 

4.35500 

4.50000 

4.64500 

4.75115 

4.79000 

4-21 000 
4.24885 

4.35500 
4.50000 

4 64500 
4.7511 5 

4.79000 

I 
Y I z 

.05275 

.05275 
-05275 

.I35275 

.05275 

.05275 

.(I5275 

.05275 

.05275 

.(I5275 

.05275 

.(I5275 

.05275 

.05275 

.05275 

.os275 

.05275 

.05275 

.os275 

.05275 

.Os275 

0 

.14500 

.25115 

. 2  9000 

.25115 

.14500 
0 

0 

.14500 

.25115 

.29000 

.25115 

.14500 

0 

0 
.1450Q 

.25115 

.29080 

.25115 
,14500 

0 

--....__- 

LB S / I N 

-14,982 

-1 2,947 

- 7,433 
0 

7,329 
12,635 
14,566 

-1 4,187 
-1 2,265 
- 9,050 

0 

6,975 
12,039 

13,883 

-1 4,037 

-1 2 $1 37 

- 6,978 
0 

6,309 

11,928 
13,757 

_____1_._-. 

LBS/IN 

-1 0,388 
-1 0,387 
-10,384 

-1 0,381 
-1 0,379 
-1 0,378 
-1 0,378 

-1 0,021 
-1 0 ,079 
-10,016 

-10,013 

-1 0,011 
-10,010 
-10,009 

." 3,993 
- 9,990 
- 9,984 
- 9,977 
- 9,971 
- 9,967 
- 9,966 

1-8s / 1 N 

0 

7,475 

12,873 
14,757 

12,694 

7,295 
0 

0 

7,081 
12,211 
14,022 

12,080 
6,950 
0 

0 

7,007 
12,089 
13,885 
11,967 

6,886 
0 



TOTAL FORCES 
APPENDIX B-l. 

NORMAL OPERATION 
COIL 13  
( T O P L F  ONLY) 

COIL 1 4  
m m L F  ONLY) 

TOTAL 
T m S  13 & 14, 
TOP & BOTTOM HALVES) 

ONE COIL OFF 

COIL 1 3  
( 7 ” O P L F  ONLY) 

COIL 14  
(TOPLF ONLY) 

TOTAL 
*(coII_S 1 3  14, 
TOP & BOTTOM YALVES 

TWO COILS OFF 

COIL 1 3  
‘(TOPLF ONLY) 

COIL 14 
7 n L F  ONLY) 

T3TAL 
7 m S  13 & 14, 
i . 3 ~  & BOTTOM HALVES) 

8-13 

FX 
LBS 

- 3,722 

- 3,721 

-1 4,886 

-- 

- 1,825 

- 2,714 

- 9,098 

- 1,518 

- 2,502 

- 8,040 

FY 
LBS 

372,380 

-372,5ao 

0 

392,400 

-359 ,210 

66 , 380 

394,050 

-357,910 

72,280 

FZ 
I_ 

LB S 

329,360 

329,360 

0 

307,270 

31 2,930 

0 

303 600 

309,870 

0 





APPENDIX B-2 SUPPORTING ANALYSES 

SUPERCONDUCTOR 
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APPENDIX B-2 

C O O €  IBENT. NO. 14170 

X / A  
I I - 

:ONTRACT NO. CONTRACTUAL AUTHORITY SUPERSEDING S C N  DATED 
YOE2062 Y I A  -- 

I I 
EFFECTlVlrY TITLE 

N I A  SPECIFICATIO:< X X  Si-?53CCSCUCZX 

TEXT CHAHGE 

?age 6 - Delete: " G . 7 . 3  Surface F i n i s h  Inspec t ion  

The s u r f a c e  f i n i s h  requi rements  of S e c t i o n  3 . 5 . 3  shall be 
monitored cont inuous ly  du r ing  the f i n a l  sppo l ing  operatim 
us ixg  an  eddy c u r r e n t  moni tor ing  device ~r equ iva len t  zezhcd 
.which i s  approved by General Dynamics. 3 e  ?.urpose cf t i s  
s o n i t o r i n g  device  snall  be t o  alert t t e  szllar c.f ;o:e?.::~L 
surface d e f e c t s .  I n  t h e  event  t h a t  s i r face  ~ P ~ ~ C C - S  ars  
i d e n t i f i e d  e i t h e r  v i sua l ly  o r  by the  ?e-.f.ce, :he s 2 - - 2 ' ~  
be r e s p o n s i b l e  f o r  e v a l u a t i n g  p o t e 2 t i a l  defects and 
r2comending  a s u i t a b l e  repa i r  procedure t o  General  Dyna5ces.I '  

- .  . .  

Page 6 - Fara. 4 , 2 . 2  - Revise t o  read: 

The c l e a n l i n e s s  "and surf ace f i n i s h "  requirements of 
Sec t ions  3.5.2 "and 3.5.3". . . . 

B-16 



- .  _ .  - E I i 3 X  Standards a id  S p e c i f i c a e i o c s  

:dL 5 2 - X  (December 1974) - Qual i ty  Verification Pro31-am Xequirements ..?_ - 

3.0 

‘Fgh conductivity copper wi th  a n i i n i m u n  .residuai r e s L s t i v i t y  ratio 
s-rriciens EO ensure compliance - d t h  Sec~ion 3 . L . 1 . 2  ic the finished 
7 rcdus t  . 

- - .  

Th? conducter shal l  b e  a r ec t angu la r  wor re l i t h  w i t h  the.  f o l l o w i n g  
l i a e a s i o n s :  

0.1463 2 0.001 inch (ncm: 5 . 0 m )  
0.1142 4 0,001 i n c h  (nom: 2+9mm) 
0.020 -k o.oo!+ i n c h  
_.” >- 2.8:f  (by vo lune )  



APPENDIX B-2 

..., 

1 
1 

i 
I 
i 
I 
! 
i 

I 

I 
I 

! 

i 
f 

GENERAL EIYNAMICS 
Cunvair Diwisim 

The s i d e s  shall be f l a t  and p a r a l l e l  t o  9 0.0004 i n . ,  w i th  ad jacen t  s i d e s  I 
i a t  90.0 - + 0.5 degrees .  

3.3 Filament S ize ,  D i s t r i b u t i o n ,  and T w i s t  P i t c h  

The % T i  f r a c t i o n  of t h e  conductor  s h a l l  be i n  t h e  f o r n  o f  :c-tinus*:s 1 ~ 7 3 -  
i t u d i n a l  f i l a m e n t s  n o t  g r e a t e r  than  66 micrometers i n  d iameter .  These fiLa- 
a e n t s  s h a i l  be uniform i n  s i z e ;  a t  any c r o s s  s e c t i o n  of t h e  c o n d u c t ~ r  a t  
least  90% of t h e  filaaersts s h a l l  have an  a r2a  t h a t  is wi th in  20: of  :he aver-1 
age  f i l amen t  area. The filaments s h a l l  be  confined t o  an annu la r  region of 
t h e  conductor .  In t h e  f i lament /copper  annulus ,  che f i l a m e n t s  s h a i l  be d i s -  

ne ighbor ing  filament p a i r s  S h a l l  be w i t h i n  202 of t h e  average  center - tc - ten ter '  
d i s t a n c e .  A reg ion  of  t h e  canductor  ad jacen t  :o t t e  perbe ter  E? z x p r i s i n z !  
20 more than  20% of the  conductor  area s h a l l  >e f i iaznent-fr?o.  I:+ s d d i c i = n ,  , 
there  s h a l l  be a f i l amen t - f r ee  copper r eg ion  on a x i s  chat skal; ::zs:i:xzs I 
l e s s  than  10% and no more than  15% of t h e  c r c s s  s e c c i c c a l  Z r s ? .  -2s ~ C T . ; S X Z ~ I  

s h a l l  have t h e  s h o r t e s t  p r a c t i c a l  t w i s t  p i t c h  but i n  no case  shal ;  i t  be 
g r e a t e r  than  3.0  inches .  F i laments  s h a l l  be cont inuous  thrcughout  :he l eng th  
of t h e  conductor  t o  t h e  a x t e n t  t h z t  no more than 1 X  a r e  broken La m y  six- 
i nch  l e n g t h .  

I 

t r i b u t e d  uniformly:  t h e  center - to-center  d i s t a c c e  of at  lenst 90: cf t h e  ! 

I. 

3 .  & Conductor Pe r fomanee  

3 . 4  1 Operat ing Environment 

The conductor  w i l l  o p e r a t e  i n  a l i q u i d  helium envi romerr t  a t  a nominal tem- 
p e r a t u r e  of  4.2K. 
t i n g  c o n d i t i o n s  w i l l  be 7 . 4  tesla.  

3.4 .2  Operat ing Performane: 

3.A.2 .1  Conductor Critical Current  - The guaranteed s h o r t  s a n p l s  c r i c i c a i  
c u r r e n t  f o r  11-38007 conductor  a t  7 . 5  tesla and 4.2K s h a l l  be ~ r e a t e r  than  
3500 amps, 
and wi th  t h e  f i e l d  p a r a l l e l  t o  t h e  5road f a c e  cf the ccnductcr .  

3.4 .2 .2  Conductor Gnnposiee Resistivity Ra t io  - The f i n a l  csnducrcr  zerc 
f i e l d  c m p o s i t e  r e s i s t i v i t y  r a t i o  s h a l l  be a zi3tzun s f  129. 

3.L.2.3 Xechanical  Properties - The conductor  l o n g i t u d i n a l  t e s s l l e  ;.ielt 

neasured a t  room t empera ture .  

3.4 .3  R e l i a b i l i t y  

The conductor  s h a l l  be  capab le  of  o p e r a t i o n  under the cond i t ions  of  
Paragraph 3 . h . 1  f o r  a p e r i a d  of 10 years minima. 

The peak " in  winding" magnetic f i e l d  under nominal opera- 

Xeasurements are to  be taken  OR a sample a t  10-12 2 . ~ 3  sens i : iv i t? ,  

s t r s n g t h  (.002 o f f s e t  s t r a i n )  s h a l l  be g r e a t e r  than  30,000 psi vhan I 

3.4.4 Magnetization Tests I 
As a des ign  goa l ,  t h e  coupl ing  t ine  cons t zn t  ",tween f i l a m e n t s ,  7'Q , shocl? 
not exceed one second, The coupl ing  r b e  cr,ns:snt is dzf in r?  3 3 :  

1 
I 

i 
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C? = twist p i t c h  l e n g t h ,  m 

P = matrix r e s i s t i v i t y  at 4 . 2 K  a d  a f i o l c  sf 5 . 5 r , Q * m  

. ?  

See Cecz ion  3 . 1  f o r  a l lowable  conductor  mater ia ls ,  Alsc r.zf2r - 2  S?::x- 3 . 1 . - . -  
f o i  rsc.ui-red residual r e s i s t i v i t y  r a t i o .  

T h e  cc.;?ling ELUS c o n s t a n t  w i l l  be measured by  OKYL us ing  t h e  zezhods JsscrLSed 
by S .  5 .  Shec and 3 .  E .  Schwall ,  cr'r 7 t h  Znt. Cryogenic En?. Conf . ,  I ? C  Science 
and T2ck1oI.02~ Press, Surrey  ( 1 9 7 9 ) .  (This  i s  n ~ t  a c o n d i t i o n  f o r  acce? tance . )  

3 . 3  S L f  a c t u r e  

3 + 5.1  Yanuf acruc ing/Qual i  t y  Verif  i c a t i a n  P lan  

i: d e t a i l e d  ~ a n u f a s t u r i n g / q u a l i t y  v e r i f i c a c i o n  p l a n  shall. :7e pie?ared  by t h e  
sel ler  and submit ted to General  Dynamics Convair f o r  a p p r o v a l .  The p l a n  s h a l l  
i d e n t i f y  each process ing  and i n s p e c t i o n  s t e p  and t h e  procedure fa  b e  used.  
P r o p r i e t a r y  d e t a i l s  such as  heat: t r ea t  times and tempera tures  nay  be omit ted .  

3 .5 .2  Cleanliness 

Each finished component of t h e  finished prcducc shall Se frse 1.5 vLsi5le 
iontarninat ian such as  d iKt ,  machine or c u t t i n g  c:?h?s, fl'::i, ~ z - z s r  z a l l s ,  
la5ricants, residues fram f i x t u r e s  o r  hand1irs.g equi?-er,t z r  an::zni~-~ :Aic?i 
: x l d  change. t h e  performance of t h e  componernts. 

- .  . 
. .  

3 . 5 . 3  Surface F i n i s h  

Eie s u r f a c e  of t h e  conductor  shall be f r e e  a f  v i s i b l e  s c r a t c h e s ,  cracks, c c l d  
s h u t s ,  b l i s t e r s ,  gouges and o t h e r  i n j u r i o u s  iapporfettions which either excsed 
the  maxinun t o l e r a n c e  l i m i t  OF  degrade t h e  pe r fomance  of e i t h e r  :he con- 
d u c t o r  o r  t h e  in su lac ion  s y s t m .  
3 .5 .  L Solder ing  

e .  The conductor  s h a l l  b e  d e l i v e r e d  i n  a c o n d i t i o n  that Ijill rac:Lis.:z fakri:a- 
c -  ,Lan of  2n z l t x t r i c a l  j o i n t  us ing  a commercial Iclad-tLn a o l 2 e r .  

B - -  19 
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3 . 5 . 5  S p l i c i n g  

S p l i c h g  s h a l l  no t  be al lowed.  

3.5.6 Spool ing 

During spooling o p e r a t i o n s ,  t h e  fo l lowing  r e q u i r m e n t s  3 u s t  5e n a i n t a i a e d .  

a .  Bope or/and equ iva len t  m a t e r i a l  shall be usel;- z t  the  ap ,d ls ta r t  cf eack 
la;:er t o  a s s u r e  g e n t l e  t r a n s i t i o n s  S e t m e n  :i-:ers ?F.L 3a22;2 f ~ 2 2  

: m d u c t o r s  . 
b. Cocductor aust l i e  f l a i  on t h e  sh ipping  sjxcl  L n  ari xi<rl:; fashicjn.  

c. There s h a l l  be no k inks  or  bends when t h e  conOuctor is wouzd on the s?col 

d .  The conductor  must l i e  on tne spool wi th  a ?Lcch of no xorz than one and 
one-half conductor  wid ths .  

e .  Each l a y e r  OF conductor  must be p r o t e c t e d  by a l a y e r  of paper o r  mylar. 
The f i n a l  l a y e r  s h a l l  be p r o t e c t e d  wi th  a ? l i a b l e  Zater la l ,  banded, and 
over-apped wi th  p l a s t i c .  

3 . 5 . 7  Re?air 

Camponents t h a t  are not in accordance wi th  desisn requirernrnts  xay bep@pai reG 
i n  accordance wi th  a written p lan  which has been submirted and approved by  
General  Dynamics Conviir  p r ior  t o  t h e  r e p a i r .  Regot t ine  of ncn-confomancss  
s h a l l  be accomplished using &he GDC Waiver Agproval Rscuest ? e r n  (X.LiF) 
F o m  e S 4 7 5 ,  Rev. 1-74. 

The s e l L t r  s n d i i l  p l a n ,  establish, and main ta in  a Qual i ty  V e r l f i c a E L m  Program that. 
u t i l i z e s  those  a r z a n i z a c i o n a l  and functional d i s c i p l i n e s  seco,ssaT: c 3  f u r n i s n  ,cbj ec:i-;e 
sv idence  :hat t he  r equ i r ed  quaLi ty  is  achieved  t h r o q h  the  ? Y > C Z S S  T7-s LrDl22e2c-aci;r., 
c r g a n i z a t i o n ,  cioc-xentation, rev iews ,  c o n t r o l  of q u a l i t y  r.s:zrds ~ and ccrrecr-ive ac",icn 
r equ i r enen t s  of :he Qual i ty  Assurance Progrm s h a l l  be i n  a c x r d z a c a  wi th  thtt r equ i r e -  
ments of t he  ERDA Standard RDT F 2-GT. 

The performince of  seller's tests and i n s p e c t i o n s  do not IixLt t h e  r ight .  of General 
Dynamics Con-rair fi3 conducb o t h e r  tests and i n s p e c t i o n s  as %;?era1 I)vna.zics deems 
necessary :o a s s t x 2  t h a t  :he ? roduct  conforsls iiirrh a11 sf t z e  r e ; * ~ i r ~ z e c t s  :f cais 
Specif  icsr LGE I 
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4 .1  b e e r i a l s  V e r i f i c a t i o n  

Compliance wi tn  Scs t ion  3 .1  s h a l l  be  e s t a b l i s h e d  bv :he res-dt i  ?f Lxszect ioas  
arid t e s t s  inc luded  wi th  the c e r t i f i c a t i o n s .  Should c e r t i f - k a t i o c s  ;1ot :e 2va-l-  
ab l e  on any c o n s t i t u e n t  lot of  m a c e r i a l ,  a t e s t  nay be p e r 5 o ~ e d  fcr *.Terif-Lcacxm 
of  c r i t i c a l  c h a r a c t e r i s t i c s ,  p rovid ing  a written t e s c  s lan i s  reviewec and 
approved b y  GDC . 
4 . 2  In-Process I n s p e c t i a n  

b I 2 .  i Dimensional I n s p e c t i o n s  

The f ~ l l o ~ s i ~ i g  in -process  d i m n s i o n a l  i n s p e c t i z n s  s h a l l  >2 ~ z c s  ~5 
docurne:ited a t  r e a r e s e n c a t i v e  i n t e r v a l s  a long  t h e  :2~:?:?. 2f 2 ~ : .  -3:  

o f  t h e  conductor :  

. .  

Co nduc t o e  D h e n s  ions 
Conduccor Comer Radii 

A =  of conductor is  d e f i n e d  as a s i n g l e  cont inuous l e n g t h  s u b j e c t  t o  the  
same aanufac tu r ing  processes  such as drawing,  hea t  t r e a t ,  c a b l i n g ,  e t c . ,  
which  could materially e f f e c t  :he end product mechanical o r  p e r f o r z a n e e  
c h a r a c t e r i s t i c s .  

4 . 2 . 2  In-Process Surveil lance 

The c l e a n l i n e s s  and surface f i n i s h  requirements  of Sec t ions  3.5.2 ?ad 3.5.3 
shall be v e r i f i e d  and documenred a t  r e p w s e n t a t i v e  i n t e r v a l s  a long che 
l e n g t h  of each l o t  of corndustcar. 

4 3 Acceptance T e s t s  

1 

i 
I 

i 
Acceptance tests shall be p e b f 0 ~ 1 ~ ~ ~ 3 d  on samples frcm the  j e g i n n i n ~  2nd a d  sf 2 x 3  
l o t  of completed coribiictor. 

I , 
I 

i b . 3 . 1  Dimensional Acceptance 

The f o l l o v i n g  inspections shall be made 2nd seccrdeii f o r  22ch  S Z T D ~ ? :  

I 
I 

Coaduccor Height  I 

I 
I 

Conductax^ Width 

Corner Ft3LdiF 

B - - ~  2 1 
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6 . 3 . 2  Performance Acceptance 

The perforinance requi rements  o f  Paragraph 3 .L .2 .1 ,  3 . 4 . 2 . 2 ,  ar,d 3 . h . 2 . 2  
s h a l l  b e  v e r i f i e d  by t e s t  on a p o r t i o n  of each saop le .  (!:eta: X i s  
i m p l i e s  t h e r e  w i l l  b e  two c r i t i ca l  c u r r e n t  tes ts ,  tvo coc?csi:e res i s -  
t i v i t y  tes ts  and two mechanical  s t r e n g t h  tes ts  f o r  each l o t  p r e s e n t s d  fJr 

4 . 3 . 3  Filament S i z e ,  D i s t r i b u t i o n ,  and T w i s t  P i t c h  

Filament s ize  and d i s t r i b u t i o n  compliance s h a l l  be  e s t a b l i s h e d  S y  aeasurs- 
ments on a photomicrograph of a r e p r e s e n t a t i v e  conductor  c r o s s  s e c t i o n .  I 

SarJples For t h i s  test are t o  be obta ined  dur ing  conductor  processing a t  I 

t he  smallest round size. Dimensions may be sca l ed  t o  a d j u s t  f c r  a=:: 
r m a i n i n g  a r e a  r educ t ion .  

T w i s t  p i t c h  campliance s h a l l  be e s t a b l i s h e d  by s t c h i 2 3  5 s  :z;;er frzz 
t he  c e n t e r  s e c t i o n  of a conductor  sample but  ccc frcn t5.e ZIICS. ;?.e 

h a i r  ( I  112) t w i s t s  o f  t h e  f i l a m e n t s .  The ends of t h e  samgle s h a l l  be 
he ld  i n  a plast ic  ho lde r  o r  o t h e r  p rov i s ion  s a d e  t o  p r o t a c t  t h e  ands 
a g a i n s t  t he  e t c h a n t  and t o  prevent  t h e  sample from un twis t ing .  Samples far;  

! 
t h i s  test a r e  t o  be  taken a t  t h e  f i n a l  r e c t a n g u l a r  s i t e .  i 

! 
I 

i 

I 

acceptance .  ) I 

I 

r eg ion  from which t h e  copper i s  removed s h a l l  show a t  least  one and a I 

4 . 4  Lot Cont ro l  H i s to ry  Jacke t  

The f o l l o v i n g  d a t a  s h a l l  be  inc luded  i n  a - f o l d e r  which accompanies each  
d e l i v e r a b l e  lot ( spool )  of conductor .  

! 

i 
a. Copies of c e r t i f i c a t i o n s  f o r  a l l  conductor  c o n s t i t u e n t  materials. I 

i b. X c o l o r  ?hatograph 'of t h e  conductor  b i l l e t ,  p r i o r  t o  c l o s e ,  showing t h e  , 

l o c a t i o n  of c o n s t i t u e n t  materials. The photograph s h a l l  be i d e n t i f i e d  t o  I 
t h e  lot and signed and da ted  by a r e p r e s e n t a t i v e  of t h e  Sellers Quati:?. 

' 

Assurance o r g a n i z a t i o n .  

Data sheets i n d i c a t i n g  compliance wi th  t h e  In-lrocess lnspec  t i o n s  of  
Sec t ions  4.2.1,  4 . 2 . 2 ,  and 4.2.3. 

C .  

d .  Data s h e e t s  i n d i c a t i n g  compliance wi th  t h e  D b e n s i o n a l  Acceptance i 
r?quire=lents  of S e c t i o n  4.3 .1 .  

e .  Data s h e e t s  i n d i c a t i n g  compliance wi th  the  Te r fomanee  Acceptance rzqnirz- , 

icents o f  S e c t i o n  4 . 3 . 2 ;  i n c l u d i n g  cop ie s  or' c r i t i c a l  c u r r e n t  ? l o t s ,  
r e s i s t i v i t y  p l o t s ,  and s t r e s s - s t r a i n  cu rves .  I 

f .  Data s h e e t s  i n d i c a t i n g  compliance wi th  t h e  General  Acceptance r e q u i r e n e c t s  
of  Sec t ion  4.3.3. 

I 
g. Data s h e e t s  i n d i c a t i n g  conductor  l eng th .  I 
h. Non-conformance r e p o r t s .  ( W A R F ) .  , 8 

Each f o l d e r  snall b e  i d e n t i f i e d  wi th  t h e  spool l o t  a m b e r .  The f o l d e r  s h a l l  
, be p re sen ted  t o  t h e  GDC r e p r e s e n t a t i v e  a t  t h e  t i D e  of acceptance .  The f o l a s r  1 

shzl!. '3e -3ir .csined ue-to-date and a v a i l a b l e  f o r  review a t  anv t i n e  S u r i n z  I 

6-22 
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t h e  m a n u f a c t u r i n g / t e s t  cycle. 

4 . 5  kleasuring and Test e q u i p m n t  s h a _ l l  be c o n t r o l l e d  by t h e  c a l L 5 r a t i z 3  
requirements  of RDT F3-2T * 

4 . 6  Process  C o n t r o l s  

Compliance w i t h  t h e  Hanufaetur ing requirel imits  of Sec t ion  3 , s  shail be e s t a b l i s h  
by d e t a i l e d  step-by-step procedures  and r o u t e  c a r d s  prepared by t h e  Sei ler  ana 
on f i l e  f o r  General  Dynamics Convair review. The v i s i b i l i t y  of processes 
considered by t h e  Sel ler  t o  be p r o p r i e t a r y  shall be r e s t r i c t e d  to i d e n t i f i e d  
General Dynamics Convair  personnel  by  mutual agreeaent  between Se l l e r  3zd 
Ger.era1 3ynarnics Convair , 

h . 7  Audits  

The Se l le r  is s u b j e c t  t o  a u d i t s  by General  Dynamics Convair t o  assess the 
i r rp lenenta t ion  of t h e  Seller's Q u a l i t y  V e r i f i c a t i o n  P r o g r a m  a t  an:; :iae d u r l n j  
the  course  of  t h e  work. 

i .8 Son-conf orming Naterials 

>faterials o r  products  which da n o t  meet the requirements  of t h i s  s p e c i f l c a t i o n  
( R e f ,  paragraph 3 . 5 . 7 )  s h a l l  be r e j e c t e d  by t h e  S e l l e r ' s  Q u a l i t y  Cont ro l  
personnel  and handled i n  accordance with t h e  methods p r e s c r i b e d  in t h e  ?ua l i t - i  
Assurance Plan.  Examples of t h i s  a r e :  

a .  Lack o f  Required Documentation 

b. Direensional Non-conformances 

c .  Performance Test F a i l u r e  

4 . 9  Lot Samples 

A 4-ne ter  sample  from each end of each conductor  lor s h a l l  be prz-iided ' 3  

Gmeral 3ynamics.  Each sample shall be p r o t e c t e d  by a p l i a b l e  
overmap and i d e n t i f i e d  wi th  t h e  l o t  number and 2nd. 

5 .o 

5 . 1  Handl inq 

Handling of a l l  components and t h e  product  a f t e r  f i n a l  c l e a n i n g  shali be cone i n  
a nanner t o  prec lude  pickup o r  entrapment of any d i r t ,  o i l s ,  m e t a l  chL?s, 
o t h e r  contaminat ion an t h e i r  s u r f a c e s  o r  in i n t e r n a l  ?arts.  

5 . 2  Yark in?  

B-23 
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following information:  

a .  h r c h a s e  Order o r  Cont rac t  Xumber 

b.  Xanafac turer  

c .  Name of  Xaterial 

d .  Lengeh 

e.  Lot Xumber 

f .  Gross, Net and Tare Weights 

3 .  Q . X .  Acceptance V e r i f i c a t i o n  

h.  General  Dynamics P a r t  Number 

5 . 3  S t o r a s e  

.U1, components and t h e  f i n a l  product  a w a i t i n g  f u r t h e r  process ing  o r  shipmer,: 
shall be handled and s t o r e d  i n  a manner which p r e c l u d e s  phys ica l  i m a g e  and 
contaminat  ion .  

5.4 Packaginq 

. A l l  inaterial s h a l l  be packaged in a manner t o  n a i n t a i n  c l e a n l i n e s s  d u r i n g  
handl ing  and. sh ipping  and t o  prevent  damage i n  t r a n s i t  t o  i t s  d e s t i n a t i o n  
;.hen p r o p e r l y  t r a n s p o r t e d  by any common carrier.  
s h a l l  be wound upon a r ee l  of a d iameter  t o  be determined by t h e  seiler such 
t h a t  p l a c i n g  or  handl ing  t h e  c a b l e  s h a l l  not degrade t h e  q u a l i t y ,  p r o p e r t i e s ,  
or performance c h a r a c t e r i s t i c s  of  t h e  cable .  

Each l e n g t h  of conductor  

5 . 5  Shipping  

A f t e r  r e c e i v i n g  a p p r o v a l  by General  Dynamics Czavai r  shi;,  t5e Froduct ,  
sh ipping  shall be  perforined i n  accordance with a l l  a p p l i c a b l e  r e g u l a t i o n s  sf 
the L'nited States Departaent  of T r a n s p o r t a t i o n .  
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MATERIAL/PROPERTY R.T.  4K USED ON 

316L CRES (Annealed)  
Tensile S t r e n g t h  ( k s i )  70. 175. 
T e n s i l e  Y ie ld  ( k s i )  25. 6 0 .  
S h e a r  S t r e n g t h  ( k s i )  38. 95. Helium Vessel 
E l a s t i c  Modulus ( m s i )  28.  29 .2  -3 
Thermal Expansion ( i n  / i n .  ) 0.  -2.95 x 10 

101 OFHC Copper (Annealed)  
T e n s i l e  S t r e n g t h  ( k s i )  23 .  52. 
T e n s i l e  Y i e l d  ( k s i )  8.  10.  Thermal S h i e l d s  
Shear S t r e n g t h  ( k s i )  20 n 3 0 .  Tubing 
Elas t ic -  Modulus ( m s i )  16 .  1 7 .  
ThermaI Expansion ( i n  / i n .  ) 0 .  -3.25 x 

170. 
304L CRES (Annealed)  

T e n s i l e  S t r e n g t h  ( k s i )  70. 
T e n s i l e  Y ie ld -  (ksi j 25. 65 a 

S h e a r  S t r e n g t h  ( k s i )  40. 100. Vacuum Vessel 
E l a s t i c  Modulus ( m s i )  28 .  29. 
Thermaj. Expans ion  (in./in.) 0.  -3.0 x 

Ti-SA1-4V (Annealed)  ELI  
T e n s i l e  S t r e n g t h  ( k s i )  130. 229 e 
Tensile Y i e l d  ( k s i )  120. 222. 
S h e a r  S t r e n g t h  ( k s i )  76. X Helium Vessel 
Elas t ic  Modulus ( m s i )  16.  19. S u p p o r t s  
Thermal Expansion ( i n . / i n . )  0.  -1.75 x 

Metallic Materials Mechanical P r o p e r t i e s  
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M a t e r i a l / P r o p e r t y  R.T. 77K 4 K  

GlOCR E p o x y / F i b e r g l a s s  
T e n s i l e  S t r e n g t h  ( k s i )  

Warp 
F i l l  

Warp 
F i l l  

F l a t w i s e  

F l a t w i s e  

Warp 
F i l l  
N o r m a l  

T e n s i l e  S t r e n g t h  Modulus ( m s i )  

Compress ive  S t r e n g t h  ( k s i )  

Compressive Modulus ( m s i )  

T o t a l  Thermal C o n t r a c t i o n  

Style 6781 S-2 Glass, GlOCR Epoxy 
T e n s i l e  S t r e n g t h  ( k s i )  

00 

O0 

O0 

T e n s i l e  S t r e n g t h  Modulus ( k s i )  

T o t a l  Thermal C o n t r a c t i o n  

60.2 119. 125. 
4 3 . 4  

4.1 5.0 5 . 2  
3.9 4 .8  

60.1 100. 109. 

2.03 3.16 

-0.00235 
-0.00269 
-0.00730 

60.0 

5 . 5  

0.0025 

Non-Meta l l ic  Material Mechanica l  P r o p e r t i e s  
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APPENDIX B - 3  

To: Oistribution 

- 
1 ram: l:emls G Cerarnics Group, 63°C 

Subject: X e c h z ~ c a l  Properties of T37e 101 OFHC Copper 

- ,ask SGntroi Board Log So. LZ7-18 entitled '3hterial 
Properxes for 1/8 and 114 hzz3 9 F H C  Copper ana for 
G-ld Fherglass", dated 30 r iqzs t  197'7. 

- 
,IC- :e r 2 2 c  s : 

A: the request of the L a q e  Coil  Program (LCP). -:sference Task Conrrol Board 
L.ig 30. LCP-19, a test prograol was performed : deternine the tensile and 
compression properties or' Type 101 OFHC coppez Tests were performed at room 
and cryogenic ( 2 0 ' X )  temperatures on material ic i r ious  temper conditions, including 
xI.ncaied and 1/8, 1,'4 and 1,/2 hard. 

Test aangies nere rnachised from 1 / 2  inch thick 1 ::e obtained from Pracess De:-elop- 
x e n t  Laboratory stores. Tfie test samples were 
(900" F, 20 minutes, air ccol) to obtain the annear=. condition. This was followed by 
stretching 20 KSI (about 37) for the 1/8 hard con&.  '3, 28 KSI (about 10')for the l I r 4  
:lard and 30 E;sI (about 15-205) for the 1 / 2  hard cc-tions, 

?erly conditioned by heat treament 

.-,. - e s t  spee;rr.e:is ;:ere :her, :::achined and prepared f:r testing. TjTe R (3IRG-D-32) 
: ex i le  specimens mc  rec:azgular block compression specimens were used. 5 t n i n  
-Ilia ;i 2 s  si:n?:xc cy xse ;i strain gages, e.xtensorcerers and/or defiec tomerers. T!;e 
Lest data \\as re&c& arid tke results given in Table 1. 

3 

-As expected and as  is evident from the test dah, there i s  a substanal  increase in 
tensile yield and ultimate strength and compressire yield strength as a result of cold 
norking a d / o r  by decreasing the test ternpenture. The effects on elastic modulus 
and ductility (elongation) are less pronounced although there is some increase in 
modulus at cryogenic remceratures and a decrease in elongation with cold work and 
iom :err-peratures. 

The test d a h  appears to be in good agreement w i t h  handbook and literature data and 
3re provided to help support the design and analysis of Convair's LCP magnet. 

Prepared b 
Jack Christian, Group Engineer 

J. Bur, meson. 
E. Johnson 

J. Hertz 

cc: D. 
c. Kmse 
E. wdi R. Bailey 6-128 
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FIGURE 9.2.i ME6. FATIGUE CRACK GROWTH RATES FOR TITANIUM ALLOYS 
AT 4 K (-452 17)(94208D) 
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21 September 1951 
EBT-P-TN-003 

APPENDIX B-5  EBT-P TECHNICAL MOTE # EBT-P-VN-008 
21 Septenber 1981 

M I R R O R  COIL X-RAY SHIELD OPTIMIZATION 

PREPARED BY 

APPROVED 

APPROVED 

. ’  
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The stiidp, Prom which  t h e  ahnvc t o n c l u ? i o n s  a r e  drawn afialyzed several  dcsigri 

opti‘ons i i i c ;ud inq  t h y  bascline 2nd t h e  . . i l l - l ,nad rnr-iLepis. 8,n a l l  l ead  design 

i s  p re fe r red  due LG reduced d ~ v ~ l o p r n ~ n t ,  m s n  o f  fabricatiatl ,  rediiced c o s t s ,  

arid m o r e  t t idn su f r i c i cn i  x-ray pratscLtorI .  Ssronrf in p r e f e r r p c e  i s  t o  mold 

tungster? in to  the l r z . 3  s i d e s  iadjacent to t h e  Snbmr-d  liinjt@;*s. ‘ [h fs  d e i i g n  
reduce5 to t a l  x - r a y  h m t i n g  t o  about  the same 2s t h e  baseline and h a s ’ t i w  ad- 

o f  r educ ing  tkr tungsten by 75% s z a q i  ng manufacture and manufac twing  

tolerancss o f  t h e  tungsten l~ari.5 arid reduci ~rg 

t h e  5aselinc. I t  i s  s t i l l  f a r  ~iiore complex t h a g  t h e  all-1Pad o p t i o n .  L a s t  i n  
prefersficc o f  the  desigl-is analyzed  %.la% t h c  b 1 ine o r  :ungstci: throat. design. 

P h i s  dssdgn req2 i re .s  tha: t h e  tungsten !le rriar-thfactuwd in  a ceii iplcx shape w i t h  

t i g h t  dimensional t o l e m n ~ ~ ~ .  I t  p laces  t;tc tedng5t.e:) i n  an a r m  o f  m i i l i m a l  x-ray 

f l u x  and t h u s  makcs i n r f t i c i e n t  usc o f  i t s  shielding a b i l i t y .  Additional develop-  
ment will  he r e q u i r e d  i f  i t  5 s  necesrary t o  a t tach  coolant channels t o  t h e  throat .  

Thc design a l s o  does little t o  reb;ece t h e  peak heating caused by the localized 
x - ~ a y  soui-ces a t  tire inboard  1 i l i ~ i t e e - s .  

p a k  heating r a t e  by 20% over 

MDAC does n o t  feel thal. the iiii-i-eased cskiiplexity and cost  of a twngs ten i l ead  
shield concept can bc j u s t i f i e d .  MDAC recommends t ha t  a 5  much shielding be re- 

t a i n e d  as  practical  while i i sur ing  t h a t  EBT-P w e t s  optirriurn phys ics  parametfrs. 

The reduced c a l c u l a t e d  heating p r o v i d e s  an additional margin f o r  the s t a b l e  

o p e r a t i o n  o f  t k  magnets a n d  insurance against  unrertainties i n  the phys ics  
models uscd t o  c a l c u l a t t .  x - r a y  in tcns i t ies .  
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2.0 SHIELD ANALYSIS MODEL: The calculations were performed by a point kernal 

shielding code which models the l imiters and e-rings as isotropic point source 

elements distributed i n  three dimensional space. The shielding was modeled as 
a se r ies  of solid rings. 
a1 t h o u g h  they will provide significant protection, especially against low energy gammas. 

2.1 

calculated by the MDAC Physics S t a f f  f o r  2% A I  impurity and 2 MeV r i n g  tempera- 
ture.  

per cavity. All sources are taken as isotropic. This i s  conservative since 

any angular concentration of x-rays would tend t o  be directed radial ly  out of 

the torus and not  toward the cold mass. 

The l imiters were not considered to  pravide shielding 

X-Ray Distribution: The x-ray energy dis t r ibut ion i s  assumed t o  be t h a t  

The total  integrated source power i s  rounded up t o  100 watts from 95.7 watts 

2.2 X-Ray Analysis: The x-ray analysis was done by conventional p o i n t  kernal 

method. The point kernal i s  an accurate method of calculating doses and heating 

provided tha t  reflected gammas are n o t  a dominant contributing factor.  -The 
cold mass i t s e l f  i s  protected from external reflected sources by a s i in i f ican t  

thickness of s ta inless  s teel  which is excellent shielding material against low 
energy gammas. Any sicjnificant reflected flux must come from the magnet dewar 

and cold mass. Gamnas reflected more t h a n  90' have already deposited most of 

t he i r  energy. 

culations, these gammas are not deemed s ignif icant .  

. 

Therefore, w i t h  the conservatisms already bui l t  in to the cal- 

Figure 1 defines the coordinate system used i n  the x-ray calculations. 

The cold mass i s  divided into volume elements (rdr de d z ) ,  each of which i s  
considered a target .  

First, the angular a n d  radial dis t r ibut ion of electrons impinging  on the l imiters 

i s  largely unknown. 

worst case w i t h  respect t o  peak heating adding conservatism t o  the calculation. 

T h i s  has very l i t t l e  e f fec t  on total  heat  deposition since the cold mass inter- 

cepts nearly the same so l id  angle from any sources distributed angularly on the 
limiters. The electron rings are modeled as c i rcular  hoops divided into length 

elements ( r d o ) .  

The l imiters  are  taken as point sources for  two reasons. 

Secondly, t reat ing the l imiters  as point sources is the 

6-1 79 
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The ~ources  considered include b o t h  adjacent cavities.  Cavities beyond 

these do n o t  contribute significantly t o  the doses due t o  the distance and 

amount o f  material between them a n d  the co i l .  

Figure 2 i s  modeled as a ser ies  of  solid rings bounded by rmin, rmax, zmin ,  
a n d  zmax a s  shown i n  Figures 3-5.  

an effective shield thickness i s  calculated a n d  attenuation for  each o f  six 

energy groups i s  f o u n d .  

The shielding envelopeshown in 

For each souree/target element combination 

The formulation used for  each energy g w u p  i s  

3. = mass absorption coefficient o f  target for energy group E 
P 

P = x - ray  power emitted from source element ( i n  w a t t s )  

* -  
Bp (1~s )  = empir.ical secandary f l u x  buildup f a c t o r .  .,a 

S = effect ive shield thickness 

r total  distance between source and target  

= dose r a t e  i n  rad/s for energy group E 4 
f ( € )  = normalized energy distribution function 

For each target element, contributions t o  dose are summed over  a l l  energy groups 

and for  a l l  source elements t o  find the total  local dose rate.  The dose rate  

i s  multiplied by the local density t o  find the heating i n  the target element. 

The heating a f  the target element i s  summed t o  find the total  heating o f  the 

cold mass which includes t h e  conductor, bobbin, and closeout. I n  one calcu- 

lation of dose rates the-edrdductor was considered t o  provide no atteguation. 
Th is  cal cul a t i  on was provided f o r  conservat i  srn a1 though the resul 'cant  heating 
d i s t r i b u t i o n  i s  unreal is t ical ly  even across the coil pack. To provide a more 

r ea l i s t i c ,  even t h o u g h ,  less  conservative result  the effective attenuation t h r o u g h  

the conductor to  the target was a l s o  included. 
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2.3 X-Ray Code: 

magnet a t  different  radii and depths i n t o  the magnet. 

ra tes  i s  calculated a t  the inboard horizontal midplane o f  the coil  pack since 

th i s  i s  where the highest dose rates  occur. Peak localized x-ray heating i n  

the conductor was then calculated to  be 0.13 milliwatts/cm3 f o r  the all-lead 
shield. 

pared f o r  four cases i n  Figure 6. 

The x-ray code prints a distribution o f  dose rates around the 

A f iner  g r i d  of dose 

The heating dis t r ibut ion along outer corner o f  the conductor i s  com- 

3.0 ANALYSIS: Several conc7usions can be drawn from the distribution i n  Figure 

6.  

i s  a constant with respect to  theta.  

due to the l imiter sources. 

the l imiters and the small angle of the x-rays incident on the shield. 

indicates tha t  the most effective location for tungsten i n  the shield i s  i n  the 

side plates adjacent to  the inboard l imiters.  I t  is a lso  wrth noting t h a t  
the marked peak a t  0" i s  due to  the treatment o f  l imiters  as  poin t  sources. 

Since the l imiter sources actually have some angular dis t r ibut ibn,  the, peak i s  

lower and the heating distributed over a greater- volume than indicated. 

