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@  Electric  circuit  for  high  uniformity  magnetic  field. 

  A  plurality  of  superconductive  coils  are  disposed  in 
parallel  with  superconductive  switching  elements  to  form  a 
plurality  of  superconductive  current  loops.  The  current 
loops  are  connected  by  bridging  conductors  connecting  the 
current  loops  so  that  the  superconductive  coils  are  connect- 
ed  in  series.  The  circuit  is  energized  by  establishing  a  main 
current  in  the  series  connected  superconductive  coils  with 
the  superconductive  switches  in  the  ohmic  state.  The 
switches  are  then  switched  to  the  superconductive  state 
when  the  desired  current  level  is  reached.  The  main  power 
supply  is  then  removed.  Adjusting  currents  are  subsequent- 
ly  independently  established  in  the  superconducting  loops 
as  needed.  With  this  circuit  and  method,  a  means  is 
provided  for  establishing  high  uniformity  magnetic  fields.  As 
an  additional  benefit,  the  present  method  offers  significant 
manufacturing  advantages  in  the  testing  of  superconductive 
joints. 



Background  of  the  I n v e n t i o n  

The  p r e sen t   i n v e n t i o n   is  r e l a t e d   to  c i r c u i t s   and 
methods  for  p rov id ing   high  u n i f o r m i t y   magnetic  f i e l d s   and  i s  
p a r t i c u l a r l y   r e l e v a n t   to  the  c o n s t r u c t i o n   of  magnet  s t r u c -  
tu res   employed  in  nuc lea r   magnetic  resonance  (NMR)  imaging  
s y s t e m s .  
In  NMR  imaging  systems,  p a r t i c u l a r l y   those  employed  i n  
medical  d i a g n o s t i c   imaging,  i t   is  necessa ry   to  provide  a 
c o n s t a n t   magnetic  f i e l d .   Moreover,  i t   is  h ighly   d e s i r a b l e  
tha t   t h i s   magnetic  f i e l d   e x h i b i t   an  ext remely   high  degree  o f  
s p a c i a l   u n i f o r m i t y .   This  u n i f o r m i t y   r equ i rement   t y p i c a l l y  
means  tha t   there   should  not  be  more  than  between  about  10 
and  100  p a r t s   per  m i l l i o n   v a r i a t i o n   in  f i e l d   s t r e n g t h   in  t h e .  
volume  being  imaged.  At  p r e s e n t ,   magnetic  f i e l d s   for  NMR 
imaging  are  provided  e i t h e r   by  permanent  magnets,  r e s i s t i v e  
magnets  or  magnets  based  on  supe rconduc to r   t e c h n o l o g y .  
Superconduc t ive   methods  for  p rov id ing   the  cons t an t ,   u n i f o r m  
magnetic  f i e l d   p rov ides   two  d i s t i n c t   advantages .   F i r s t l y ,  
s u p e r c o n d u c t i n g   c o i l s   which  form  c u r r e n t   loops  c a r r y i n g  
1,000  amperes  or  more  can  be  used  to  achieve  high  s t r e n g t h  
magnetic  f i e l d s ,   up  to  a  s t r e n g t h   of  1.5  Tesla  or  more.  The 
s t r e n g t h   of  th i s   f i e l d   is  impor tan t   in  tha t   i t   is  c l o s e l y  
r e l a t e d   to  the  s igna l   to  noise  r a t i o   found  in  NMR  imaging  
systems.  Secondly,  s u p e r c o n d u c t i v e   co i l s   provide  a 
s i g n i f i c a n t   advantage  in  tha t   once  c u r r e n t   has  been  
e s t a b l i s h e d   in  the  coi l   or  c o i l s ,   i t   p e r s i s t s   i n d e f i n i t e l y .  
R e s i s t i v e   magnets  in  p a r t i c u l a r   do  not  possess   t h i s  
advantage .   Fur thermore ,   permanent  magnet  systems  a r e  
d i f f i c u l t   to  c o n s t r u c t   so  as  to  possess   the  de s i r ed   d e g r e e  
of  magnetic  f i e l d   u n i f o r m i t y .  

P resen t   des igns   for  s u p e r c o n d u c t i v e   magnets  f o r  

use  in  NMR  imaging  systems  t y p i c a l l y   employ  a  set  of  from 
about  4  to  6  s u p e r c o n d u c t i v e   c o i l s .   These  co i l s   a r e  