Ignoring the 5" cant of the electron rings, t he i r  contribution t o  heating 

Therefore, the peaks and valleys are 

The peak a t  0" i s  due to the close proximity of 
Phis 

. *  

Beyond 98" around the magnet, x-rays from the inboard l imiters  become 

more incident on the throat of  the shield where the thickness i s  only .75 inch, 

causing the heating to  increase s l igh t ly .  

be made o f  the throat shielding i f  material were removed from the inboard 

and moved t o  the outboard. 

and toroidal vessel s l igh t ly  inboard (see Figure 7) .  The resu l t s  o f  this  change 

are  shown as Option 4 ih Table 1.  The same toroidal vesseK cleat- bore and magnet 

alignment clearance are maintained and additional f l u x  l ines  for  passing 

par t ic les  are cleared by th i s  approach. 
of the clearance for throat launch ECRH guides has been eliminated and the 

toroidal vessel t h r o a t  i s  nonconcentric i t h  i t s  flange. 

Therefore, more e f f ic ien t  use could 

T h i s  can be accomplished by moving the shield bore 

The disadvantages here are  t h a t  some 

An all-lead des ign  has' been developed which reduces the mean throat thickness fro, ,  
.75 -to about 0.6 inches (See Figure 8 ) .  

clears  the 16.5 cm f l u x  l i ne  inboa rd  and  opens additional volume outboard 

fo r  the throat launch ECRH upgrade.  Th is  does not  increase the peak heating 

above the non-concentric option, however, i t  does increase total  heating by 
about 0 . 3  watts. The impact of trimming the sides of the s h i e l d  back t o  the 
original 1.25 inches was assessed a n d  f o u n d  t o  increase t o t a l  heating by about 

0.15 watts. 

I n  th is  design the S . S .  toroidal vessel 

8-181 
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4.0  ~. CONCI..lJSION: . . . . . . . . . - A detailed s tudy o f  local dose and heating ra tes  throughout 
the  magnet cold mass hdS been completed. 

shield design are  to ta l  heat deposition i n  the cold mass and the maximurn local 
heating rate .  A preliminary analysis of photoneutrons indicates insignificant 

ccntributions t o  dose and heating o f  the cold mass compared t o  x - r a y s .  
A number of  shielding options were examined i n  t h o  s tudy  t o  provide data 

for design selection. 

10 w a t t s  to ta l  heating. ?he baseline shield configuration w i t h  the f u l l  

tungsten throat  proved t u  be an inef f ic ien t  d e s i g n ,  

volume o f  tunystm i s  placed i n  t h e  throat  where the x-ray f l u x  i s  the 

l ea s t  and t h e  tungsten has l i t t l e  e f f e c t  on peak heats’ng.  

i n  t h e  side o f  t h e  shield adjacent t u  the inboard limiter5 reduces the overall 

heating about t h e  same as t h e  baseline b u t  use5 only a quarter of the tungsten. 

Thi’s a l s o  cuts  peak heating t o  665  o f  an a l l  lead design. 

the a l l  lead des igns ,  both concentric, and non-concentric, the peak heating 

r a t e s  are so small t ha t  fur ther  r e d u c t i o n  appears t o  be unnee6ssary. the. 
calculated heat  t ransfer  r a t e  i s  f a r  ~ I Q W  t h a t  required t o  cauw boilSng i n  

the l i q u i d  helium. 

shield i s ,  therefore,  not j u s t i f i e d  by the  present 

dis t r ibut ions and streng%hs. 

Two considerations germane t o  t h e  

,411 options studied resulted i n  s ignif icant ly  less  t h a r ;  

In this  design a large 

P l a c i n g  the tungsten 

However, even for  

The expense and coiiiplication o f  havitig tungsten i n  the 

understanding of source 



Option 

1 
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4 
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TABLE 1. : 90 GH, MIRROR COIL X-RAY HEATING SUMMARY 

I 1 I I 

-. . - - - - - 
All Lead 
.30" o f f s e t  bore 

t h r o a t  thickness 
.60" mean 2.49 1 .oo 1.49 0.16 0 

.. . 
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FIGURE 8. CONCENTRIC ALL LEAD SHIELD WITH MEAN THROAT THICKNESS OF 0.6 INCH 
CONTOURED FOR INCREASED PASSING PARTICLE FRACTION. (SHOWN WITH 
ALUMINUM VESSEL) 
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" T h i s  p l a n  is p r e l i m i n a r y  and s u b j e c t  t o  further r e v i s i o n s  and  
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EBT-P TECHNICAL NOTE # TN-EST-P-007 
18 September 1981 

MAGNETIC SYSTEM ALIGNMENT PLAN 

PREPARED BY * .  
* 

PREPARED BY 

APPROVED BY 

APPROVED BY . 
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EBT- P-  TN -03 7 
18 September 1921 
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This plan describes the proposed approach for the alignment of the mirror 

co i l s  and supporting structure $0 lirriit the emulative f ie ld  error  as expressed 

by the q u a n t i t y  o f  AB/B t o  1 x loP4 when averaged around the torus along the 

minor axis. The methodology for ,  and e f f e c t  of alignment ermrs on the magnetic 

f i e ld  f o r  EBT-P a re  addressed in Attachments ( l ) ,  ( 2 ) ,  and (3) .  
errors due t o  magnet fabrication, power distribution, winding configuration, 

e tc ,  are addressed in Attachment ( 4 ) .  

Systematic 

The aligrment plan described herein can be brief ly  sumarized as follows: 

7 .  

2 .  

3. 

I 

4 .  
5. 
6. 

7. 

8. 

Magnetic f ie ld  measurements will be made on each coil t o  define axes 

location with respect t o  construction balls located on the dewar. 

(Magnetic axes t o  within Y + 0.005 inches and  f 1.5 minutes angulaiisy). 

A1 uminum bucking ring structures reference surfaces on t h e  outer: 

perimeter t o  be optically aligned t o  within 0,010 inches and vertical  

t o  withi n 0 degrees 

All magnets, are '&I be instal led an the torus before s tar t ing alignment. 

A clearance of 0.30 inch i s provided between the magnet base and 

aluminum ring. 

magnet adjustments of 0.17 inches or 0.5 degrees. 

The magnets are aligned optically t o  within 0.005 inches. 

32 magnets are locked i n t o  position using tapered pins. 

4 magnets (one ih  each sector) a re  temporarily locked into position 

with jack screws. 

The magnets are coaled and powered t o  TBD amperes. 

f ied and /o r  vernier adjustments are made on the 4 magnets w i t h  the 

use of a n  electron beam t o  determine f ie ld  l ine closure. 

The final 4 magnets are then permanently pinned in the aligned position. 

2 m i  nu tes 

This allows fo r  cummulative tolerance buildups and 

Alignment is veri- 

The tool ing  bars and scopes requi red for a l igment  will be disassembled and 

In  order t o  provide f o r  misalignments rmaved following a1ignrnefl.t verification. 
which may occur over the operating l i f e  o f  the machine due t o  settlements, s t ress  

relaxations, e tc . ,  i t  would be h i g h l y  desireaBle t o  incorporate an in place 
detectian scheme f o r  locating suspect coi ls .  
ORNL i s  currently exploring the possibi l i ty  f o r  using a toroidal winding f o r  

detecting f l u x  linkages b e h e e n  the toroidal coi l  and the mirror coi ls  which 

I t  is MDAC's  understanding t h a t  
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are a measwe of alignment error.  

i t  would be highly desireable t o  incorporate it  i n t o  the EST-P design and align- 

ment procedure as  i t  could provide coil alignment s ta tus  d u r i n g  device operation. 

Additionally, optical realignment o f  the mirror co i l s  will be hindered a f t e r  
the ins ta l la t ion  o f  ARE coi ls .  

I f  th i s  technique has the required sens i t iv i ty ,  

Magnet Parameters Measurement 

Fabrication to1 erances of the magnet l imit  the magnetic axes angularity w i t h  

respect t o  the mechanical axes of the dewar t o  within 5 9 minutes and coil  

radial duplacernent t o  within 2 0.040. The-magnetic axes will be located w i t h  

respect t o  construction balls on the dewar d u r i n g  acceptance testing a t  GDC. 
Construction ball location shall be as specified in Figure 1 .  The  procedure 

and equipment required for  magnetic f ie ld  axis determination shall be specified 

via t e s t  d a t a  from the ORNL development t e s t  program. This p l a n  assumes t h a t ,  

the axes location can be identified t o  w i t h i n  - + 0.005 inches and 2 1.5 miiutes 
angularity. 

accordance w i t h  the fol lowing procedures 

IS 

Axes location is transferred t o  the dewar construction bal ls  in 

1 .  Move magnet i n t o  tooling set-up and a d j u s t  t o  the optical set-up per 
Figure 2, 
Note: P l a n e m t o  be parallel to  the vertical  sweep plane o f  Transit #1 

w i t h i n  0.003 inches i n  47.5 inches. 

P l a n e m t o  be parallel  t o  the vertical  sweep plane o f  Transit 82 
within 0.603 inches i n  47.5 inches. 

2. O b t a i n  data necessary t o  re la te  probe contstruction bal ls  (C/8's) t o  
the exter ior  @/Bas. 
y analytic geometry, determine 

( a )  

(b) 
By analytic: geometry, determine the ar ray  X, Y ,  and Z coordinates of the 

magnet exterior C/BSs (assigned t o  a specific location:. 

sta t ions  on chart; as shown in Figure 3. 

distance f r o m  magnetic plane t o  @/B's. 
distance f r o m  the  other two orthogonal planes t o  the C/B's. 

4. 
Eriter array 

I ~ ~ ~ ~ l ~ a ~ ~ ~ ~  of Reference Construction Balls on Concrete Support Ring 

The concrete bucking  r i n g  will be poured prior t o  the roof of the torus  

This  will allow a cure time o f  approximately 1 year prior t o  the @nclssures 

c-3 
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ins ta l la t ion  of construction balls which establish the torus X ,  Y,  and I axis 

datums. 
cure tirne/contraction curve o f  Figure 4. 
91% o f  the t o t a l  shrinkage due t o  drying will occur w i t h i n  the f i r s t  year. For 

the concrete bucking r i n g  the shrinkage will be symmetric. 

also be getting shorter. A t  a 40% re lat ive humidity the estimated t o t 3 1  change 

i n  rad ius  of the concrete support r i n g  is 0.0928 inch. 

curing, the concrete will shrink a n  additional 0.0084 inches. I f  the ambient 

re la t ive humidity is 60% the additional change in rad ius  a f t e r  one year o f  curing 

will be 0.0067 inch. These estimates do not include the s ta inless  steel  rerods 

The s t ab i l i t y  of  the concrete support r i n g  a f t e r  1 year i s  shown i n  the 

Based on the Figure 4,  approximately 

The columns will 

After one year o f  

which can reduce the amount of shrinkage by 50%. 
amount of shrinkage are: 

of aggregate, s ize  of  aggregate, and type o f  aggregate. A t  the time alignment 

i s  done, updated estimates of the remaining symnetrical shrinkage will be taken 

i n t o  account i n  future measurements. 

shrinkage will not a l t e r  the accuracy of magnetic f ie ld  closure., The construction 
balls will be instal led per the following steps: 

Other factors tha t  a f fec t  the 

amount o f  watep per u n i t  volume o f  concrete, amount 

Because o f  the symmetry, the res idui l - .  

1. Set -up  the optical system around the concrete support r i n g  as shown i n  

figure 5, and se t  C / B ' s  2 and 4 on the lower surface o f  the concrete 

r i n g .  

as determined by tape measurements, being cognizant of the location 

o f  the aluminum r i n g  attach bolts. 

X 0.000. C/B 2 establishes datum Y 100.000. 

Position C / B ' s  l'and 3 a t  datum Y +20.000 f .003 per Figure 5. 
Set C/B #fj on the inner vertical  surface o f  the concrete r ing .  

a tape to  determine the center of ring height. C/B #5 will be 

Z 0.000 datum. 

The C/B's are t o  be located on the center o f  the concrete r i n g  

C/B's 2 and 4 now represent datum 

2. 
3. Use 

A1 uminum R i  ng Seqment A1 ignment 

The aluminum ring i s  fabricated and installed i n  9 segments. Each segment 
is aligned to the concrete.bucking ring using four C/B's. 
t o  w i t h i n  0.010 inches and vertical  to w i t h i n  z e m  degrees, 2 minutes. Ring 

segment fabricatian to1 erance will increase the mirror coil mounting surface 
tolerance to - -+ TBD inches and vertical  to  w i t h i n  TBD minutes. 

The C/B'r art? a l i g n e d  

.- 
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1.  

2. 

3.  

4. 

5. 

6. 
7. 
8. 

9. 

10. 

11. 

Reposition tool i n g  bar #2 i n .  accordance w i t h  Figure 6.  

Instal l  r i n g  segments 1 and 2 (Note 
a t  this time). 

A d j u s t  the upper and lower ver t ical  

that  the horizontal reference C/%'s 
Adjust the radial jack screws and c 
t o  place the reference C / B i s  a t  the 

specif ic  segment w i t h i n  0,010. The 

a l l  r i n g  segments may be instal led 

screws as shown i n  Figure 7, such 

are a t  Z stat ion 19.000 2 0.010. 

rcumferential adjusting turnbuckle 

desired X and Y stat ions fo r  the 

vertical  reference C/B's must  

be vertical  w i t h i n  0.2 (0.0058'' per 10"). 

Recheck for  condition of Step 3 .  

S t e p  3 and 4. 
Reposition tooling b a r  #2 per F igure  8. 

Repeat Step 2 t h r o u g h  5 f o r  segments 3 and 4. 
Reposition tooling bar n"l and 2 per Figure 9. 

Reposition tooling bar iy2 per Figure 10. 

Repeat S t e p  2 t h r u  5 fo r  segment 7, 8, and 9. 

I f  o u t  of tolerance, readjust per 

Repeat Step 2 t k r u  5 for  segment 5 and 6 .  
C .  

v 

Fol 1 wi ng. a1 i gment, the vol ume between the a1 mi num r i n g  and concrete s u p p o r t  

r i n g  will be f i l l e d  w i t h  g r o u t i n g  t o  provide a solid interface between t h o  ~ W G .  

If  required, the aluminum ring will be supported t o  prevent movement d u r i n g  the 

grouting procedure. 

attachment o f  the magnets t o  the r ing.  

The grouting will be a7lowed t o  cure for  YBD days before 

Magnet A1 ignment on Torus' 

All 36 magnets, the superstructures and magnet protection system or simulat- 

i n g  mass for the magnet protection system must be instal led on the aluminum r ing  

prior to  the s t a r t  of alignment. An i n i t i a l  clearance be 
r ing  and magnet base is provided fo r  adjustments of up t o  j-- 0 . 3  inches and/or 

- + 0.5 degrees. 

i n  any direction. 
magnet assembly is  shown i n  Figure 11. 
f a c i l i t a t e  magnet alignment; six on the magnet base, and four on the aluminum 
r i n g ,  as shown i n  Figure 12. 
1 ineh bol ts  w i t h  spherical washers for  self-alignment. An adjustment inser t  
i n  the magnet base provides for the radial adjustment. These b o l t s  are shuwn 
i n  Figure 13. 

c-5 

The cryogenic system will  be designed t o  aceornodate fr 1.0 i n c h  

The radial tolerance stack f o r  bucking r i n g  sturcture and 

Ten jacking screws arc provided, t o  
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1. ' Reposition tooling bars #1 and 2 in accordance w i t h  Figure 6 .  

2. 

3. 

4. 
5. 

6. 

For magnet %1 a t  the 5' position, s e t  outboard C/B  a t  array stations 
( X ,  Y and Z) specified in  Figure 3 within 0.005. 

Set upper a n d  lower C/B's on Magnet #1 t o  array stations ( X ,  Y, and Z )  
specified in Figure 3 within 0.005 inches, 

Recheck for Step 2 compliance, i f  o u t  o f  tolerance, perform Step 2 and 3. 

Align magnet 2 t h r o u g h  1 0  per the above t o  array stations specified 

in Figure 3 within 0.005 inches;, 

Reposition tooling bar # 2  per Figure 8. 

' 7. Align magnet 11 t h r o u g h  18. 

t i o n  tooling bars 1 and 2 per Figure 9. 
magnet 19  t h r o u g h  28. 

z i c n  tcoling b a r  $2 per Figure 10. 
magnet 29 t h r o u g h  36. 

* *  

0.  Repos 

9 .  Align 

'IO. k ; s  
11 .  A l i g n  

Following al igment  of the mirror co i l s ,  32 coi ls  are permanently pinned i n t o  
p o s i t i o n  using four  tapered pins as shown in Figure 14. 
p r e d r i l l e d  and  reamed. 

w i t h  t h e  magnet base t o  accomnodate the taper pins. 

one  i n  each quadrant, are temporarily held into position using the jacking 

screws. 
effect  f ie ld  l i ne  closure. 

t o  approximately TBD% o f  design load. This i s  t o  prevent excessive out-of-plank 

stresses a t  the magnet base in the event o f  a quench and c i r cu i t  breaker fa i lure  

d u r i n g  subsequent alignment verificatlon testing. 

The magnet base has been 

The aluminum ring will be match dr i l led  and reamed 

The four remaining co i l s ,  

These coi ls  are t o  be ut i l ized for vennier adjustments as required to 
The  out-of-plane supports are insta7led and torqued 

All i gnmen t Veri f i cation 

The alignment o f  the mirror coi ls  on the torus will be verified and/or vennier - 

adjustments made for verification w i t h  the magnets superconducting a t  a lw 

f ie ld  using the electron beam tracing method as uti l ized on EBT-I. 

of  the technique i s  contained in Attachment ( 5 ) .  
the final four  magnets w i l l  be pinned i n t o  p o s i t i o n  i n  the manner previausly 
aescri bed. 

A description 

Following alignment verification, 
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- I n s t a ?  l a t i o n  Procedure f o r  Out-of-P1 ane Struts  

Alternating s t r u t s  will be shortened by a small TBD hand applied torque 
t o  remove axial freeplay. Then the remaining s t ru t s  will be shortened t o  remove 

the i r  freeplay. The s t ru t s  will be checked t o  make sure t h a t  there i s  no b i n d i n g  

effecting the adjustment t o  a no lash condition. The struts will be i n  s l igh t  

tension, The struts will be loaded further i n  tension by a uniform t u r n  of the 

n u t  method. The osder o f  adjustment i s  as described above f o r  freeplay removal 

and the turn of  the n u t  tightening will be done in two or more increments t o  the 
predetermined load level t o  assure as symnetric and uniform a loading as possible, 

ich it i s  f e l t  will resul t  in the minimum disturbance o f  the original alignment. 

MDAC experience w i t h  preload control has shown the sca t te r  of the order of + 25 
percent or more can occur using torque readings alone. 

a f  the n u t  method, similar t o  t h a t  recornended i n  building s teel  construction, has 

been chosen t o  assure a repeatable specific shortening o f  the s t ru t s  t o  supply 

t r i c  preloading w i t h  minimal influence on previous magnet alignmenfs. 

The t u r n  o f  the n u t  adjustments will be done w i t h  a torque wrench so t h a t  any 

anomalies can be spotted. 

t o  tihe t u r n  o f  the n u t  method t o  a d j u s t  t he  strtits attached t o  the l a s t  four 

magnets adjusted a t  quadrant  ends or f o r  any replacement magnet to  assure u n i -  

form adjustment and minimal f i e ld  error.  The strut t o  dewar f i t t i n g  bolts will 

then be tightened t o  a uniform torque. A locking feature w i l l  be uti l ized t o  
prevent movement o f  the s t ru t s .  

cheeked. 
check will be used t o  judge what adjustment features will be moved. 

- 
For th i s  reason the t u r n  

T h e  torque reading data can then be used as a n  ad junc t  

Tbe alignment of the magnets will then be spot' 

I f  any adjustments are required then the resul ts  of the alignment 
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M X R R O R  e m  CONSTRUCTION BALL LOCATIONS 
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MC C/B STATION A R R A Y  RECORD 

No. 

1 
2 
3 
4 
5 

6 

7 
8 
9 

/ 

Magnet 
P o s i t i o n  

1 (Degree) 

5 

15 
-2 5 
3 $0.  

45 
55 
65 
7 5  

a5 

=,---/- 

Magnet 
s/ N 

Upper C/B 
Array S t a t i o n  

X Y Z  

Lower C/B 
Ari.ay S t a t i o n  

X Y Z  

OUTBP C/B 
Array S t a t i o n  

X Y Z  

FIGURE 3 .  

COMCRETE CURE TIHE/CGNWIGTIOH CURVE 

Y J 
. 100 200 300 400 500 600 

T i  ottw mont wing, 8~ 

StandPed shrinkage strain variation v i th  time after moist curing (for 4 
in. OP iar slump, W,; ambient relative humidity and minimum thickness 
of member 6 in. or lat, after 7 days moist cured). lfi 
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No. 
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... 
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OPTICAL SET-UP FOR INSTALLATION OF ALUMINUM RIhlG SEGMENTS 5 AND 6 
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TOLEWNICE STACK FOR BUCKING RING STRUCTURE AND MAGNET ASSEMBLY 

. -  - .  . . 
\ 

1 .  

MAX f MUM D ELTA 

RGW 11. 

C--17 



acb Foot 

1 

2 
3 
4 

6 
7 

9 

APPENDIX C 
EBT-P-T?d-C)O? 
18 September 1981 

MAGNET ALIGWENT 
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FIGU\E 12. 
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Subject : CIP.GMETIC FIELD ERRORS IN EBT-P 

TO : EBT-Team 

From: R. E. Juhala 

The specification fc r  f ie ld  e r ro r  i n  the EBT-P RFP ca l l s  fo r  a cumulative 
error i n  dB/B of 1 x averaged around the torus along the minor axis.  This 
supercedes ar, e a r l i e r  specification of 66/B % 6 x as s ta ted  in .the reference 
design report (BRNL/TN-7191). . 

The systematic field errors  are those due t o  winding he l i c i ty ,  layer t a  layer 
t rans i t ions ,  coil leads, e lec t r ica l  bus c i rcu i t ry ,  and magnetic materials i n  the 
torus s t ructure .  In addition, random f i e ld  errors  will be introduced d u r i n s  coil  
construction, magnet alignment and deviations i n  magnet current. 
are t o  be determined by comparing the f i e ld  quali ty t o  an ideal *torus where. the 
coils are simul ated by circular  current filaments. Using the cooPdinate. system 
shown i n  Figure 1 the f ie ld  errors  can be calculated from the following Expression: 

These prrors 

I whew the 8 
lenqth along the minor axis  (dS = RTde). 

are  f i e ld  components i n  the ideal torus, and S i s  an element 3 f  arc  
The ORNL specification c a l l s  f a r  

I, e 

The systematic errors  need only t o  be averaged over a machine sector. The 
randorl Orrors cam be determined by introducing rsndom displacements i n  the coil 
locatiens and random current increments amongst the magnets and a x r a g i n g  these 
effects  around the torus. The net e r ror  will be g iven  by the v x t o r  s m  of the 
systematic plus randoin errors .  This net global e r ro r  can be cancelled to  f i r s t  
order by the trim coils which will be designed t o  compensate f i e l d  errors  up  t o  
S8 
B - 't 10-3. 

t fagnet ic materials will also modify the f i e ld  and therefore must be kept away 
from the torus. The f i e ld  exter ior  t o  t h 2  torus vacum walls f a l l s  rapidly as can 
be seen i n  Figure 2.  

$ 3  wheri - ?(Im4. rCtagnetic rnattzrials beyond t h i s  bcurndary (approximately 1.2 trietcrs) B 
shculd poise no problem to the plasma. 
away from the minor axis will  be approximately 5 gauss .  

- 
ihe oLitwmst c o n t u r  surrounding the minor axis Cenctes  ti^ boti::d:V- 

For 90 GHz operation the f i e ld  a t  1.5 meters 

d- Prelimbnat-y ealculatfons of sys t emt i c  errors  give 3 68 % These calculations 
are based on worst case assumptions. 
are assumed to occur a long  the vertical  a x i s .  
be spaced uni formi ly  around the co i l .  

For example, the layer t o  layer t ransi t ions 
I n  practice tl'ltse t ransi t ions m i g h t  

Also the e r ro r  duo to  hel ic i  t y ,  which appears 
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t o  be the  largest  systematic e r ro r ,  can be compensated on the average i f  necessary 
inding r i g k t  and l e f t  hand coi ls  as was suggested previously in the Phase I 

EET-P study. 

In general f ie ld  errors  a r e  expected t o  mainly effect the passing par t ic les .  
These par t ic les  sample the f i e ld  a l l  araund the torus many timer d u r i n g  a par t ic le  
l i fe t ime.  The experience w i t h  EBT-I seems t o  indicate t h a t  a correction for  the 
net radi a1 f i e ?  d e r n r  produces a dramatic improvement in plasma confinement 
(ORNl/TM-5764). The Nagaja Bumpy Torus was d e s i y n s d  w i t h o u t  correction f o r  the 
systematic errors in coil constructicn. A simple calculation shows t h a t  a 
6B 
- %  lom3 i s  expected in th i s  device which i s  verified by the fac t  tha t  a global E 
f ie ld  correction supplied by the torus coils_ o f  
plasma i n  a T-mode. The c r i t i ca l  value o f  for EBT-I i s  a l s o  in t h i s  range ( the 
coi ls  are constructed o u t  o f  similar  condu 
t h a t  systematic w i n d i n g  errors a r e  reduced by having r i g h t  and l e f t  hand wjndinss 
i n  the cot1 ( t o  cancel the hel ic i ty  e r ror )  and by careful attentidn t o  coil f n t e r -  
connections and buswork. 

i s  required t o  operate the 

r and roughly the same s i z e )  except  

From this work a t  OWL and  Nagoya s o w  undgrstanding of  the e f f ec t  af f i e ld  
errors  in confinement has evolved. 
leads t l ~  3 c r i t i ca l  z 5  13 ' .  A l t b ~ ~ I g h  sy?:.",prng.tic prrcrc p.gn hP m n ~ t  !i;<p!! Clelfl 

t o  l ess  t h a n  l om4,  the randcm er rors ,  perhaps mainly due t o  coil misalignments, are 
l i ke ly  t o  exceed th is  value. 
optimistic,  lead t o  random errors f o r  each coil 5 4-8 x lo"% 
remaining even when averaged over the torus could exceed the lo-) c r i t e r i a .  
This problem remains t o  be studied i n  mope de ta i l .  

Applying these c r i t e r i a  t o  the EBT-P device 
P D  - A  

8 

Alignment tolerances o f  2 0.019 i n . ,  which are perhaps 
T us the net e r ror  

Dept. 223, 81/86 
Sta. 576-8261 . 
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FIGURE 2: Normalized Magndtic F i e l d  exter ior  t o  the vacuum vessel B(r)/B where 
the so l id  contours represent f i e l d s  on a ver t ica l  plane througf! the coi l  
th roa t  (normalized the th roa t  f j e l d )  and the dashed contours a re  defined 
on a ver t ical  p k n e  through the cav i ty  midpoint normalized by the f i e ld  
a t  midcavity. (Field contours provided by J. Lenm) 
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Subject : 

To: 

From: 

ALIGF4MEMT OF THE TOROIDAL FIELD COILS I N  EBT-P - -  
EBT-Team 

R. E. Juhala 

A discussion of  f i e ld  errors (EBT Mew 174) pointed o u t  the need for 
This could i n  principle be precision alignment o f  the TF coi l s  i n  EET-P. 

accomplished e i ther  by geometric alignment of the coil o r  magnetic alignrcent. 
For geometric a l ignment  t o  be ut i l ized the magnet assemblies m u s t  be constructed 
within very t igh t  tolerances, on the order of + 0:OOS. I t  would be required 
t h a t  the magnetic coil  plane and magnetic axis-lie w i t h i n  t h i s  tolerance of the 
respective geometric quanti t i e s  and t h a t  the  geometric quant i t ies  be indexed 
w i t h  v is ible  markings OR the exter ior  of the magnet assembly t o  t h a t  accuracy. 
On the other hand,  magnetic f i e ld  measurements can be made on each coil  and 
the requi red magnetic quant i t ies  determined and indexed t o  this required ‘accuracy 
on the magnet assembly so t h a t  op t i ca l  alignment can be accomplished i n  a, 
straight-foward way d u r i n g  ins ta l l  a t ion.  

magnetic f i e ld  is symmetric about t h i s  ax i s ,  ( i . e .  B = O ) ,  and a l so  symxtr ic  

coincide with the geometric axis and t o i l  m i d p l h .  Als:, shown i n  Figure 1 
are fiducial  surfaces upon which index  marks will be placed as determined by 
f i e l d  nieasui-ements t o  locate the magnetic a x l s .  The fiducial  surfaces should 
a l l  be spot faced so they l i e  i n  a plane. Again f i e l d  measurements will be 
used t o  determine the distance t o  the magnetic p l ane  from each fiduciai  surface. 

- 
-. 

The magnetic plane and magnetic axis  are  shown i n  the figure below. The 

irboul t i l e  magttet-ic piane* such t h a t  B, ( r , t )  = B ( r , - z ) .  P In  an ideai coii the? 

Y Y 

I 

Plane 

W 
W vl 
ID 
W 
0, 
R 
(0 

-rl 

Figure 1: Magnetic Axis and Ihgnetic Plane f o r  En Ideal Solenoidal Coil  
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I t  will be useful t o  h a v e  the geomtrieal x and  y axes indexed-on the 
f fducial  surfaces a t  the time of manufacture. In this case the vertical  zxis 
(shown as y i n  Figure 1 )  should  be made parallel t o  the baseplate.of the magnet. 
One technique f o r  obtaining the loca t ion  of the magnetic plane a n d  ax i s  would be 
t o  use a matched p a i r  of f ie ld  sensing probes (e i ther  Wall probes or  small 
precision wound f l u x  Coils) mounted on a common axis as shown i n  Figure 2.  

I 

' 

t 

Figure 2: Magnetic Field Measuring Device Located i n  the Aperture o f  a Toroidal 
Field Coil 

The probes tust be calibrated and balanced t o  read precisely the sane field 
t o  a past i n  10- o r  better.  
t h i r d  probe which mmains stationary d u r i n g  the rneasurcmcnt. T h e  probes a r e  
rotated together 06 the commn axis and the f ie ld  differences are recorded simul- 
taneously every 10 , digit ized and platted on an XY recorder. 
p l o t t i n g  f i e ld  differences will a l l o w  h i g h  rcsolution from the f i e ld  probes. The 
nature of the misalignnlent w i l l  be a p p a r e n %  BY inspcction of the 
w i t h  no extensive analysis necessary. 
tt'tlccs for a t i l t  o f  the magnetic plane wi l l  be dist inct ly  differcnt f rom a 
~ i w l c  translation o f  t h e  magnetic axis. 

The signal f ~ o n i  each would be subtracted from a 

The technique o f  

The r e l a t i o n s h i p  bctiwxi the two f ie ld  

By rcaricntating the f ie ld  probe a x i s  
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the measuring process i s  repeated unt i l  codncidence i s  achieved bebeen the 
magnetic and f ie ld  probe axes. A fu l l  360 ro t a t ion  o f  the f ie ld  probes including 
the finished d a t a  plot  should require m l y  a f ew  seconds. 
alignment process can be accomplished expeditjausly d u r i n g  the normal fu l l  
power tes t ing of each magnet assembly. 

Hence'$ the magnetic 

Using s t a n d a r d  optical alignment techniques the magnet assemblies can be 
ins ta l led  and aligned t o  an accuraey o f  % + 0.005". 
by u s i n g  an electron beam (as i n  EBT-I). yf the f i e l d  closure requires correction, 
reBlignment of  the magnet assemblies may be necessary. 
90 apart around the torus migh t  be a rb i t r a r i l y  selected i n  order t o  introduce 
a global correction t o  f i e ld  l i ne  closure. 
realign the en t i r e  torus unless gross misalignment i s  evident. 
magnets can be reorientated within a small range of tolerances % 0.G20 in.  t o  
compensate f o r  the  alignment error .  

The alignment can be verified 

In  t h i s  case four  magnets, 

. Thus, no attempt need be made t o  
Instead, selected 

S e i e n v s t  - EBT 
Dept. 223, 81/1/86 
Sta .  576-8261 

R W  : 7 1 m 

I 

C-27 



b I 

MEMO 

EBT- 203 
9 J u n  80 

APPENDIX c 
Attachnent 3 
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E B T- P - TN- 00 7 

Subject: EFFECT OF MAGNET ALIGNIENT ERRORS O N  THE MAGriETIC FIELD OF ERT-P 

To : EBT Team 

Cf : A .  Bay, 0. Clifford, R. Lilienkamp 

From : J.  E. Lent and R .  E ,  Juhala 

( 3 )  

R .  E. Juhala Memo EBT-174, d t d  29 Feb 80 
ORNL Report TM-6704 
EBT-P Phase 11: Proposal 
R. V .  Hogg and A. T. Craig, Introduction t o  Mathematicel 
S t a t i s t i c s ,  MacMillian Co., New York, 1970 
J ,  E .  Lenz, TN 256.5144, d t d  15 Dec 7P 
J. 6. Sprott ,  Physics of  Fluids, 16, 1157, July 1973. 

Definition of Magnet A1 ignrnent Errors 
Probability Distribution Functions Where the Acceptance Measurement 
i s  Made After the Manufacturing Process i s  Completed 
Probabil i t y  O i  s t r i  bution Functions Where the Acceptance Mpasurement 
i s  Used a s ,  P a r t  of the Manufacturing Process 
Effect o f  Number of Psints and Number of Samples on the S t a t i s t i c s ’  

Trans1 ation of A1 i gnment Errors t o  e a$/%> 
Global Field Error Due to  Unequal T u r n s  i n  the TF Magnets 
Field Line Tracing Wi th  68/B = 1.66-1044 
Field Line Trating With &El/€! = 1.0.10‘ 
Correction of Field kine Closure 
Effect o f  6816 on Field Line Closure 
Effect of t h e  Alignment Tolerance on the Global Field Error 
Histagram of Probabillty Distribution for  
Test of Hypsthesfs That 1<6B/B>1 io n(X,s) 

!WC E2228 

I .  

e 

of aa/a 

6 B / B > (  

1 .  
following the prescription outlined i n  Ref ( a ) .  
indicates that  careful attention must be given to f ie ld  errors during the con- 
struction and instal la t ion o f  the EBT-P magnet system. 
EBT-P i s  t q a t  curnmulative f ie ld  error  as expressed by the quantity 6 B / B  shall be 
less  than 1 x Field 
errors can be ei ther  systematic or random. Systematic errors  are  those due to 
w i n d i n g  he1 i c i t y ,  layer-to-layer t ransi t ions,  coi l  leads, e lectr ical  bus c i rcu i t ry ,  
and  magnetic materials i n  the torus structure.  Random f i e l d  errors  can a l s o  be 
introduced d u r i n g  coil  construction, b u t  will for  the most part be introduced by 
magnet misalignments. 

This memo descsibes the effect  of alignment errors on EBT-P magnetic f ie lds  
The experience on EBT-I, Ref ( b ) ,  

The requirement for 

when averaged around the torus along t h e  minor axis. 
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2 ,  The global f ie ld  error ,  6B/E?, i s  defined a s :  

where: R e ,  z are c y l i n d r i c a l  cDordinatej 
B f  are  f ie ld  components i n  the ideal torus 
n i s  the number o f  p o i n t s  for comparison around the torus a x i s  

The systematic errors due t o  coil desi n ,  current leads,  and bus-wdrk have begn 
studied and do not exceed the 6B/13<10-a c r i t e r i a .  These resu l t s  are given’ i n  the 
description of the coil  design i n  Ref ( c ) .  Errors due t o  alignment are treated 
as randomly distrfbuted w i t h i n  assumed tolerances on c o i l  construction, magnet ic  
f ie ld  mapping ( t o  determine the maqnetic a x i s )  and  precision o f  o p t i c a l  alignment 
techniques which will be used t o  actually l c c a t e  the magnets w i t h i n  the t o r u s .  
In determining 68/B, a comparison o f  the matyetic f ie ld  on  axis i n  a torus where 
random misalignments have been imposed on the toroidal f ie ld  coi ls  i s  made w i t h  
the f ie ld  due t o  an ideal torus w i t h  no alignment errors .  In order t o  obtain 
meaningful s t a t i s t i c s  on what m i g h t  be expected d u r i n g  the course o f  actual con- 
struction of the torusI random error  assignments were regenerated several times 
and the quantity 6B/B calculated for each case. In this way, a mean value o f  . 
6B/B and corresponding standard deviation are  determined [cf. Ref ( d ) ] .  

3 .  Field errors are intdduced by displacements and/or  r o t a t i m s  o f  the coil frcn 
.its ideal location. 
angular Coordinates contribute s ignif icant ly  to the average error  i n  68/6. 
are rotations about a vertical  ax i s  and a major radius which a f fec t  the radial and 
vertical  f ie ld  errors ,  respectively. Since the global f ie ld  error  i s  a n  average 
taken around the torus,  errors due t o  radial and vertical  displacements tend to  
average out. Displacements a long  the minor axis ( i . e . *  variations i n  mirror ratio! 
do n o t  contribute any significant o f f - a x i s  tomponent to  the global f ie ld  error .  
The coordinate system i s  shown i n  Emcl (1) .  

. .- 
- 

Although there are s ix  degyees o f  freedom, on ly  two o f  the 
These 

4. Aside from t h e  systematic errors which are  unique t o  each p a r t i c u l a r  design, 
random errors are  introduced a t  each step o f  the process from i n d i v i d u a l  component 
fabrication to  final alignment o f  the completed magnet assembly. The distribution 
functfon f o r  the errors introduced a t  each of these steps wi l l  depend on the 
techniques used t o  insure t h a t  the part o r  process f a l l s  w i t h i n  a specified 
tolerance. Some examples o f  error  dis t r ibut ion which i n v o l v e  dif ferent  assump- 
tions a b o u t  the methods used to  insure quali ty are  shown i n  Encls ( 2 )  and ( 3 ) .  
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The f i r s t  i s  a normal d i s t r ibu t ion  where the probabili ty i s  peaked for  a cer ta in  
occurrence and decreases away from t h a t  mean value, This dis t r ibut ion i s  defined 
by the mean u and the standard deviation B. This type o f  er ror  dis t r ibut ion will 
not describe construction o r  alignment errors  because a construction tolerance is 
established where a par t  or measurement outside the manufacturing specifications 
is not accepted. 
tolerance ( u ) ,  and the probabili ty function appears as XI i n  Encl ( 2 ) .  
probabili ty function i s  more highly peaked a t  the mean and i s  zero outside the 
tolerance.  Depending on the precision of construction, the error d i s t r i b u t i o n  
may be highly peaked, i n  which case,  the dis t r ibut ion may be more nearly represented 
by curve I11 i n  Encl ( 3 ) .  
ation where changing conditions during the course o f  manufacture brings about a 
broadening (or narrowing) o f  the overall tolerance, b u t  i t  a lso i s  i n  some sense  
more rezlisti: t h a n  a truncated Gaussian, since i t  does n o t  incorporate the dis-  
continuity a t  the rraxiinum tolerance.  iiowever, since a large number o f  steps a r e  
involved i n  manufacture o f  the magnets 
and although a modified Gaussian, perhaps one w i t h  s ides f a l l i ng  r a p i d l y  b u t o o t  
discontinuously t o  zero, may be more apgropriate a simple s tep f u n c t j o n  [Eocl 13), 
curve IV] has been employed. In th i s  case,  a l l  errors  w i t h j n  the tolerance ranges 
a re  equally probable. 

5 .  Random errors  due t o  coil  construction a re  d i f f i c u l t  t o  t r e a t  i n  general ,  
since they are  introduced i n  a large n m b s r  of d i f fe ren t  ways. However, t h e  mcst 
serious construction errors  a re  manifested by uncertainty i n  the overall position 
of t h e  coil  pack as  a whole and, hence, resu l t  i n  so i l  misalignnents. Of main 
concern here i s  the location of  the magnetic plane and axis .  An alignment which 
r e l i e s  on the respective geometric quant i t ies  may be subject t o  errors which a re  
are  an order o f  magnitude larger  than those obtainable t h r o u g h  the use o f  magnetic 
measurements. Thus, the resul t ing value of 6B/B that  can be obtained will depend 
only on the accuracy o f  the field measurements and will be essent ia l ly  independent 
of errors  i n  coil  construcetian. The e r ror  d i s t r i b u t i o n  associated w i t h  f i e ld  
measurement and subsequent optical  alignment can be reasonably approximated by the 
f l a t  d i s t r i b u t i o n  (Enel ( 3 ) ,  curve IV]. 

Therefore, the Gaussian curve ( I )  i s  truncated a t  the maximum 
T h i s  

T h i s  t r iangular  d i s t r i b u t i o n  could approximate a s i tu -  

a highly-peaked dis t r ibut ion seems. u n l  i k e ? y ;  

6. A computer program has been written for  modeling the alignment e r rors  o f  the 
fF magnets around a bumpy torus.  The  torus design and the tolerances for the 
three errors  a re  i n p u t  t o  the program. 
w i t h i n  these tolerances and SB/B i s  computed u s i n g  a selectable  number of points 
around the torus.  The computer program a lso  allows f o r  s t a t i s t i c a l  sampling by 
campu!ing s t a t i s t i c s  on  the quantf ty  68/B fo r  N ~~~~~~~~~$ designs. 

The mclgn t s  are then randomized 

The s t a t i s t i c s  
hl 

puted f o r  the three components ( X; = <"/o>~ 
(standard deviation) are  C Q ~ -  

< s%>+ and <''/i>* ) 

and the modu lus  ( 

for [<sG/e>i 
torws a n d  a lso w i t h  the  number of randomized deslgns sampled (M). 

Y; = I (''/a>{ ) o f  a B / B .  

vary w i t h  the number o f  points ( n )  used t o  compute ~ B / B  around the 

Encl ( 4 )  shows how the s t a t i s t i c s  

C-30 



APPENDIX C 
- 4 -  

0 

E B T - 2 0 3  
9 Jun 80 

7 .  Each error  was  investigated for i t s  e f fec t  on 48/8.  Encl (5) l i s t s  the resul ts  
of  t h i s  investigation. 
for 2.01 'I maximum displacement i n  coil  orientation and %02" displacement i n  
r a d i a l  location. This t ranslates  t o  i . 0 5  degrees (i 8 mill iradians) f a r  E and 6 
w i t h  the EBT-P reference design magneys and 2.0005 Zeters f o r  r .  Four cases are  
shown: 
w i t h  a l l  three errors combined. These resu l t s  indicate the three errors ,  which 
are modeled a s  being independent, a f fec t  6$/8 independently. 
E resul ts  mostly i n  a R component contribution t o  c68/8>, 6 resul ts  mostly i n  a 
Z component contribution. and  r resul ts  in both R a n d  e components. The contribu- 
t i o n  t o  1<68/8>1 due t o  r i s  an order o f  magnftude smaller t h a n  those from E and  6. 
Thus, the radial displacement error  ( r )  has a negligible effect  on / < E B / B > [  com- 
pared to  the two rotation errors ,  E and y ,  w h i c h  have an  equivalent effect  on 
I c s B / b (  for a given tolerance. A l s o  shown i n  Encl ( 5 )  i s  the effect  an <aB/8> 
for random coil rotations a l o n g  t ! 2  r i v r  a x i s  ( f . e . ,  the a n a l e  Srat:.:ee* T F  
coil varies from the idea l  s e c t o r  a n g l e ; .  For a rr;aximum r o t a t i o n  o f  .O? d?gr?es, 
which corresponds to  .02 inches a t  the c o i l ,  the contribution t o  z5 /3  i s  negligible 
compared t o  t h a t  from 6 a n d  E. 

8. Another error  analysis, l i s ted  i n  Encl ( 5 1 ,  w a s  a s t u d v  t o  r a r t y i z e  ' t h e  turns 
i n  each T F  co i l .  Each TF coil w i l l  have approximately 1000 turns. En61 ( 6 )  
l i s t s  the global f ie ld  e r m r  due t o  varying number o f  coil  tu rns .  As i s  shown ,  
the effect  o f  n o t  having the e x a c t  same nurcber of turns i n  each TF c o i l  has a 
significant impact on the global f ie ld  error .  T h i s  error could be corrected by 
adjusting the current so t h a t  the total  ampere turns are the sane fo r  each magnet.  

For this i n i t i a l  study, the size of  the error  was determined 

three w i t h  each error  for magnet alignment studied separately and another 

The alignment error 

e -  

9. 
l ine  closure. 
on the f ie ld  l ine  symmetry between bumps. 
important to  have calculated f i ; l d  :ine closure around the ent i re  ideal torus.  
Then the  effects  o f  63/9 f n  a randomize4 torus can Sc s tydie t .  A second order 
Runge Kutta integration algorithm for  tracing the f ie ld  l ines  was used w i t h  50 
points/bump necessary for  closure t o  +.OS cm i n  the midplane. T h i s  re la tes  t o  

an accuracy o f  AE/E = 2.n-4.47 = 1.8E-5. 

10. 
( 7 )  and ( 8 ) .  Shown i n  these two enclosures are the deviations from the ideal 
torus i n  the r a n d  z components of  a f ie ld  l i n e  i n  each midplane around the torus. 
( I t  will be shown l a t e r  that  f o r  a given randomized to rus ,  each f ie ld  l i ne  w i t h i n  
the torus has approximately the same closure e r ro r . )  
i s  a point plot o f  the randomized E rotation o f  each TF magnet and above the 
g r a p h  i s  a point p l o t  o f  the randorc 5 rotation. A s  previously shown i n  Encl (51, 
a positive (negative) rotation i n  E for any 1°F magnet resul ts  i n  an inward  (out- 
ward)  deviation i n  the R component of the f ie ld  l ine .  Likewise, the E rqtation 
direct ly  affects  the deviation i n  the Z component. 
t h a t  a manual rotation of a few selected co i l s  about the torus could be VLsed t o  

An important consideration i n  the programming and analysis of 6B/B i s  f ie ld  
Ref ( e )  shows the effects  of  different  f ie ld  l i n e  tracing algorithms 

* 
However, for th i s  analysis, i t  i s  

. (9005 - 
Two examples o f  f ie ld  l ine tracing i n  a randomized torus are shown i n  Encls 

Gelcw the deviation g r a p h  

These facts  then indicate 

'. 
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cancel the f ie ld  l ine closure e r ra r  i n  a randomized torus. Encl (9 )  demonstrates 
th i s  for the data i n  Enc? (7) by reducing the deviation i n  the R component. This 
was done by rotating only the coil a t  185" from the f ie ld  l i ne  s t a r t  i n  a midplane. 
T h e  d a t a  shows the f ie ld  l ine  having the exact same tracing a b o u t  the torus 
except when i t  passes t h r o u g h  the throat o f  the adjusted magnet. The deviation 
i n  R varies considerably and the Z deviation i s  unaffected as  expected. 
example a l s a  demonstrates how small misalignment errors  i n  the magnets are mag- 
nified i n t o  the f ie ld  l i ne  clasure and 6B/B. 
degrees which corresponds t o  .16 inches a t  the col l  pack. 
o r  .24-inch deviation i n  the f ie ld  l ines .  

This 

The coil a t  185" i s  rotated . 73  
T h i s  resul ts  i n  a .6-cm 

1 1 .  
randomized torus are  shifted i n  the same direction and re la t ively the same 
amcunt. 

An interesting fact  i s  t h a t  a l l  the f ie ld  l ines  through the aperture o f  a 

The following table shows the f ie ld  l ine  closure for several f ie ld  
1 : - -  , -.. -F, . 3 r a n h i z e d  EBT-P w i t h  .!<S%tD.: = 1.66~-4:  

Field t ine  S t a r t  (Midplane) Closure i n  Midplane 
r h 2 .  z(cm) bF(cmy A Z ( C r n ~  - ,  

0 0 
-1 5 0 

0 
15 -1 5 

0 1 5  
0 -1 5 

15 

m.61 .12 
-.63 .11 
-.67 .12 
- . 6 4  .17 
- . 5 9  .12 - .59 . I 3  

This indicates t h a t  these f ie ld  l ines  will spiral  inward and upward  w i t h  l i t t l e  
dependence on where i n  the torus they are. 
l ines  will spiral  away from the minor axis. 
per spiral i s  l inearly dependent on 6E!/f3. 
ship between 9 / 8  and the deviation i n  f i e l d  l i ne  closure ( A P ) .  

72. 
(v, / v  = 1 . O )  constrained to  follow a f ie ld  line ( i . e a ,  f g n s r i n g  curvature a n d  
Grad-8 d r i f t s ) ,  
expression : 

Thus, i n  a randomized torus, the f ie lds  
The direction and amount o f  s h i f t  

Enel (10) shows the l inear  relation- 

I t  i s  interesting to.calcutate the confinement time o f  a passing par t ic le  

In th is  case the confinement time i s  given by the following 

a = minor radius 
VI, = velocity o f  part ic le  along f ie ld  l i ne  

?3/B = global f ie ld  error  

For E?:-P assumingiB/B = 1.10-4 and 1 key electrons w i t h  y, /v  = 1.0, rp = 0.1 
mil l isxonds.  Since closed d r i f t  o rb i t s  exis t  due t o  precessional mot ion  w h i c h  
has been neglected i n  the calculations w i t h  global f ie ld  errors present, (Ref f )  
t h i s  i s  i n  some sense the shortest time a par t ic le  could escape from the plasma. 

c-32 



L- 

- 6 -  

"-4-s- - 
APPENDIX C 

EBT-203 
g d u n  80 

13. The e f fec ts  of randomly distributed coil alfgnment errors O R  <6B/B> are given 
i n  Encl (11) for different  tolerances. For maximum angular tolerances o f  +.OS', 
which means +O.OlO i n .  o f  displacement a t  the coil  pack, the global f ie ld  error  
6 B / B  i s  i n  t h  range o f  0.48 2 0.34 x 10-4. For a tolerance range three times 
wider o r  +0.15* (+.(I30 i n .  a t  the coil pack), the glob11 f ie ld  error  i s  corre- 
spondingly three Times larger or 6B/B = 1.4 21.0 x 10' . 
coil alignment tolerances of 20.05" o r  bet ter ,  a determinatjon of  the magnetic 
axis will be required. 
w i t h  which the magnetic axis can be determined t o  l e s s  than 2.025'. 
i s  actually imposed, not by the f ie ld  mapping technique, b u t  by optical alignment 
l imitations.  
the calculation, made no significant contribution to this averaged quantity <68/B>. 

14 .  The position o f  the cold mass w i t h i n  the vacuum dewar wfll be d i f f i cu l t  to  
locate t o  better t h a n  + O . ~ l O " ,  since w i t h  even very t igh t  tolerances on each 
component, the cumnulative e f fec t  o f  a l l  tolerances d u r i n g  f inal  assembly and 
especially coil  pack motion u n d e r  l a r g e  magnetic forces would be expected-to 
l imit  the accuracy t h a t  can be achieved. 
locate the magnetic a x i s  will f a c i l i t a t e  alignment accuracy t o  w i t h i n  - +O.D25". 
15. The result ing global error  on the assembled torus can be reduced i n  th i s  
separated functicn design (vacum cavity separate from the magnet s u p p o r t  system) 
by s l igh t  readjustments i n  the a n g u l a r  orientation of selected co i l s .  Two r a n -  
domized designs w i t h  a n g u l a r  errors o f  20.15' and +0.30° were studied t o  reduce . 
the global f i  'Id error. I n  b o t h  cases, the global-field error  i s  reduced t o  much 
less  t h a n  lomt by reorientating only four co i l s  w h i c h  a re  90" a p a r t .  For the 
smaller error  ( + O . l S ' ) ,  a coil  rotation of O . l O o  is  required t o  cancel the error .  
fhe larger e r ro r  requires twice as much rotation i n  the selected toroidal f ie ld  
coil s s 

16. As a final analysis o f  the f ie ld  error  due to  misalignment, a level o f  con- 
fidence is considered for- the s t a t i s t i c s .  
deviation) are computed for N samples o f  randomized bumpy torus designs. 
randomized designs a re  determined from a uniform probability d i s t r i b u t i o n  between 
the tolerances o f  the three e m r s  i n  the mode?. Encl 02) shows a histogram of 
1<48/8>1 for 258 randomized designs. Overtayed above the histogram is a normal 
distribution which has mean ( v )  and standard deviation (u) equivalent t o  the 
mean (x) and standard deviation ( s )  o f  the random sample. I t  appears t h a t  the 
global f ie ld  error 1<68/84 follows a normal dis t r ibut ion,  as one would expect. 

In order t o  achieve 

Standard techniques for accomplishing th i s  can be employed 
This l imit  

I t  i s  noted that  radial displacement errors ,  although included i n  

However, f ie ld  mapping t h e  magnet's'to 

- 

The s t a t i s t i c s  y (mean) and s ( s t a n d a r d  
The 

17 .  There are two confidence levels to be considered. One involves the val idi ty  
o f  the random sample s t a t i s t i c s  
t i o n  t o  describe the probability dis t r ibut ion.  Ref (d) derives confidence levels 
for the mean (u) and the standard deviatLon (a)  o f  a normal d i s t r i b u t i o n  deter- 
mined from the random sample s t a t i s t i c s  X and s .  A "goodness o f  f i t "  between the 
random sample and  the expected probability dis t r ibut ion can be detenined.  
was done far  the hypothesis t h a t  the data i n  Encl 02) h&s a normal distribution 
defined by the s t a t i s t i c s  of the random sample - mean ( X )  and the standard devia- 

cent confidence i n  the hypothesis t h a t  the data is  n(1, s). 

and s being used as the mean and standard devia- 

This 

\ t i o n  ( s ) .  Encl (13 outlines t h i s  goodness of f i t  calculation and  shows a 95 per- 
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18. 
ar ises  as t o  how the tolerances a f fec t  the probability-of successI 
i s  assumed t o  have a normal dis t r ibut ion described by X a n d  s, n ( X ,  s), then- con- 
fidence levels for  S U C C E S S  can be determined. 
distribution are  l i s ted :  

Once the probability distribution i s  known, another confidence level question 
I f  1 < 5 B / B > I  

Same probabili t ies from a n ( X ,  s) 

l e t  X i  = be the i t h  element o f  the random sample 

then Pr (Xi 5 X) = .§O 

Pr (Xi ?r i. s) = .84 
~r (Xi (X' -+ 2 s )  = .98 

Using a normal distribution table ,  a confidence level o f  success for  a given 
tolerance can be determined. The design c r i t e r i a  f o r  100 percent success i s  
assumed t o  be 1<68/8>1 <1.10-4. 
for success can be determined 

Then using Encl (6), the f o l l o w i n g  probabili t ies 

e. 

Probability o f  Suc ess 
(Pr( I< 6 ~ / 8 >  151 - 1  0- i . 

To1 erance 

+ . 2 O  
_. 

- + . l o o  

- -+ .OS" 
- -+ .025" 

.31 

.50 

.95 

.995 

19.  In summary, i t  has been determined that  a tolerance o f  20.1' i n  the accuracy 
of c o i l  alignment leads t o  global f ie ld  error  68/8<1 x 10-4 and a probability o-f 
50 percent that  realignment will not have t o  be done. Alignment tolerances equal 
t o  one-fourth th i s  v a l u e  QP +8.025" are  possible i f  f ie ld  measurements a re  Uti l i -  
zed to  locate the magnetic aTis and then the probability o f  a successful f i rs t  
construction i s  almost 100 percent. Since magnetic f ie ld  measurements a re  the 
most  cost effective way t o  achieve the required alignment accuracy, each magnet 
should be mapped i n  suff ic ient  detail  t o  determine the magnetic a x i s  a n d  magnetic 
plane. Realignment o f  a few selected toroidal f ie ld  co i l s  appears to be a 
reasonable way of reducing the g l o b a l  f i e ld  error t o  zero. I n i t i a l l y  six magnets 
uniformily spaced around the torus will be selected for  realignment t o  reduce the 
global f ie ld  error  t o  an acceptable level. 

J .  t. Lenz 
Engineer Laboratory 
Oept 256, B l d g  1 0 2 ,  Sta 25033 

SeienNst  
Dept 223,  Bldg  81, Sta 576-8261 
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EFFECT OF N U M B E R  OF POINTS AND NUMBER 
ON THE STATISTICS OF 6B/B 

1 .  n = 10 points/bump 

N 
5 

10 
15 
20 
25 
30 
35 
48 
45 
50 

- x 
.684507E-4 .. 732724E-4 
.7080E-4 
,98761 3E-4 
.776032E-4 
- 7 1  3597E-4 
.74857E-4 
.76378E-4 
.79530E-4 

I 

.a0571 ~ - 4  

2 .  N = 20 randomized designs 

n X 
- 

- 
2 -81 4651 E-4 
5 .809892€-4 

10 .809133E-4 

OF SAMPLES 

s 
.27427E-4 
.27474E-4 
.%713E-4 
,52559E-4 
.SO1 625E-4 
.49487€-4 
,485948E-4 
.47746E-4 
.4  986 9E-4 
.518mE-4 

- 

N = number o f  randomized 

n = number o f  p o i n t s ;  per 
des igns  

bump for  comparison 

v 
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EFFECT OF THE ALIGNMENT TOLERANCE 
ON THE GLO3AL F I E L D  ERROR 
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TEST OF HYPOTHESIS THAT I<6B/B>I i s  n(XIs)  

5 .  Goodness-of- f i t  or CHI - squared (x*) t e s t  

1 .  The data i n  Encl (7), as shown, i s  d i v i d e d  into 40 b i n s .  L e t  

2 .  

3. FOF the random sample: X = .85, f = .45 

4 .  For each b i n ,  an  expected probability ( P i )  can be determined 
from t h e  normal d i s t r i b u t i o n  n ( X , s ) .  

X i  be the occurrence i n  each b i n  % f L  L :  1 1, Y G  

There a r e  250 random samples (n = 250). 
- 

.* . 
e 

- .... 

has a n  approximate  CHI squared distribution w i t h  37 degrees of 
freedom. For the d a t a  i n  Encl (7), Q = 20.7. 

C. Since gC24 there  f s  a 95% confidence i n  the hypothesis.  . 
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MAGNETIC FIELD ERRORS ON ELMO BUMPY TORUS (EBT) 

Hideo Ikegami and R. A. Dandl 

- 

The e f f ec t  of magnetic f i e ld  errors  i s  known t o  have deleterious 

effects  on cl osed-7 ine plasma confinement devices' such as bumpy tor1 

and multipoles. 

applying a to ro ida l  magnetic f ie ld .  While minimizing f i e l d  errors, 

S. Yoshikawa observed t h a t  plasma losses to  the supported-ring i n -  

ereascd as  the electron temperature increased and tha t  the losses * .. 

In multipole devices, the e f f ec t  was minimized by 

2 

showed no dependence on ion mass. He ascribed the remaining er ror  - 
f i e ld  effect i n  h i s  Spherator experiment t o  the formation of convec- 

t ive ce l l s .  In Tokamak devices, error f ie lds  may generate more mag- 

netic islands so as t o  decrease the e f fec t ive  plasma diameter. 

closed-line devices, such as EBT, the error f i e l d s  cause the toroidal 

f i e l d  l ines  t o  sp i ra l  out so as t o  connect the plasma t o  the wall. 

In 

I1 i s  useful t o  recal l  the usual model for plasma escape along 

f i e l d  lines spiraling ou t  of the system. In most plasmas, the elec- 

t r o n  velocity is much larger  than the ion velocity so t h a t  electrons 

reach the wall f i r s t ,  thereby generating a space charge along the 

field line which decelerates electrons and accelerates ions. W i t h  the 

r e su l t  t h a t  both ions and electrons escape t o  the wall w i t h  the same 

'speed, vs = y-. -(Ion sound veloci ty) ,  result ing no net  current 

'flow. . 
thef r  s i g n  of paral le l  velocity,  there would develop no bulk e l e c t r i c  

f ie ld  as.mlght be observed i n  tbe case of simple toroidal d r i f t .  

Since electrons are  carried to  opposite walls, depending on 
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Beam Prob ing  

In order t e timate the amount of er ror  f i e l d  i n  t h e  ELM6 Bumpy lorus, 

the s h i f t  of an electron beam trajectory caused by an a r t i f i e iM1y  imposed 

error f ie ld  was s t u d i e d .  

The electron gun and the col lector  assembly is shown i n  Fig.  2. The 

.cathode f s  a tantalum strip of 0.2 m wound around by 8.05 m nickel w i r e  

and coated by a mixture of BaQ and SrO. 'The segmented col lector  i s  com- 

posed of f ive 4 m x 15 m electrodes insulated from each other. The 

electrode 13 is located just behind the beam aperture on the anode plate  

and i s  arranged,to co l lec t  the electron beam ~ o ~ ~ ~ g  back along a closed 

mgneti c 1 i ne. 
.- . 

The electron gun and col lector  assembly is inserted horizontally i n t o  

the W4 port. An adjustment which locates C Q ~ ~ ~ X ~ Q P  #3 on the minor t o r o i d a l  

axis also locates col lector  11 fnside the axis ,  

The electron beam i s  a 1.5 IRA curremt pulse a t  100 Y with 1 Hsec wfdth.  

With the toroidal magnetic field (1820 G) present, the beam current,  detected 

by one of the segmented col lectors ,  i s  o f  the order of 150 PA. 

The pulse beam Yechnique suppressed the Ins t ab i l i t i e s  generated i n  

the beam near electrodes. These instabi l  Sties caused scat ter ing and 

fluctuations o f  the beam and allowed the observation ob very pret ty  

Ins t ab i l i t y  growths. The pulsed beam ~ n ~ ~ ~ i ~ u o ~ s l y  indicated a time o f  

f l i g h t  around the torus o f  1.6 psec, which i s  the correct t ime f o r  the 

.lo8 V electron beam. The beam col lectors  were fed i n t o  a ,100 $2 res i s tor  

-and dfsplayed on an dscilloscope a t  0.1 V/cm and 1 psec/cm sweep (Fig. 3 ) .  
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The error f i e l d  is generated by a pa i r  of air-core m i l s I  one 17.5" 

outside and the other 23.5" inside from the toroidal axis ,  assembled i n  

such a way tha t  the co i l s  sandwfch the E l  cavity. Magnetic f i e i d  intensi ty  

vs. axial  distance, far the half of co i l s  consti tuting the p a i r  solenoid is 

shown i n  Fig. 4. The error f i e l d  1s imposed on the toroidal f i e l d  i n  such 

a way tha t  the f i e ld  l i ne  sp i r a l s  inwards when the posit ive current is  

applied t o  the e r ror  coi ls .  The error f i e l d  I s  Dmposed perpendicularly 

across the toroidal axis over 30 cm o f  its. circumference. I F  we assume 

10% o f  the return f i e l d  crossing back the toroidal axis ,  the effect ive 

error f i e l d ,  AB, averaged along the circumference of 30 cm is  given by 
- - 

AB (gauss) = 4 1: (amp) 

where I i s  the current t o  the error f i e l d  coils. The toroidal f i e ld  is kept 

constant a t  1820 G (2000 A )  .throughout the experfment. 

# 

. -. - 

In Fig. 5, the displacement of the beam coming back a f t e r  one round 

trip around the torus I s  plotted against  the a r t i f i c i a l l y  generated e r ror  

f i e ld .  The beam diameter is  estimated t o  be about 2 nun, which is indicated 

by the shaded regiow on the rectangular collectors, as shown i n  f i g .  5. 

. I t  is estimated from Fig. 5 t h a t  the horizontal displacement 4.8 m of 

the electron beam is produced for every I8 G of the error  f i e l d ,  which agrees 

w i t h  the calculated value,  i f  we take the spread of error  f i e l d  k = 46 cm; 

.. . 

= 0.48 nun . 
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Without the artificial error f i e ld ,  the  electron beam shows a dis- 

placement of 1.5 mm. Provided that this virtual error field is distributed 

uniformly along the entire toroidal a x i s ,  we can estimate the average error 

value t o  be 
P I  

= 1.5 

This value, though mezlsured at B = 1820 G, should stay constant for a l l  B.  

The earth error field,  AB^, averaged over the to ro ida l  a x i s ,  has been 
- 

measured t o  be 0.042 6, whjch gives rise to 
* -  

% 0 042 
8 1820 

. 
- O .  

= 2 . 3  8 

,which i s  one order of magnitude smaller t han  the error field measured 

so tha t  the error field (AS = 1.5 x loo4 8)  detected by the beam probing 

i s  concluded to be due t o  the asymmetry o f  toroidal coil assembly. 

t h i s  error field is hopogeneous, it i o  possible to cancel it by two 

pairs of deflection coils mounted locally, one vertical and the other 

horizontal. On the other hand, if the error field is inhomogeneous, 

t ha t  i o ,  its direction I s  random in space, theve is no way t o  cancel it. 

We estimate the loss time far a Te = 100 eV hydrogen plasma due to 

I f  

an errar field. The i on  sound velocity f o r  hydrogen i s  given by 
. .  

vs = &  
= 1.7 x 10 7 cm/sec . 
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The loss time may be estimated t o  be 

= '* 
= 10 

1.6 x lo7 x 1.5 x 

= 4.2 x loe3 sec , 
where a fs ti minor radius o f  the ELMO Bumpy Torus, taken t o  be 10 cm. The 

Appendix i s  an elaborate treatment o f  the  plasma decay due t o  error f i e lds .  

. 
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Calculation of Part ic le  Loss Due t o  Error Field - 
3 Recently, Meade and Fonck discussed the e f fec t  of error  f i e ld  on 

diffusion of plasmas i n  a closed-line device. 

t o  t ha t  of Kadomtsev and P o g u t ~ e , ~  in a sense t h a t  the f i r s t  ordet- 

velocity i n  Vlasov  equation is replaced by 

H i s  treatment is  similar 

where Vvs i s  a d r i f t  velocity due t o  the nonuniform f i e ld .  However, the 

method of Kadomtsev and Pogufse t o  describe the diffusion coeff ic ient  is 
- -  

v a l i d  only when the magnetic surface is  closed. In the case of closed-line 

devices suck as shearless multipoles artd bmpy  tori w i t h  the presence of  

er ror  f i e l d s ,  the method may not  be applicable because the e r ror  f ie ld  

connects the plasma t o  the wall by simple flow of par t ic les  along the 

magnetic field lines. 

Here we t r e a t  the problem w i t h  the use of the Fokker-Planck equation, 

provided the diffusion coeff ic ient  D, which may depend on the e r ror  f i e l d ,  

1s known. The electron density n (x , t ; v I I )  i s  assumed t o  obey the following 

equation a 

. 

2 

dx 
dn d n  - - -  d n -  ( w ) ~ + D T + Q  , 

d t  
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where Q is a source term and w i s  the r a d i a l  electron d r i f t  velocity due t o  

the er ror  f i e l d ,  

which reduces the ion sound velocity when averaged by the electron distri- 

bution function, which is  deformed i n t o  a 'drift  Maxwellian d i s t r i b u t i o n  due 

t o  the ambipolar e l e c t r i c  f i e ld  t o  g ive  the ion  sound speed, 

- *  
For simplicity,  the plasma is approximated by an in f in i t e ly  Tong be l t  i r i  

y direction w i t h  a diameter, 2a, which extends from -a t o  a i n  x direct ion,  

which i s  the direction of the error f i e l d ,  &%, as shown i n  Fig. 6. 

density is  assumed t o  be uniform i n  y direction along the toroidal magnetic 

field and zero for  1x1 2 a . 
If we assume Q = 0, Eq. (1) can be solved by put t ing  

Plasma 

t o  give 

The inverse decay time a i s  determined from the boundary condition 
.. - 

n(;ta,t; (w) )  = 0 

t o  be 
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and we obtain 

n(x,t;w) = no exp -aot +($x cos T T x  ( ) . 
In ' o rde r  to  eliminate the discontinuity a t  x = 0 i n  n(x,t;(w)),  

Eq. (6) may be averaged over vi, by the  Maxwell d i s t r i b u t i o n :  

- * *  ( 7 )  
- - . -  - . 

where the hyperbo? i c  cos ine  function re f lec ts  the plasma d r i f t  towards 

the wall caused by error f ie ld .  

The diffusion coefficient for  the burqy tarus m y  be e x ~ r e s s e i  i n  

the following farm.495 

"j' 2 V 2 ' 
Q + v  O - 2  m 

where R is the major radius, tuc is the el ectson-cycl otron frequency 

0 1s the precessional frequency approximately gfven by 

T n -  
(a)* eB 

(9) 

and 9 is  the effective coll ision freq;lency. 
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For the col l is ionless  regime, e . g . ,  T > 100 eV w i t h  n io1* cm-3, 

we can rewrite Eq. (7 )  as follows: 

where F ( x )  i s  a form factor. 

frequency between electrons and ions. the c r i t i c a l  value of the error 

I f  we take v ~ - ~  t o  be the Coulomb collision 

f i e ld  which dominate the diffusion term is gfven by 

' E  . (11 1 @)c= b(+. a "e-i fF e *  

v 
. - 

2 For ELMO Bumpy Torus, we choose a = 10 cm and R = 1.5 x 10 cm. The 

.. 
which indicates that  the error f i e ld  becomes important for low-density, - 
high-temperature plasmas. For reasonably warm plasmas, T - 100 eV, the 

estimated error  field p =  1.5 x loa4 is  st i l l  below the c r i t i c a l  value 

when the plasma denstty i s  larger than IO" In the coll isional 

reghe, the effect  is  obviously smaller. 
- _-. - - -  ._- . . -  . -  

If the electr@n-ne!Jtrai col l is ion frequency ye - I s  used insTead 

of We-! 9 the c r i t i ca l  error  f ie ld  is given by 
. -  
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In l i gh t ly  ionized hydrogen plasmas where the electron-neutral collisions 

dominate, the error  f i e ld  of ELMO Burr,py Torus becomes effect ive below a 

pressure o f  4 x lom6 Torr for T = 100 e\l. 
- .  
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FIGURE CAPTIONS 

Ffg. I .  S p i r a l i n g - i n  toroidal f i e ld  l ines  due t o  e r ror  fieyd impbscd. 

Fig. 2. Gun and ca l lec tor  assembly. 

Fig. 3. Oscilloscope trace o f  beam curr 

vertical  e 

Fig.  4. Magnetic f i e l d  in tens i ty  vs. d 

co i l s  w i  t h  the exciting current 

nt 1. psecdsm sweep, 0.1 V/cm 

stance from perturbing f i e l  d 

held a t  5 amperes. 
- *  

Fig.  5. Shif t  o f  the electron beam due t o  t tw! perturbation f i e ld .  

The abscissa i s  the  current t o  the perturbing f i e ld  co i l s  
t 

( ref .  Fig.  4 ) .  

Fig. 6. Slab model of  the plasm dttk toroldal field 5n y direction 

and the error  f i e ld  assumed t o  be i n  x direction. 

a slab of thickness 2a and Inf in i te ly  long i n  y direction. 

Plasma is 
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SECTION 1 

INTRODUCTION 

Genera l  Dynamics Convai r  w i l l  f a b r i c a t e ,  a s semble ,  t e s t ,  and  
d e l i v e r  36 p r o d u c t i o n  EBT-P mirror c o i l  magnet’s, 3 s p a r e  magnets ,  
and  t h e  a s s o c i a t e d  i n s t r u m e n t a t  i o n ,  power and  p r o t e c t i o n  s y s t e m s .  

The work w i l l  be  per formed under  c o n t r a c t  t o  McDonnell Douglas 
A s t r o n a u t i c s  Company, St. Loui s  D i v i s i o n ,  and  t h e  magnets  w i l l  
be d e l i v e r e d  t o  Oak Ridge N a t i o n a l  L a b o r a t o r y ,  Oak R idge ,  
Tennessee .  

P e r i o d  of per formance  is from September  1982 t h r o u g h  September  
1984. 

T h i s  Manufac tur ing  P l a n  d e f i n e s  a l l  major manufac tu r ing  o p e r a t i o n s  
r e q u i r e d  i n  per formance  of t h i s  t a s k .  
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SECTION 2 

DESCRIPTION OF PRODUCT 

The mir ror  c o i l  magnets cove red  by t h i s  manufac tu r ing  p l a n  are  
an element  of t h e  Elmo Bumpy Torus  Proof of P r i n c i p l e  d e v i c e ,  
a f u s i o n  ene rgy  machine t o  b e  i n s t a l l e d  a t  Oak Ridge,  Tennessee .  

Each magnet c o n s i s t s  of  t h e  f o l l o w i n g  major a s s e m b l i e s ,  which 
are  d e s c r i b e d  i n  d e t a i l  under  S e c t i o n  5 of t h i s  p l a n .  

0 The c o l d  mass, which i n c l u d e s  t h e  wound conduc to r  pack 
and  t h e  he l ium v e s s e l  

o The LN2 cold w a l l  and  m u l t i l a y e r  i n s u l a t i o n ,  which 
c o v e r  t h e  he l ium v e s s e l  

0 The vacuum v e s s e l ,  which forms t h e  o u t e r  c o n t a i n e r  f o r  
t h e  e n t i r e  magnet 

0 The s t a c k  assembly ,  which c o n t a i n s  t h e  high c u r r e n t  
l e a d s  and  plumbing components 

The comple ted  magnet ,  F i g u r e  2-1, weighs approx ima te ly  
3500 pounds and is approx ima te ly  43" wide ,  80" h i g h ,  and  
12" t h i c k .  

F i g u r e  2-1.  Completed Magnet Assembly 
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SECTION 3 I 

GROUND RULES AND ASSUMPTIONS 

Convai r  I n t e g r a t e d  Management Systems (CIMS 11) w i l l  be implemented 
on t h i s  program. 

E n g i n e e r i n g  d e s i g n s  and  s p e c i f i c a t i o n s  c r e a t e d  f o r  t h e  EBT-P 
w i l l  be  r e l e a s e d  f o r  O p e r a t i o m  and Material Dept.  u se  th rough  
t h e  P a r t s  and Data Release System (PADR). 

T h i s  p l a n  is b a s e d  on  t h e  f a b r i c a t i o n ,  assembly ,  and t es t  of 
36 p roduc t  i on  m i r r o r  co i l  magnet a s s e m b l i e s ,  p l u s  t h ree  s p a r e s .  

Convai r  will per fo rm as pr ime c o n t r a c t o r .  The manufac tu re r  of 
t h e  supe rconduc to r  is a s u b c o n t r a c t o r  r e s p o n s i b l e  f o r  d e s i g n  
and p r o d u c t i o n  of t h e  supe rconduc to r  and f o r  a s s i s t i n g  Convai r  
where i n p u t s  and a n a l y s i s  are r e q u i r e d .  

The program w i l l  b e  conducted  on a s t a n d a r d  40-hour,  5-day 
work. week w i t h  o n l y  s p o t  o v e r t i m e .  

The s c h e d u l e  p r e p a r e d  f o r  t h i s  program is i d e n t i f i e d  as Master 
Schedule  811'1-242- 3-0008 d a t e d  7 /  8/ 81. 

F a b r i c a t  i o n  and assembly w i l l  be accompl ished  i n - p l a n t  by 
Dept.  064. A s s i s t  w i l l  b e  g e n e r a t e d  on MBA or s i m i l a r  p a p e r .  

Material c e r t i f i c a t i o n  s h a l l  be  r e q u i r e d  of vendors ,  S u b c o n t r a c t i n g  
of supe rconduc to r  s e r v i c e s  w i l l  r e q u i r e  o f f  - s i te  i n s p e c t  i o n .  

Tool d e s i g n  r ev iews  w i l l  be conducted  i n  acco rdance  w i t h  
PEDI 0-1-5-5. 

The s t a n d a r d  o p e r a t i o n s  P l a n n i n g  C o n t r o l  System (PCS) w i l l  b e  
u t i l i z e d  f o r  t h e  p r e p a r a t i o n  and release of t h e  f a b r i c a t i o n  , 
assembly ,  t e s t ,  and p r e p a r a t i o n  f o r  shipment  of t h i s  c o i l .  

A rev iew of  a l l  o p e r a t i o n s  p l a n n i n g  w i l l  be r e q u i r e d  p r i o r  t o  
release,  i n  acco rdance  w i t h  PEDI 0-1-0-9. 

The i n s t r u m e n t a t i o n ,  power, and protection sys t ems  are t h e  
r e s p o n s i b i l i t y  of t h e  Advanced Energy Systems L a b o r a t o r y ,  
Dept . 676, and are n o t  i n c l u d e d  i n  t h i s  p l a n .  
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SECTION 4 

TOOLING PLAN 

... 

The s e l e c t i o n  of manufac tu r ing  methods a n d  t h e  r e l a t e d  t o o l s  are  
b a s e d  upon t h e  lowest combined cos t  for  t o o l s ,  manufac tu r ing  
mater ia ls ,  and  q u a l i t y  c o n t r o l ,  i n c l u d i n g  b o t h  non- recu r r ing  and 
r e c u r r i n g  costs .  Genera l  Dynamics t o o l i n g  p l a n  f o r  EBT-P is 
des igned  t o  meet t h e  o b j e c t i v e  of minimum t o o l i n g  e x p e n d i t u r e s  
w h i l e  m a i n t a i n i n g  program q u a l i t y  r e q u i r e m e n t s .  The t o o l i n g  
p l a n  is based  on one p r o t o t y p e ,  36 p r o d u c t i o n  a r t i c l e s ,  and 3 
s p a r e s  which w i l l  b e  f a b r i c a t e d ,  tes ted,  and d e l i v e r e d .  

4.1 TOOLING PHILOSOPHY 

Our t o o l i n g  ph i losophy  h i g h l i g h t s  t h e  f o l l o w i n g  o b j e c t i v e s :  

a .  

b .  

C .  

d. 

4 . 2  

Tool 
t h i s  

U t i l i ze  t h e  e x i s t i n g  f a c i l i t i e s  w i t h  minimal r ea r r angemen t .  

S t r i v e  f o r  maximum u t i l i z a t i o n  o f  mul t i -pu rpose  t o o l i n g .  I 

U s e  shop a ids  where p o s s i b l e .  

Rely  on h i g h e s t  l e v e l  of "craf t sman"  m a c h i n i s t s  and welders 
t o  minimize t o o l i n g  complexi ty  and r e d u c e  t o o l i n g  
r e q u i r e m e n t s .  

TOOL DESIGN 

d e s i g n  c o n c e p t s  a re  b e i n g  upda ted  and f i n a l i z e d  d u r i n g  
phase of t h e  program. Changes t o  t h e  t o o l  d e s i g n  a re  

rev iewed w i t h  and  a g r e e d  t o  by t h e  o p e r a t i o n s  manager and 
r e p r e s e n t a t i v e s  of affected depa r tmen t s .  

4.3 PLANNING 

O p e r a t i o n s  p l a n n i n g  documents f o r  f a b r i c a t i o n  of d e t a i l s  and 
a s s e m b l i e s  are p r e p a r e d  i n  acco rdance  w i t h  p l a n n i n g  s t a n d a r d  
practices.  The stamped copy of all p l a n n i n g  documents w i l l  be 
r e t a i n e d  as pa r t  of d e l i v e r a b l e  d a t a .  

4.4 TOOL CONTROL 

Orders f o r  t h e  d e s i g n  and f a b r i c a t i o n  of a l l  tools and 
manufac tu r ing  aids are g e n e r a t e d  by t o o l  and  o p e r a t i o n s  
p l a n n e r s  u s i n g  program o f f i c e  approved  data.  Our t o o l  c o n t r o l  
sys t em p r o v i d e s  for t h e  s c h e d u l i n g  of t o o l i n g  s t a r t  and due 
d a t e s  i n  s u p p o r t  of e n d  i t e m  d e l i v e r y  s c h e d u l e .  
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4 . 5  TOOL F A B R I C A T I O N  

W e  w i l l  accompl ish  t o o l  manufac tu r ing  i n  a d e d i c a t e d  t o o l  
manufac tu r ing  f a c i l i t y  where modern equipment is used  
t h r o u g h o u t .  T h i s  i n c l u d e s  au tomated  templa te  and master l i n e s  
l a y o u t  photo  p r e p a r a t i o n  and c o n v e n t i o n a l  machine t o o l s .  The 
f a c i l i t y  a l s o  i n c l u d e s  o p t i c a l  equipment f o r  f i x t u r e  assembly 
and  d imens iona l  c a l i b r a t i o n .  

4 . 6  T O O L  L I S T  

The t o o l s  r e q u i r e d  t o  produce  a t o t a l  of 40 magnet a s s e m b l i e s  
are l i s t e d  i n  T a b l e  4-1. 

4 . 7  M A J O R  TOOLS 

4 . 7 . 1  C O N D U C T O R  T A P I N G  M A C H I N E .  The conduc to r  t a p i n g  machine 
F i g u r e  4-1 and 4-2, is a motor -dr iven  mechanism which h e l i c a l l y  wraps 
i n s u l a t i n g  t a p e  around t h e  conduc to r  as t h e  conduc to r  is drawn 
th rough  t h e  machine.  I t  c o n t a i n s  i n t e g r a l  p h o t o e l e c t r i c  
i n s p e c t i o n  equipment t o  m o n i t o r  un i form s p a c i n g  of t h e  
i n s u l a t i o n .  A s  c l e a n e d  conduc to r  i s  drawn th rough  t h e  t a p i n g  
machine,  t h e  machine is a u t o m a t i c a l l y  e n e r g i z e d  t o  r o t a t e  a 
hol low s p i n d l e  a round t h e  c o n d u c t o r .  The s p i n d l e  carries a 
s p o o l  of  i n s u l a t i n g  t a p e .  The s p i n d l e  motion is m e c h a n i c a l l y  
c o u p l e d  t o  s p r i n g  loaded  r u b b e r  ro l l e r s  which g r i p  t h e  c o n d u c t o r .  
T h i s  c o u p l i n g  m a i n t a i n s  a p r e s e t  p i t c h  o f  t h e  h e l i c a l  wrapping.  
A s  t h e  conduc to r  l e a v e s  t h e  s p i n d l e ,  i t  p a s s e s  under  t w o  
f i b e r o p t i c ,  p h o t o e l e c t r i c  i n s p e c t i o n  heads.  These are  l o c a t e d  
an i n t e g r a l  number of p i t c h e s  a p a r t  s o  t h a t  each head  normal ly  
r e t u r n s  t h e  same s i g n a l  t o  t h e  e l e c t r o n i c  m o n i t o r i n g  equipment .  
A d i f f e r e n c e  i n  these s i g n a l s  c a u s e s  a warning s i g n a l  t o  be  
s e n t  t o  t h e  c o i l  winding  p e r s o n n e l .  The t a p i n g  machine is 
d r i v e n  by a v a r i a b l e  s p e e d  dc  motor which is a u t o m a t i c a l l y  
c o n t r o l l e d  t o  va ry  i ts  s p e e d  t o  match t h e  s p e e d  of t h e  c o n d u c t o r .  

4 . 7 . 2  M A J O R  A S S E M B L Y  F I X T U R E  e The major  assembly f i x t u r e  
(11-38001-1) locates and h o l d s  t h e  c o l d  m a s s  i n  a h o r i z o n t a l  
p o s i t i o n ,  F i g u r e  4-3, f o r  assembly w i t h  t h e  MLI b l a n k e t s ,  
c o l d  w a l l ,  and t h e  s t a c k  assembly. LN2 

T h i s  f i x t u r e  h a s  p r o v i s i o n s  t o  compress t h e  uppe r  s t a c k  
be l lows  r e q u i r e d  f o r  f i n a l  assembly p r i o r  t o  t h e  f i n a l  c l o s e o u t  
weld  of t h e  s t a c k  assembly and  t h e  cold mass. 

4 . 7 . 3  MAJOR A S S E M B L Y  S T A T I O N .  Two assembly s t a t i o n s  w i l l  b e  
used  t o  m a i n t a i n  t h e  r e q u i r e d  r a t e .  