t y p i c a l l y   d isposed   on  or  about  a  c y l i n d r i c a l   sur face   and  a r e  
a x i a l l y   a l igned   so  as  to  provide   a  r e l a t i v e l y   u n i f o r m  
magnetic  f i e l d   wi th in   a  c e n t r a l   bore  of  the  NMR  magnet.  The 
p r e sen t   approach  taken  to  magnet  des ign  is  the  c o n s t r u c t i o n  
of  a  m u l t i p l e   coi l   set  with  each  of  the  s u p e r c o n d u c t i v e  
windings  connected  in  s e r i e s   and  c a r r y i n g   the  same  c u r r e n t .  
Thus,  at  p r e sen t ,   co i l   geometry  and  co i l   c u r r e n t   are  con-  
s ide red   t o g e t h e r   as  the  design  v a r i a b l e s   for  producing  t h e  
d e s i r e d   " idea l "   uniform  magnetic  f i e l d .   For  example,  a  f o u r  
coi l   set  is  cons ide red   as  a  s ing le   e n t i t y .   Since  conven-  
t i o n a l   des igns   r equ i r e   the  same  c u r r e n t   in  each  one  of  t h e  
supe rconduc t i ng   c o i l s ,   the  n a t u r a l   choice  for  p rov id ing   t h i s  
f e a t u r e   is  to  employ  s u p e r c o n d u c t i n g   c o i l s   which  are  con-  
nected  in  s e r i e s .   However,  as  the  r e s u l t   of  even  s l i g h t  
manufac tu r ing   v a r i a t i o n s   from  the  i dea l   co i l   s t r u c t u r e  
c u r r e n t ,   u n d e s i r a b l y   large  v a r i a t i o n s   in  f i e l d   u n i f o r m i t y  
can  r e s u l t .   P r io r   p r a c t i c e   has  been  to  provide  s e p a r a t e  
c o r r e c t i n g   co i l s   to  compensate  for  these  m a n u f a c t u r i n g  
v a r i a t i o n s .  

One  of  the  problems  a s s o c i a t e d   with  the  con-  
s t r u c t i o n   of  s u p e r c o n d u c t i v e   c i r c u i t s   is  the  f a b r i c a t i o n   o f  
j o i n t s   between  s u p e r c o n d u c t i v e   wire  s t r u c t u r e s .  
Superconduc t ive   j o i n t s   have  of ten   been  found  to  be  weak 
l inks   in  s u p e r c o n d u c t i n g   c u r r e n t   loops.  Accordingly ,   t h e  
number  and  kind  of  s u p e r c o n d u c t i v e   j o i n t s   can  pose  man- 
u f a c t u r i n g   problems.  In  p a r t i c u l a r ,   in  the  connected  c o i l  
for  NMR  magnets  d i s c u s s e d   above,  i t   is  a  f ac t   tha t   t h e  
f a i l u r e   or  weakness  of  a  s u p e r c o n d u c t i v e   j o i n t   is  d i f f i c u l t  
to  p i n p o i n t   dur ing  or  a f t e r   manufac ture   and  t e s t i n g .   For  
example,  in  a  t y p i c a l   four  coi l   s t r u c t u r e   of  p r i o r   d e s i g n ,  
there   are  f ive  s u p e r c o n d u c t i v e   j o i n t s .   In  such  an  i n t e g r a l  
s t r u c t u r e ,   i t   is  i m p r a c t i c a l   to  t e s t   the  c u r r e n t   c a r r y i n g  
c a p a c i t y   of  each  i n d i v i d u a l   j o i n t   as  i t   is  made.  A  t e s t   o f  
the  complete  c i r c u i t   is  conce ivab le   a l though  s t i l l   i n c o n v e -  
n i en t .   Fa i lu re   of  any  of  the  j o i n t s   at  t h i s   la te   s t a g e  
e n t a i l s   ex t ens ive   d i s s a s sembly   before   r e p a i r   can  be  made. 



Accordingly ,   i t   is  seen  tha t   i t   is  impor tan t   to  be 
able  to  c o n s t r u c t   supe rconduc t ive   magnet  s t r u c t u r e s ,   p a r t i c -  
u l a r l y   for  NMR  imaging,  which  e x h i b i t   a  high  level   o f  
spac i a l   f i e l d   u n i f o r m i t y   and  yet  at  the  same  time  are  ea sy  
to  manufacture   and  t e s t .   It  is  also  seen  tha t   i t   is  d e s i r -  
able  to  be  able  to  c o r r e c t   for  i n e v i t a b l e   v a r i a t i o n s   in  c o i l  
manufac tu r ing .   It  is  also  seen  tha t   i t   is  d e s i r a b l e   to  be 
able  to  re lax   coi l   manufac tu r ing   t o l e r a n c e s   by  p r o v i d i n g  
p o s t - m a n u f a c t u r e   c o r r e c t i o n   modes. 

Summary  of  the  I n v e n t i o n  
In  accordance  with  a  p r e f e r r e d   embodiment  of  t h e  