Each assembly s t a t i o n ,  F i g u r e  4-4 w i l l  c o n s i s t  of one  assembly 
f i x t u r e  (11-38001-1 ASFX) and one  s tee l  top  work t ab le  l o c a t e d  
unde r  an "A" frame (11-38001-1 HATO) .  The "A" f rame has  t w o  
one-ton e l e c t r i c a l  h o i s t s  and t r a v e l s  on a n g l e  i r o n  t r a c k s  of  
s u f f i c i e n t  l e n g t h  t o  c o v e r  t h e  e n t i r e  a s s e m b l y  area. 
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PART 
NUMBER 

11- 38001 

11- 38002 

11- 3800 3 

11- 38005 

11-38006 

11- 380 10 

11- 38011 

11- 38013 

11-38016 

11- 3802 1 

T a b l e  4-1. T o o l  L i s t  

PART NAME 

MAGNET ASSEMBLY 

COLD MASS ASSEMBLY 

HELIUM SUPPLY TUBE 

OUTER R I N G S  - COLD MASS 

WINDING ASSEMBLY 

SIDE WALL INSULATION 

CONDUCTOR LEAD HOUS I R G  

BOBBIN ASSEMBLY 

GROUND INSULATION 

LEAD LUG 

TOOL NAME 

ASSEMBLY FIXTURE ( 2 )  
HANDLING TOOL ( 2 )  
SETUP SHEET (3) 
TURNING WRENCH 
MANUFACTURING AID 

WELD FIXTURE 
SETUP SHEET 

CHECK TEMPLATE 
DRILL J I G  
BEND FORM 

CHECK TEMPLATE 
MILL FIXTURE 
BORING FIXTURE 
WELD FIXTURE 

HANDLING TOOL 
SPECIAL MACHINE 

MARK TEMPLATE (8 )  
BLANK DIE ( 4 )  

PROFILE FIXTURE ( 2 )  
TRACE PATTERN ( 2 )  
DRILL J I G  ( 2 )  
DRILL PLATE ( 2 )  
MILL FIXTURE 

WELD FIXTURE 
TURNING FIXTURE ( 2 )  
CHECK TEMPLATE 

MARK TEMPLATE (33) 

PROFILE FIXTURE 
TRACE PATTERN 
DRILL J I G  
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T a b l e  4-1. T o o l  L i s t  (cont'd) 

PART NAME TOOL NAME NUMBER 

11- 380 30 STACK ASSEMBLY BEND FORM ( 3 )  
BLANK DIE ( 4 )  
DRILL J I G  ( 7 )  
DRILL PLATE ( 4 )  
DRILL FIXTURE ( 1 )  
MANUFACTURING A I D  ( 3 )  
MARK TEMPLATE ( 1 4  ) 
MILL FIXTURE ( 1 )  
TURNING FIXTURE (3) 
WELD FIXTURE ( 6 )  

11- 38040 LN2 COLD WALL ASSEMBLY BEND FORM ( 2 )  
BLANK DIE 
CHECK TEMPLATE ( 5 )  
DRILL TEMPLATE ( 4 )  
MARK TEMPLATE ( 7 )  
PRODUCTION SAMPLE 
ROUTER FORM 
WELD FIXTURE ( 2  ) 

WELD FIXTURE 
DRILL FIXTURE 

11-38060 VACUUM VESSEL ASSEMBLY 

11- 38062 

11-38064 

11- 3806 5 

OUTER R I N G  - VACUUM VESSEL CHECK TEMPLATE 

STACK PLATE - VACUUM VESSEL TURNING FIXTURE 

STRUT FITTING - VACUUM 
VESSEL 

PROFILE FIXTURE 
TRACE TEMPLATE 

11-38066 SUPPORT ASSEMBLY - VACUUM 
VESSEL 

WEED FIXTURE 
TURNING FIXTURE ( 2 )  

11- 38067 

11-38068 

SIDE PLATE ASSEMBLY MILL FIXTURE 

STACK PLATE ASSEMBLY - 
VACUUM VESSEL 

DRILL PLATE 

11- 380 70 OUTLET ASSEMBLY PROFILE FIXTURE ( 3 )  
TRACE TEMPLATE ( 3) 
WELD FIXTURE 
TURNING FIXTURE 

11- 38080 COLD MASS SUPPORT HOLDING FIXTURE 
PRODUCTION TAPE 
SETUP SHEET 
TOOLING TAPE 

11- 38084 COLD MASS SUPPORT 
I NSTALLAT I ON 
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FIGURE 4-2 TAPE W I N D I N G  MACHINE HEAD 
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FIGURE 4-3 MAJOR ASSEFiBLY FIXTURE 
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SECTION 5 

, ... 

.... 

MANUFACTURING ANALYSIS 

T h i s  s e c t i o n  p r o v i d e s  a d e t a i l e d  a n a l y s i s  of t h e  f a b r i c a t i o n  
and a s s e m b l y  of each major component o f  t h e  mirror  c o i l  
magnet.  The Manufac tur ing  Sequence and  Flow P l a n ,  F i g u r e  5-1, 
shows all t h e  major manufac tu r ing  o p e r a t i o n s  r e q u i r e d  t o  
manufac tu re  each  magnet. 

5 . 1  COLD MASS ASSEMBLY 

The c o l d  mass assembly ,  as  d e s c r i b e d  below,  c o n s i s t s  o f  t h e  
he l ium v e s s e l  (bobb in  and  o u t e r  r i n g  h a l v e s ) ,  and  t h e  wound 
conduc to r  w i th  a s s o c i a t e d  i n s u l a t i o n ,  which makes up t h e  
conduc to r  pack.  The major s t e p s  i n  f a b r i c a t i o n ,  w ind ing ,  and  
f i n a l  assembly a re  d e s c r i b e d  i n  t h e  f o l l o w i n g  sect i o n s .  

5 .1 .1  BOBBIN. The bobbin assembly shown i n  F i g u r e  5-2 is 
made from t w o  1 . 0 - i n c h - t h i c k ,  30.75-inch-diameter  316L s t a i n l e s s  
s teel  p l a t e s  welded t o  e a c h  end of an 18 .00- inch-d iameter  by  
'8 .5- inch-long t u b e ,  r o l l  formed and  bevel-welded from .75-inch-  
t h i c k  316L s t a i n l e s s  s t ee l .  The s i d e  p l a t e s  are p a r t i a l l y  
machined t o  create t h e  bobb in  weld j o i n t  c o n f i g u r a t i o n .  The 

F i g u r e  5-2. Bobbin Assembly 
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r i n g s  and  bevel-welded bobbin  t u b e  are t h e n  p l a c e d  on t h e  
weld p o s i t  i o n e r ,  d i m e n s i o n a l l y  a l i g n e d  and  tack-welded i n  
p r e p a r a t i o n  f o r  t h e  f i n a l  weld  o p e r a t  i o n s .  

A f t e r  we ld ing ,  t h e  bobbin w i l l  undergo r a d i o g r a p h i c  and  dye 
p e n e t r a n t  i n s p e c t i o n  t o  e n s u r e  t h e  we ld ing  i n t e g r i t y  b e f o r e  
stress r e l i e f  and  f i n a l  machin ing  o p e r a t i o n s .  The p r e c i s e  
d imens iona l  c o n t r o l  f o r  p r o p e r  f i t  of  t h e  po ly imide  and 
f i b e r g l a s s  i n s u l a t  i o n ,  t h e  c o n d u c t o r  pack  winding  and  t h e  o u t e r  
r i n g  i n s t a l l a t i o n  i s  g u a r a n t e e d  w i t h  o u r  f i n a l  l a t h e  machin ing  
o f  t h e  bobbin  assembly .  

5 . 1 . 2  I N S U L A T I O N .  The bobbin  i n s u l a t i o n  employs t w o  l a y e r s  
of 5 m i l  po ly imide  c u t  from s h e e t  s t o c k ,  w i t h  two l a y e r s  of 
.020 p e r f o r a t e d  G l O C R  f i b e r g l a s s  and  one  s o l i d  l a y e r  of G l O C R  
f i b e r g l a s s  a d h e s i v e l y  bonded t o  t h e  i n s i d e  s u r f a c e s  o f  t h e  
bobbin .  

5 .1 .3  CONDUCTOR PACK. The c o n d u c t o r  pack  embodies one  
pancake wind and  32 h o r i z o n t a l l y  ( s ide  by s i d e )  wound l a y e r s .  

The winding  o p e r a t i o n s  commence w i t h  t h e  i n s u l a t i o n  bobbin 
mounted t o  t h e  f a c e  o f  t h e  wind ing  machine,  an Aronson weld 
p o s i t i o n e r ,  shown i n  F i g u r e  5 - 3 .  

F i g u r e  5-3. Weld P o s i t i o n e r / ? / i n d i n g  Machine 
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An empty s p o o l ,  f o r  s t o r a g e  of a s u b s t a n t i a l  l e n g t h  of c o n d u c t o r ,  
is p l a c e d  a t  t h e  rear of  t h e  t e n s i o n e r  i n  t h e  u l t i m a t e  p o s i t i o n  
of t h e  s u p p l y  s p o o l .  

The conduc to r  s u p p l y  s p o o l  is mounted b e s i d e  t h e  bobbin  on t h e  
winding  machine as  shown i n  F i g u r e  5-4. 

T h e  conduc to r  is now f e d  o n t o  t h e  storage s p o o l  of s u f f i c i e n t  
l e n g t h  f o r  t h e  pancake wind p l u s  other  r e q u i r e m e n t s  f o r  
winding"  

The  conduc to r  i s  now c a r e f u l l y  looped  and  s e c u r e d  from t h e  
s u p p l y  s p o o l  t o  t h e  bobbin f o r  s ta r t  of t h e  pancake wind,  
F i g u r e  5-5. 

Feeding  from t h e  s t o r a g e  s p o o l  t h r o u g h  t h e  t e n s i o n i n g ,  c l e a n i n g ,  
c o u n t i n g ,  and  i n s u l a t i o n  t a p e  winding  machine,  t h e  pancake 
l a y e r  is wound. S u f f i c i e n t  i n s u l a t i o n  wound conduc to r  is o v e r  
wound t o  make a h a l f  l aye r  h o r i z o n t a l  wind p l u s  o the r  winding  
r e q u i r e m e n t s .  The pancake wind is now s e c u r e d  and t h e  e x c e s s  
" t a i l "  c u t  o f f .  I n s u l a t i o n  c o n s i s t i n g  o f  t w o  p e r f o r a t e d  and 
one  s o l i d  G l O C R  f i b e r g l a s s  l a y e r s  is i n s t a l l e d  b e s i d e  t h e  
pancake wind, i n s u l a t i n g  i t  from t h e  h o r i z o n t a l  winding .  Clamps 
are i n s t a l l e d  t o  s e c u r e  t h e  pancake  wind i n  p o s i t i o n  d u r i n g  
t h e  h o r i z o n t a l  wind p r o c e s s .  

A t  t h i s  t i m e ,  t h e  s t o r a g e  spool  i s  removed from t h e  s y s t e m  and  
s t o r e d  f o r  f u t u r e  u s e .  The s u p p l y  s p o o l  is now removed from 
t h e  winding machine and,  w i t h o u t  s e v e r i n g  t h e  c o n d u c t o r ,  
c a r e f u l l y  moved t o  t h e  p o s i t i o n  of t h e  s t o r a g e  s p o o l ,  F i g u r e  5 - 6 .  

Rever s ing  t h e  d i r e c t i o n  of winding ,  32 h o r i z o n t a l  ( s i d e  by s i d e )  
l a y e r s  are wound on t h e  bobbin  a l o n g s i d e  the pancake wind,  
F i g u r e  5-7 .  

A t  t h e  31st l a y e r ,  e i g h t  l a y e r s  of .030" GIOCR f i b e r g l a s s  
i n s u l a t i o n  are i n s t a l l e d .  The 32nd l a y e r  c o n s i s t s  of  one -ha l f  
wind from each s i d e  t o  t h e  c e n t e r  for a c e n t e r  conduc to r  ta.p. 
E i g h t  more l a y e r s  of .030" GlOCFt f i b e r g l a s s  i n s u l a t i o n  cover 
t h e  32nd l a y e r , a n d  t w o  bands ( s t a i n l e s s  s t ee l  h o s e  c lamps)  are  
i n s t a l l e d .  F i b e r g l a s s  s t a b i l i z e r  b l o c k s  are b o l t e d  t o g e t h e r  
a round  t h e  t e r m i n a l s  t o  s e c u r e  and h o l d  them i n  p l a c e  m a i n t a i n i n g  
t e n s i o n .  

S p l i c i n g  of t h e  conduc to r  w i l l  be accompl ished  as requ ' i red .  
T h i s  w i l l  r e q u i r e  a s o l d e r  s t a t i o n  t o  c o n t r o l  h e a t  t o  a s s u r e  
a sound s p l i c e  w i t h o u t  damage t o  t h e  c o n d u c t o r .  The s p l i c i n g  
w i l l  be  accompl ished  a t  t h e  wal l s  of t h e  bobbin  a t  a l l  times 
t o  assure a f u l l  wind. 

5 .1 .4  OUTER R I N G  11-38005. F a b r i c a t i o n  of  t h e  o u t e r  r i n g  
w i l l  s tart  w i t h  machining of  t h e  weld  p r e p  i n  t h e  f l a t  p l a t e  
on both  e d g e s .  The r i n g  is made up of  t w o  h a l v e s  r o l l e d  t o  a 
14 .43- inch  i n s i d e  r a d i i .  D r i l l i n g  of t h e  s t a c k  h o l e ,  end  
t r i m  and  w e l d  p rep  w i l l  be performed a f te r  f i t - u p  t o  t h e  bobb in .  
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F i g u r e  5-8. Hel ium Vessel 

5.1.5 OUTER R I N G  INSTALLATION, While t h e  bobbin remains i n  
p l a c e  on t h e  weld  p o s i t i o n e r / w i n d i n g  machine,  t h e  f i n i s h e d  
o u t e r  r i n g  h a l v e s  are f i t t e d  i n  p l a c e  and  tack-welded.  F i n a l  
c l o s e o u t  weld ing  of t h e  he l ium v e s s e l ,  F i g u r e  5-8, is 
accompl ished  wi th  semi-automat i c  equipment .  Heat s e n s o r s  a re  
used  t o  moni tor  and c o n t r o l  h e a t  t r a n s f e r  t o  t h e  c o i l  winding .  

5 . 2  INSULATION BLANKET 11-38046 

There  are f i v e  d i f f e r e n t  m u l t i - l a y e r  i n s u l a t i o n  b l a n k e t s  u sed  
i n  c o n j u n c t i o n  w i t h  t h e  c o l d  w a l l .  These va ry  i n  t h i c k n e s s  
due t o  t h e  q u a n t i t y  of a l t e r n a t i n g  layers  of a lumin ized  Kapton 
and Dacron n e t .  They r ange  P r o m  . 13" for-1 & -5, .26" f o r  -2 
& -4 and .39" f o r  - 3 .  The manufac tu r ing  of each  c o n f i g u r a t i o n  
w i l l  be hand led  by  a s p e c i a l t y  house .  F i n a l  f i t t i n g  w i l l  t a k e  
p l a c e  when each  b l a n k e t  i s  i n s t a l l e d .  

5 . 3  LNZ COLD WALL 11-38040 

T h e  LN2 c o l d  w a l l  components i n  F i g u r e  5-9 c o n s i s t  of t h r e e  
p r i n c i p a l  subassembl i e s  of t h e  coppe r  enve lope  and t h e  LN2 
t u b e s .  T h i s  a s s e m b l y  is s u p p o r t e d  from t h e  t i t a n i u m  s u p p o r t  
s t r u t s  f o r  t h e  c o l d  m a s s .  

The copper envelope will be f a b r i c a t e d  i n  t h e  GDC f a c i l i t y .  
The three Subassembl ies  c o n s i s t  of t w o  b r a z e d  h a l f  s e c t i o n s  
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F i g u r e  5-9. LNZ Cold Wall 

s p l i t  a round  t h e  c i r c u m f e r e n c e  which o v e r l a p  and  are r i v e t e d  
t o g e t h e r ,  and t h e  s t a c k  t u b e  which is a r i v e t e d  assembly .  

5 .3 .1  COLD WALL OUTER RINGS. The 0 .032- inch - th i ck  coppe r  
s t o c k  is c u t  t o  t h e  f i n i s h e d  wid th  of 5 . 7 5  a n d  a l e n g t h  of 
115.0. 
i n s p e c t e d  w i t h  a check t e m p l a t e ,  and  trimmed t o  f i n a l  
c o n f i g u r a t i o n  and  l e n g t h  w i t h  a r o u t e r  f i x t u r e .  

5 . 3 . 2  S I D E  PLATES. The 0 . 0 3 2 - i n c h - t h i c k  coppe r  w i l l  b e  t r u e  
t race b l a n k e d  on a punch p r e s s  t o  35 .14- inch  OD and  17 .90- inch  
I D .  These  are  t h e n  b r a z e d  t o  t h e  o u t e r  r i n g  sections t o  form 
e n v e l o p e  s u b a s s e m b l i e s .  

The s t r i p s  are r o l l - f o r m e d  t o  35.14-inch diameter, 

5.3.3 COLD WALL STACK TUBE. The s t a c k  t u b e  is a s t r i p  o f  
. 032- inch - th i ck  110 c o p p e r  r o l l e d  t o  1 0 . 5 - i n c h  d i a m e t e r ,  
trimmed t o  l e n g t h ,  r i v k t e d  t o  form a c y l i n d e r ,  and  t h e  bot tom 
e n d  trimmed t o  s u i t  t h e  i n t e r f a c e  at  t h e  s h i e l d  o u t e r  r i n g .  
The s t a c k  t u b e  i s  a t t a c h e d  t o  t h e  e n v e l o p e  assembly w i t h  
r i v e t e d  a n g l e  c l i p s .  

5 . 3 . 4  ENVELOPE ASSEMBLY. The assembly w i l l  b e  a f u l l  s i z e  
f i t u p  of  t h e  e n v e l o p e  and s t a c k  pre-assembled  w i t h  t h e  cold 
m a s s  w i t h  t h e  s u p p o r t s  i n s t a l l e d  but  w i t h o u t  MLI i n  p l a c e .  
All r i v e t  h o l e s  w i l l  be  d r i l l e d  full size a t  t h i s  t i m e ,  
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l o c a t e d  from p i l o t  h o l e s  i n  t h e  d e t a i l s ,  t o  e l i m i n a t e  
con tamina te s  i n  t h e  MLI b l a n k e t s .  

T h i s  pre-assembly w i l l  be accompl ished  w i t h  t h e  c o l d  mass 
mounted i n  a n  a s s e m b l y  f i x t u r e  (11-38001-1). T h i s  assembly 
f i x t u r e  w i l l  a l s o  be used  t o  assemble t h e  s t a c k  assembly and 
t o  assemble t h e  s t a c k  w i t h  t h e  c o l d  mass, F i g u r e  5-10. A f t e r  
a l l  r i v e t  h o l e s  a r e  d r i l l e d  f u l l  s i z e ,  f i t u p  and t r i m  o p e r a t i o n s  
a re a c co rnp 1 i s h e d . 
The p a r t s  are  d i sa s sembled ,  debur red ,  and c l e a n e d .  They a re  
now ready  for f i n a l  assembly w i t h  t h e  c o l d  mass. 

-2 LN ___-_~--_I-  Line  Assembly. Manufac tur ing  t h e  LN2 l i n e  assembly is a 
s t r a i g h t - f o r w a r d  c u t t i n g ,  f i t t i n g ,  and s o l d e r i n g  t a s k .  The 
t o o l i n g  i n v o l v e d  i n c l u d e s  a check  templ .a te  f o r  t h e  forming of 
t h e  t u b i n g  and a s i m p l e  maxufac tu r ing  a i d  t o  s i m u l a t e  t h e  
r a d i a t i o n  s h i e l d  enve lope  w i t h  t h e  l i n e  j o i n t s  and  t e r m i n a l  
p o i n t s  c lear ly  i n d i c a t e d .  

5 . 4  VACUUM VESSEL 11-38060-1 

The vacuum v e s s e l  is t h e  o u t e r  j a c k e t  of t h e  magnet assembly .  
I t  is a welded assembly c o n s i s t i n g  of d e t a i l s  made from 304L 
s t a i n l e s s  s t e e l ,  F i g u r e  5-11. The major components i n c l u d e  an 
o u t e r  y i n g ,  1" t h i c k  X 12" wide X 150" long,  r o l l e d  t o  a 
40.75" I D .  T h i s  w i l l  b e  s u b c o n t r a c t e d  t o  a loca l  s p e c i a l t y  
house.  The two s i d e  p l a t e s  are  . 25 "  t h i c k ,  42" i n  d i a m e t e r  
w i t h  a spun f l a n g e  i n  t h e  c e n t e r  hav ing  2 16.5" h o l e  f o r  
weld ing  t h e  i n n e r  r i n g  i n  pla ,ce .  I n  t h e  assembly sequence ,  
a .25"  X 11.5" X 28" p l a t e  w i l l  b e  welded t o  t h e  s ide  p l a t e  
t o  form one  w a l l  each  of t h e  he l ium s t a c k .  The o t h e r  t w o  
wal ls  a re  welded t o  t h e  o u t e r  r i n g ,  A weld  f i x t u r e  is r e q u i r e d .  

T h e  bucking  c y l i n d e r  s u p p o r t  a s s e m b l y  is a se r ies  of r e c t a n g u l a r  
de t a j - l s  welded t o  t h e  o u t e r  r i n g  t o  s u p p o r t  t h e  c o i l .  A weld  
f i x t u r e  and  a t u r n i n g  f i x t u r e  w i l l  b e  r e q u i r e d  for t h i s  assembly .  

The ou t -o f -p l ane  s u p p o r t  f i t t i n g s  w i l l  be  machined i n  d e t a i l  
w i t h  t h e  u s e  of a p r o f i l e  P i x t u r e  and  a trace p a t t e r n .  They 
w i l l  be  welded t o  o u t e r  r i n g  w i t h  f i n i s h  machining of  t h e  
s l o t ,  d r i l l i n g ,  and  t a p p i n g  t o  b e  per formed a t  t h e  n e x t  
assembly l e v e l .  

5 .5  STACK SUBASSEMBLIES 11-38030 

Subassembl ies  w i l l .  be manuf a c t u r e d  as o u t l i n e d  on t h e  e n g i n e e r i n g  
drawing p l u s  one s y n t h e t i c  subassembly c o n s i s t i n g  of t u b e  
d e t a i l s  -19, -20 ,  - 3 3 ,  and one  b e l l o w s .  

Eng inee r ing  s u b a s s e m b l i e s  are  : 

11-38030-2 P l a t e  
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FIGURE 5-10 MAGNET IN ASSEMBLY FIXTURE 
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FIGURE 5-11 VACUUM VESSEL SUBASSEMBLIES 

D-24 



... 
APPENDIX D 

GDC-EBT-81-003 

11-38030-6 Heat I n t e r c e p t  
-13 Neck 
- 2 1  Vent 
-26 Tray 
-29 Tray 
-35 t h r u  -39 D i s c  
-46 P l a t e  

F i n a l  assembly of  t h e  s t a c k  is accompl ished  a t  magnet f i n a l  
assembly .  

5 .6  COLD MASS SUPPORTS 

The three s u p p o r t s  are machined from 1.375 ' '  X 9.5" X 24" 
6AL-4V t i t a n i u m ,  F i g u r e  5-12. Numerical  cont ro l  t a p e s  will 
p r o v i d e  t h e  d r i l l i n g  o f  t h e  h o l e s ,  as w e l l  as c o n t r o l  t h e  
machining t o  e n s u r e  c o n s i s t e n c y  and h i g h  q u a l i t y  p a r t s .  Three  
p a r t s  w i l l  be machined s i m u l t a n e o u s l y  on a t h r e e - s p i n d l e ,  
t h r e e - a x i s  N / C  machine.  

The s u p p o r t s  w i l l  be  i n s t a l l e d  on t h e  c o l d  mass p r i o r  t o  
assembly w i t h  t h e  LN2 c o l d  w a l l .  

5.6.1 COLD MASS SUPPORT INSTIL 11-38084. T h i s  i n s t a l l a t i o n  
c o n s i s t s  o f  t h e  c o l d  mass, three  c o l d  mass s u p p o r t  f i t t i n g s ,  
and  a t t a c h i n g  hardware .  

. .  

F i g u r e  5-12. Cold  Mass Suppor t  
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The c o l d  m a s s  s u p p o r t  f i t t i n g  pads  a re  machined, d r i l l e d ,  and  
t a p p e d  f o r  t h e  s u p p o r t  f i t t i n g s  a f t e r  we ld ing .  

The c o l d  mass w i t h  t h e  s u p p o r t  s t r u t s  a t t a c h e d  b u t  minus t h e  
MLI b l a n k e t  and c o l d  w a l l  w i l l  be l o c a t e d  i n  t h e  vacuum v e s s e l  
w i t h  t h e  a i d  of  a h o l d i n g  f i x t u r e .  With t h e  vacuum v e s s e l  
l o c a t e d  i n  a d r i l l  f i x t u r e  a t t a c h e d  t o  o u r  l a r g e  h o r i z o n t a l  
b o r i n g  m i l l ,  t h e  o p e r a t o r  is now a b l e  t o  locate  and  d r i l l  t h e  
h o l e s  i n  t h e  o u t e r  r i n g  f o r  t h e  s u p p o r t  bosses .  These  h o l e s  
p r o v i d e  access f o r  l i n e  b o r i n g  t h e  s u p p o r t  s t r u t  a t t achmen t  
h o l e s  . 
A t  t h i s  p o i n t ,  a l l  a t t a c h  h o l e s  i n  t h e  vacuum v e s s e l  s u p p o r t  
a s s e m b l y  w i l l  be d r i l l e d .  M i l l i n g  t o  f i n a l  s i z e ,  and d r i l l i n g  
and  t a p p i n g  t h e  s i d e  s u p p o r t  f i t t i n g s  w i l l  a l s o  be accompl i shed  
a t  t h i s  t i m e .  

With a l l  machine o p e r a t i o n s  comple te ,  t h e  assembly is removed 
from t h e  machine and  t r a n s f e r r e d  t o  t h e  we ld ing  area. With 
t h e  co ld  mass s t i l l  s e c u r e d  i n  p l a c e ,  t h e  cold m a s s  s u p p o r t  
l u g s  (11-38083) a re  i n s t a l l e d  w i t h  t h e  sh ims  and  welded i n  
p l a c e  p e r  t h e  e n g i n e e r i n g  drawing .  

A f t e r  we ld ing  t h e  s u p p o r t  l u g s  i n  p l a c e ,  t h e  co ld  mass is 
removed and  b o t h  t h e  co ld  m a s s  and  t h e  vacuum v e s s e l  are 
c l e a n e d  of c h i p s ,  c u t t i n g  f l u i d s ,  e t c .  

A t  t h i s  t i m e ,  t h e  s i d e  o u t l e t  assembly (11-38070-1) is welded 
i n  p l a c e ,  

5. 7 OUTLET ASSEMBLIES 11-38070-1/-2 

The o u t l e t  assemblies c o n s i s t  o f  t w o  d i s t i n c t  a s s e m b l i e s .  
C o n s i d e r a b l e  s t u d y  has gone i n t o  t h e  e n g i n e e r i n g  and  f a b r i c a t i o n  
sequence  of each  assembly .  Each pu rchased  cross f i t t i n g  and  
machined f l a n g e  p l a t e  w i l l  have  c l e a n u p  c u t  t aken  o n  t h e  
p l a t e s  a f t e r  b e i n g  welded i n t o  a subassembly .  A common d r i l l  
p l a t e  w i l l  b e  used  t o  d r i l l  f l a n g e  h o l e s  a t  t h e  subassembly  
l e v e l .  One weld f i x t u r e  can  be used  f o r  subassembly  we ld ing  
as well  as f o r  t h e  f i n a l  assembly .  

5 , 8  OUT-OF-PLANE STRUTS 11-38090-1/-2 

The out -of  -p l ane  st r u t s  a r e  l a r g e  " t u r n b u c k l e s "  manufac tured  
from 2 . 0  h e x  304L  s t a i n l e s s  s t ee l  w i t h  rod ends .  A close 
t o l e r a n c e  s p e c i a l  bo l t  manufac tured  in-house a t t a c h e s  t h e  
s t r u t  t o  t h e  vacuum v e s s e l  and  t es t  s t a n d ,  F i g u r e  5-13. 

Seventy-two s t r u t s  w i l l  be s h i p p e d  w i t h  t h e  magnets  as loose 
p i e c e s  I 
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F i g u r e  5-13. Out-of-Plane S t r u t  

5 .9  FINAL ASSEMBLY 

Two assembly st a t  i o n s  c o n s i s t i n g  of  a major assembly f i x t u r e  
w i t h i n  f loor -mounted  tracks f o r  an " A "  frame w i t h  two one-ton 
h o i s t s  mounted on t r o l l e y s  w i i l  be  p r o v i d e d .  A steel t o p  
t a b l e  w i l l  a l s o  be l o c a t e d  w i t h i n  t h e  "A" f rame t r a c k s  f o r  
f i n a l  i n s t a l l a t i o n  of  t h e  c o l d  mass i n t o  t h e  vacuum v e s s e l ,  
F i g u r e  5-14. 

5 . 9 . 1  COLD MASS SUPPORT INSTALLATION 11-38084. T h i s  
i n s t a l l a t i o n  locates i n  t h e  assembly f i x t u r e  i n  a h o r i z o n t a l  
p o s i t  i o n  w i t h  t h e  c e n t e r l i n e  approx ima te ly  36.00 i n c h e s  above 
t h e  f l o o r  f o r  optimum working h e i g h t .  

5.9.2 STACK ASSEMBLY INSTALLATION 11-38030. This  assembly 
l o c a t e s  on t h e  c o l d  mass assembly i n  t h e  assembly f i x t u r e  
t h a t  h a s  ad jus tmen t  t o  f a c i l i t a t e  f i n a l  assembly of t h e  s t a c k  
and f i t u p  w i t h  t h e  c o l d  mass assembly .  

F i n a l  assembly o f  t h e  s t a c k  is now accompl ished  by i n s t a l l i n g  
t h e  t r a y  assemblies (11-38039) ,  vapor  c o o l e d  leads (11-38020) ,  
We t u b e  assembly ( 11-38031),  LHe l e v e l  s e n s o r  ( 11-38032),  
s t a c k  n e c k  assembly ( 11-38034),  LHe l e v e l  s e n s o r  g u i d e  ( 11-38036).  

Wi th  a l l  e l ec t r i ca l  connect  i o n s  and  i n t e r f a c e  t a s k s  comple ted  
between t h e  s t a c k  assembly (11-38030) and t h e  c o l d  mass as sembly  
(11-38002) ,  t h e  two a s s e m b l i e s  ace welded t o g e t h e r .  
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5 . 9 . 3  a COLD WALL 11-38040 AND MLI BLANKETS 11-38046. The 
MLI b l a n k e t s  are now i n s t a l l e d  i n  c o n j u n c t i o n  w i t h  t h e  assembly 
and r i v e t i n g  o f  t h e  LN2 c o l d  w a l l  components.  

Upon comple t ing  f i n a l  assembly of t h e  i n n e r  MLI b l a n k e t s  and 
LN2 c o l d  w a l l ,  t h e  o u t e r  MLI b l a n k e t s  are i n s t a l l e d .  

I n s t a l l a t i o n  of  MLI b l a n k e t s  t o  t h e  o u t s i d e  s u r f a c e s  of  t h e  
he l ium v e s s e l / c o n d u c t o r  pack i s  accompl ished  w i t h  t h e  a i d  o f  
l o f t e d  t e m p l a t e s .  C u t o u t s  i n  t h e  t e m p l a t e  s t o c k  i d e n t i f y  t h e  
s p e c i f i c  areas f o r  t h e  bonding  o f  t h e  Velcro material .  These 
t e m p l a t e s  are matched t o  t h e  t e m p l a t e s  u s e d  i n  t h e  f a b r i c a t i o n  
of  t h e  MLI b l a n k e t s .  The Velcro s t r i p s  are  bonded i n  p l a c e  
on t h e  c l e a n e d  v e s s e l  s u r f a c e  and t h e  MLI b l a n k e t s  m e r e l y  
p r e s s e d  i n t o  p o s i t i o n .  H e l i u m  v e s s e l  MLI b l a n k e t s  a re  i n s t a l l e d  
on t h e  v e s s e l  s i d e s  and o u t e r  r i n g  o n l y .  

5 . 9 . 4  VACUUM VESSEL ASSEMBLY 11-38001. The comple ted  assembly 
is now removed from t h e  assembly f i x t u r e  and located w i t h i n  
t h e  vacuum v e s s e l  (11-38060). The six c o l d  mass sh ims  
(11-38001-4) are assembled  between t h e  t i t a n i u m  s t r u t s  and  t h e  
c o l d  mass s u p p o r t  l u g s  (11-38083) which were p r e v i o u s l y  welded 
t o  t h e  vacuum v e s s e l .  The s i x  c o l d  mass s u p p o r t  bolts 
(11-38081) are  t h e n  i n s t a l l e d ,  t o r q u e d ,  and s a f e t y  w i r e d .  

A f t e r  f i n a l  check ing ,  t h e  s i d e  p l a t e  c l o s e o u t  assembly 
(11-38001-5) is welded i n  p l a c e .  

The l a s t  weld between t h e  vacuum v e s s e l  (11-38060) and t h e  
s t a c k  t o p  p l a t e  (11-38042) is done w i t h  t h e  magnet assembly 
i n  t h e  v e r t i c a l  ( s t a c k  up)  p o s i t i o n .  F i n a l  c l eanup  and  
i n s t a l l a t i o n  of  t o p  o u t l e t  assembly (11-38070-2) comple tes  
t h e  assembly .  

5.10 ACCEPTANCE TESTING 

P r o d u c t i o n  magnets w i l l  be  s u b j e c t e d  t o  t h e  tes ts  l i s t e d  
below t o  a s s u r e  each  magnet h a s  been p r o p e r l y  manufac tured  
and t he  r e q u i r e m e n t s  o f  MDAC s p e c i f i c a t i o n s  have been s a t i s f i e d .  
The t es t s  l i s t e d  are  f i n a l  a c c e p t a n c e  tests and do n o t  i n c l u d e  
t h e  manufac tu r ing  in -p rocess  tests. 

1. Winding I n s u l a t i o n  R e s i s t a n c e  T e s t *  

2 .  Proof  P r e s s u r e  T e s t *  

3 .  F i n a l  GHe Leak T e s t *  

4 .  Vacuum L i n e r  G H e  Leak T e s t  

5 .  Magnet O p e r a t i o n a l  T e s t  

6 .  Magnet ic  Axes Alignment 
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7 .  Heat Leak Test 

* Performed p r i o r  to i n s t a l l a t i o n  of s h i e l d  and vacuum 
1 i n e r  . 

A d d i t i o n a l  d e t a i l  i n f o r m a t i o n  r e l a t i v e  t o  t h e s e  tests can b e  
found i n  Appendix A . 5  o f  t h i s  r e p o r t .  

A t e s t  f a c i l i t y  w i l l  be p r o v i d e d  to accompl ish  these tests p l u s  
c e r t a i n  in -p rocess  t es t s .  T h e  f a c i l i t y  is shown i n  F i g u r e  6-4. 
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SECTION 6 

MA NUF A CT UR I: NG, FA C I L I T I ES 

General. dynamics Convai r  manufac tu r ing  f a c i l i t i e s  i n c l u d e  more 
t h a n  5 . 9  m i l l i o n  s q u a r e  fee t  under  r o o f .  T h e s e  f a c i l i t i e s  
p r o v i d e  r e q u i r e m e n t s  for  t h e  comple te  manufac tu re  of p roduc t  
l i n e s  r a n g i n g  from m i c r o c i r c u i t s  t o  l a r g e  s t e e l  t o o l s ,  a i r c r a f t ,  
missiles,  a e r o s p a c e  ground s u p p o r t  equipment ,  and ene rgy  s y s t e m  
components.  

During o u r  p a s t  s i x  years i n  t h e  ene rgy  f i e l d ,  w e  have developed  
manufac tu r ing  t e c h n i q u e s  and equipment c a p a b i l i t i e s  r e l e v a n t  
t o  t h a t  t e c h n o l o g y .  Our p r o c e s s i n g  and h a n d l i n g  f u n c t i o n s  are  
f a c i l i t i z e d  t o  h a n d l e  l a r g e ,  heavy s t e e l ,  c o p p e r ,  t i t a n i u m ,  
and aluminum p r o d u c t s .  

6.1 ELMO BUMPY TORUS DEDICATED SPACE 

O v e r a l l  f a c i l i t i e s  p l a n n i n g  fo r  t h e  E l m o  Bumpy Torus  p r o d u c t i o n  
program h a s  g iven  pr ime c o n s i d e r a t i o n  t o  t h e  need  t o  minimize 
program cost w h i l e  pe r fo rming  i n  acco rdance  w i t h  t h e  program 
r e q u i r e m e n t s .  We have r e s e r v e d  an area o f  approx ima te ly  8,000 
s q u a r e  f e e t  i n  t h e  east  end  of B u i l d i n g  37 a t  o u r  Harbor  Dr ive  
F a c i l i t y ,  F i g u r e s  6-1 and 6-2, f o r  t h i s  program. F i g u r e  6-3 
i l l u s t r a t e s  t h e  p l anned  f l o o r  a r rangement  which p r o v i d e s  f o r  
t h e  most e f f i c i e n t  m a n u f a c t u r i n g  f l o w  from d e t a i l  p a r t s  and 
material  s t a g i n g  t h r u  subassembly ,  we ld ,  c o i l  winding ,  c l o s e o u t  
weld ,  x - r ay ,  f i n a l  assembly ,  and t e s t .  

The c l o s e  p r o x i m i t y  of t h e  Mirror Fus ion  T e s t  F a c i l i t y - B  
program i n  B u i l d i n g s  37 and 52 w i l l  p r o v i d e  f o r  maximum u t i l i z a t i o n  
of  s u p p o r t  p e r s o n n e l  and ene rgy  programs equipment .  

6 2 EQUIPMENT 

We w i l l  make maximum use o f  e x i s t i n g  company-owned f a c i l i t i e s  
t o  m i n i m i z e  cost and a v o i d  s c h e d u l e  d e l a y s .  A l l  r e q u i r e d  
major  c a p i t a l  equipment is company-owned and w i l l  be  a v a i l a b l e  
t o  manufac tu re  t h e  Elmo Bmpy Torus  magnets  ( T a b l e  6-1).  
Machine l o a d s  and h a n d l i n g  equipment p r o j  e e t e d  r e q u i r e m e n t s  have 
been e v a l u a t e d  t o  a s s u r e  a v a i l a b l e  c a p a c i t y  for t h i s  program. 

6.3 LABORATORY ANB !I'EST FACILITIES 

I n  a d d i t i o n  t o  t h e  d e d i c a t e d  EBT-Test F a c i l i t y  ( F i g u r e  6-4) ,  
which w i l l  b e  l o c a t e d  i n  B u i l d i n g  3 7 ,  other  l a b o r a t o r y  and tes t  
f a c i l i t i e s  are a v a i l a b l e  f o r  p roduc t  i o n  and v e r i f i c a t i o n  t e s t  
r e q u i r e m e n t s .  G e n e r a l  Dynamics o p e r a t e s  more t h a n  70 R&D, 
manuf a e t u r i n g  development ,  q u a l i t y  a s s u r a n c e  and t e s t  l a b o r a t o r i e s  
i n  San Diego. Our c r y o g e n i c s ,  e l ec t r i ca l ,  and m a t e r i a l s  
laborator ies  have t h e  t es t  f a c i l i t i e s  and equipment a v a i l a b l e  t o  
s u p p o r t  t h e  p r o  gram. 
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Table 6-1. Y a c h i n e s  and H a n d l i n g  Equ ipmen t  L i s t  

GMERAL DYNXiCS CONVAIR D i V I S I O N  M O R  COMPAUY-OWNED EQUIEWENT 
AVAILABLE FOR EBT MANUFACTURE ABD TEST 

...I_. 
P L L T  AVAILABU. t ry 

LOCATION STATUS 
TASK FACILITIES REQUIRED TYPE .____---__-.. 

ROLLINGIBEXDUG ROLLS 
8 W S  

ROLLS 
BREAKS 

DKILLING/TAF'PIXG HORIZ. OVER-ARY CINN Q2's 
DRILLS CINN # 3 ' s ,  K6T 113 

KILLING 4-AXIS PROFTLE XILL WILSON 4x4 .9ND 4x6 
$-.AXIS P R O F Z E  %ILL XC C5L 1.5 NC 
3-AXIS PROFILE MILLS M O W  PROFILER 1x4 
4 - U I S  PROFILE YILLS ROCKFORD PROFILE MILL. 

SANDBUSTIBG 

WELDING 

LF EXISTING 
LF EXISTING 

LF EXISTING 
LF EXISTING 

19 EXISTING 
LF EXISTTNG 
iF EXISTING 
LF EXISTING 

SMALL PARTS BOOTd SMALL PARTS BOOTHS KM6I.F 3:XISTLNG 
LARGE PARTS AXD LARGE PORTABLE BOOTH TO BE 

SUBASSEMBLY BOOTH LOCATED IN YARD 19 VENDOR 

TIG. PORTABLE 
M I G ,  PORTABLE 
TUNGSTEN INERT GAS WELDER 

YIG, PORTABLE & 
ACCESSORIES 

WELD WSITIONER 

CRANE 6 RIGGING 0 . 2 5  TON TO 5 TON 

5 TON TO 9 TQN 

9 TON TO 14 TON 

INSPECTION AND HIGH VOLTAGE XEG OKHHETER 
TEST LEAK TEST 

X-RAY 
PROCESS 6 INTERPRETATION 

EQUtPKENT 

WELDING 

WINDING 
WIND N G  

WELD MACHINES T I B  6 XIG 
AUTOMATIC 

WELD POSITIONER 
ELECTRONICALLY COPITROLLED 

ELECTRONICALLY CONTROLLED 
TENS IONER 

TENS I[ON?ZK 

GKINDER/SANDER PEDESTAL GRIXDEX/SANDER 

SAW 20" BANI) SAW 
POWER KAACK SAW 

kFLD SCREENS ( 10 1 6 ' x8' YELLOW SCREENS 

XISC. HANDLING 6 ( 2 )  STEEL 'TABLES 
STORAGE (1) X E T U  ( 4 )  SHELF 

STORAGE CABINET 
( 2 )  WORK BENmES 

ASSORTED PALLET RACKS 

EXISTING 
EXISTING 

AUTO. T I C  KM EXISTING 

MILLER X / D C  400 AMP 29 
MILLER COPIBO 600 19 
COMWTER CONTROLLED DIXETRICS 

XILLEX COMBO 600 1- * 
ARONSON la EXISTING 

HOISTS I N  MACH. SHOP 
HOUSECRANES IN ASS'Y AP,B 
10-TON MOBILE CRAbJE 
XULT1PI.E HOUSECRANES 
20-TON ?@BILE W E  
20-TON MOB'ELE CRANE 

EXXSTISG 
ALL EXISTING 

EXISTING 
ALL EXISTING 

2 9  EXISTING 

NEG OEXPETER (BIDDLE MOD 210400)  10 EXISTING 
EXISTING HELIUM LEAK DETEGPORS 19 

BLM: 3 X-RAY SYSTEl & LAB LF EXISTING 
PORTABLE X-RAY SYSTEMS 19 EXISTING 

XILLER -- * 

-- ARONSON - 20-TON * 
G ~ E R A L  DYNAMICS/DEVOE ZNG. 5 2  EXISTING 

GEXERAL DYNMICS/DBVOE ENG. -_ * 
(TO BE IDENTIFIED) 

ROCKWELL 31-352 -- * 
ROCFJJEW, 28-633 
SMALL 

-- * _- * 

3b"xb 8"db" 
SKEDLOW co. 

- * 
IO * 

3O"x36";ajO" WITii AXASONITE TOP _P 

LOCAL VENWR - AND SIDE IPALXS 
+I 

* 

* TO BE PURCIUSED BY GENERAL DYNAHICS AT TLME: OF PRODUCTION MARD 
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l 0 W  WIDE W T  OF WAY 
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-x-x-x-x-x-x-x-x-x-x-x-x-x 

\ 

\ / SAM WE60 BAY 

FIGURE 6-1 HARBOR DRIVE FACILITY 
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4 --- -I 0 
FIGURE 6-2 EBT HILL BE. ASSEMBLED I N  

BUILDING 37 
0-33 



APPENDIX I) 

GDC-EST-8 1-00 3 

SETUP TABLE 
D 

F1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 
U 

a 
C O I L  A C C U M J L A T I O N  

.Ihl. 
ST.L\TIOX 3 1 S T A T I O N  @ 2 

FIGURE 6-3 EBT ASSENBLY AREA LAYOUT 
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SECTION 7 

MAKE OR BUY 

The make-or-buy p o s i t i o n  i s  b a s e d  on a comprehensive c o s t  
e f f e c t i v e n e s s  a n a l y s i s .  The make-or-buy p l a n  w a s  deve loped  
w i t h  two key o b j e c t i v e s  i n  mind: (1) p r o v i d e  t h e  lowes t  
p r a c t i c a l  r e c u r r i n g  f a b r i c a t i o n  and assembly c o s t ,  r e g a r d l e s s  
of our  i n h e r e n t  make c a p a b i l i t y ,  and ( 2 )  maximize t h e  u s e  of 
s p e c i a l i z e d  s k i l l s  a n d / o r  f a c i l i t i e s  a v a i l a b l e  a t  approved 
s o u r c e s .  

4 .  I MAKE--0R-BW CRITERIA 

Make De te rmina t ion  Buy De te rmina t ion  

o Items t h a t  can be produced 
more economica l ly  a t  t h e  
Convai r  D i v i s i o n .  

o Cr i t i ca l  i tems r e q u i r i n g  
s p e c i a l i z e d  s k i l l s  or 
advanced t e c h n i q u e s  t h a t  were 
developed  and demons t r a t ed  a t  
Convai r  and have unique  
a p p l i c a t i o n  t o  t h e  i t e m .  

o I t e m s  w i t h i n  o u r  c a p a b i l i t y  
r e q u i r e d  t o  be  b u i l t  a t  
Convai r  t o  meet s c h e d u l e  
commitments. 

o Items r e q u i r i n g  a p e c u l i a r  
e x p e r i e n c e  or c a p a b i l i t y  t h a t  
e x i s t s  i n  a n o t h e r  of o u r  
d i v i s i o n s .  

o Items t h a t  exceed  t h e  
c a p a c i t y  of Convair bu t  are  
w i t h i n  t h e  c a p a c i t i e s  of 
o t h e r  d i v i s i o n s  and  can be 
manufac tured  w i t h i n  s c h e d u l e  
more e f f i c i e n t l y  t h a n  by 
subcont  ract  . 

7.2 MAKE-OR-BUY PLAN 

o Economic f a c t o r s  

o Items r e q u i r i n g  a 
p e c u l i a r  c a p a b i l i t y  
of a n o t h e r  manufac tu re r  

o Items t h a t  exceed  
- the c a p a c i t y  of 
Genera l  Dynamics b u t  
can be  p r o c u r e d  
e f f i c i e n t l y  and 
w i t h i n  schedule from 
a s u b c o n t r a c t o r  . 

o S p e c i a l t y  i t e m s  
G e n e r a l  Dynamics does 
no t  normal ly  produce .  

T a b l e  7-1 shows t h e  p r e s e n t  make-or-buy p o s i t i o n  for t h e  
product  i on  u n i t s .  
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PAGE 3 OF 
MAKE OR BUY PLAN D AiRBORNE 

AEROSPACE GROUND EQUIPMENT DATE 

1 1 - 3 8 0 6 4 - 1  S t a c k  P l a t e  Vacuum 
Vessel 

1 1  I 1  -3  1' 1 X 

1 1 - 3 8 0 6 5 - 1  S t r u t  F t g  Vac V e s  4 X 

1 1 - 3 8 0 6 6 - 1  Suppor t  Assy-Vac V e s  1 

1 1 - 3 8 0 6 7 - 1 , - 2  S i d e  P l a t e  R s s y ,  
Vacuum Vessel 

1 1 - 3 8 0 6 8 - 1 , - 2  S t a c k  P l a t e  Assy ,  
Vacuum Vessel 

1 1 - 3 8 0 7 0 - 1 ,  - 2  O u t l e t  A s s y  

1 1 - 3 8 0 8 0 - 1  Cold Mass Suppor t  

1 1 - 3 8 0 8 1 - 1  Cold Mass Suppor t  Bol.: 6 

1 1 - 3 8 0 8 3 - 1  Cold Mass Suppor t  Lug 6 

1 1 - 3 8 0 8 4 - 1  Cold Mass Suppor t  
I n s t  ' I. 

11721 1 1 1 - 3 8 0 9 0 - 1  Out-of-Plane S t r u t s  

0 [ C O M P O N E N T / S Y S T E M  R E L A T I O N S H I P  R E Q U I R I N G  S I N G L E  R E S P ' T Y  

SCHEDULE 

ITEM/TAS K DESCRIPTION 
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SECTION 8 

SUBCONTRACTING 

8 . 1  SUPERCONDUCTOR 

Convai r  will e n t e r  i n t o  a s u b c o n t r a c t  agreement  w i t h  one  o r  
more conductor  manufac tu r ing  companies f o r  t h e  manufac tu re  of 
t h e  conduc to r .  The s u b c o n t r a c t o r (  s )  w i l l  be r e s p o n s i b l e  f o r  
t h e  development ,  t e s t ,  and  d e l i v e r y  of  t h e  t o t a l  supe rconduc to r  
r equ i r emen t s  f o r  t h e  EBT-P c o i l s .  The s u b c o n t r a c t o r (  s )  , i n  
acco rdance  w i t h  t h e  s u b c o n t r a c t  p r o v i s i o n s  and approved manufac tu r ing  
s c h e d u l e s ,  w i l l  d e l i v e r  t h e  conduc to r  prewound o n  s u i t  a b l y  s i z e d  
s h i p p i n g  s p o o l s .  

8 . 2  STRUCTURAL ELEMENTS 

8 . 2 . 1  FORMING. The r o l l i n g  o f  c e r t a i n  he l ium and vacuum 
v e s s e l  d e t a i l s  w i l l  b e  s u b c o n t r a c t e d  t o  s p e c i a l l y  f a c i l i t i z e d  
vendors  equipped  f o r  t h e  forming  of l a r g e  and t h i c k  s t a i n l e s s  
s t e e l  c y l i n d r i c a l  shaped  p a r t s .  S p i n  forming  of  t h e  vacuum 
v e s s e l  s i d e  p l a t e s  w i l l  a l s o  b e  s u b c o n t r a c t e d  t o  s p e c i a l t y  
houses .  

8 . 2 . 2  M A C H I N I N G .  G e n e r a l l y  s p e a k i n g ,  s u b c o n t r a c t  of machining 
t a s k s  w i l l  be unde r t aken  o n l y  t o  a l l e v i a t e  in-house shop o v e r l o a d  
c o n d i t i o n s .  

8 .3  INSULATION BLANKETS 

The f a b r i c a t i o c  of t h e  m u l t i - l a y e r  i n s u l a t i o n  b l a n k e t s  will be  
s u b c o n t r a c t e d  t o  a s p e c i a l t y  f i r m .  
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SECTION 9 

PROGRAM SCHEDULE 

A l l  d e s i g n ,  procurement ,  f a b r i c a t i o n ,  assembly and t e s t  
a c t i v i t i e s  have  been t i m e  phased  t o  suppor t  program d e l i v e r y  
r e q u i r e m e n t s .  P r o v i s i o n  f o r  r e a c h i n g  r a t e  p r o d u c t i o n  of up t o  
f i v e  u n i t s  a month is a c h i e v e d  w i t h  t h e  u s e  of t w o  winding  and 
t w o  f i n a l  assembly stations. The program s c h e d u l e  is shown i n  
F i g u r e  9-1. 

... 

0 - 4 1  





... . 
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S E C T I O N  10  

QUALITY A S S U R A N C E  

Q u a l i t y  Assurance  a c t i v i t i e s  o n  t h i s  program will be conducted  
i n  accordance w i t h  Repor t  G D C - E B T - 8 1 - 0 0 1 ,  P r e l i m i n a r y  Q u a l i t y  
Assurance  Program P l a n ,  E l m o  Bumpy Torus-Proof of P r i n c i p l e .  

D-44 
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SECTION 11 

PACKAGING AND SHIPPING 

, ... 

... 

P r i o r  t o  d e l i v e r y  i t  w i l l  be necessa ry  t o  p r o t e c t  t h e  magnet 
system a g a i n s t  hand l ing  and envi ronmenta l  damage. Upon com- 
p l e t i o n  of t e s t i n g  a t  San Diego, a l l  open ends  and i n t e r f a c e s  
w i l l  be sealed t o  p r e s e r v e  t h e  c l e a n l i n e s s  of t h e  c o o l i n g  and 
vacuum s y s t e m s .  Methods selected f o r  p r o t e c t i o n  a g a i n s t  d u s t  
and moi s tu re  w i l l  e n s u r e  sys tem i n t e g r i t y  and w i l l  be s u b j e c t  
t o  MDAC approva l .  

A l l  c l o s e d  sys tems i n c l u d i n g  vacuum, LHe, and  LN2 w i l l  be purged 
and f i l l e d  w i t h  d r y  n i t r o g e n .  P r e s s u r e  v a l v e s  w i l l  be  i n s t a l l e d  
on a l l  e n t r a n c e  l i n e s  t o  t h e  system. A l l  e x i t  l i n e  i n t e r f a c e s  
a t  t h e  magnet dewar w i l l  be  shrouded wi th  a f i b e r - r e i n f o r c e d  
p o l y e t h y l e n e  f i l m  f o r  p r o t e c t i o n  a g a i n s t  d i r t  and m o i s t u r e .  
The shroud w i l l  be he ld  i n  p l a c e  w i t h  p r e s s u r e  s e n s i t i v e  t a p e  
and t i e d  w i t h  nylon t w i n e .  Desiccant w i l l  be  p l a c e d  i n  selected 
l o c a t i o n s  where m o i s t u r e  condensa t ion  is l i k e l y  t o  o c c u r .  

11.1 UNIVERSAL TEST FIXTURE/SHIPPING CONTAINER 

T h i s  f i x t u r e ,  shown i n  F i g u r e  11-1, c o n s i s t s  of  a t s t r u c t u r a l  
s tee l  frame of  t h i c k - w a l l ,  s q u a r e  t u b i n g ,  equipped w i t h  heavy 
d u t y  casters f o r  complete  m o b i l i t y  and w i t h  machined pads  f o r  
s e c u r i n g  t h e  f i x t u r e  t o  t h e  ORNL t e s t  s e t u p .  

Gusseted s teel  b r a c k e t s  s e c u r e  the  inboa rd  end s f  t h e  magnet by 
b o l t i n g  through t h e  mounting h o l e s  i n  t h e  backing  p l a t e  and t h e  
lower out -of -p lane  s t r u t  f i t t i n g .  A d d i t i o n a l  p r o v i s i o n s  on t h e  
f i x t u r e  p rov ide  f o r  s e c u r i n g  t h e  magnet s h i p p i n g  c o n t a i n e r  t o  
t h e  t r u c k  bed. The wooden c o n t a i n e r ,  a l s o  a r e c y c l a b l e  i t e m ,  
f i t s  ove r  t h e  f i x t u r e  and b o l t s  d i r e c t l y  t o  t h e  f i x t u r e  sides 
t o  p r o v i d e  a stable,  r i g i d  s h i p p i n g  case. 

The s h i p p i n g  f i x t u r e  s e r v e s  as t h e  in-house manufac tur ing  a id  
f o r  s u p p o r t i n g  t h e  magnet assembly  f o r  f i n a l  accep tance  t e s t i n g  
and p r e p a r a t i o n  f o r  s h i p p i n g .  

1 1 . 2  LOADING AND ENVIRONMENTAL PROTECTION 

A c r a n e  and/or  f o r k l i f t  w i l l  accomplish t h e  task of l o a d i n g  t h e  
magnet assembly at o u r  San Diego f a c i l i t y  f o r  t r u c k  shipment t o  
ORNL, Oak Ridge, Tennessee.  A s t a n d a r d  a i r  r ide t r a i l e r  w i l l  be 
used  f o r  t r a n s p o r t i n g  t h e  magnet assembly. Shock r e c o r d i n g  de- 
v i c e s  w i l l  moni tor  shock and v i b r a t i o n  encountered  i n  t r a n s i t .  

A f t e r  l o a d i n g ,  t h e  magnet and s h i p p i n g  f i x t u r e  w i l l  be secured  
t o  t h e  t r a i l e r  w i t h  a combinat ion of cables, c h a i n s  and wood . 
b lock ing .  
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GDC-EBT-81-003 

R e p r e s e n t a t i v e s  of C o n v a i r ' s  E n g i n e e r i n g ,  Q u a l i t y  Assu rance ,  and 
Sh ipp ing  depa r tmen t s  w i l l  i n s p e c t  t h e  l o a d  f o r  correct t ie-down 
and b l o c k i n g  r e q u i r e m e n t s .  The magnet w i l l  t h e n  b e  cove red  w i t h  
a wa te rp roof  t a r p a u l i n  t h a t  w i l l  b e  secured t o  t h e  t r a i l e r  bed .  

Packaging  of a s s o c i a t e d  loose equipment w i l l  be i n  acco rdance  
w i t h  C o n v a i r ' s  s t a n d a r d  commercial p r a c t i c e .  

11.3 TRANSPORTATION A i W  ROUTING 

The magnet sys tem and a s s o c i a t e d  equipment w i l l  be  t r a n s p o r t e d  
f r o a  San Diego ,  C a l i f o r n i a ,  F . O . B . ,  ORNL, Oak Ridge ,  Tennessee .  
E s t i m a t e d  t r a n s i t  t i m e  is 5-8 days  v i a  s t a n d a r d  highway r o u t i n g s .  
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FIGURE 11-1 COMBINATION HANDLING AND SHIPPING FIXTURE 
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"Th i s  p l a n  is p r e l i m i n a r y  a n d  s u b j e c t  t o  f u r t h e r  r e v i s i o n s  and 
a p p r o v a l  d u r i n g  T i t l e  11" 

APPENDIX E 

ACCEPTANCE TEST PLAN 

P r o d u c t i o n  magnets w i l l  b e  s u b j e c t e d  t o  t h e  t es t s  l i s t e d  below 
t o  a s s u r e  each  magnet h a s  been p r o p e r l y  manufac tured .  The tests 
l i s t e d  are f i n a l  a c c e p t a n c e  tes ts  and do not  i n c l u d e  t h e  
manufac tu r ing  i n - p r o c e s s  tests. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Winding I n s u l a t i o n  R e s i s t a n c e  T e s t  * 
Proof  P r e s s u r e  T e s t  * 
F i n a l  Magnet GHe Leak T e s t *  

Vacuum L i n e r  GHe Leak T e s t  

Magaet O p e r a t i o n a l  T e s t  

Magnet Axes Alignment 

Heat Leak T e s t  

* Performed p r i o r  t o  i n s t a l l a t i o n  of  s h i e l d  and vacuum l i n e r .  

T e s t  P l a n s  have been p r e p a r e d  f o r  t h e  Proof P r e s s u r e  T e s t ,  
Winding I n s u l a t i o n  R e s i s t a n c e  T e s t ,  and t h e  Magnet Leak T e s t .  
These are i n c l u d e d  i n  t h i s  append ix  as I n t e g r a t e d  T e s t  'Plan ( ITP)  
S e c t i o n s  4 . 1 . 5 ,  4 . 1 . 3 ,  and 4.1.1 r e s p e c t i v e l y .  T e s t s  5 ,  6,  and 
7 above are per formed a t  l i q u i d  he l ium t e m p e r a t u r e s  and a r e  
d e s c r i b e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

P r i o r  t o  t h e  s t a r t  of  cooldown, each  magnet will be  p r e p a r e d  
f o r  t e s t  by pe r fo rming  t h e  f o l l o w i n g  o p e r a t i o n s :  

1.. 

2. 

3. 

4 .  

5. 

The power,  p r o t e c t i o n ,  c o n t r o l ,  and i n s t r u m e n t a t i o n  t e s t  
equipment sys t ems  s h a l l  be t e s t e d  and v e r i f i e d  r eady  f o r  
t e s t ,  

The magnet i n s t r u m e n t  a t  i o n  s h a l l  be t e s t e d  and v e r i f i e d  
r e a d y  f o r  t e s t ,  

All e lec t r i ca l  i n t e r f a c e s  between t h e  magnet and t e s t  
equipment s h a l l  b e  v e r i f i e d .  

The magnet vacuum v e s s e l  shall b e  e v a c u a t e d  t o  TORR. 

The magnet h e l i u m  v e s s e l  and winding assembly s h a l l  b e  r i d  
of u n d e s i r a b l e  i m p u r i t i e s  by  e v a c u a t i n g  t h e  helium v e s s e l  
t o  100 microns  and  b a c k f i l l i n g  w i t h  h i g h  p u r i t y  he l ium g a s  
th ree  t i m e s .  Any r e s i d u a l  i m p u r i t i e s  w i l l  b e  removed by 
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t h e  p u r i f i e r s  i n  t h e  he l ium r e f r i g e r a t o r  as g a s  is c i r c u l a t e d  
d u r i n g  cooldown. 

6 .  The l i q u i d  c i t r o g e n  s y s t e m  s h a l l  be purged  w i t h  w a r m  d r y  
n i t r o g e n  and f i l l e d  w i t h  l i q u i d .  

The magnet w i l l  be c o o l e d  down by s u p p l y i n g  gaseous  he l ium a t  
the  t e m p e r a t u r e s ,  f l ow r a t e ,  and t i m e s  s p e c i f i e d  below: 

Tempera ture ,  OK Flow, - gm/sec Time, Hours 

150 6 .75  3 
80 6 .75  6 .5  

50 4.25 3.5 
25 3 . 8  3.0 
10 2.5 3.0 
4 . 5  2 .9 2.9 

A f t e r  cooldown and  f i l l i n g  t h e  magnet w i t h  l i q u i d  he l ium,  
t h e r m a l  s t a b i l i z a t i o n  s h a l l  be  a s s u r e d  p r i o r  t o  pe r fo rming  t h e  
tests d e s c r i b e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

Magnet O p e r a t i o n a l  T e s t  

A f t e r  t h e  magnet h a s  been c o o l e d  down and a l l  i n s t r u m e n t a t i o n  
v e r i f i e d  f o r  p r o p e r  o p e r a t i o n ,  t h e  c h a r g i n g  o p e r a t i o n  w i l l  
p roceed .  The c h a r g i n g  o p e r a t i o n  w i l l  b e  per formed as f o l l o w s :  

1. 

2 .  

3 .  

4. 

5 .  

6.  

Charge magnet t o  170 amps a t  a ra te  of  25 amps/minute.  

V e r i f y  t h a t  a l l  magnet components a re  f u n c t i o n i n g  p r o p e r l y .  
T h i s  w i l l  i n c l u d e ,  b u t  no t  b e  l i m i t e d  t o :  

0 P r e s s u r e  t r a n s d u c e r s  
0 Tempera ture  s e n s o r s  
0 Quench d e t e c t  i o n  s y s t e m  
0 Measurement of v o l t a g e  across vapor  c o o l e d  leads 

t o  v e r i f y  s u p e r c o n d u c t i v i t y  of magnet c o i l  

I n i t i a t e  an  emergency d i s c h a r g e  and moni tor  a l l  i n s t r u m e n t a t  i o n .  

If a l l  components are  f u n c t i o n i n g  p r o p e r l y ,  t h e  magnet 
will b e  cha rged  t o  1700 amps a t  a ra te  of 30 amps/minute .  

T h i s  c u r r e n t  l e v e l  w i l l  be h e l d  f o r  t e n  minu tes  w h i l e  
mon i to r ing  a l l  components t h a t  were checked  i n  S t e p  2 .  

A t  t h e  comple t ion  of t h e  ten-minute  o p e r a t i n g  p e r i o d ,  an 
emergency d i s c h a r g e  w i l l  b e  i n i t i a t e d  and  a l l  i n s t r u m e n t a t  i on  
w i l l  be  moni tored .  
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7. I f  no problems have a r i s e n  d u r i n g  o r  a f t e r  t h i s  emergency 
d i s c h a r g e ,  t h e  magnet w i l l  be  c h a r g e d  t o  1'700 amps a t  a 
r a t e  o f  60 amps/minute .  

8 .  T h i s  c u r r e n t  l e v e l  w i l l  b e  h e l d  f o r  t e n  minu tes  w h i l e  a l l  
magnet components are checked f o r  p r o p e r  o p e r a t i o n .  T h i s  
p o r t i o n  o f  t h e  test w i l l  a l low a check  f o r  any damage t h a t  
might have been c a u s e d  by t h e  emergency d i s c h a r g e .  

T h i s  w i l l  f i n i s h  t h e  f u l l y  o p e r a t i o n a l  p o r t i o n  of t h e  t e s t ,  and 
i f  t h e  magnet is shown t o  o p e r a t e  p r o p e r l y ,  t h e  Magnet Axes 
Alignment and heat leak  tests w i l l  f o l l o w  immedia te ly .  A t  t h e  
comple t ion  of t h e  Magnet Axes Alignment t es t  and t h e  heat leak 
t e s t ,  a normal  d i s c h a r g e  w i l l  be  i n i t i a t e d  i n  t h e  magnet .  

Magnet Axes Alignment 

Magnet ic  f i e l d  mapping t e s t s  s h a l l  be  conduc ted  t o  i d e n t i f y  t h e  
l o c a t i o n  o f  t h e  conduc to r  midplane  a x e s .  The t e c h n i q u e  and 
i n s t  rumenta t  i o n  f o r  t h i s  test  is c u r r e n t l y  under  development by 
ORNL; however,  t h e  d a t a  e x p e c t e d  from t h i s  t e s t  is l i s t e d  below: 

P e r p e n d i c u l a r  D i s t a n c e  from P l a n e  C t o  Upper C o n s t r u c t  i o n  
B a l l  C e n t e r  

P e r p e n d i c u l a r  D i s t a n c e  from P l a n e  C t o  Lower C o n s t r u c t i o n  
B a l l  C e n t e r  

P e r p e n d i c u l a r  D i s t a n c e  from P l a n e  B t o  Outboard 
C o n s t r u c t  i o n  B a l l  C e n t e r  

P e r p e n d i c u l a r  D i s t a n c e  from P l a n e  B t o  Magnet ic  C e n t e r  

P e r p e n d i c u l a r  D i s t a n c e  from P l a n e  C t o  Magnet ic  C e n t e r  

P e r p e n d i c u l a r  D i s t a n c e  from P l a n e  A t o  Magnet ic  C e n t e r  

cos ex 

cos ez 
Y 

cos e 

The d e f i n i t i o n s  of  p l a n e s ,  a x e s ,  and  af lgles  a r e  as f o l l o w s :  

1. P l a n e  A is a p l a n e  th rough  t h e  c e n t e r s  of t h e  t h r e e  
r e f e r e n c e  c o n s t r u c t i o n  b a l l s  (see magnet enve lope  i n t e r f a c e  
drawing 70B376001 f o r  c o n s t r u c t  i o n  b a l l s '  locat  i o n ) .  

2. P l a n e  B is a p l a n e  th rough  t h e  c e n t e r s  o f  t h e  upper  and 
lower c o n s t r u c t i o n  b a l l  and is p e r p e n d i c u l a r  t o  P l a n e  A .  
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3. 

4 .  

5 .  

6. 

7 .  

8 .  

9. 

10. 

11. 

P l a n e  C is a p l a n e  th rough  t h e  center  of t h e  o u t b o a r d  
c o n s t r u c t i o n  b a l l  and  is p e r p e n d i c u l a r  t o  P l a n e s  A and B.  

X Axis is t h e  i n t e r s e c t i o n  of P l a n e  A and P l a n e  C .  

Y Axis is t h e  i n t e r s e c t i o n  of P1.ane B and P l a n e  C .  

27, Axis  is  t h e  i n t e r s e c t i o n  of P l a n e  E3 and P l a n e  A .  

Magnet ic  p l a n e  - p l a n e  p e r p e n d i c u l a r  t o  t h e  magne t i c  a x i s  
abou t  which t h e  magne t i c  f i e l d  is symmet r i ca l .  

Magnet ic  c e n t e r  - i n t e r c e p t  of t h e  magne t i c  a x i s  and  t h e  
magne t i c  p l a n e .  

- Angle between t h e  magne t i c  a x i s  and  tile S axis .  

0 - Angle between t h e  magne t i c  a x i s  and  t h e  Y a x i s .  

B Z  - Angle between t h e  magne t i c  a x i s  and  t h e  Z a x i s .  

ex 

Y 

Heat Leak Test 

T h i s  test will c o n s i s t  of measur ing  t h e  t i m e  r e q u i r e d  t o  v a p o r i z e  
a volume of l i q u i d  he l ium.  The volume w i l l  b e  de t e rmined  by 
u s i n g  t h e  l i q u i d  he l ium l e v e l  sensor l o c a t e d  i n  t h e  magnet s t a c k .  
The s e n s o r  p r o v i d e s  a c o n t i n u o u s  l e v e l  r e a d o u t  o v e r  a d i s t a n c e  
of 14  i n c h e s .  S i n c e  o t h e r  i t e m s  o f  equipment a re  l o c a t e d  i n  
t h e  volume o c c u p i e d  by t h e  leve l  sensor, it w i l l  be n e c e s s a r y  

- t o  ca l ib ra t e  t h e  volume a s  a f u n c t i o n  of l i q u i d  l e v e l .  A f t e r  
t h e  v a p o r i z e d  volume and  t i m e  r e q u i r e d  are known, t h e  h e a t  l e a k  
i n t o  t h e  magnet is e a s i l y  c a l c u l a t e d .  T h i s  t es t  w i l l  b e  
per formed w i t h  t h e  magnet f u l l y  cha rged  and  no  l i q u i d  he l ium 
s u p p l y  t o  t h e  magnet.  
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LEAK DETXCTIQN TEST PLAN FOR THE ELMO BUMPY TORUS MAGNET 

- INTRODU CT 1: ON 

T h i s  p l a n  is t o  p r o v i d e  g u i d e l i n e s  f o r  leak t e s t i n g  of t h e  EBT 
magnet components and s u b a s s e m b l i e s  a t  v a r i o u s  s t a g e s  i n  t h e  
manufac tu r ing  and a s s e m b l y  p r o c e s s .  

The o b j e c t i v e s  of t h i s  p l a n  are t o  a t t e m p t  Lo minimize 
r i s k  and rework, w h i l e  s t i l l  minimiz ing  l e a k  test cos ts .  
Each stage of leak t e s t  proposed is t h e  l a s t  s t a g e  of manu- 
f a c t u r e  and a s s e m b l y  i n  which a l e a k a g e  t e s t  can b e  made, 
s t i l l  a l l o w i n g  e a s y  l e a k a g e  t e s t  access and r e p a i r  w i t h o u t  
any d i s a s s e m b l y .  

LEAK TEST METRODS 

Leak t e s t s  m i l l  be conducted  i n  acco rdance  w i t h  ASTM Designa-  
t i o n :  E498-73, S t a n d a r d  Methods of T e s t i n g  f o r  Leaks u s i n g  
t h e  mass s p e c t r o m e t e r  l e a k  detector o r  res idual  g a s  a n a l y z e r  
i n  t h e  tracer probe  mode, method A. A Veeco MS17AB mass 
s p e c t r o m e t e r  l e a k  d e t e c t o r  o r  e q u i v a l e n t  (nominal  s e n s i t i v i t y :  
1.6 X 10-10 scc El[e/sec o r  6 X 10-11 scc air/sec) w i l l  be 
u s e d .  An a u x i l i a r y  pumping s t a t i o n  w i l l  be u s e d  .with t h e  l e a k  
de tec tor ,  f o r  t e s t i n g  l a r g e  volusnes. The 
leak detector  w i l l  be used  a l o n e  € o r  s m a l l e r  i t e m s .  The 
s e n s i t i v i t y  w i l l  be set t o  a s t a n d a r d  c a l i b r a t e d  l e a k ,  
which is traceable t o  t h e  NBS, b e f o r e  and a f t e r  each  t e s t  o r  
once  a day ,  whichever  is less .  

The r equ i r emen t  t o  e n c l o s e  t h e  t es t  i tem i n  hel ium atmosphere 
( a  bag purged  w i t h  he l ium)  w i l l  no t  b e  performed when t h e  test 
is on a s m a l l ,  l o c a l i z e d  area,  i - e . ,  check ing  t h e  weld of a 
f l o w  p i p e  t o  t h e  r a d i a t i o n  s h i e l d ,  

LEAKAGE MEASUWMEm ACCEPTANCE CRITERIA 

1. During t e s t i n g ,  any leak p i n p o i n t e d  w i l l  be r e p a i r e d .  

2 .  small p i e c e  parts: 
GDC w i l l  search f o r  a l e a k  a m a x i m u m  of 8 working hours. 
A f t e r  8 h o u r s ,  MDAC w i l l  be n o t i f i e d  and a QAR i n i t i a t e d .  
FOP l e a k s  g r e a t e r  t h a n  1 X 10-8, a QAR w i l l  be i n i t i a t e d  
and a d i s p o s i t i o n  w i l l  be g i v e n  by t h e  ME%. 

a c c e p t a b l e .  

I. x IO-$ t o  1 x 10 -lo scc He/sec l e a k s  - 

3 .  Assemblies:  Leaks less t h a n  1 X scc He/sec are 

4 .  Assembl ies :  1 X t o  1 X IO"-' scc &/see leaks - 
GDC will search POP a leak a maximum o f  8 working h o u r s .  
A f t e r  8 hours, MDAC w i l l  be n o t i f i e d  and a QAR i n i t i a t e d .  
For l e a k s  g r e a t e r  t h a n  1 X 10-6, a QAR w i l l  be i n i t i a t e d  
and a d i s p o s i t i o n  w i l l  be g iven  by t h e  MRB. 
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T h e  above l e a k a g e  c r i t e r i a  are g u i d e l i n e s  f o r  t e s t  p e r s o n n e l  
o n l y .  Large l e a k s  can  be a c c e p t e d  by  a Material Review 
Board (bfRB) i f  deemed a p p r o p r i a t e .  

LEAKAGE TEST SEQUENCE 

The t e s t s  t o  be performed a r e  l i s t e d  below. Each s t e p  below 
is i n d i c a t e d  on t h e  first a r t i c l e  s c h e d u l e  by an  encircled 
number c o r r e s p o n d i n g  t o  t h e  t es t  number g i v e n .  

1. 

2 .  

3 .  

4 .  

5. 

6. 

7. 

Bellows Leak Test (8ELE-50-10) - Blank off ends  of b e l l o w s .  
Evacuate  i n t e r i o r  of be l lows  and perform l e a k  t e s t .  
T h i s  leak t e s t  w i l l  be done by t h e  vendor  p r i o r  t o  s h i p -  
m e n t .  

LNz Tubes (D11-38040) - Thermal 
shock and leak t e s t  a l l  L,N2 t u b e s  af ter  t h e y  have been 
b razed  t o  t h e  LN2 c o l d  w a l l .  The t h e r m a l  shock tes t  will 
c o n s i s t  of f l o w i n g  W2 i n t o  t h e  LJ? 
f l o w s  o u t  of t h e  o t h e r  end of t h e  bT2 t u b e s ,  t h e  test 
w i l l  be c o n s i d e r e d  comple t e .  For t h e  leak t e s t ,  o n l y  a 
bag t es t  need be done i f  there  is no v i s i b l e  e v i d e n c e  
o f  damage. If t h e  bag tes t  reveals e x c e s s i v e  leakage, 
s p r a y  t e s t s  w i l l  be done t o  l o c a t e  damage f o r  repair .  

He L i n e s  (D11-38031) - Afte r  t h e  
helium supply  l i n e s  have been connec ted  t o  t h e  hel ium 
s t a c k ,  per form leak t e s t .  Evacuate  vacuum jacket .  Bag 
l i n e  and purge  bag w i t h  H e .  

I n s t r u m e n t a t i o n  O u t l e t  Assemblies - A f t e r  t h e  i n s t r u m e n t a t i o n  
c o n n e c t o r s  have been in s t a l l ed  on t h e  o u t l e t  a s s e m b l i e s ,  
b u t  prior t o  i n s t a l l i n g  t h e  i n s t r u m e n t a t i o n  o u t l e t  assemblies 
onto t h e  h e l i u m  s t ack ,  per form leak tes t  on t h e  assemblies. 

t u b e s .  When t h e  LH2 

Cold %ass (X2E-1470-0015) - P r i o r  t o  
i n s t a l l a t i o n  of t h e  Me1 blankets ,  per form Peak t e s t  on t h e  
completed c o l d  mass. Blank off  s t a c k  o p e n i n g s ,  e v a c u a t e  
and s p r a y  a l o n g  welds .  Repair as r e q u i r e d .  

Neck Welds on Stack - After t h e  s t a c k  h a s  been  welded t o  
t h e  cold mass, t h e  welds w i l l  be leak tested.  Blank o f f  
t h e  hel ium v e n t  and helium cooldswn t u b e .  Remove, t h e  
LHe o p e r a t i o n  tube and e v a c u a t e  t h e  stack and helium vessel .  
Spray  a l l  welds  and repair as r e q u i r e d .  

Completed Nagnet Leak Test - Blank off p o r t s  i n  s tack  
a s s e m b l y .  Evacua te  vacuum vessel and s p r a y  t h e  e x t e r n a l  
welds.  Flood t h e  hel ium vessel w i t h  he l ium.  
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APPENDIX E 

Ewr-P INTEGRATED TEST PLAN 
CASD-PMS-81-011 

SECTION 4.1.3 

WINDING INSULATION RESISTANCE TEST 

I. SUMMAIRY 

The magnet i n s u l a t i o n  s t r e n g t h  s h a l l  be v e r i f i e d  as s i g n i f i c a n t  
p o i n t s  i n  t h e  winding process as  s p e c i f i e d  i n  t h e  attached 
data sheet .  V e r i f i c a t i o n  s h a l l  be conducted by  t h e  
a p p l i c a t i o n  of an i n s u l a t i o n  r e s i s t a n c e  tes t .  

11. PURPOSE . 

The purpose of these t e s t s  is t o  demonstrate  t h a t  t h e  magnet 
winding s h a l l  w i ths t and  a h igh  v o l t a g e  t es t  without  break- 
down, a r c i n g  o r  punctur ing .  

111. 
.... 

REQU IREYXNTS 

The i n s u l a t i o n  r e s i s t a n c e  tests r e q u i r e  t h a t  t h e  magnet 
s h a l l  be s u b j e c t e d  t o  2800 VDC for  a p e r i o d  of one minute .  
The t e s t s  sha l l  be performed a t  t h e  p o i n t s  s p e c i f i e d  i n  t h e  
attached data sheet.  The i n s u l a t i o n  r e s i s t a n c e  between 
any one conductor  and ground s h a l l  be measured and s h a l l  not 
be less t han  twenty- f ive  ' ( 2 5 )  megohms. Tesc procedure s h a l l  
conform t o  MIL-STD-202 Method 302. 

I V  . CONFIGURAT TON 

Owing t o  t h e  very  l o w  dielectr ic  s t r e n g t h  of helium gas  
a t  room t empera tu re ,  t es t s  i n  t h i s  environment are t o  be 
avoided. The re fo re ,  t es t s  s h a l l  be conducted i n  a i r  a t  
ambient a tmospheric  c o n d i t i o n s .  The i n s u l a t i o n  r e s i s t a n c e  
tes ts  s h a l l  r e q u i r e  t h e  complete e lec t r ica l  i s o l a t i o n  of t h e  
windings from ground p o t e n t i a l .  The magnet s h a l l  be 
in spec ted  before t h e  i n i t i a t i o n  of t h e  f irst  r e s i s t a n c e  t e s t ,  to 
assure t h a t  no p a r t  of t h e  winding is a t  o r  nea r  a ground. 

V. INSTRLMENTATION 

The ins t rumen ta t ion  f o r  t h e  i n s u l a t i o n  r e s i s t a n c e '  tes ts  
s h a l l  c o n s i s t  of s t a n d a r d ,  commercially a v a i l a b l e  
Megohmmeters. The Associated Research 5220 D.C. Hypot is 
sa t i s fac tory  f o r  these t e s t s  . 

E-1 1 
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V I .  PROCEDURES 

Measurements s h a l l  b e  performed a t  p o t e n t i a l  of 2800 p l u s  o r  
minus 50 v o l t s  d c ,  u s i n g  an i n s u l a t i o n  r e s i s t a n c e  i n s t r u -  
ment w i t h  a minimum accuracy  of 10 percenc .  Apply t h e  
v o l t a g e  for a l e n g t h  of t i m e  de te rmined  as  follows: 

a )  In  a l l  cases, w a i t  f a r  s h o r t  term need le  swings 

b )  If t h e  me'cer need ie  s t e a d i e s  a t  an unchanging v a l u e ,  
t h e  r e a d i n g  may be t aken  a t  any t i m e  a f t e r  I, second.  

( l i n e  t r a n s i e n t s )  t o  die o u t .  

c )  I f  t h e  meter i leedle c o n t i n u e s  t o  move, t ake  t h e  
r e a d i n g  a t  120 - f 5 seconds .  

( r e a d i n g s  w i l l  no t  be r e c o r d e d ) ,  t h e  c i r c u i t  may 
be judged s a t i s f a c t o r y  i f ,  a t  any  t i m e  d u r i n g  t h e  
first 60 seconds ,  an i n c r e a s i n g  meter r e a d i n g  p a s s e s  
through t h e  s p e c i f i e d  i n s u l a t i o n  r e s i s t a n c e  v a l u e .  

d )  If o n l y  a q u a l i t a t i v e  assessment is  being made 

Data s h a l l  be  r eco rded  on t h e  a t tached  da ta  s h e e t  a t  
s p e c i f i c  p o i n t s  i n  t h e  winding p r o c e s s  as  s p e c i f i e d  
there i n .  

SAFETY: Owing t o  t h e  h igh  v o l t a g e s  employed i n  these 
t e s t s ,  a l l  s a f e t y  p r e c a u t i o n s  s h a l l  be fo l lowed .  

a) Warn a l l  pe r sonne l  t h a t  i n s u l a t i o n  tests are about  
t o  beg in .  

( 1 0 )  feet away from a l l  p a r t s  of t h e  winding 
machine,  

b )  Check t o  make su re  a l l  pe r sonne l  a r e  a t  l eas t  t e n  

c )  Conduct i n s u l a t i o n  r e s i s t a n c e  t e s t s  w i t h  extreme care .  

d )  Give an all clear s i g n a l  at t h e  conc lus ion  of t h e  
t e s t s .  

V I  I. DOCUMENTAT ION 

Documentation r e g a r d i n g  t h e  Assaciated Research 5220 D.C. 
Hypot is  g iven  here.  In  a d d i t i o n ,  t h e  MIL-STD-202 
sect i o n  r e g a r d i n g  i n s u l a t i o n  r e s i s t a n c e  t e s t i n g  is 
attached. A data sheet s p e c i f y i n g  t h e  p o i n t s  a t  w h i c h  
i n s u l a t i o n  t e s t s  are t o  be conducted is inc luded .  
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EBT-P DATA SHEET FOR 
INSULATION RESISTANCE TESTS 

REQU I RED ACTUAL 
RESISTAYCE RESISTANCE DATE TIME INSP 

Complet ion of coil 
winding ( p r i o r  t o  
open dewar t e s t )  25 m Q  -- -- 

Completion of 
open dewar t e s t  

After lead connection 
( p r i o r  r e d u c e r  neck 
c l o s e o u t  weld 1 

F i n a l  acceptance 

25 m Q  

25 m!J 

25 m Q  

. .  
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PROOF PRESSURE TEST PLLY 
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EBT-P IKTEGRSTED TEST PLAY 
GDC-EBT-81-011 

SECTION 4 . 1 . 5  

... 

I .  SUMMARY 

T h i s  p l an  is t o  p rov ide  g u i d e l i n e s  f o r  proof p r e s s u r e  t e s t i n g  of 
t h e  magnet t o  62 .5  p s i g  s o  t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  magnet 
can be v e r i f i e d .  

11. PURPOSE 

The purpose  of t h i s  t es t  i s  t o  v e r i f y  t h e  s t r u c t u r a l  i n t e g r i t y  
of t h e  EBT magnet hel ium v e s s e l .  

111. TEST REQU IREMENTS 

The magnet w i l l  be p r e s s u r i z e d  t o  62,5 p s i g  u s i n g  gaseous  helium 
and t h i s  p r e s s u r e  h e l d  f o r  f i v e  minutes .  The magnet w i l l  t h e n  be  
i n s p e c t e d  t o  v e r i f y  t h a t  no ev idence  of permanent s e t ,  e x t e r n a l  
l eakage ,  o r  f a i l u r e  of any k ind  r e s u l t i n g  from t h e  test  e x i s t s .  

The t e s t  p r e s s u r e  of TBD p s i  is i n  accordance w i t h  Paragraph  
UG-100, S e c t i o n  V I I I ,  D i v i s i o n  1 of t h e  ASME Code, 1977 E d i t i o n ,  
w i t h  t h e  Winter of 1978 Addenda, i . e . ,  1 . 2 5  t i m e s  t h e  d e s i g n  
p r e s s u r e .  

I V  * 

The completed EST magnet (Dll-38001) s h a l l  be t h e  t e s t  specimen. 

V .  INSTRUMENTATION 

A p r e s s u r e  gage a c c u r a t e  t o  0 .5  p s i  w i l l  be used .  

C O W  I GURAT I OM 

V I .  PROCEDURE 

A .  Blank o f f  hel ium ven t  and hel ium o p e r a t i o n  p o r t s .  

B. A t t ach  p r e s s u r e  l i n e  t o  helium cooldown p o r t  ( w i t h  

C. P r e s s u r i z e  t h e  helium vessel t o  6 2 . 5  p s i g  w i t h  gaseous  

hel ium cooldown t u b e  removed). 

hel ium at  a rate less t han  5 p s i / s e c .  

D.  Hold p r e s s u r e  for f i v e  minu tes  and t h e n  v e r i f y  t h a t  
no decay i n  pressure has  occur red .  

E .  Vent t h e  gas i n  t h e  helium v e s s e l .  

F.  V i s u a l l y  i n s p e c t  t h e  magnet for any s i g n  of permanent 
s e t ,  l e a k a g e ,  or  o t h e r  f a i l u r e .  
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VII. DOCUMENTATION 

T h i s  tes t  w i l l  be documented i n  t h e  Q u a l i t y  Assurance Document 
with a stamp t o  v e r i f y  t h a t  t h e  t e s t  has  been performed. 

VIII. PROOF PRESSURE OPERATION SAFETY REQUIREMENTS 

The f o l l o w i n g  p r e c a u t i o n s  w i l l  be t a k e n  t o  e n s u r e  s a f e t y  d u r i n g  
the t e s t :  

6 Only pe r sonne l  associated w i t h  t h e  t e s t  w i l l  be 
allowed i n  t h e  t e s t i n g  area. 

B The magnet w i l l  be i n  an enc losed  a r e a ,  i so l a t ed  
from a l l  p e r s o n n e l .  T h i s  e n c l o s u r e  w i l l  c o n s i s t  
of sandbags stacked t o  s t o p  any  magnet f ragments  
that might be g e n e r a t e d  by  a t e s t  f a i l u r e .  

o A s a f e t y  r e l i e f  v a l v e  w i l l  be used  on t h e  p r e s s u r e  
line t o  p reven t  any s t r u c t u r a l  damage from over-  
p r e s s u r i z i n g .  
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ELMO BUMPY TORUS 

PRODUCTION ACCEPTANCE TEST FACILITY 

REQUIREMENTS DOCUMENT 

"PRELIM I NARY 
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ELMO BUMPY TORUS 

REQUIREMENTS DOCIJMENT 
PRODUCTION ACCEPTXVCE TEST FACILITY 

1 . 0  INTRODUCTION 

T h i s  document d e f i n e s  t h e  r e q u i r e m e n t s  f o r  t h e  t es t  f a c i l i t y  
r e q u i r e d  t o  accompl ish  t h e  p r o d u c t i o n  a c c e p t a n c e  t e s t i n g  of 
t h e  39 EBT magnet a s s e m b l i e s .  The f a c i l i t y  s h a l l  have t h e  
c a p a b i l i t y  of pe r fo rming  a f u l l y - o p e r a t i o n a l  t es t  of t h e  magnet 
u s i n g  l i q u i d  he l ium.  The  p r imary  pu rpose  f o r  t h e  f a c i l i t y  is 
f i n a l  a c c e p t a n c e  t e s t i n g ;  however,  it may be  d e s i r a b l e  t o  
accompl ish  some of t h e  i n - p r o c e s s  t e s t i n g  i n  t h i s  f a c i l i t y .  
These r e q u i r e m e n t s  w i l l  be deve loped  c o n c u r r e n t l y  w i t h  t h e  
d e t a i l  p r o d u c t i o n  f a c i l i t i e s  p l a n n i n g  and manufac tu r ing  
p l a n n i n g .  I t  is c u r r e n t l y  p lanned  t o  locate t h e  tes t  f a c i l i t y  
a d j a c e n t  t o  t h e  EBT p r o d u c t i o n  f a c i l i t y  i n  b u i l d i n g  37 a t  t h e  
Harbor D r i v e  T e s t  S i t e .  

2 . 0  REQUIREMENTS 

2 . 1  GENERAL 

a .  The f a c i l i t y  s h a l l  be  comple ted ,  v a l i d a t e d  and 
r eady  f o r  p r o d u c t i o n  a c c e p t a n c e  t e s t i n g  by 
1 October  1983 p e r  s c h e d u l e  81T-242-3-0008. 

b .  The f a c i l i t y  s h a l l  have  t h e  c a p a b i l i t y  of t e s t i c g  
39 magnet a s s e m b l i e s  o v e r  an 11-month p e r i o d  a t  
t h e  f o l l o w i n g  r a t e :  

month: 1 2 3 4 5 6 7 8 9 1 0  11 
magnet:  1 2 3 4 4 4 4 4 5 5 3 

c .  The c o s t  of t h e  f a c i l i t y  s h a l l  b e  minimized;  however, 
t r a d e  s t u d i e s  r e l a t i n g  t o  labor costs  v s .  equipment 
cos ts  a re  encouraged  t o  r e d u c e  o v e r a l l  program cos t s .  

d .  The f a c i l i t y  s h a l l  b e  c a p a b l e  of  o p e r a t i n g  c o n t i n u o u s l y  
on a 24-hour a d a y ,  7-day a week b a s i s .  P e r i o d i c  
p r e v e n t i t i v e  main tenance  s h a l l  n o t  exceed  a d u r a t i o n  
of f o u r  h o u r s .  

e .  

f .  

Magnet c l e a n u p ,  vacuum pumping, cooldown and 
warmup s h a l l  assume a 24-hour a day o p e r a t i o n ,  if 
r e q u i r e d .  The a c t u a l  t e s t i n g  of t h e  magnet s h a l l  
be accomplished on a one-sh i f t -a -day  bas i s  u n l e s s  
s t u d i e s  v e r i f y  t w o  s h i f t s  are  d e s i r a b l e .  

A s  a g u i d e l i n e ,  a l l  equipment s i z i n g ,  t i m e l i n e s ,  e t c .  
s h a l l  i n c l u d e  a 20% minimum margin  t o  accommodate 
u n f o r e s e e n  problems.  
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h .  

i .  

j. 

k .  

2 . 2  

a .  

b .  

C .  

d .  

2 . 3  

a .  

The f a c i l i t y  s h a l l  be d e s i g n e d ,  c o n s t r u c t e d ,  i n s p e c t e d  
and t e s t e d  i n  acco rdance  w i t h  t h e  most r e c e n t  
r e q u i r e m e n t s  of  t h e  f o l l o w i n g  codes  and s t a n d a r d s :  

1. The ASME Code f o r  U n f i r e d  P r e s s u r e  Vessels 

2 .  American S t a n d a r d  Code f o r  P r e s s u r e  P i p i n g  

3. N a t i o n a l  E lec t r ica l  Code 

4. O c c u p a t i o n a l  S a f e t y  and H e a l t h  A c t  

The f a c i l i t y  s h a l l  be m a i n t a i n e d  i n . a  s ta te  of 
r e a d i n e s s  f o r  10  years a f t e r  t h e  comple t ion  of t h e  
EBT-P c o n t r a c t .  

T o  t h e  maximum e x t e n t  p o s s i b l e ,  s t a n d a r d  "of f  - t h e - s h e l f  
equipment  s h a l l  be  u s e d .  

S p a r e  p a r t s  f o r  b o t h  t h e  EBT c o n t r a c t  and t h e  10 year 
main tenance  p e r i o d  s h a l l  be  p r o v i d e d .  

Drawings and i n s t r u c t i o n s  f o r  t h e  i n s t a l l a t i o n ,  
o p e r a t i o n ,  and main tenance  s h a l l  b e  p rov ided  f o r  a l l  
e qu i pme n t . 
TESTING 

The f a c i l i t y  s h a l l  p r o v i d e  t h e  c a p a b i l i t y  t o  accompl i sh  
t h e  f i n a l  a c c e p t a n c e  tests on e a c h  p r o d u c t i o n  magnet 
assembly i n  acco rdance  w i t h  p r o c e d u r e  ( T B D ) .  

P r i o r  t o  t e s t i n g  a p r o d u c t i o n  magnet ,  t h e  f a c i l i t y  s h a l l  
b e  v a l i d a t e d  by pe r fo rming  c o m p a t i b i l i t y  t e s t  
p r o c e d u r e  (TBD). The p r o t o t y p e  magnet s h a l l  b e  u s e d  
f o r  t h i s  v a l i d a t i o n .  

The f a c i l i t y  s h a l l  b e  c a p a b l e  of accompl i sh ing  i n - p r o c e s s  
tes ts  d e f i n e d  i n  p r o c e d u r e s  (TBD) .  

T e s t i n g  s h a l l  b e  accompl ished  i n  acco rdance  w i t h  
s c h e d u l e  (TBD).  

CRYOGEN1 C SYSTEM 

The s y s t e m  s h a l l  have t h e  c a p a b i l i t y  of c o o l i n g  down 
t h e  magnet assembly from room t e m p e r a t u r e  t o  4.5'K 
i n  24 h o u r s  u s i n g  gaseous  helium. The f l o w r a t e ,  
t e m p e r a t u r e  and t i m e  r e q u i r e m e n t s  f o r  t h e  gas  s u p p l y  
t o  t h e  magnet a r e :  
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Flow,  gm/sec T i m e  / h o u r s  0 Tempera ture ,  K 
-_I_ 

150 6 . 7 5  3 

80  6 . 7 5  6 . 5  

5 0  4.25 3 .5  

25 3 . 8  3 . 0  

10 2 . 5  3 . O  

4 . 5  2 . o  2 . 0  

The r e f r i g e r a t i o n  r e q u i r e d  t o  c o o l  t h e  magnet as  
a f u n c t i o n  of gas e x i t i n g  t e m p e r a t u r e  from t h e  magnet 
i s  : 

(I\-/' 50 100 150 2 QO 250 
MAGNET GAS EXIT TEMPERATURE, "K 

b .  Dur ing  s t e a d y - s t a t e  o p e r a t i o n ,  t h e  sys tem s h a l l  be 
c a p g b l e  of s u p p l y i n g  19.3 w a t t s  of r e f r i g e r a t i o n  a t  
4 . 6  K p l u s  5 . 0  l i ters  p e r  hour  of l i q u i d  he l ium.  

C. 

d. 

e .  

The sys tem s h a l l  be c a p a b l e  of m a i n t a i n i n g  t h e  magnet 
c o l d  m a s s  a t  4.2'K under  s t e a d y - s t a t e  conditions. 

The s y s t e m  s h a l l  s u p p l y  l i q u i d  n i t r o g e n  t o  t h e  magnet 
assembly a t  a f l o w r a t e  of (TBB) and p r e s s u r e  of 

F l u i d  sys tem i n t e r f a c e s  w i t h  t h e  magnet s h a l l  be  as shown 
on drawing 11-38001. 
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2 .4  

a.  

b .  

C. 

d .  

2.5 

a .  

... 

b. 

C .  

d .  

e .  

f .  

2 . 6  

a. 

VACUUM SYSTEM 

The s y s t e m  s h a l l  be c a p a b l e  of producing  a vacuu.m 
of Torr i n  f o u r  hour s  w i t h i n  t h e  vacuum v e s s e l  
of t h e  magnet assembly.  

The system s h a l l  be c a p a b l e  of m a i n t a i n i n g  a vacuum of 
10-5 Torr w i t h  a gaseous  hel ium l e a k  rate of (TBD) 
i n t o  t h e  vacuum v e s s e l .  

The s y s t e m  s h a l l  be des igned  w i t h  adequa te  s a f e g u a r d s  
t o  e l i m i n a t e  vacuum v e s s e l  o i l  con tamina t ion  due t o  
a s y s  tern m a l f u n c t i o n .  

Vacuum . v e s s e l  volume, materials of  c o n s t r u c t i o n  and 
connec t ion  i n t e r f a c e s  sha l l  be d e f i n e d  by drawing 
(TBD). 

POWER, PROTECTION AND INSTRUMENTATION 

The sys t em s h a l l  be des igned  t o  i n t e r f a c e  e i t h e r  a 
completed magnet assembly or t h e  cold mass b e i n g  
tested i n  t h e  open dewar.  

The power supp ly  s h a l l  be c a p a b l e  of p r o v i d i n g  a 
m a x i m u m  of 2000 adc a t  a v o l t a g e  of + 10 v d c .  - 
The power supp ly  s h a l l  b e  c o n t r o l l e d  a t  t h e  c o n t r o l  
console b y  t h e  f a c i l i t y  p r o c e s s  c o n t r o l l e r .  

The p r o t e c t i o n  s y s t e n  s h a l l  i n c l u d e  mon i to r ing  d e v i c e s  
t o  detect a l l  p o t e n t i a l  magnet anomal ies ;  a c i r c u i t  
b r e a k e r  d r i v e r  and c i r c u i t  b r e a k e r  t o  i so la te  t h e  
magnet i n  case of a f a u l t  and a dump r e s i s t o r  t o  
abso rb  magnet energy  d u r i n g  a f a u l t  (emergency d i s c h a r g e ) .  

I n s t r u m e n t a t i o n  equipment s h a l l  be used  b o t h  t o  moni tor  
magnet o p e r a t i o n  and t o  v e r i f y  t h e  p rope r  f u n c t i o n  of 
a l l  magnet i n s t rumen t  at i o n .  

F a c i l i t y  e l e c t r o n i c s  s h a l l  be as s imilar  as p o s s i b l e  
t o  t h e  EBT-P e l e c t r o n i c s .  P r o t o t y p e  EBT-P e l e c t r o n i c s  
w i l l  be used  i n  t h e  f a c i l i t y  af ter  a complete v e r i f i c a -  
t i o n .  

The f a c i l i t y  s h a l l  i n c l u d e  a magnet s i m u l a t o r  t o  v e r i f y  
p r o p e r  f u n c t i o n  of a l l  e1ec t ron ic . s .  

FACILITY 

With t h e  e x c e p t i o n  of gaseous  hel ium and l i q u i d  
n i t r o g e n  s t o r a g e  t a n k s ,  all equipment s h a l l  be 
l o c a t e d  . i n s i d e  a b u i l d i n g .  
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b .  The  p o r t i o n  of t h e  t e s t  f a c i l i t y  no rma l ly  occup ied  
by p e r s o n n e l  s h a l l  be h e a t e d  t o  65OF minimum, l i g h t  
l e v e l  sha l l  b e  100-foot  c a n d l e s  minimum and t h e  
r o u t i n e  equipment n o i s e  l e v e l  s h a l l  n o t  exceed  50 
d e c i b e l s .  A i r  c o n d i t i o n i n g  s h a l l  n o t  be p rov ided  f o r  
any p o r t i o n  of t h e  f a c i l i t y ;  however,  v e n t i l a t i o n  
s h a l l  be  p rov ided  a t  a r a t e  of TBD room changes  p e r  hour 
f o r  t h e  comple te  f a c i l i t y  a t  a l l  t i m e s  w h i l e  p e r s o n n e l  
are  p r e s e n t .  

C .  Normal and r o u t i n e  v e n t i n g  of g a s e s  s h a l l  be d u c t e d  t o  
a sa fe  p l a c e  o u t s i d e  t h e  b u i l d i n g .  

d .  - The f a c i l i t y  s h a l l  b e  d e s i g n e d  t o  l i m i t  p e r s o n n e l  
- exposure  t o  magnet ic  f i e l d s  p e r  MDAC S p e c i f i c a t i o n  76301 

Pa rag raph  3 . 9 . 8 .  

e .  E lec t r ica l  power,  equipment c o o l i n g  water, and s p a c e  
r e q u i r e m e n t s  are  d e r i v e d  r e q u i r e m e n t s  and s h a l l  be 
de te rmined  ea r ly  i n  t h e  d e s i g n  p h a s e .  

f .  The f a c i l i t y  s h a l l  c o n t a i n  no  f e r r o m a g n e t i c  materials 
w i t h i n  TBD f e e t  of t h e  magne t i c  axes test  s t a n d .  

g. The f a c i l i t y  s h a l l  c o n t a i n  workbenches,  desks and f i l e s  
s u i t a b l e  f o r  t h e  f o l l o w i n g  p e r s o n n e l :  

1. Two ( 2 )  e n g i n e e r s  

2 .  Four ( 4 )  m e c h a n i c s / t e c h n i c i a n s  

3 .  One (1) q u a l i t y  c o n t r o l .  

E-22 



APPENDIX F 

A P P E N D I X  F 

LONG LEAD PROCUREMENT 

Long lead procurement w i l l  be r e q u i r e d  i n  three p r i n c i p a l  areas: 
t h e  supe rconduc to r ,  c e r t a i n  s t a i n l e s s  s t e e l ,  and s e v e r a l  
e l e c t r o n i c / e l e c t r i c a l  components. A s  t h e  master s c h e d u l e  
i n d i c a t e s ,  GDC recommends t h a t  t h e  niobium t i t a n i u m  b i l l e t s  
c o n t r a c t  be awarded i n  A p r i l  1982 f o r  t h e  p roduc t ion  m i r r o r  
c o i l s .  In  August,  t h e  conduc to r  manufac tu re r  s h o u l d  be allowed 
t o  p roceed  w i t h  t h e  procurement o f  copper  and o t h e r  c r i t i c a l  d i e  
m a t e r i a l s .  F a b r i c a t i o n  of t h e  conductor  cou ld  beg in  immediately 
a f t e r  p r o t o t y p e  v e r i f i c a t i o n  t es t s  have been completed.  

Depending o n  t h e  "open" c a p a c i t y  of t h e  v e n d o r ( s )  selected t o  
produce t h e  conduc to r ,  i t  may be desirable  t o  f u r t h e r  accelerate 
t h i s  procurement .  T h i s  s c h e d u l e  c o u l d  be advanced i f  open-dewar 
t e s t s  are completed and are  h i g h l y  s u c c e s s f u l .  S t a i n l e s s  steel  
fo r  t h e  f i r s t  l o t  mirror cc i l  p roduc t ion  s h o u l d  be o r d e r e d  by 
1 September 1982. A t  t imes , t h e s e  materials are i n  ' sho r t  s u p p l y ,  
and due t o  t h e  c y c l i c  n a t u r e  of t h e  s tee l  i n d u s t r y ,  i t  may be 
n e c e s s a r y  t o  p l a c e  s tee l  o r d e r s  much ear l ie r  and f o r  m u l t i - l o t  
q u a n t i t i e s .  The power supp ly  f o r  t h e  p roduc t ion  magnets is a 
long- lead- t ime i t e m .  This procurement s h o u l d  be released as 
soon as t h e  procurement s p e c i f i c a t i o n  h a s  been completed and 
approved ,  i n  any even t  no l a t e r  t h a n  Janua ry  1982. E lec t r i ca l  
c o n n e c t o r s ,  e s p e c i a l l y  those t h a t  are h e r m e t i c a l l y  s e a l e d ,  s h o u l d  
be p l a c e d  on order approximate ly  30 weeks b e f o r e  r e q u i r e d .  Again,  
due t o  t h e  cyc l ic  n a t u r e  of such  m a t e r i a l ,  i t  may be n e c e s s a r y  
t o  make ea r l i e r  commitments f o r  these components as w e l l .  
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PRELIMINARY HAZARD ANALYSIS REPORT 

I .  INYRODIJCTION 

The f o l l o w i n g  S rc l im ina ry  Hazard Ana lys is  ( P H A )  i s  presented a s  p a r t  
o f  t h e  P re l im ina ry  Design Review f o r  t h e  M i r r o r  C o i l s ,  Vacuum Dewar, 
and assoc ia ted  E l e c t r o n i c s  subsystems f o r  t h e  Elmo Bumpy Torus Proof-  
o f - P r i n c i p l e  (EBT-P). 
t o  be performed by General Dynamics Convair D i v i s i o n  and submi t ted t o  
McDonnell Douglas As t ronaut ics  Company (MDAC), S t .  Lou is ,  

Th is  PHA i s  t h e  f i r s t  o f  severa l  s a f e t y  s t u d i e s  

The PHA i s  performed i n  o r d e r  t o  o b t a i n  an i n i t i a l  s a f e t y  e v a l u a t i o n  
o f  t h e  EBT-P magnet subsystem w i t h  i t s  i n t e r f a c i n g  subsystems. The 
i n f o r m a t i o n  from t h e  PHA w i l l  be incorpora ted  i n t o  t h e  f i n a l  des ign 
o f  t h e  experimental magnet subsystem, The PHA p rcv ides  t h e  bas is  
f o r  des ign requi rements and subsequent system s a f e t y  a n a l y s i s  by iden-  
t i f y i n g  s a f e t y  c r i t i c a l  areas and t h e  hazards i n v o l v e d ,  and by d e l i n -  
e a t i n g  t h e  planned p reven ta t i ve  a c t i o n .  

The format  used i n  t h e  f o l l o w i n g  PHA i s  t h e  same as t h a t  used by 
General Dynamics Convair D i v i s i o n  i n  prev ious superconducting magnet 
s a f e t y  s t u d i e s  and has been approved by MDAC Safety .  

11. FORM AND METHODS 

Safety hazards w i l l  be h i g h l i g h t e d  u s i n g  t h e  PHA Watrices found i n  
Appendix I. The Mat r ices  i n c l u d e  a l l  hazards found i n  t h e  PHA l i s t e d  
accord ing t o  t y p e  o f  hazard. The types a f  hazards correspond t o  EBT-P 
subsystems t h a t  i n t e r f a c e  w i t h  t h e  magnet/dewar subsystem. The d i v i s i o n  
o f  subsystems i s  t h e  same as t h a t  d e f i n e d  by Union Carbide Corporat ion 
i n  t h e i r  Request f o r  Proposal .  The o r g a n i z a t i o n  i s  s i m i l a r  t o  t h a t  o f  
a f low c h a r t ,  i . e . ,  hazards a r e  considered from t h e  event  caus ing a 
hazardous c o n d i t i o n  through t h e  acc iden t  and i t s  e f f e c t s .  
column headings were developed as fo7 lows : 

The l a s t  t h r e e  

The hazard c l a s s i f i c a t i o n  i s  t h e  s e v e r i t y  o f  t h e  acc ident  t h a t  c o u l d  
occur  i f  no c o r r e c t i v e  a c t i o n s  were taken. The c l a s s i f i c a t i o n s  a r e :  

1 .  Minor I n j u r y  
2.  Ser ious I n j u r y  
3.  
4. M u l t i p l e  F a t a l i t i e s  

D i s a b l i n g  I n j u r y  - S i n g l e  F a t a l i t y  
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The accident p r o b a b i l i t y  i s  the chance o f  occurrence o f  the accident 
i f  no correetive actions were taken. The classifications are: 

L - Low; unlikely t o  occur d u r i n g  the l i f e  o f  the EBT-P 
M - Medium; may occur d u r i n g  the l i f e  o f  the EBT-P 
H - H i g h ;  l ikely t o  occur d u r i n g  the l i f e  o f  the EBT-P 

The planned preventative actions are those actions t h o u g h t  t o  be 
sufficient t o  reduce the particular accident risk t o  a level deemed 
accepta bl e af ter  review. These planned actions are judgements made 
early i n  the design process. The actual corrections and  the appropr i -  
a te  residual risks will be determined when more specific design infor- 
mation i s  available and  will be included i n  subsequent hazard analyses. 

The order o f  precedence for satisfying system safety requirements a n d  
receiving identified hazards  shall be as specified: 

a .  
hazards. I f  an identified hazard cannot be eliminated, control hazards 

Design for  m i n i m u m  hazard :  From the f i r s t ,  design to eliminate 

through design selection. 

b. Safet devices. Hazards t h a t  cannot be eliminated or controlled 

through the use of  fixed, automatic, or other protective safety design 
features or devices. Provisions shall be made for periodic functional 
checks o f  safety devices. 

t h r o u g h  __I)L__T design se ection shall be controlled t o  an acceptable level 

c .  Warning devices. Hazards that cannot be eliminated or controlled 
t h r o u g h  design sel ection shall be control 1 ed t o  an acceptable 1 eve1 
t h r o u g h  the use of  fixed, automatic, or  other protective safety design 
features or devices. Provisions shall be made for periodic functional 
checks o f  safety devices, 

d .  Where i t  i s  impossible t o  eliminate or 
adequate control a hazard t h r o u g h  design selection o r  use o f  safety 
and warning devices, procedures and t r a i n i n g  shall be used to control 
the hazard.  Procedures may include the use of  personal protective 
equipment. Precautionary notations shall be standardized as specified 
by the managing activity.  Safety c r i t i ca l  tasks and act ivi t ies  may 
require certif ication o f  personnel proficiency. 
(Taken from MIL-STD 882A, Section 5 . 4 . 2 )  

Procedures and  t r a i n i n g .  

G-5 



APPENDIX G 
GDC-EBT-81-002 

111. 

There are  several subsystems t h a t  affect  magnet safety direct ly .  
These subsystem hazard types specific t o  the magnet a re :  

a Magnetic 
a Electrical 

Rad i a t  i o n ,  Rad i oac t i v i  ty  
Cryogenic 

IS Vacuum P u m p i n g  
Mechanical and Structural 

MAJOR HAZARDS 

The following describes each o f  the hazard types previously mentioned. 
Particular safety c r i t i ca l  area5 and those areas under further study 
are  descri bed. 

MAGNET1 C 

I t  appears that  exposure t o  f r i n g i n g  f ie lds  of about 4 Tesla i s  possible. 
Fields of this s ize  have three basic effects :  

Oi s tur bance o f  i nstrumenta t i  on 
Attraction o f  ferromagnetic objects 
Effects of exposure t o  personnel 

I f  the fringing f ie lds  a re  changing, a further hazard i s  eddy current. 
Eddy currents could circulate i n  ar t i f fc ia1  limbs or ograns o f  personnel 
causing nialfunction of the limb or o r g a n .  

A1 t h o u g h  the Department of Energy has provided standards on constant 
magnetic f ie ld  exposure (see Table l ) ,  further study i s  required on the 
biological effects of b o t h  constant and changing magnetic f ie lds  on 
personnel, the specific strength o f  the magnetic f ie ld  in the vicini ty  
o f  a l l  instrumentation and ferromagnetic objects, and  the absolute maxi- 
m u m  eddy currents possible i n  a r t i f i c i a l  limbs or  organs. 

Table 1 Constant Magnetic Fields 

For a n  8 hr. for exposures for ex po sur es 
wo r k- d a y of 1 hr. or / less  of 70 m i n .  or less  

Who1 e Body o r  0.01 Tesla 0.1 Tesla 0.5 Tesla 
Head Exposure 

Exposure o f  0.1 Tesla 1 Tesla 2 Tesla 
Ex t remet i es 

(Taken from the Procurement Specification for EBT-P, Section 3.9.8)  
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ELECTRICAL 

Inc luded i n  t h e  E l e c t r i c a l  subsystem a r e  t h e  Power and D i s t r i b u t i o n ,  
P ro tec t i on ,  and Ins t rumen ta t i on  and Cont ro l  subsystems, Hazards i n  
these areas have been considered.  

The major  e l e c t r i c a l  hazards occur  d u r i n g  t r a n s i e n t  s i t u a t i o n s  (charge 
o r  dump) and e s p e c i a l l y  d u r i n g  a quench o r  f a s t  dump. This  i s  because 
i t  i s  o n l y  d u r i n g  a t r a n s i e n t  s i t u a t i o n  t h a t  s i g n i f i c a n t  vo l tage  can 
appear on te rm ina ls ,  taps,  and w i res .  

The bas ic  hazards i n c l u d e  a r c i n g  from c o i l - t o - c o i l  o r  c o i l  -to-ground, 
heat from power d i s s i p a t e d  i n  w i res ,  f i r e ,  and e l e c t r i c a l  shock from 
h i g h  v o l t a g e  taps .  Because the  planned p r e v e n t a t i v e  a c t i o n  we recom- 
mend i s  i s o l a t i o n ,  e i t h e r  th rough l i m i t e d  access o r  i n s u l a t e d  te rm ina ls ,  
we w i l l  per form f u r t h e r  s t u d i e s  o f  t h e  exac t  p o s i t i o n s  and rou tes  o f  
e l e c t r i c a l  l i n e s .  
s p e c i f i c  e l e c t r i c a l  hazards t o  personnel . Once these a r e  known, we can b e t t e r  eva lua te  t h e  

A f a i l e d  ins t rument  cou ld  l e a d  t o  dangerous s i t u a t i o n s ,  l j a r t i c u  a r l y  
d u r i n g  a quench. 
f u r t h e r  aggravated i f  they  remain undetected by i ns t rumen ta t i on  
a quench occur ,  ins t ruments  must be a b l e  t o  r e l i a b l y  c o m u n i c a t e  temp- 
e ra tu re ,  pressure,  vo l tage,  c u r r e n t  and atmospheric i n f o r m a t i o n  t o  con- 
t r o l  personnel so t h a t  t hey  may r e a c t  q u i c k l y  and s a f e t l y .  

Any o f  t h e  hazardous s i t u a t i o n s  mentioned can be 
Should 

Fu r the r  s tudy  i s  r e q u i r e d  o f  t h e  exa 
t h a t  we may b e t t e r  understand t h e  e f  
m a t u r e s  and h i g h  vo l tages  on them. 

RAD1 AT1 ON 

The microwave ( 9 0  GHz) and RF r a d i a t  
t r o n  Resonant Heat ing  (ECRHTand t h e  
subsvstems present  a m s s i b l e  hazard 

t p o s i t i o n s  o f  i ns t rumen ta t i on  so 
ec ts  o f  magnetic f i e l d s ,  low temp- 

on produced by t h e  E l e c t r o n  Cyclo- 
I o n  Cyc lo t ron  Resonant Heat ing  (ICRH) 
t o  personnel . I n  a d d i t i o n ,  neut ron  

f1ux"and o t h e r  i o n i z i n g  r a d i a t i o n  from t h e  plasma can have hazardous rami -  
f i c a t i o n s  should s h i e l d i n g  f a i l ,  R a d i o a c t i v i t y  can a l s o  decay o rgan ic  
i n s u l a t i o n  and adhesives producing hydrogen. 
i n t o  an e x c i t e d  hel ium atmosphere s i g n i f i c a n t l y  reduces t h e  e l e c t r i c a l  
breakdown s t r e n g t h  o f  he l ium (Penning E f f e c t ) .  Th is  can r e s u l t  i n  a r c i n g .  
A1 so considered under t h e  r a d i a t i o n  heading a r e  X-ray and Gamma-ray r a d i a -  
t i o n .  

Hydrogen, when in t roduced  

We r e q u i r e  f u r t h e r  s tudy  as t o  t h e  amount o f  r a d i a t i o n  byproducts produced, 
and t h e i r  containment. 
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CRYOGEN I C 

Liquid helium and nitrogen will be used in large quantities as a 
cooling medium i n  the magnet subsystern. 
due t o  extreme cold, potential high pressure, a n d  iner t  gases. 
extreme cold can result  in cold burns from personnel contact w i t h  
cold cyropanels, l ines ,  leaks a n d  s p i l l s .  The h i g h  pressure resulting 
from a sudden liquid-to-gas phase change can resul t  i n  overstress t o  
the magnet structure and explosion of the dewar. The inert  gases 
could result  i n  asphyxiation should gaseous helium or  nitrogen displace 
oxygen in a personnel occupied area ~ 

We require further study o f  the exact positions a n d  routes of a l l  cyro- 
genic l ines  so we can determine the potential hazards of leaky o r  r u p -  
tured l ines .  

Hazardous conditions occur 
The 

VACUUM PUMP1 N G  

The  hazards involved i n  the vacuum jacket a r o u n d  the magnet subsystem 
have been studied. Vacuum related hazards include s t ress  ini t ia ted 
by the vacuum condition and any leaks i n  the vacuum that  m i g h t  cause 
poor  insulation. These hazards could resul t  i n  an implosive rupture 
of the vessel o r  undesired helium boil-off. 

The vacuum system i s  presently under study t o  determine further hazard- 
ous conditions. 

MECHANICAL A N D  STRUCTURAL 

Mechanical and structural hazards have been studied and noted, The pri- 
mary hazard i s  overstress dce t o  vacuum, thermal fluctuation, magnetic 
f ie lds  and earthquake which could lead t o  structure fa i lure .  Although 
the structure has been designed t o  tolerate  these s t resses ,  the potential 
hazards should not be overlooked. Also included i n  th i s  section are  
general industrial hazards. These include f a l l s  from elevations, s l i p  
and t r ip  situations,  noise, and movement of large machinery. Prevention 
o f  accidents due t o  these hazards will primarily be accomplished by com- 
pliance w i t h  general industrial safety iiieasures, 

~ili 

Further study will include use o f  structural analyses t o  determine the 
severity o f  mechanical and structural  hazards. 
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I N S T R U M E N T  

F A I L  ED 
XNSTRUMENT 

O P E P A T I O N A L  
?!ODE 

T R A N S I E N T  

A t  C 

A L L  ( Q U E N C H :  

A L L  ( Q U E N C H :  

A 1  L 

WARM-UP 

A L L  

A L L  

A t  I 

WARM- UP 

WA Ps i  - UP 

WARM-UP 

I 
E V E N T  C A U S I N G  I 

HAZARDOUS C O t i D I T I O N  I HAZARDOUS C O N D I T I O N  
--! ______ .- 

C O N D U C T I V E  C O N T A n I -  
NENTS IN I N S U L A T I O N  

P C B ' S  USED IN E L E C -  
T l l C A L  E Q U I P M E N T  

S H O R T I N G  

P C B ' S  I N  E N V I R O N M E N T  

H I G H  V O L T I G F .  COMPO- 
NENTS PRODUCE OZONE 

I 
I E X C E S S I V E  OL3NE CON-  
I C E N T P i T S O N  X N  A I ?  
I 

H I G H  V O L T A G E  COMPO- 
tdENTS PRODUCE OZONE 

N O N - U N I F O R M  QUENCH 

i E w t o s r v e  CONCENTRA- 
I T I O N  OF OZONE I N  A I R  

I 

j ! UNEQUAL CURPENTS AND 
I U N S A L A N C E D  FORCES 

1 

2 N D E T E C T E D  T E R P E P A T U R E i  C R Y O P A H E L S  R E M A I N  A T  
bHANGE : C R Y O G E N I C  TEMPERATURES 

1 
I 
I 
I 

I N E R T  ATMOSPHERE I I N E R T  ATMOSPHERE 
UNDETECTEO I 

I 
I 
I 

H I G H  PRESSURE U N -  I M E C H A N I C A L  S T R E S S  
D E T E C T E D  I 

L 

! 
I 

LARGE S T R E S S I S T R A I N  ! M E C H A N I C A L  STRESS 
UNOETECTED I 

I 
I 

H I G H  D I S C H A R G E  V O L T A G E i  A R C I N G  
UII'DETECTED ! 

! 
I 
t 
I 

LOW D I S C H A R G E  V O L T A G E  I T i lERMAL STRESS 
U N D E T E C T E D ,  MIGti  I Z R  I 

I 
LOW D I S C H A R G E  VOLTAGE I HELIUM B O I L  Af:D R E -  
UNOETECTED,  H I G H  I28 i S U l T I t J G  H I G H  P R E S S U R E  

I 

A C C I D E N T  I POTE N T I A  L 
I N I T I A T I O N  1 A C C I D E N T  

A D J i C E N T  C O l r S  
I.11 T t< D I F F E C E N T  
CURRENTS 

PCY C O N T A I N M E N T  
L O S T  

PERSONNEL EXPOSEC 
T 5  OZONE 

I G N I T I O N  SOURCE 

ERSONNEL R E C E I V E  
NCO?RECT T E M P E R A -  
U P E  OR :'OLTAGE 
N F O R M A T I O V  

E R SONN E L R E C E I V E 
1 ICDE2ECT T E M F E R A -  
URE OR PRESSURE 
N F O R M A T I G N  

ERSONNEL R E C E I V E  
NZORRECT A T M 3 5 -  
H E R I C  I N F O f i P I A T I O h  

O V E R S T R E S S  

O V E R S T R E S S  

ERSONNEL R E C E I V E  
f4COR P E C ?  
J P E  OP VOLTAGE 
N F 0 2 PIA T i 0 N 

T € P I P  E RA - 

O V E R S T R E S S  

O V E R S T R E S S  

STRUCTURE F A I L U R E  

PERSONNE 
PCS ' S 

I N G E S T  

E X P O S E 3  
i T M 0 -  

E X P L O S I O N  

O V E R S T R E S S  AND 
S T R U C T U R ?  F A I L U R E  

CONTACT W I T H  
C R YOG E t.iS 

SEE C P Y O G E N I C S  
S E C T I O N  ( I T E P I  5 1  

S T P U C T U R E  F A i L U P E ,  
BLJPTUPC OF C r i A l l B E R  

I 
I 

F A T A L I T )  i 
C? SE'.'ERE! 
I h ' J U C r  I I 

! 

! 
PEPCONNEL I 
I I I J U C I E S  I 
BY I N C A ? - I  
4 T i C N  O i  I 
V A P O ? S  I I 

P E R S O N N E L  i 
I ! i J L J P I E S  I 
B Y  5 : I P L O -  I 
S I O I I  I 

I 
1 

S E E  I 
P I E  C h 4 N I C S  I 
Z E C T I O t I  I 
( t i  E , ? ,  I 
1 2 ~ 1 3 J  I 

S E ' \ ' E R E  6 
COLD a U R N l  

I 
I 
I 

SEE I 
CP I ' O G E N I C !  
( I T E M  5 )  I 

I 
I 

F A T 4 L I T Y  I 
CR S E \ . E R E I  
It: JUG I' I 

2 I 
I I 
i I 

S T R U C T U R E  F A Z L U ~ E  I F A T 2 L I T Y  I 
I C P  , E ' I E R E I  
I I N J U R )  I 
I I 
I I 

SEE E L E C T P I C S  I S E E  I 
2 E C T I O K  ( I T E X S  2 ,  I E i E C T P I C S  i 

I ( : ;  2 , 3 , 4 ) i  2 A N 0  4 )  
I 
I 
I I 

S T R U C I G R E  F A I L U R E  JSEVERE 1 
I I b i J U R I E S  I 
I i 
I I 
I I 

STRUCTURE: F A I L U R E  I S E V E R E  I 
I Z N J U R I E S  I 
I I 

~ 

4 

3 

2 

2 

2 

4 

4 

3 

2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
! 
I 
I 
I 
J 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I I 
I 
I 
I 
I 
I 
! 
I 
I 
I 
I 
I 

FFOVIDE A D E C U - T E  I h -  
S P E C T I O N  C ,  I t s Z L I L A T I O k  

1 
I 
I M;TERI4LS S U B S T I T U T E  S A F E R  

D I S I G Y  TO L i P l I T  GEN-  
E R AT I O N ,  
I i  N E C E S S A P I  

V E tJT I L AT E 

DES1GV.I TO L X P I I T  G E N -  
E F A T  1011 S 

IF N E C E S S A R I  
V E N T  I L A i  E 

U S E  REDUNDAN'; I N S T P U -  
ME fi l  A T  IO C4 

D E S I G N  TO b I I T H C T A t : 3  
10 T I P I E S  E L P E C T E ? ?  
L I F E  C i C L E  c - T 2 G L : ,  
P F O d I D E  B U P S T  D I S C  S 

D E S I G N  TO ! iTTHSTAt:3 
1 .  5 T I M E S  i'%, INUPl 
P O C S I B L E  Y I E L D  STCENGTH 

b 

I I 
I I 

Q 
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I T E M  1 )  I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
1 
I 
I 
1 

I __._ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
1 
I 
I 
I 
I 
I 
I 

I 
I- 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



GENERAL D Y N A M I C S  E B T - P - - - - P R E L I M I N A R Y  H A Z e R D  A N A L Y S I S  ( P H A )  M A T P I C e S  P A G E :  5 

-~ .- ... -. --___-.-.-----________------.I_-___~. . ~. 

D A T E :  A U G .  19. 1961 SUBSYSTEM:  MAGNET T Y P E  O F  H A Z A R O :  R A D I A T I O N  PREPARED B Y :  M I C H A E L  6 2 O W t i  

___- ~ ~__-~~__-~  _ _ ~  ~ ~ . . ~ ~ ~ . ~..  
E E ,:" ,~ 4c D_ s..s _ _ _ _ _ ~ _ _  ~ _ _ _  ... ~. - ~ ~ 

AC C I D  E FIT-- P 7 OB B I i i T < 
1 2 MI t :3R  I N J U R Y  L Z LOk'. U N L I l . i L i '  
2 = SEPIOUS I t I J U P ' f  ?l = MECXUM, P O S S I B L E  
3 = D I S L 5 L I N G  I N J U R Y  - F A T A L I T Y  H 2 H I G H ,  L l t E L i  
w = M U L T X P L E  F A T A t I T X € S  

I T E F  r. A I ARDOUS 
ELEMENT 

NEUTRON 
R A D I A T I O N  

R A D I A T I O ) .  

R A D I 4 T Z O N  

RAD I A T  I O N  

2 A D l A T I O N  

R A D I A T I O N  

X - R A Y  P A D -  
I A T I O N  

M I  C R OW k\'E 
R A D I A T I O N  

MICROW4VE 
R A D I A T I O N  

O P E P A T I O k A L  
no3 E 

O P E R A T I O N  

AL  i 

O P E R A T I O N  

O P E R A T I O N  

O P E R A T I O N ,  

O P E R A T I O N  

O P E D A T I O N  

T R A N S 1  EN+ 
(QUE t:CH ) 

OPERATXON OF 
ECRH 

O P E R A T I O N  OF 
ECRH 

-~ _______ 
E U E I I T  C A U S I N G  

HAZARDOUS C O E i D I T l O N  

0PERATIOI . I  OF REACTOR 

NEUTRON F L U X  

R A D I O L Y S T I C  DECOMPO- 
S I T I O N  OF ORGANXC 
I N S U L A T I O N ,  G L U E ,  E T C .  

R A D I O L Y S T I C  OECOMPO- 
S I T I O N  OF O R G A S I C  
I N S U L A T I O N  

R 4 D I 4 T I O N  DAPlAGE T O  
STABILIZER OR S U P E R -  
CONDUCTOR 

k O R N A L  F L O W  OF P L A S M A  

H I G H  V O L T A G E  

M I C  RONAVE 
F A I L S  

S.HIE L D I NO 

MICROWAVE SHIELDING 
F A I L S  

HAZARDOUS C O N D I T I O N  

N E U T R O N  F L U X  

P R E S E N C E  O F  PADIO- 
A C T I V E  hATERIALS, 
3H. I C C ,  4 2 A R .  E T C .  

R A D I A T I O N  P R E S E N T  

HYDROGEN P R e S E N T  

D E C O K P D S E D  I N S U L A T I O N  

H I G H  R E S I S T A N C E  9N 
C C NDUC T 0 R S 

X - R A Y S ,  GAMMA R A Y S  

X - R A Y S  

P R E S E N C E  OF Pl lCROWAVES 

P R E S E N C E  OF N I C R O W A V E S  

ACC ID f NT 
I N I T I A T I O N  

PERSONNC L PR E S E N T  

~ 

P E R S O N N E  C P P E S E NT 

R A D I A T I O N  D E -  
G R  40 E S  S T R U C T U R E  

U N P R O T E C T E D  C O N -  
DUCTOPS I N  CLOSE 
PROS I M I T Y 

C O I L  GOES NORMAL 

PERSONNEL P R E S E N T  

PERSONNEL P R E S E N T  

PERSONNEL P R E S E N T  

I 
P O T E N T I 4 ;  I 
A C C I D E N T  I E F F E C T S  

I ~- - -~ _ 
I 

PERSONNEL O V E P -  
E X P O S E 3  T O  R A D -  
I A T I O N  

PERSONNEL O V E P -  iFERSONYEl 
E \ F C Z E D  T O  N E U T R O N I I V J U 7 I T S  
F L U 4  I B I  F L U <  

I 
I 
I P E R S 0 t : N E I  
I I N J C I R I E S  
I P i  I I A T I O N  P A D -  

I 

O V E R S T R E S S  

A R C I N G  

A R C I N G  AND/OR 
SHORTED C O Z L S  

S E E  E L E C T R I C S  
S E C T I O N  I I T E P I  7 )  

PERSONNEL O V E P -  
EXPOSEC TO X - R A Y S  
AND GAM?* R A Y S  

PERSONNEL O V E R -  
E X P O S E D  T O  X - R A Y S  

PCRSDNNEL O V E R -  
€ > P O S E D  T O  M I C R O -  
W4VE R A D I A T I O N  

A R C I N G  Ah"D/OR 
SHORTED C O I L S  

I 
I S E E  
I E L E C T F I C ' :  
I S E C T 1 3 N  
! ( ITE I ' lS  2 ,  
r3 A N D  4 I 

i S F E  
i E t E C T P I C C  
i S E C T I O N  
i ( I T E M S  2 ,  
13 A H 3  .i 1 

SEE 
E t  E C T R I C Z  
( I T E M  7 i 

PERSONNEL 
I N J U P I E S  
BY P A D -  
I 4 T i O k  

P E PSONNE L 
I t4 J U P  I E S 

I 4 T I O N  
a )  R ~ C -  

: A z .  
: L A S S  

- ._ _~ 
I P t A N h E D  

\ci. I P R E . E t d T A T I L ' E  
' R O 3 .  I A C T i C N  

L ! U S E  M 4 T E R I A L S  TO M I N I -  
I IIIZE ACTIV~TIO~, L:KT 
I I ACCESS 

I 
L i U S E  P t 4 T E R I A L S  70 M I b J I -  

I H I Z E  A C T I ' J A T I O N ,  L I M I T  
I I .ACCESS 

L i U S E  M A T E P 1 4 L T  T O  M I t i I -  
I M i Z E  A C T I V A T Z O N  

I 
I 
I 
I 

4 O P E Q A T I O N .  L I M I T  A C C E S S  
L I S H I E L D  V E S S E L  DURING 

I 

! O P E R A T I O N ,  L I N I T  i C C E S S  
I 
I 
I 

I O P E R A T I O N ,  L I M I T  ACCESS 
I 

L I S H I E L D  V E S S E L  D U O I N G  

L I S i i l E L D  ECRH D U P I ! f G  

L ; S H I E L D  ECRH DURIN:  
I O ? E Q A T I O N .  L i l l i T  A C C E S S  
I 

I 
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Pi E C H  A N I C A  L 
E Q U I P M E N T  

F I R E  

M E C H A N I C  A L 
EQUT PMENT 

M E C H A N I C A L  
E Q U I P M E N T  

M E C H A N I C A L  
EG'UIPI'lENT 

EARTHQUAKE 

EARTHQUAKE 

M E C H A N I C A L  
E Q U I P M E N T  

M E C H A N I C A L  
E Q U I P M E N T  

O P E R A T I O N A L  
MODE 

O P E R A T I O N  

O P E R A T I O N  

O P E R A T I O N  

O P E R A T I O N  

A L L  

O P E R A T I O N  

O P E R A T I O N  

OP E R A T I O N  

O P E R A T I O N  

A t  1 

M A I N T E N A N C E  

T Q A N S I C N T  
(QUENCH 1 

E V E N T  C A U S I N G  
HAZARDOUS C O N D I T I O N  

S T R U C T U I E  F A I L U E E  

M A G N E T I C  F I E L D  

THERMAL S T R E S S  

P U L L I N G  A VACUUM I N  
V E S S E L  

SPARK, H E A T ,  E X P L O S I O t  

NEUTRON F L U X  AND 
N U C l E A R  D E G R A D A T I O N  
OF STRUCTURE 

I N4O E QUATE DES I O N ,  
I M P R O P E R  I N S T A L A T I O N  

STRUCTURE F A I L U R E  

M O T I O N  OF C O I L S  

EARTHQUAKE 

EARTHQUAKE C A U S E S  
C O I L S  T O  MOVE 

COT1 I S  SHORTED 

BROKEN OR H I G H  R E S I S -  
TANCE C O N N E C T I O N  

1 I 
I A C C I D E N T  I POTE N T I  4 L  

HAZARDOUS C O N D I T I O N  I I N I T I A T I O N  I ACCID E NT 

I I 
F A L L I N S  STRUCTURE I PERSONNEL P R E S E N T 1  PERSONNEL CRUSHED 

I I 
I I 
I I 
I I 

LARGE M A G N E T I C  FORCES I O V E R S T R E S S  . I STRUCTURE F A I L U P E  
F A T I G U E  STRUCTURE I I 

I I 
I I 
I I 
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F A T I G U E S  S T R U C T U P E  1 I 

I I 
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1 I 
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S T A k D  S T R E S S E S  

,BOKEN C O I L S  M O V I N S  A T  
I I G H  S P E E D S ,  A C C E L E R A -  
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The am Bumpy Totws PmoC-of-PrDraGBpl e (EBP-P) 
p l a s m  physics  devicn is a l a r g e  n l ~ ~ o r  fusion 
scheduled besdn operation i n  1985. I t  i i l l  
supermnducting ~ J r r o r  magnets arranged j n  a bumpy 
torus on a 4.5-m mdius. Presented heye I P I  severa l  
of M e  design parameters and t h e  support ing design! 
a n a l y s l o  t h a t  have not  $%en published u n t l l  no% dbe  +a 
earntsactural nrra*gsnentr  betxeen ORML and the EBT-P 
r u b c D n t m t ~ ~ S .  

In t roduct ion  --- 
H f s t o r j r a l  perspec t ive  

Hay 19P9 t o  support t h e  constructSon schedule  by t ak jng  
advantage a t  t h e  tire beheen t h e  start of  the EBK-P 
program and the s e l e c t i o n  o f  the indus t r fa l -3ubcon-  
tractors t u  perfom mmc of the ragnet devrzlopment 
wrk. 
Oak Ridge National Laboratory (ORNL) to desi n ,  build.  
rrpd t es t  em f u l l - s i z e d  davziopment magnets ?Dl and 
D2) and t ransfer  the twhndcal jnf0i~tatia.n obtadned 
durfng the derelopent wark to t h e  Bndustriol #%ankifac- 
~ B % P  I n  charge o f  mgnet  construction. The magnet 

s i c a l l y  t h e  sane design parameters. whlch would be 
tested bn a three-wgnet array s imula t ing  the m q n e t i c  
c iandt t ians  o f  EBT-P. 

The EBT-P magnet SesfSn parameters were agrwd 
upon dur ing  Phaw I of  the EBT-P projec t  by ORNL Fuslon 
Energy Division (FED) staff members, Department of 

rgy - Offlce o f  Fuslon Energy (DOE-OF%) s t a f f  
h r s ,  and t h e  Pour cmpctlng i n d b s t r l a l  teama Buring 
erles Q+ msrtdngs f n  the F a l l  of 1979. Msturally. 

 hes sen parmeters were the ~arasal t 
prannfscs moing several factors; the 

___I_ 

The B T - P  myne t  dcvclopvewt p~agaarc8~** baqrrn In 

Briefly stated. toe baric plan was for the 

nUfthCtUi"ei- M U l d  then Wind a prOtQtYpe Wagnet, With 

cant $dore: (1) EBT  physic^ constraints, (2) EBT-P 
prfamance gaals. ( 3 )  acceptable r l s k  l e v e l s ,  and 
(4) projecttons o f  a v a i l a b l e  funding. 

EBT-P Design Parameters 

The 36 strrcr wsgnets a r e  salenoids wound i n  a 
U-shaped wirsdDnp cavdty. 
length o f  21 -1 cm wi th  i n n e r  and outer r a d i i  o f  24 and 
34 Pespect ivcly.  A schemttlc of the ws'nding design, 
ta be dlaeuased, i s  shown f n  Fig. 1. The peak magnetlc 
f i e l d  a t  the wPsdndinqs w i t h  the magnets assembled as a 
bmpy torus wdll be 7.4 T. 
achieved wlth an average c u r r e n t  d e n s i t y  QVW t h e  wind- 
ing  pack a! 10,000 A/araz. 

The vindlng pack has a 

This mgnetlc f i e l d  I s  

I 

I 

2. 



w CBMPSC", these mgncts cannot 
-J these f felds and aver  STEP 

t.40 3-lP 

. &m 
' s t a b l e  a des lgn  as PQ I2.z l n d f c a t e r  t h a t  a conductor  w i t h  a copper fsact'lon of . a b u t  75% and an opera t jng  eurent  to  cpSt4call c u r r e n t  

r a t i o  o f  about  50-60': for a p5oI-botljng cealed magnat 
i s  t he  optfawn for t h t s  configuPatfon,  
was chosen because of hlgh expected x-may heat load on 
the magnet's wfndfngs, t b ~ ~ e x *  lasing tape (appl ied  i n  
a splral wrap with  50% ~ o n v e r a g e )  ws C R Q S ~ ~  as am 
I n s u l a t f o n  because of our  p ~ v i o u s  experfence wfth  this 

*,. . 
1' -- $-- . 

Pool b0311ng 

mterdal and because $t  1 s - e a s y  ta use. 

Tha bgbbfn and c l o s u r e  rPng f o r  the first and 
second development magnets (D? and 82) were f a b r i c a t e d  
fm 3WL s t a d n l c s r  steel. A U-shaped bobbin was 
chosen to radndmixe the requdd spatfal envelcpz and to 
prcvlde  a n  a c c u r a t e l y  rriachined winding cavity, The 
ground wall i n s u l a t i o n  cowslsted o f  a s i n g l e  0.94-mn 
th ickness  o f  ' s a t f d  G I 0  next  t e  the bobbin and a 1.2- 
m - t h i c k  pWf~lrsted 6-10 Sheet  n e x t  to tho windfngs. 
Thfs  s h e e t  was perfora ted  to  allow bot fmpmved A e l t ~  
c i r c u l a t t o n .  VRe comers Here f n s u l a t e d  d t h  Mylar* 
tape.  

lwgRt?tfC f i e l d  @mop Cha t  would have $ten created by 
t h e  dtstancc t h a t  separated the l e a d s ,  and a pancake 
winding ws avolded Because o f  &Re nmkr of  s p l t c e s  
t h a t  would have ken requfred. A hybrtd orhema was 
developed fo r  the windlng. W;lt;Rn th4o scheme, a s i n g l e  
pie or  one-half pancake was WMnd om one afde, and t h e  
remainder o f  the c o i l  was layer wund, thus permdttfng 
bath  l e a d s  t o  corn o u t  close tegcthem near the mtddle 
of the l a s t  t a y e r .  
f i e l d  e r r o r  due t c  c u r r e n t  l e a d s ,  t h f s  sehmc a l s o  had 
t h e  advantages ob (1) not requirfng any apllcas i f  t h o  
conductor  was long enough and (2) not r e g u t r i n g  any 
connect ion to or p e n e t r a t t e n  o f  thc steel bobbin. The 
conductor  was wound wdth 800 N o f  tonsdoa, and stra in  
gauges on t h e  bobbin bare were used to rmanitw the  
prestress added by each A g u s t i f k a t l o n  bar 
t h e  s t a t e d  superconductor  pretensian i s  presented  I n  
t h e  next  s e c t t o n .  A speslaf device  ~ ~ ~ p ~ ~ ~ w r ~ p ~ ~  
W x  I n s u l a t f o n  omto t h e  rectangular 
dur lng  windlng and was geared 

A l a y e r  windfng scheme was n o t  ured because of the 

Besfdes minimizing t h e  magnet 

The SeqM&?nC@ of $t@pS used 85 
Ing i s  ohom I n  Fag, 2 and 4s 

(1) b u n t  both twbbdn (B) and $ ~ ~ ~ ~ ~ n d ~ ~ ~ o r  (Sc] 
h f s  on spool 11 on&? wlnddtag ~ ~ h ~ n ~  . Attach  leader (1)  and WUPE ~ ~ ~ Q ~ ¶ ~  
kmar (TI .  S t a r t  leader on s p a ~ e  spool 

12 (521, 
(2) Pul l  a pancake (PC) and arree-hanlf layer Ienqth 

of s u p ~ t c ~ n d ~ ~ ~ ~ ~  ~ ~ u ~ h  t ~ ~ $ ~ ~ ~ ~ t  and wfnd 
om spare o w l  12. 

(3) Form C M ~ S O V ~ P "  of the ~ ~ ~ ~ ~ ~ ~ u ~ t ~ ~  land 

~ M ~ ~ ~ ~ ~ M ~ ~ ~  and w%nd p n c a b  and e x t r a  
COdUCtCW. 

mfniprg ~ ~ ~ e s ~ o ~ ~ ~  fm ~~~$~~~ ~~~~~~ 

wdtgrout certtfng ohc ~~~~~n~~~~~~ 
IS) T ~ ~ r a ~ ~ ~ y ,  wand entire? length o f  super- 

conduetar  on ~~~1~~ At&& leads:r t o  supw- 

fil%ly &!tbCh b bQbb$R. Apply bJs5fDn tSB 

(4) Wmwe s ~ ~ ~ r ~ o n ~ ~ ~ ~  S p m l  99 uf fk  the re- 

CO?lducDW and m u t e  thtW 
s p a r e  spool #2. wemve 

sgocl E. 
~ (5) Mdnd a l l  0% the r 

- 
campany 01" product name does n o t  imply 

a p ~ r o ~ a l  or ~ c ~ n ~ ~ ~ g ~ n  of the product  by Unjon 
Carbide Corp. o r  the U.S. &partmefit ab Energy t~ the 
axc lus lon  o f  others t h a t  may b slgitabla. 

a 

7 . n.a 

(7) Apply tenston and wind $ u ~ a r ~ o n ~ U e t i n ~  
layers on bobbfn. The last  l a y e r  would bo 

layer .  Wlnd l a y e r  tc the 
mfddla and bate 

(8) Unwft%4 the excess eonductor  Prm tho pancake 
and then rewW1nd ow t h e  last l a y e r  ta br ing  
the Beads t o g e t h e r  on the c e n t e r .  

The spiral w a p  and tensfon machine rcqul rad  one 
end of the l e a d  trs be threaded fh tou  h them. A number 
o f  the above s t e p s ,  ~ c h  IS (5) and 1 6 ) .  could bg 
~ l ~ ~ ~ n ~ t e ~  w f t h  an advanced desfgn t h a t  allowed con- 
duCtop t o  be dn%?Pt@d Ftwm t h e  sride w l t h  t h e  ends on 

, 

was selected f o r  the hdgh fjeld grade lipldec, Our 
results were t o n s f e t s n t  wPth €he f l n d i n g s  glven In 
Ref. 1 .  A typjcs? spldcc snd ramp Is shown i n  FS9. 

SIRFCP! thds magnet f s  wund dn a U-shaped bobbln 
s p d a l  care was requilred 0 C ~ S M P " ~  a t i g h t  wfnding 
pack ~ P P  the a x i a l  d l r rct fon Special I angled face 
mlcar ta  blocks were f a b r f c a  for  use  while wtndling 
The wlndtnlgs were axtally E ressed by ~ ~ e ~ ~ n g  on 

. 
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I n  this aactfon an epplfcation o f  solenoid stress 
analysis with gaps 3s sh 
and tangential stress d l  

external design constraints, c 
f i e l d  (7.4 T I  and co 
A/cm2) rcqulralnents 
f o r  k b b d n  th fcknes 
60Llld not be achieve 
intasfaee pPefkuake b 
superconductlng ufnd 
Applying mre uindjn 
c i r m q  w u l d  hare ex 
a1 1 owa b l  E smpress 4 v 
deslgn-a1 lswabla y i a  
thSPdS o f  The mateP1 
calculat lon was not 
stress i n  the wpcre 
ewerpglzed (see Fig. 
exis ts  a t  the babbi la - fasu la t (on-aup@~c~~$~ac~~  tn ter -  
face of t h i s  well-venti lated magnet design, A non- 
l i nea r  t h e ~ r y  dcic?tbed i n  Ref. 8 was used t o  predict 
the stress state i n  the superconductor when t he  magnet 
1s f u l l y  m ~ q t z e d  (as shown i n  FBg. 5) .  

Motlce that the tangentla1 force whlch m s  f i c t l -  
t leus ly  permitted t o  accumulate Bn the bobbin w i t h  the 
l inear  calculat ion 3s rcdistpibutcd mlnlly over the 

as i t  predlcts the rsdla1 
itsotions In the windlng 

pack o f  the EBT-P ~~v~~~~~~~ gncta. Due ta several 

APPENDIX R 

. .  . .  . .  . .  . .  

:h 

022 0.25 0.28 0.31 0.34 
Radial Pasitian (m) 

Fig, 4 The radfal and tangent181 st ress d i s t r i bu t i on  
a t  design f i e l d  fo r  the EBT-P prototype magnet, 
assuming no gaps can develop w i th ln  the wind- 
ings. The superconductor i s  graded i n  t h l s  
gnet. There are 9' layers. I n  the high f i e l d  

regton and 23 l a y m  In the low f i e l d  regian. 
140 

r,,,,i I 
I ! i  

. .  . .  . .  
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I e iz 
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025 028 0.31 0.34 
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Wndral Pwiitirsn (m) I 

deojgn f i e l d  f o r  the 
sumfng gaps can de- 

ffrst few tumo o f  the superconduetor with the non- 
l f nea r  calcutation. 
o f f  o f  the windlng f r c m  the bobbin i s  approxfmately 
10% higher than that  experimentally measured f o r  a 
v i r g l n  cn@rgization a f t e r  caoldown. Subsequent 
energfratfans wdthout warnup produce decreasing 
ehanges i n  s t r a i n  a t  l i f t  o f f .  thus ind icat ing more 
complex mechanical behavior wi th in  the magnet's 
winding pack. An analyt ical method t o  predict t h i s  
behavior f s  kefng developed. 

The calculated current f o r  l i f t  

_ _  . . . .  H-4 
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~BT-$ %gnat Care Stress Analysts 

gnat case f s  119 mm tR1ek on each 
the Inner b W n .  whkh has a 9.5-mn 

thfctness. An a x 9 s p e t r l c  f(nOte-elemo?nt mdel using , . 
~ u a d r i ~ ~ t ~ ~ ~ a ~  elements to wade1 the behavior o f  the ..- 
EBT-P maynet ease. The mterlsl properties o f  the - I  

mdel were uniformly shosen t o  be that  o f  stainless 
steel (200 &Pa). 9110 attempt was made to  fake dnto 
accawnt the conduetar st lffness;  only the, coil ease 
ltse1fwa3 modeled .- a canservatfwe and gancrdlly 
accepted engfneerlng prlrctdee fn nagnet designlanalysis, 

Thls mdel s'inrulates the cold mass support syr tm 
by art9 f B ca 11 y ~ ~ ~ ~ ~ ~ ~ w ~ ~ g  the cmter-swts id@-  top node 
of the outer rlng agafnst mvment f n  the exlal direc- 
tlow, lurs restraint was suppgied In the radial  dlrec- . 
tlen. 

Three 1md eases were der'fned, ?he first two were 
defined as (I 1.6-HPa sjdc Dresswe load due to a h po- 

pressure lead (attained from STANSOL calculations 
early lin the conccptua1 deslgn phase). The thlrd 
loadlng case was chosen t o  be B 1.4-HPa uniform Inter-  
nal pressure acting ~agon the four Inner surfaces of 
the cot1 case - thus hag la ti^^ B quench multiplied by 
(I factor e4 4 (sfnee there $s sowe error Bnvolved .In 
accurately ~~~c~~~~~~~ t h i s  nuqber). 

Linear s ~ ~ ~ ~ ~ ~ ~ ~ t i ~ ~  0% the three loading cases 
cmblnes a l l  the loads t h a t  we have as5 
durllng a worst case fau l t  ~ o ~ ~ ~ ~ ~ o n ,  T 

e 4s ~~~~~t~ by loadlng edl 
g- 6, The defleet9ans have been greatly 
so t h a t  they' ecnsld be visually Interpreted 

t. ATse, Uhhe ccsntcauss represent areas o f  
larger wow Mlses StPBSS. Thts d e l  

preddcts that karstan ~ ~ ? ~ w ~ ~ ? ~  .stress (Ewo/thisds of 
the yb ld  sbpess) wtll not be exceeded even with the 
c o m § ~ r ~ ~ ~ i ~ ~ ~ y  mgnf  fled loads. 

- . PAFEC9 was developed ~ s l n g  a ~ p ~ ~ ~ t ~ ~ e ~ y  55K! four-mde 

. 

thetical f a u l t  condltion) and a 6.8-NPa I m e r  bo4b& 

I' 

(. - 
_.-- 

~ . .  - , . .  . .. . 

APPENDIX H 

S m a r y  

Both development coils have been tested in a 
large general purpose laboratory Dewar.. Each cot1 
met or exceeded design specificattons. The tes ts  

: and results will be presented In another paper In 
t h i s  conference. 

. . * . 1  
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1: a t  7.5 T (A) 3926 ' 1020 

1; a t  6.0 T (A) 4290 

- Leqtk used (in) 4 5  a97  

'At 10-'2 olp effective resis t ivi ty .  ..- 
Table 2. Brief mil descr.lptfon 

D l  !I2 

wnding type 'La yer-cake' 
. Wisdhg OD m 0.694 

Windfng height [m) 0.211 
WIIober of turns 1225 1240 

0.2112 
Wnding I D  [ut] 0.480 

produce t a t a l  heat loads a t  least as great as 10 Y. 
The heat load from ac losses produced by the r i p p l e  
war judged t o  be an adequate r lmlat ion of an x-ray 
k a t  load, both i n  distribution and effect. Actual 
heat load was measured using an on-line cmputer to  
ulculate lasses fm cmpensated voltage and current 
signals. Flgure 1 shows t n i c a l  digi ta l ly  stared and 
processed data. Losses are extracted fm the data 

* both by integrating and averaglng the ripple nrmnt- 
voltage product a d  by converting to a magnetiratiora 

. vs fteld curve which can be integrated to  give the 
loss per cycle. I t  i s  not necessary to do the cmputar 
inttgratlons fa r  each test Ieve'l slnce (as Fig. 2 . 
ctearly demonstrates) losses for pwtScular a l l  
6 ra t$  conditions scale dfreetly as the tquare o f  $ 7  E ripp e current amp1 i tude, Beriause o f  vara'our 

3 th baric proctedure w+e actually carried wt. 
uipaent problcsls, several variatfons and repetitions 

wlts 
_I 

a t  wk applied for over 20  in, but wually 1 mln 

performance goal the f l r s t  t f r  it 
WJ msddered a sufftcient test 

2 dTd not. However. we do not believe 
that t h i s  Indkates  a dlfference In the coils. Rather, 
we believe $0 is a ~ a n ~ ~ ~ s ~ ~ ~ o n  of tk differences i n  
the U6tuief t e s t  prOC@dUr@!. 

E B S a  for both Codlit where Coil 6UrrEnf VdlS rMIped to  
Figures 3, 8 ,  end 5 giwe the! chrpnolapy of a l l  

a'slgnlflcant level. The v e r t i b l  axis i n  each 

In tenno of the objcetives Oa the test pmgrm. 
the results are $Ample and satisfying. The coi ls  wt-e 
shown to be capable of being charged rapidly and . 
n l f a b l y  t o  over 7.4-T nraxinarra f ie ld  without any * 

, problems directly related to  the coil. Table 3 l4s t s  
-- several of the eo$l operating characteristics. Coil 

D1 was charged t o  t h i s  level a t  32 and D2 a t  
25 A*$'' ulthout qjuenchfiq, although 02 did queneh a t  
t h j s  rate as the charge was continued to  7.7 T. Both 
coils eventually were s h w  to be capable of essentfally 
continuous operation w l t h  a steady djrect heat load fn 
txCtSS of 10 Y a t  faelds up tQ 1.4 T. __hi S O ~ C  dnstafiCtS 

Flp,  1. ~ ~ ~ ~ ~ a y  of dfgitalty stored data froac a . typfcall steady heating test .  

H --7 
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tndfaates cog? current, while the horizontal axis  mre- 
l y  ind5cat.a sequence of  events. Ha t ime scale is ~~~~~~~. A solid slanting line indicates t h a t  the par- 
bllcular esit was ramped steadily up OP d m  in a can- 
tt-ollled fashlow t o  sofie level. !#hen a wmbe * appears 
alongside a slanted tine it indicates ramp rate, A 
solid Rorb%-ital t ine means that  coil curnewt was held 
a t  the indicated level while an ac ripple was tugcr- 

1-1-3 
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t 
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U 

0 i 

of the 

~~~~~~~~~~ prweded r tost- FQgure 5 shavr that  
$ u ~ ~ n g  the! s ~ o s t d  crraall s t  of 02, 60 u a t  thc 
5-T lwr3 was requlsed A quench after seven 
quenches had preceded, r c t  text a t  S T in  . 

nches (or ramps to, 

, 
conclurlans 

Kw marly klentfcal development coils f a r  EBT-Q 
I t  has been demonstrated Lare been bwdlt and tested, 

t h a t  they can be charged rapidly and reliably to 

~ - -.. - _. . _ r  . 
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1% I A U ?  UT -9 

4- 
'100 

m 

0 
9 .  = Qoo M o  

I W  

Fig. 6. h typical record of a strain Qage attached . 
to the fnslde of the coil bobbfn a t  the midplane during 
the  In i t la l  charge. Subsequent charges essentially 
rtpeated the upper leg of the trace. 

- .  

maximuin f ie lds greater than 7.5 f with no apparent 
training. No degradation o f  t h i s  capmil l ty  was 
observed af te r  many cycles to  the same level. 80th 
coils were shown b be capable o f  withstanding srhady 
heat loads greater than 10 W total .  However, tooidown. 
charging, and quench history may have a pronounce$ 
effect  on t h f s  aspect o f  perfonnance. 
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Fig. 1. A p l o t  generated bj version 3 of progrsl 
S f A M S O t  showing t h e  predicted r a d i a l  d i s t r i b u t i o :  
.throughout the €ET-P dcve lopen t '  coil D1. 

. .- 

-3  : @,E) -... ..... :: ................... 

f ig.  2. A plot  generated by vFs ion  3 of program 
STANSOt rhowing the predicted t angen t i a l  d i s t r i b u t i o n  
throughout the Em-P d e v e l o p e a t  ccil D1. 

APPENDIX H 

cahlaand I few o t h e r  easy t o  l ea rn  instruet lona.  
p l o t s  l i k e  Pig. 3 can be generated,  

FT ie t lon le s s  Gap Solut ion Chpab i l i t r  

By using t h e  l i n e a r  so lu t ion  derived i n  Ref. 3 and 
IncrcmcnttlX loading, a piecewi se-contlnuous, nonl inear  
s o l u t i o n  aay  be assembled for magnets in  which 
f r i c t i o n l e s s  gaps  m e  permitted t o  open and close.  By 
choosing 9 load increments t h a t  correspond to  inclpf ent 
f r i c t i o n l e s s  gap formation or te-nfnation, cm? lex .  
gecmaetrically nonl inear  s t r u c t u r a l  behavlor can be 
a a t h ~ a t i c a l l y  modeled. U l t h i n  each loading increment 
I l i n e a r  so lu t ion  is celculrrted for each cantinuous 
s e c t i o n  o b  t h e  solenoid.  ( I n  t h e  l l m i t  t h e r e  could be 
as many s e c t i o n s  a s  t h e r e  a r e  l a y e r s  since, i n  
p r i n c i p l e ,  there could be n gap betbaen each layer.)  

Each gap formation modif ies  t h e  solut ion boundary 
f o n d i t i o n s  by int roducing another In t e r f ace  where the 
r a d i a l  stress (and, t he re fo re ,  t h e  i n t e r f a c e  pressure) 
must be zeroI G c h  gap terminat ion removes t h e  
oorresponding gap in t roduced  r a d i a l  stress boundary 
eondi t ion.  The so lu t ion  increment for each sec t ion  is 
added tn the c u r r e n t  solution. and t h e  magnet is 
redivided (or recombined) i n t o  s e c t i o n s  based upon t h e  
neu gap d e f i n i t i o n .  The next  load increment is 
ca lcu la t ed ,  and the  p-ocess is repeated u n t i l  a l l  t h e  
l o a d s  kave been f u l l y  applied.  Thus. because of t h i s  

, updating o f  t he  model's geometry, t h e  so lu t ion  becanes 
nonl inear  even t h ~ ~ g h  d t h i n  any so lu t ion  increment a 
l i n e a r  m a l l  displacement theory is used. ?his theory 
uaa progr~~med i n t o  vers ion 3 of the STANSOL computer 
progrm osine t h e  ao thcna t i ca l  s t e p s  presented i n  

Conclusions 

The Pa tes t  updates to program STfACSOt version 3 
have keen presented i n  t h i s  paper. Briefly sunmarlzed. 
t h e s e  updates ( 1 )  permit more f l e x i b i l i t y  i n  input  da t a  
formatt ing,  (2) enhance t he  output  c a p a b i l i t i e s  of t h e  
pro&rm by using carnputer graphics  nnd extramum 

RSf. 6. 

I I I I 

022 Q2S 0.28 031 0.34 
Radial fgasilion (m) 

Fig. 3. A plot. @enerated by MAPPER us ing  da ta  output 
frm version 3 o f  gvogram STANSOL shaving t h e  predicted 
r a d i a l  and t angen t i a l  stress d i s t r l b u t l o n  throughout 
t h e  &B'b-P drvclapnent  coil D1. 
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rm-mrarler, and ( 3 )  add an lrrddltion~l scliatiwn 
c a p a b i l i t y  t o  e o l c d a t e  the mechanical behavior of 
solenoids  i f  f r f e t f o n l e s a  saps develop, 

le r@r@nc@s 

1. N. E. Jobnsan, Y. H. Gray. and R e  A. b e d .  i n  

- 
3. W, H. Gray snd J. P. &llou.  nE31cctr&cwr?chmionl 

Stress Analysis cf SranwerseXy I s o t r o p i c  
SelenoQds." J. & p l ,  Phyr. 98(7), 3100 (1917). 

4. J. t6. BaaSlcru. R. L. &urnBo, W. A. Pietz .  3 -  Y. 
Wrseman, bd, 8,  Gray. Y. J. Kanaey, B. B. Wysor. 
Y. D. %wkbRWiCZ. and R. C. Van &lstywc, "I;esign and 
Test ing of a Dual. e-T j$Q-m!l2-T ZtQ-rPrrr S p l i t  
Superconducting Bolenoid for ORILSm IEEE 
TPans. Ksgn. WAG-17 6). 2238 (1988). 

5. J. K. b1 .10~ .  T. J. ~~~~~* R. L, fkoasra, Y. R. 
Gray, and 9.1. S.. Lubell. "Besign and Construction of 

6. PI. M, Gray. *Stress Analysis of Solenoids That can 

, K. N. PPake~ .  a%. 1. b M 8  "HAPPER 
62mgutcr Selenoe Dlvisiwn, W k  Wdge 

00 EBB-P DeuelOpent  Coil," these @=oce€dingS. 

Develop Caps." ( to be 

User' 3 Manual 
Wationa1. Laboaatary, Oak Wi?$e. Tennessee [ ? 9 7 9 ) .  

t o  be appl ied ta the outerr surface of the  

ORULT T h i s  v a r t a b l c  Is no longer supported. 

IP+TCH The var i ab le  IPLTCW c o n t r o l s  the generat ion of 
cmputrr graphig output.  If XPLBCN Is equal to 

. !.:ri %era, t hen  -cmnguter graphics output  Is n o t  
generated.  If IPLTCN 1s not equal t o  zero,  then 
it Is used fg i n d i c a t e  which va r i ab le  
Sis t r - fbut inn le' ba be drown. 

ognet. The u n i t s  of pout a r e  psi .  

PIODE This v a r i a b l e  1s no IWgSi. supported. 

. .  

Since prcgrm STANSOL i s  a general  pwyr~sa program 
t h a t  prewtts mul t i l aye red ,  ~ ~ n h ~ ~ ~ ~ n e o ~ ~  solenoids  to 
BE spithmetlcaLly modeled. a convenient method w m s  
der ived &a allow the mult i layered design of  a sclenoid 
t o  be I n p u t  6a the pagram with a rnfnfmm ef e f fo r t .  
As most m l e n c i d s  have 81 r e p e t i t i v e  design tQ t h e i r  
winding gsoh. the method chosen was bared upon the 
concept of' l aye r  sets. A b y e r  set is defined as a set 
of l a y e r s  ol materials t h a t  r epea t  themielves  somewhere 
wi th in  the magnet, For example, consider  a magnet wlth 
50 r a d i a l  t u r n s  af reupereornductat t h a t  Is insulated 
turn-to-turn with a s p i r a l  swap of i n su la t ion  and 
further inomlate4 layer-to-layer w i th  a sheet  of 

m t s r i a l .  Use material nmber 1 t o  
r ep resen t  the superconductor. nwber 2 t o  represent  the 
tpor+to-turiil i n su la t ion .  and nuabsr 3 t o  represent  the 
ahsee inadat ion ,  t& tpe i a y e r -  g m c t r y  may be 

'Wcndir: FreE-Formast - descr ibed by the  warttri31. number sequence 2.1.2.3 
repeated 59 times. P~ogrm STANSOL sinslifies t h e  Veraibn 3 of Prcgrm STANSOL 
re&red mount aP liaptat; & t e  by reading a &peat count 
fa- the nmbef ob l a y e r  sets followed by t h e  layer set 
material sleaaabet- def in i t i on .  Obviously, I f  3 

nonrepctitive m t e r f a l .  slash as 8 bobbin, is to be 
Input- then a ropeat ~abaant of 1 followed by a s i n g l e  
meterial nmber ean ba specif ied.  

nlWW The vasiebla: Hk!.rwr&sET 1s t h e  nmber af 
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r a d i i .  The r a d i i  do not have to c o r r e s p o n d  t o  any 
phys ica l  l o c a t i o n  i n  t h e  n a g n c t  as a t a b l e  lockup is 
r u t m a t i c a l l y  performed for t h e  u s e r  when t h e  value of 
t h e  m a g n e t i c  f i e ld  is needed  a t  a p a r t l c u l a r  radial  
c o o r d i n a t e .  The units for the r a d i i ,  m a g n e t i c  f i e l d  
p Q i n t  d a t a  a r e  inches and Tesla. r e r p e c t i v e l y .  A b l a n k  
rlldli. m a g n e t i c  fleld p o i n t  pair terminates t y p e  10 
i n p u t  br t r .  T h e r e  cnn be a mnrlnun- of f o u r  .rndii. 

" ' m a g n i t i c  ' f i e l d  p o i n t s  pes c a r d  type 10. 

B a t  the ? d i a l  c o o r d i n a t e  R. 

. ..... 

.... 

- .. 

These bngxl% ear8 laages dePtn% the slegnatic f i e l d  
d i s t k i b U t d m  for the magact, The m a g n e t i c  f i e l d  
d i s t r i b u t i o n  as input a8 a tabfie of p o i n t s  er r a d i i  
v e r s u s  mrgnctie fls19. The ~ o d i i .  magnetic field p i n t  
pair must be Baput i n  order of sequentially i n c r e a s i n g  

H-13 
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Ma 
(105) 

she -1ut.utlon of (6).  ktahich is In tha fora of Cauehy's 
e g u a t i r u r . ~  c a n  ba obtained by t r a n s r o m i n g  the 
i n d e p n d e n t  var3abXe to t a ld r )  t h u s  t ransforming (6) 
i n t o  a second-order. l$ncar~'nonk=aseneous equation. in 

. tams or t aa 

where C1, i  m d  C2,i r e w e s e n t  uncleterminad coef f ic l -  
e n t s  t h a t  are PopenQent upon thg boundary w m a i t l a n s  of 
*he c o n t l n u m  auJe). ~ The undetermined c o e ? f i c i e n t s  are 
6bXved for 'by appXylng taundary condi t ions  v p n  the  
r o d i a l  stress r i l s t r lbu t lon:  t h e r e r a r e .  equot lons for 
mrrehrnical s t r a i n  and rercrss must be lcmetlatcd i n  
teres  of Mae uardletemined oDeTric1rnt.a. S I b s t i t u t i n g  
(10) i n t o  (2) determines t h e  r a d i a l  and t m g e n t f r l  
s t r a i n s  i n  twus of tt!e undetermined e o e f f l c i e n t s ,  Ihe 
radlrl &.cain l a  expressed as 

ihe r o o t s  of the fh.r.cteristie equat ion or ( 7 )  i p e  
t ai; therefore the crnaplewmtcry . o l u t l c n  of (7) i a  

.... 

When the pait ire  root o f  the e h r a o t w l a t i c  equat ion 
of (7) fr equal  to the p"r ob r in the p a r t i c u l a r  
so lu t ion .  1.e.. lz 4 2 a q, then the p s r t l c u l a r  
s o l u t i o n  apresaed in (98)  is singular becarwe of a 
repatad mt Cootior cba denol ina tor  i n  (9a)l .  
I lod i f fca t lan  of the p w t i c u l a r  s l u t i o n  due ta this 
mingle repeated root i n  the char.ctertstic equs t ion  la 
accaap1ished.by m u l t i p l y i n g  (9a) By t. thus yielding a 
s o l u t i o n  for Qlaplecsent a t  this s i n g u l a r  poiat. 



3 
_ -  

9 

APPENDIX H 

3. 
4. 



. _ L  - 
APPENDIX H 

BYB, PI, Gray. T. J. )ocHanmy. d. K. Ilallou. and 8 .  L. Brow 
Fusion Energy Divislon 

Oak Ridge Mrtlonal Laboratory 
Oak RPdge, 411 37830 

-w-- . 
:':': . : . . I  

. .  - . ,  
. .  . .  . . -. 

Previbus m r k  st ORNL 

. Three rment masnets designed and mns t ruc ted  a t  
,&ha Oak Ridge National  Laboratory (ORHL) have used 
ventilated winding pa rks  aade  with monolithlo or 
a r b l a d ,  ooaposite superconductors. ese magnets have 
used a 50% barber  pole wrap of 8omex'laclng t a p e  on a 
rectangular oonductor bo provide turn-to-turn and 
, l a y e r - b l r y e r  insulat ion.  %Is i n s u l a t t c n  design also 
provides the space fur hellam prreulatian through the 
p ind ing  pack, bu t  her a disadvantage in t h a t  i t  
prodwes poor r a d i a l  and axial s t r u c t u r a l  s t i f f n e s s .  

me firat  of there v e n t i l a t e d  ORNL magnets tms a 
mal l -bo re  8-f rolenoid daaigaed with back-of-the- 
envelope stress aa leu la t lons .  It is wed rou t ine ly  as 
a l abo ra to ry  magnet and operates success fu l ly  a t  design 
f i e l d .  X t  was wund to  test out t h e  v m t l l a k d  winding 
pack design,  b u t  because of its modest stress l e v e l  M 
roph i s t i ca t ed  strew analysis DIS done. me sccond 
v e n t l l a t c d  ORNL magnet b u i l t  was cKIx.B Cvnr is  a 
h r g 9  ( 3 8 - u ~  bare), h l i h  magnetic field ( 8  TI. s p l i t  
wperconduct ing solenoid. SncLudlng t h e  aore Iwldaaerr. 
tal aspects ef aolenoid mechanical design, two c r l t c r l a  
mre hposed  during the d r r l g n / a n ~ l y s i s  of GKTX t h a t  
-re to be solved by tho Judicious eho2ca af winding 
, tension, They a r e  list.& brlau. 
(1) 

i2) 

. .  

In order  tC prevent lift-off of t h e  sup rconduc to r  
Prm the bobbin. t h e  a n d i n g  tension was ca lcu la t ed  
b prodocc a t  l e a s t  100-psi compressive r a d i a l  
stress a t  t h e  bebbin-insulitcr-supercbnductor 
interface durbg magnet operat ion a t  8 T. l h f j  
&uposed c r i t e r i a  tplplirs that no sudden conductor 
motion Is pcss ib l e  in t h e  high f i e l d  region o f  t h e  
magnet and is E genermlly accepted sagnet  comxunlty 
idea: although the absolute  value ef &e c a n p r e s  
s i v e  i n t e r f a c e  stress is a value t h a t  v a r i e s  irclp 
h d l v i d u a l  ta individual ,  
A lower than normal dcsigw &ess !as chosen fbr 
tha superconductor bacause of t h e  following mechan- 
ical effect. Qflx's sLlperCORduCtOr is a composite 

HbTi c a b l e  Happed around a r t c t angu la r  
aopper eore and then scldered LogetMr. When mech 
m i e a l l y  tested, this superconductor exhibi ted a 
b i l i n e a r  stress V B  s t r a i n  s a t e r l a l  behavior before  
i t a  mechanical y i e ld  polnt. This is believed to bk 

b orde r  to prevent  the adde4.he.t input *an t h e  
inelastic material behavior of' the rolder  In the 
magnet, a lo+ t b n  naraul  design stress was 
ehpwn fhop the aupercoaducting caporite. 

A winding t ens lon  uaa calculated ta satiatv the 

1 0 C d  h e l J S t i C  behavior O f  the solder.  

design Er l tS rh  imelutiing tha tm lnentioaed atmve.- me 
bobbin m a  instrpraented with atrein gmuges; and the 
Bobbin strain m a  lonitorad after every layer b 
daterain.  tba r c u r l n y  e f  t&e pres t rn in  u l c u l a t i o n .  
!Qwh ?a OM awpriae.  tha -bin of Mx had a 
n e g l $ g l ~ l r  hoop w i d i n 8  prartraln. It u s  aonciuded 
that t h e  viseadastie aUtePlal behavior of the iaprsg- 
nated Wmcx l u i n g  tape lasulatfon cawed a streri 
relaxation wlthln the rslsldings. thereby preventing eolb 
gm%saive stress a c c m u l a t i c n  d w l n g  winding. 

%ference le a company or p r d d u c t  m e  does mt b p l y  
appro~ad or recocaendation 0f the product by Unlon 
Carbide Corp. or the  U 3 .  D t p r t m e n t  o f  Energy t o  the 
cnxalusioo o f  o t h e r s  t h a t  may be s u i t a b l r .  

Mx. 

H - t 3  
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_ _ _ _  . 
-. . . winding &;c' Conduc'tor on ma Pnsu la&l  Wbb9n - .  

me next ate9 in the prmctiee uindfng introduced 
#vera1 1ayers .of  59s perfora ted  6 8 0  and a solid G I 0  
layer betue tn  t h e  bobbin and the birst eonductor layer .  
The G-10 mmterial was t h e  s ~ p e  type u s d  for the 
'grounti-plane in su la t ion  in me EBT-P developsent 
&nets. me Factice winding was repeated, BIUI. me 
eorpu ta t ion  modcl'was opdated to reflect the d d i t i o n  
of tbe MU mmterials. b n  txmpcrrtura r a t e r i a l  
p roper ty  d a t a  for G-10 wax used with t h e  59: perfora tad  
layerr b w i a g  their m6te r l a l  p rope r t i e s  modified by the 
d m p l e  r u l e - o f a i x t w e s .  P lgure  3 shws the results of' 
tbr g r a c t i c e  vinding for this a-etry. &ai?+ 
qracrennt was obtained, 

- . . . _.. 

Uinding Insulated Canduetor on an Insulated %$bin 

* $y p t r fo ra ing  t h e  ttm p r w i o u s  experiments, tea 
-.?onfirmed that wing a STAIISOL capu ta t l cmi l .  atresa 
model d e p u a t e l y  p r e d i c t s  d n d i n g  pres t ra lm aecrrsulc 
,tion ia 8 magnet. Another g r a e t l c c  whd ing  clperi.ent 

' p a  performed to a m i n e  the effect of introducing Prc 
g r q n a t e d  WDIlex lmelng tape jato the winding using tt 
'as a ws s p i r a l  wrap o f  ias l i lnt ion on the conducbr .  
'Main th. v l s c o s l a s t i c  phemrmenon, observed dth the 
.vlodlng of' Cnsr. u c c u r r d .  

lhe prmctlce winding was repa+ a t h  8 50s wrap 
of nonhpregnmted -ex l ac ing  tape. &ain  the vlsco- - elastic phenomenon MS obutrvcd;* Ecvcrer t h i s  t h e  tfie 

.effect n s  considerably Iew, The stress relanmtioa o f  
the d n d f n g  p e s t r a i n  an the practice d n d i n g  w i t h  

' )sonhprcgnated H m t x  took days b lose a few micro- 
s t r a i n .  i n s t ead  of hours to bare k n s  of' micros t r a in  
vPth Lapregnated y4(oexI €'%gum 4 shows t h e  rmaultra of 

f -  ' ,the p r r c t l c e  uinding that included t h e  50% sp i r a l  wrap '. of nonimpregnated Nome. b l n g  tape. Bbese arperi- 
r e n t a l  d a t a  n e  esscn t iml ly  ins tan taneous  s t r a i n  va lues  
8incc the experiment took l e a s  than  one b u r  to 
'perform. Therefore, the STAHSOL acdel was modified ta 
include the effect of t h e  clastic behavdor ef' wlc 
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1 . .  
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0 1 2 3 4 5 6 7 8  
Loyar number 

Pig. 8 .  A eanrparlson between bobbin hoop st rain and 
a n a l y t i c a l  predict YS l aye r  nuober for  p rac t i ce  
winding insu la ted  u e h r  onto sl insulated bobbin. 
me 8rterirl p rope r t i e s  of the #-ex conductor i~sula- 
t i o n  were rd jus ted  tc match the experimental dmta, as 
they WCFB the only pwometers in the ca lcu la t ion  that 
could .be remonably d j u s t t d  to &e the experimental 
d s t a  mB @.e oa ipu ta t i cna l  stress podel a r e .  me 
uinding t ens ion  lwtd tm thfs experiment was the aame ns 
t h a t  of' tfir e r p e r h e n t  shown in Fig. 2. (See the 
amption of Pip .  2 for an explanaticn of the spbolic 
nomenclature.) 

acniaprcgnoted Homer Iac lq  tape ( a  visaatlastic wdcl 
is being dt?veloped). 

To achieve the good agremen t  be tmen thcory and 
experiment for this prac t i ce  winding, t h e  Young's 
modulus of t h e  arsnlmpegnatcd Nomex was rd jus t cd  t~ fit 

e n t a l  data.  
pregnotcd Nmex l a c i n g  tape1 s mate r i e l  

propearties 5s jus t i r iab le  because of the lpeing t a p e ' s  
~ ~ ~ Q ~ ~ n ~ ~ s  nature - a bundle ot  uncoupled s t r ands  
Cf D~1Ploa. It is difficult to  w e  composite theory to 
caXcarlrte B mtniulus fer this type  of' material. 

This empir ica l  determination o f '  

-bin i d e  wlla and using a 
n kfila%/.as m canductcr snsu- 

exhibit r lxoe lm5t ic  b a h w i ~ .  Uafortunmtely, it 
did.) The awgmllttdle of tk a t r e s a  r e l axa t ion  w s  
IOl%ghtly lass than t h a t  QC the ~ i m p r e g n i t e d  Bmex 
hain$ tape. taptan %fila did g i v s  I) s l l g l i t l y  t i g h t e r  
winding p-k em empared to .n squivahnt winding 
pa& wing ~ f m 9 r e ~ n a t ~  Waaex l rc ing  tap. Recause 

rionce and ease of Tabrieation, n b n l s  

WlndIng Data fvr f%T-P d e v e l o p e n t  bgnet ID1 

Using ehs data enperienee aleaned fro0 ?he 
practi.ce winding;, the EBT-P develepnent magnet 01 was 

Bhe winding the canputa t lon i l  stress 
t s d  e0 rePlcct ma superconductor 

ma te r i a l  p rope r t i e s  and d1mensPons *ticb w e  slightly 
ddifferent from t h s e  of t h e  p l a in  copper C~ndWtor  Used 
i n  t h  lprwtlce uinding. h wlnding t ens ion  of 670 I 
was se l ec t ed  tC emsure % a t  the m p r c s s l v e  y ie ld  

w-19 



- _  - ... I 

APPENDIX H 

. .  

a 

10 

70 

f 48 

5 50 

B 40 

- SQ 

a. 
e' 

b c 
m 

0 
0 dz 

- 
s 20 
E, 
- E a  

0 

-10 

Lsyar number 
Flg. 6. A cmprrisors betwen incrementcd bcbbin hoop 
a t r e i n  md mwly t i c s l  
the f i r s t  EBT-P daval 

' da ta  in t h i s  aanner. the  appearance of v i seoc la s t i c  
m t w i a l  behavior PS rQClbiced. Cood agreement is ShQM 
between the elastic oalcu la t ion  and the rxperfmental 
da ta .  (See the capt ion  of Fig. 2 f e r  an explanation of 
, the  ~ymbol l c  miuanolaturr.) 

oenductor i n su la t ion  ean atre-rel ieve the accmularcd 
bobbin b o p  strain. This stress re laxa t ion  and other 
ine1aat. i~ b e h v i o r  during aperation' reduce ttrc mount  
of ecmpraosive hcop stress i n  the conductor. &cause 
or  I s  prudent and mnscrva t ive  not  to depend 
OR t ens ion  to decrease the conductor 
ow stbass level within a magnet, i f  one of the 
wisp k s r t e r l r l s  exahlbits V i 3 e O C h J f i c  mater ia l  
b6h 

bf6breneea 

rov and J. E. C. W i l l i s a n s ,  aSr resaes  i n  
ueting $denolds," Ira Froc. Winter Annual 

. ASHE Rppl. Mch. Diva. FPeneis C. Wan, Ed.. AHIZ-41, 

0% R. L, Brown, 01. A. Fie tz .  J. W. 
rsman, M. s)l, Gray. U. J. Renney, R. B. Uysor. 

i edsz .  mnd to. G. Van Alstyne, "Design and 
p s t i n a g  of a Dual. $-T 380-rpw/12-T Z 0 - m  s p l i t  

'OBML,' IEEE b a n s .  

3. 8 ,  Km Eallrau, .a. J. 3')sknany, 9. L 
nd H. 3. W e b l .  "&sign. and 
F ~ ~ v e l a ~ e n ~  Coil." these  proceedings. i 4, V. Re GP'W, 'MEW Dcve1oparent.s 1lFj Frogram STANSOL 
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STRESS ANALYSIS OF SOLENOIDS THAT'DEVELOP GAPS 

e W. H. Gray 

Abstract - Several l a rge  superconducting magnets recently b u i l t  or under 

construction a t  t he  Oak Ridge National Laboratory use vent i la ted  

winding-pack designs. Due t o  external constraints,  it i s  not  always 

. possible t o  develop enough prestress t o  ensure compressive layer-to- 

layer  In te r face  pressures. 

t e n s i l e  i n t e r f ace  pressures (such a s  epoxy bonding, whlch is not 

possible In  ventilated magnet designs), t h e  magnet w i l l  develop gaps a t  

these interfaces.  Presented herein is a theory for determination of the  

nonlinear mechanical behavior o f  axisymmetric solenoids t h a t  can develop 

f r i c t i o n l e s s  gaps which may open and d o s e  during magnet cooldown and 

energization. 

within a computer program and an example application of t h i s  theory t o  

several  magnets. 

Uniess there is some mechanism t o  support  

I' _ _  ' 

Also discussed are t h e  Implementation of t h i s  theory 

H-21 
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Several large superconducting magnets recently built or under 

csnstrue&lsn at the Oak Ridge N a t f o ~ a l  Laboratory (ORNL) use ventilated 

ns. To achieve a OS=OU~ structure with good 

ventilation capability and a erous l i q u i d  h d l m  paths throughout, a 

50s spiral  wrap of tu rn- to- turn  i n s u l a t i o n  1s used w i t h  no epoxy potting 
$net% depend upon ~ i ~ ~ ~ n $ - ~ a ~ k  

prestress and cooido %hemal strain t aintain compressive layer-to- 

lever interface ~ ~ @ s ~ ~ ~ ~ ~  dur ing  magnet ogiratican. e to external. 

~ ~ ~ ~ ~ ~ t i ~ n ~  and constraints (for cx p l e ,  exceeding the 

obbin compressive stress or buckling of the inner .- 
winding layera), M. is not always p o s s i ~ . e  to develop enough prestress 

assive layeP-to-layer surface pressures, 
tes ~~~~~~~ tensile interface pressdres (such as epoxy 

agnet; w i l l .  develop gaps at these interfaces. 

Unless there is 

Xn previous papers C1.23, solutions have been given for mechanical 

stresses and displaeewents in a x ~ ~ ~ ~ ~ t ~ i ~ ~  planestress, ratatisnally- 
transversely isotropic ~~~~~~~~s that  can Be multilayered and 

ogeneoua. These! solutions consider loads due to winding prestress 

buildup, interna and external pressure, thermally iwduced contraction 

or expansion, an ~ ~ e ~ ~ ~ ~ ~ ~ g ~ ~ ~ ~ ~ ~ ~ ~ ~  induced Lorentz body forces; 

taowever, they assme that the s Penoid i s  mechaniea1l.y ~ o ~ t ~ ~ ~ ~ ~ ~  and 

aps  can develop, Pn order to apply these solutions rigorously, 

be taken to ensure that enough windin prestress is used. 

a ~ e c h n i ~ u ~  for t h e  

ents' in solenoids that  

~ ~ ~ ~ a n i ~ a ~ ~ y  ~ o n ~ i ~ ~ ~ ~ ~  and that can develop frictionless gaps 

which may PPpew Qr @loss during ( ~ ~ ~ ~ ~ ~ )  andlor 
energitation. ~ ~ ~ s ~ ~ t ~ ~  herei cation of the 

t i  ---22 
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A REVIEW OF SOLENOID STRESS ANALYSIS WITHOUT GAPS 

4s t he  b a s i s  for t h e  f r i c t i o n l e s s  gap solution presented i n  

subsequent sections of this-paper  1 s . a  gapless (continurn) solution, t h e  

formulation and solution of equations for mechanical stresses and 

displacement in Continuum solenoids are b r i e f ly  reviewed i n  t h i s  

' 

section. The following equations apply t o  an axisymmetric, plane- 

stress-: rotationally-transversely i so t ropic  solenoid t h a t  can be 

multilayered and nonhomogeneous. 

presented i n  d e t a i l  i n  R'efs. 113 and E21; however, they are developed 

here with the  terminology expressed i n  Ref. [43 ,  because of t h e .  

succinctness of the  nomenclature used in Ref. [41. 
over 30 references//Ref, C43 contr ibutes  an excellent h i s t o r i c a l  review 

af the  developmekt and gradually increasing sophistication of t he  

analyt ical  and nmer ica l . so lu t ions  for mechanical stresses and 

displacement in axisymmetric solenoids.) 

_ .  
K e  formulation of these  equations is  . ,  

. 

(Also, by c i t i n g  

*\ '. 
.-_ . 

The Continuum Solenoid Stress Model - 
Assme t h a t  a multilayered, nonhomogeneous solenoid can be modeled 

'Rien for t he  i t h  as a series of concentric.homogeneous c i r cu la r  rings. 

layer, t h e  p l a n e s t r e s s  e q u i l i b r i m  equation i n  polar coordinates, 

assuning both magnet axisymmetry and t h e  presence of an 
electromagnetically induced LoPentz body force, is expressed as 

The kinematic re la t ionships  for t h e  itk l aye r  equate t h e  s t r a i n s  t o  t h e  

displacement and for t h e  purpose of t h i s  analysis,  like those in 
Refs. [ I ] ,  -[23,and 141, are based upon the  assumption s f  inf ini tes imal ly 

small displacements, 

' 

They a r e  expressed as 

H--23 
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ssming rotational transverse isotropy, and the  following reciprocality 

latiowskip is val id:  

, 

' By s u b s t i t u t i n g  (2) through (5) i n t o  ( 1 1 ,  t h e  following eqclution 

governing the displacement of the i & h  layer I s  obtained: 
- 
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Solut ion  of (5).  which i s  i n  t h e  form of Cauchy's equation 151, y i e l d s  

the fo l lowing expre'ssion for t h e  displacement within  t h e  i t h  layer:  

where 

where C l a i  and CPBi represent  undetermined coef- f i c i e n t s  that  are 

dependent upon t h e  boundary condi t ions  of t h e  continuum model and a i  i s  

de f ined  as 

... 

- The H u l t i e o n t a c t  E l a s t i c  Ring Problem 

H -25 
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The solution 0% (7) for layers i 5: 1 ,  2,  ..., 1 requires the 

formulation of a rnulticontaet e last ic  rin problen. This s@ctiQn 

brief ly  reviews the method used by STANSBL E33 to solive this type of 

BIpcDB1em. First, t he  caefficie'nts C,,i i n d  c*,i are solved for by a s s m  

ing that the ith layer is  self-iupporting; €*e., 

thus uniquely dete ~ s ~ ~ ~ c ~ ~ ~ ~ t  of the i t h  layer.  However, 

ts for layers i = 1 ,  2, ..., 1 u s i n  

. sole ~ ~ u n d ~ ~ ~  e s n d i t i s n  arc incompatible; i .~ . ,  these is no guarantee 

ich must be true if there is to be a con t inu rn  solution. To enforce 
(9) for layers i x I ,  2 ,  ..., 1. - 1, a set  of  i n t e r f a c e  pressures i s  

introduced to ~ e s t ~ r e  compatibility. By solving for these unknown 

interface pressures, a general solution fop: t h e  i t h  layer can be 

obta ined  that uses the interface pressures s the boundary conditions 

far the determination o f  $he ~ ~ e f -  ficients 

instead of the boundary c o n d i t i o n  expressed in ( 8 ) .  

A similar technique can be used for the thermally induced stresses 

li and C2,% in ['?I, 

agnet simply by changing the ~ i ~ ~ t - h a n d  side of ( 1 )  an 
and i ~ t ~ o ~ u c ~ ~ ~  thermal strains into the kinamatic and material 

load stress distribution% can be  

calculated by setting the right- d sgde of ( 1 )  and ('9) to zero and 

ulating the actual winding process by Building up the  magnet geometry 

layer by layer. For. each newly applied layer P S" 1, 2 ,  ..., I p ,  a set 

of  interface p r e s s u r e s  i s  calculated, based upan &he current magnet 

b u i l d  and specification of the olater-m~~t InterTace pressureo to be 
.-, 

H-26 
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t h u s  fo rc ing  t h e  outermost I n t e r f a c e  pressure t o  depend upon t h e  winding 

tension.  

Linear superposi t ion of t h e  s o l u t i o n s  f o r  winding p r e s t r e s s  l a y e r  

oy l a y e r ,  thermally induced stress v i a  cooldown ( o r  warmup), and 

e1ectromagneticLll.y Induced stress f o r  a continuum o f  l a y e r s  permits  t h e  

mhnnllng o f  complex mechanical behavior i n  solenoids.  

con ta ins  t h e  d e t a i l s  o f  how t h e  I n t e r f a c e  p re s su res  are ca l cu la t ed  f o r  a 

p a r t i c u l a r  load type and how t o  c o r r e c t l y  superimpose a l l  of t h e  

so lu t ions .  

Reference 163 . .  

I so t ropy ,  Transverse I so t ropy ,  and Orthotropy 

f-" 
L- Reference 143 p r e s e n t s  a d e r i v a t i o n  for mechanical stresses and 

displacement i n  axlsymmetric, p l a n e s t r e s s ,  r o t a t i o n a l l y  o r t h o t r o p i c  

. so leno ids  t h a t  can be mult i layered and nonhomogeneous. The d i f f e r e n c e  

between r o t a t i o n a l  or thotropy C43, r o t a t i o n a l  t r a n s v e r s e  i so t ropy  [1 ,2 ] ,  
and i so t ropy  [73 as they r e l a t e  t o  solenoid mechanics is discussed 

below. 

d i r e c t i o n :  I.@., = Eo - - E and vro = wer = w e  
For i s o t r o p i c  m a t e r i a l s  there is no d i s t i n c t i o n  between material 

For ro t a t iona l ly - t r ansve r se ly  i s o t r o p i c  materials, t h e r e  are two 
- d i s t i n c t  m a t e r i a l  d i r e c t i o n s  and t h e  r e c i p r o c a l i t y  r e l a t i o n s h i p  - * 

expressed i n  (4) is val id .  For r o t a t l o n a l l y  o r t h o t r o p i c  materials, 

t h e r e  are two d i s t i n c t  m a t e r i a l  d i r e c t i o n s  and t h e  r e c i p r o c a l i t y  

r e l a t i o n s h i p  expressed i n  (4) is not v a l i d ,  thus c r e a t i n g  an unsymnetric 

m a t e r i a l  c o n s t i t u t i v e  matrix. P r a c t i c a l l y ,  however, t h e r e  is l i t t l e  

d i f f e r e n c e  between t h e  tu0 s o l u t i o n s  presented i n  Refs. t1.21 and 

Ref. C41.. s i n c e  (4) Is used to simplify t h e  s o l u t i o n  presented i n  
Ref. [43. 
c o e f f i c i e n t  ( U  - w & . ) / E ~  fo r  t r ansve r se  i so t ropy  with ( 1  - v r O v B r ) / ~ ,  

The difference amounts to  replicing, the material property 

H --27 
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for  or tho t r spy  which, of course, may be degenerated into ( 1  - $)/E for 

simple isotropy.  

By using the aaave linear solutfQn and incr ntal loading, a 

piecewise-continuous, nonl inear  solution may be assem 

which € r i c t i o n l e s s  ga s are permitted to open and close. In Ref, C43 a 

D r l e f  disclasslon is p ~ ~ ~ ~ n t ~ ~  for  adifying B l inear solenoid stress 

n a l y s i s  to pe n but no% ta close it. Xn fast ,  Ref. C43 

ad p r e s e n t s  an 

e x c e l l e n t  seomparisan between magnet behavior and theory. 
presented here i?.iaore complete, as / aps are permitted to open 

nd eloae. 

frictionless gap for ation OB" termination, complex, g e o m e t r i c a l l y  

msal inear s t r u c t u r a l  behavior can be mathematically modeled. Within 

ea& loading increment a Pinear solution is ~ a l ~ ~ l a ~ ~ ~  for each 

continusus section o f  t h e  s o l e n o i d ,  (In t h e  P h i $  there could be as 

5-. 

there are biyers, since, in y s ~ i n c i p l e ,  there could be at 

~ t ~ ~ @ ~  each layer.) Each gap formation modifies the ~ o l u t l ~ n  

~ ~ u ~ d ~ ~ y  condi iorias by introducing ansther interface where the rad ia l  

erefore, t h e  interface aessure) must be zero. Each gap 

r a d i a l  stress 
~ ~ ~ ~ d a ~ ~  condition. The stalut%an increment for each section is added to 
the eurrcnt solution, and t h e  ~~~~~~ is  P divided (or ~ ~ ~ ~ r n ~ i ~ e d )  i n t o  

sed upon the new ap d e f i n i t i o n ,  The x t  load increment is 
d the process i s  repeated until, a l l  the loads have been 

f u l l y  applied,  

the solution becomes nonlinear even though within  

US# because of this  ti^^ of t 

is t~~~~~  as ~ r ~ ~ ~ a ~ ~ ~ ~  i n t o  a modified version of the  STANSOL 

, ~~~~~t~~ program using the  mathematical  steps l i s t e d  below. Also 

H-28 



. 

APPENDIX H 

-9- - 
presented’ below are t h e  physical  and mathematical cond i t ions  f o r  
frict;! 2c-: 225 ~ y - - - . L *  .-.. -.-.I - . a _ .  ---> * . A * . . L w A a 3 .  ” -4. i 

(1) F i r s t ,  i f  any preload is specified,  a s o l u t i o n  hased upon 

wlqding p r e s t r e s s  is ca lcu la t ed ,  

assuned t h a t  no gaps can occur. 

stresses and d e f l e c t i o n s  f o r  l a y e r s  i = 1, 2 ,  ..., 1 is saved a s  t h e  

i n i t i a l  mechanical stress state. 

During t h e  p r e s t r e s s  a n a l y s i s ,  it i s  

The s o l u t i o n  f o r  t h e  preload mechanical 

0 -preload 
(u,) = (u,) 

’. i 

0 
.If no preload is s p e c i f i e d ,  (u,) is set  

d e f i n i t i o n  table is i n i t i a l l y  set t o  zer 

gaps 

t o  zero. Also, t h e  gap 

t o  i n d i c a t e  t h a t  there re no 

(2) The subsequent steps apply t o  either t h e  thermal mechanical 

behavior or t h e  electromagnetic mechanical behavior by simply changing 

t o  t h e  appropr i a t e  fo rc ing  f u i c t i o n  [ t h e  right-hand s i d e  of (1 )  1. The 

thermal mechanical behavior is considered first. 

(3)  The ineremental  load f a c t o r ,  f ,  Is set t o  1.0 and a s o l u t i o n  

based upon t h e  c u r r e n t  gap d e f i n i t i o n  is ca lcu la t ed .  

then each continuous s e c t i o n  of t h e  solenoid is treated as an 

independent continuum. 

t r e a t e d  as a continuum and t h e  fo l lon ing  gap c l o s e  test is skipped. (Of 
course, each sect ioned continuum can contain many l a y e r s ,  each gf which 

can be of a d i f f e r e n t  ma te r i a l , ?  

If t h e r e  are paps, 

If there are no gaps,  t h e  e n t i r e  solenoid is 

(4) A check is made t o  determine i f  any opened Gap will c l o s e  

during a p p l i c a t i o n  of  this load increment by eva lua t ing  of t h e  

expression 

H-29 
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If t h e  value of the new deflection d i f f e r e n c e  i s  greater than or equal 

t o  zero f o r  l a y e r  interfaces with gaps, then no gap will, close and s t e p  

( 5 )  is ~~~~~@~~ 

(5) If the value  of t h e  new de lectioa difference is less than 
I .  . 

ap w u l d  clos using t h i s  large a load increment. 

load Increment factor i s  ealculated ~~c~~~~~~ t o  the  expression 

A new 

hich is t@ load ~ n ~ r @ ~ ~ ~ t  factor that brings the solenoid to I n c i p i e n t  
/-- 
\ * gap termination. 

( 6 )  A check i s  made to determine if a new g3p w i l l  open within the 

load increment. 

stress is c a l c u l a t e d  a s  

For every gapless interface, the value o f  the radial. 

]ef the value cf the new radial stress is less t han  or" equal  to zero ( o r  

sane ~ ~ ~ g r a ~ a ~ l ~  t ~ ~ ~ r a ~ ~ ~ ~  for layers ~ i t ~ ~ ~ t  BPS, then no new gaps 
-- 

develop and step (7) isr skipped. 

(73 Pf the value ef t h e  new r a d i a l  stress Ps greater than zero far 

any gapless l a y e r ,  then a gap would open using t h i s  Lap. 

eat. A new Isad increment fac tw is c a l c u l a t e d  according to the  

cXpiPWSiQn 

H-30 
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which is t h e  load increment  factor t h a t  b r i n g s  t h e  Solenoid t o  i n c i p i e n t  

gap  formation. 

(8) 
factor is ob ta ined  and t h e  s o l u t i o n  is updated t o  the p o i n t  of i n c i p i e n t  

g a p  formation or t e rmina t ion  accord ing  t o  t h e  expres s ion  

c- 

Using t h e  minimum of fog, fcg, and f, a new l o a d  increment  

The gap d e f i n i t i o n  table is updated t o  connect  (or subdiv ide)  t h e  

so l eno id  geometry and a new load  increment. factor i s  c a l c u l a t e d  as 7 
G’ 

(9) S t e p s  (4) th rough ( 8 )  are repeated u n t i l  no new gap-deve lops  

and no p rev ious ly  e x i s t i n g  gap closes w i t h i n  a l oad ing  increment. 

(10) S t e p s  (3)  th rough (9) are r epea ted  for t h e  e lec t romechanica l  
. 

body force loading .  

APPLICATIONS 

Three sample a p p l i c a t i o n s  of so leno id  stress a n a l y s i s  wi th  gaps are 

presented  in this sec t ion .  

b u i l t  a t  ORNL and used as  8) pro to type  fo r  a f u t u r e  fusion experiment. 

The l a s t  two are i n t e r e s t i n g ,  though academic, examples t h a t  demonst ra te  

t he  c a p a b i l i t i e s  of the modified computer program t o  c a l c u l a t e  stress i n  

magnets w i th  m u l t i p l e  gaps. 

me first one Invo lves  a magnet r e c e n t l y  

I/ 

H-31 
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EBT4 Stress Analys is  -- 
I n  this s e c t i o n  an a p p l i c a t i o n  of" so leno id  stress a n a l y s i s  with . 

. I. * ~ o b b i ~ s u ~ ~ p ~ ~ n d ~ c t ~ ~  i n t e r f a c e  of t h i s  we l l -ven t i l a t ed  magnet design.  

eory  d ~ ~ e ~ i b @ ~  i n  t h i s  paper  was used t o  p r e d i c t  t h e  stress s t a t e  

i n  the superconduetor  when the magnet i s  f u l l y  mer ized, as S ~ Q W  i n  

P ig ,  2. 
Notice t h a t  t h e  t a n g e n t i a l  force which was f i c t l t o u s l y  permi t ted  t o  

ccmulate in t h e  bobbin wi th  t h e  l i n e a r  c a l c u l a t i o n  is r e d i s t r i b u t e d  

a i n l y  over  t h e  first few t u r n s  of" the s u ~ ~ p c o ~ d u c t o r  wi th  t h e  n o n l i n e a r  

c a l c u l a t i o n .  

burrent  a t  w ~ i ~ h  l i f t -o f f  of t h e  c o ~ ~ ~ ~ ~ ~ ~  From t h e  bobbin occurred 

~ ~ m p ~ r e ~  faiora l y  wi th  t h e  non l inea r  c a l c u l a t i o n  after stress 
r e l a x a t i o n  is taken into account. re d e t a i l s  about  t h i s  

This magnet has been s u c c e s 3 f o l l y  energ ized  and t h e  

t r y ,  m a t e r i a l  p r o p e r t i e s ,  and test r e s u l t s  can be ob ta ined  from 

Refs. C83 and 183. * 

aps is shorn as P t  p r e d i c t s  the r a d i a l  end i a n g e n t i a l  atress 

d i s t r i b u t i o n s  in t h e  winding pack o f  .a pro to type  superconduct ing 

(Cu/NbTi) magnet for t h e  ELMO Bumpy %rets Proof-of-Principle  @ x ~ ~ r i ~ ~ ~ t  - -  

e t o  s e v e r a l  external design c o n s t r a i n t s ,  chiefly higef, . .~.- 

- I  

c -  -. x-  . 
netie f i e l d  (9 .&TI and conductor  current d e n s i t y  Q 11 ,9f0-A/em2) 

~ ~ ~ ~ i r @ m e n ~ s  and low imensional l i m i t a t i o n s  for bobbin t h i c k n e s s  (0.96 

em], a ~ a ~ ~ ~ f a ~ t o ~ ~  des ign  could n t be achieved that ~ ~ ~ ~ t a i n ~ ~  a 
~ 0 ~ ~ ~ ~ ~ ~ 1 ~ ~  i n t e r f a c e  p re s su re  between the i n n e r  t u r n s  o f  t h e  

s u ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ n ~  ~ ~ n d ~ ~ g ~  a d the o u t e r  bobbin surface. 

winding pre load  to ove$~ome .. t h i s  d e f i c i e n c y  would have exceeded t h e  ~oom 

(The ~ e ~ ~ ~ ~ a ~ l ~ w ~ ~ l e  y i e l d  stress was chosen to be t 

Applying more 

gcrsture ~ ~ s i ~ ~ ~ l l o w a ~ l ~  compressive y i e l d  stress of t h e  bgbbin. 

t h i r d s  af t h e  

r i a l  y i e l d  stress.) A imple l i n e a r  c a l c u l a t i o n  n o t  s u f f i c i e n t  

ict the state of stress i n  t h e  superconduetor  when t h e  magnet i s  
f d l y  ~ n e ~ ~ i ~ ~ d ,  see ig .  1, s i n c e  a t asile redial  stress exists a t  t h e  
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for the 

The rad ia l  and tangential stress d i s tr ibut ion  a t  design f i e l d  

EBT-P prototype magnet, assming  no gaps can develop within the 

windings.  

l ayers  In the high f i e l d  region and 23 l ayers  i n  the low f i e l d  region. 

The SUperCQndUCtQP is graded i n  t h i s  magnet. There are  9 
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H u l t i p l e  Gap' Sample Problem 

Consider a magnet wi th  no bobbin, a l a y e r  width of 1.0 cm, 
n e g l i g i b l e  layer-to-layer Insu la t ion ,  an3  inne r  and o u t e r  r a d i i  of 15.0 

cm and 80.0 cm, r e spec t ive ly .  

t h a t  t h e r e  are 65 layers i n  t h i s  magnet. 

thermally induced stress t h i s  c a l c u l a t i o n  magnifies the effect of 

gapping and t h e r e f o r e  is an i n t e r e s t i n g ,  through academic, example 

nrgblem. . -  

and -0.49 T, r e spec t ive ly .  

large regions of tensile r a d i a l  stresses, as shorn i n  Ref. [ I ] ,  when 

electromagnet ical ly  induced l o a d s  a r e  considered as  t h e  only loading 

conail;ion. -Figure 3 shows t h e  r a d i a l  and t a n g e n t i a l  stress . 
, d i s t r i b u t i o n s  for t h i s  magnet when no gaps are asstwed t o  occur. 

1 ' A s s k i n g  t h a t  -the layer-to-layer i n t e r f a c e s  of this example magnet 

The l a y e r  width was a r b i t r a r i l y  chosen so 
By neglect ing p r e s t r e s s  and 

I 

* 

For t h i s  problem t h e  c u r r e n t  d e n s i t y  is assmcd  t o  be 1000.0 
cm* and t h e  magnetic f i e l d s  a t  t h e  inner  and o u t e r  r a d i i  are 7.34 T 

Magnets wi th  t h i s  l a r g e  a rad ia l  bui ld  have 

/ 

. .  
r-> 

- I_ 
* .  . 

I '  

cannot support  t h e  tensile r a d i a l  stress d i s t r i b u t i o n  shown I n  Fig. 3 

and permit t ing gaps between layers where t e n s i l e  r a d i a l  stresses occur, 

t h e  new r a d i a l  and t a n g e n t i a l  stress d i s t r i b u t i o n s  are ca l cu la t ed  t o  be' 

- 

. t h o s e  shown i n  Fig. 4. Figure 4 shows t h a t  t h e  first 23 l a y e r s  are 

c a l c u l a t e d  t o  s e p a r a t e  from one 'another while t h e  remaining 42 l a y e r s  

act together  a s  a single continuum. 

.- 

... 

_. 
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r 1 I No Gaps I 

1 I I I 

0.2 0.4 0.6 

Radial Position (m) 

0.8 

Fig. 3. 
sample problem when no gaps are permitted t o  occur. 
r a d i a l  stress t h a t  i s  developed between several. of t h e  inner l a y e r s .  

The r a d i a l  and ta.n&ential  stress d i s t r i b u t i o n s  for the  65-layer 

Notice the  t e n s i l e  

H -36 
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0 0.2 0.4 0.6 0.0 1 
Radial Position (in) 

Fig. 11. 
Sample problem when gaps are permitted to develop by t h e  computer 

software. 

layers of t h i s  s o l e n o i d  are se l f - support ing .  

The r a d i a l  and t a n g e n t i a l  stress d i s t r i b u t i o n s  for t h e  65 l a y e r  

The modified computer program c a l c u l a t e s  t h a t  t h e  first 23 
,' 
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Gap Open and Then Clase Sample -. Problem 

By introducing into t h e  second sample problem a 2.54-cm stainless 

steel inner  bobbin, a stainless steel  outer restraining r ing  of t h e  same 

thickness, and a 0.O5-crn Mylar w a g  o f  turim-t~-turm i n s u l a t i o n ,  a more 

eanimgful smple problem that demonstrates gap opening and then closing 

The material properties of coppep are used for the 65 e m  be generated, 

layers of" conduetor. 
amaunt of prelaad, that the magnet is ~ ~ ~ r a t ~ d  at l i q  

temperature, and that  

stress $ ~ ~ t ~ ~ ~ ~ t i ~ n ~  . e a i  be calculate 

Thi s  example was chosen becaus 

atainless steel outer ring,  a- gap develops between i t  and the 

conductor layer during eooldo . Furthemore, during ~ ~ e ~ ~ ~ % a t ~ o n  of 
a$net;, the coi l  expands enough, due to t h e  electrarnagnetic load, 

for the  previously opened gap to close. 

-', tangential stress--distributians far this magnet %dm'! gaps are? allowed to 
open and close durln 

Assuming that  the canductor is 

' . *  
Q gaps 6aE develop, $he radial and tal.lg@ntlaR 6 

to be those sham in Fig. 5 .  

in the absence of a shrink fit of  the 

/ 

F i  ure b shows the radial and ' magnet coobdonn end energization. 

H-38 
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\ 
I No Gaps I 

-5 
0 0.2 0.4 0.6 0.8 - 1  

Radial Pmition (m) 

Fig. 5. The radial and tangential stress d i s t r i b u t i o n s  for the th-ird 

sample problem when no gaps are permitted t o  occur. 
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r .  / 

-5 
0 

/ 

Ox- 
I 

Li 

1 I I I 
0.2 0.4 0.6 

Xadial Position (m) . 

0.8 1 

P i g .  6 .  The r a d i a l  and tangential stress d i s t r i b u t i o n s  for the  t h i r d  

sample problem when gaps are permitted to  develop by the computer 
software.  
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CONCLUSIOflS - 
.- .- 

A t h e o r y  has been presented  for t h e  de te rmina t ion  of t h e  non l inea r  

mechanical  behavior  of axisymmetr ic  s o l e n o i d s  t h a t  can  develop  

- '. -1 . f r i c t i o n l e s s  gaps which may open or  close dur ing  magnet ope ra t ion .  This 
' t h e o r y  ' takes i n t o  account  material p r o p e r t i e s  t h a t  can  be r o t a t i o n a l l y -  

z 

. t r a n s v e r s e l y  i s o t r o p i c  and magnets t h a t  can be mul t i l aye red  and 

nonhomogeneous. mso d i scussed  were t h e  implementat ion of t h i s  t heo ry  

a t i o n s  of t h i s  t heo ry  t o  

. .  
. -NOMENCLATURE 

. -. 

- /= 
, . . . .. -. . .  . . ,  ._ ..:. ' . \ .  . 

. . I , -._. 
' Var iab le  d e s c r i p t i o n  * 

. -. -_ . -. 
. .  

, ..2 . \- 

: ,.... magnet ic  f i e l d  
: .. .. , . ... ... . .  

. . .  . .. 
,< 'E" ., , . : . , Young' r m o d u l u s  

L .  
.. . 

f ,  : . incrementa l  load f a c t o r  

J : . conductor  c u r r e n t  d e n s i t y  

P pressure 

P pre load  force 
r a d i a l  p o s i t i o n  

d isp lacement  

wid th  of t u r n  (z d i r e c t i o n )  

- moduli r a t i o  

d isp lacement  d i f f e r e n c e  

s t r a i n  

stress 

Poissonv s r a t io  

S u b s c r i p t  d e s c r i p t i o n  

cg refers t o  c l o s i n g  o f  a gap 

> ,i or i refers t o  t h e  i t h  l a y e r  

H-41 
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refe~s to the  inner surface of' a layer 

refers to layer at which preload is  a p p l i e d  

refers t o  opening of B gap 

refers ts the outer surface of a layer 

APPENDIX H 

e radial direction . .  - F  - 
a. , 

. I  . refers t o  the a x i s  of revolution direction 

. e  refers to the tangent ia l  d i rec t ion  
.-- 

e calculated using E 
- 1  

mew PI new value 

an irnktial value.' 
a value ealcirlated for preload only 

/ 
-. 0 

preload 
- _  

-\ ~ 

. EnRineering Problems of Fusion Research, Val. l-* p. 243 (1975). 

~ o ~ ~ ~ o i ~ s , ~  in Frat?. Winter Annual. ASME * Francis 
on, Ed.*  4 1  * 13 (1980) )1 

5 .  Erwin Kreyszig, Advanced ~ r n ~ ~ n ~ ~ r i ~ ~  John kliPey and 

ew f o r k ,  1967, p. 166. 
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