p r e sen t   i n v e n t i o n   an  e l e c t r i c   c i r c u i t   for  p rov id ing   a  h i g h  
u n i f o r m i t y   magnetic  f i e l d   comprises  a  p l u r a l i t y   o f  
s u p e r c o n d u c t i v e   co i l s   t o g e t h e r   with  a  p l u r a l i t y   o f  
s u p e r c o n d u c t i v e   switch  elements   connected  in  p a r a l l e l   w i t h  
the  c o i l s   so  as  to  form  a  number  of  s u p e r c o n d u c t i v e   c u r r e n t  
loops.   Adjacent   loops  are  connected  by  a  b r i d g i n g   c o n d u c t o r  
so  as  to  connect   the  supe rconduc t i ng   co i l s   in  s e r i e s .   Each 
s u p e r c o n d u c t i v e   loop  may  also  be  c o n s t r u c t e d   in  such  a  way 
tha t   the  loop  r e q u i r e s   only  a  s ing le   s u p e r c o n d u c t i v e   j o i n t .  
In  the  p r e s e n t   i n v e n t i o n   the  b r i d g i n g   conduc tors   may  be  
ohmic  or  s u p e r c o n d u c t i v e   with  the  p r e f e r a b l e   embodiment 
i n c l u d i n g   an  ohmic  (for  example,  copper)  conductor   c o n n e c t e d  
in  p a r a l l e l   with  a  s u p e r c o n d u c t i v e   conductor   with  b o t h  
conduc tors   being  d i sposed   wi th in   the  coo lan t   medium.  The 
c i r c u i t   of  the  p r e s e n t   i n v e n t i o n   also  p r e f e r a b l y   inc ludes   a 
number  of  p r o t e c t i v e   ohmic  r e s i s t o r   e lements   connected  i n  
p a r a l l e l   with  each  of  the  s u p e r c o n d u c t i v e   c o i l s .  

The  c i r c u i t   of  the  p r e s e n t   i n v e n t i o n   is  p a r t i c u -  
l a r l y   advantageous   in  tha t   i t   p rov ides   a  method  for  e s t a b -  
l i s h i n g   c u r r e n t s   in  each  of  the  s u p e r c o n d u c t i v e   co i l s   in  an  
independent   f ash ion   so  tha t   i n d i v i d u a l   a d j u s t i n g   c u r r e n t s  

may  be  supp l i ed   to  each  s u p e r c o n d u c t i v e   c u r r e n t   loop  s e p a -  
r a t e l y .  



Accordingly ,   i t   is  an  ob jec t   of  the  p r e s e n t  
i nven t ion   to  c o n s t r u c t   an  e l e c t r i c   c i r c u i t   for  p rov id ing   a 
h igh ly   s p a c i a l l y   uniform  magnetic  f i e l d .  

It  is  also  an  ob jec t   of  the  p r e s e n t   i nven t ion   t o  
provide  a  supe rconduc t ive   magnet  c i r c u i t   having  a  p l u r a l i t y  
of  c u r r e n t   loops  which  may  be  i n d e p e n d e n t l y   c o n t r o l l e d .  

It  is  a  s t i l l   f u r t h e r   ob jec t   of  the  p r e s e n t  
i n v e n t i o n   to  provide  a  c i r c u i t   having  a  r e l a t i v e l y   low 
number  of  s u p e r c o n d u c t i v e   j o i n t s .  

It  is  yet  another   ob jec t   of  the  p r e s e n t   i n v e n t i o n  
to  provide  a  s u p e r c o n d u c t i v e   magnet  c i r c u i t   in  which  man- 
u f a c t u r i n g   and  t e s t i n g   may  be  performed  in  a  modula r  
f a s h i o n .  

Las t ly ,   but  l i m i t e d   he re to ,   i t   is  an  ob jec t   o f  
the  p r e s e n t   i n v e n t i o n   to  provide  a  s u p e r c o n d u c t i v e   magnet  
c i r c u i t   which  is  p a r t i c u l a r l y   u se fu l   for  NMR  imag ing .  

D e s c r i p t i o n   of  the  F i g u r e s  
The  sub jec t   mat ter   which  is  regarded   as  t h e  

i n v e n t i o n   is  p a r t i c u l a r l y   po in ted   out  and  d i s t i n c t l y   c l a i m e d  
in  the  conc lud ing   p o r t i o n   of  the  s p e c i f i c a t i o n .   The  i n -  
ven t ion ,   however,  both  as  to  o r g a n i z a t i o n   and  method  o f  
p r a c t i c e ,   t o g e t h e r   with  f u r t h e r   ob j ec t s   and  a d v a n t a g e s  
t h e r e o f ,   may  best   be  unders tood   by  r e f e r e n c e   to  the  f o l l o w -  
ing  d e s c r i p t i o n   taken  in  connec t ion   with  the  accompanying 
drawings  in  which:  

Figure  1  is  a  schematic  e l e c t r i c   c i r c u i t   d i ag ram 
i l l u s t r a t i n g   a  c o n v e n t i o n a l   s u p e r c o n d u c t i v e   magnet  c i r c u i t ;  

Figure  2  is  a  schematic  diagram  i l l u s t r a t i n g   t h e  
c i r c u i t   of  the  p r e s e n t   i n v e n t i o n .  

Figure  3  is  a  schematic  diagram  i l l u s t r a t i n g  
another   embodiment  of  the  p re sen t   i n v e n t i o n .  

D e t a i l e d   D e s c r i p t i o n   of  the  I n v e n t i o n  
Before  c o n s i d e r i n g   the  c i r c u i t s   shown  in  Figures  1 

and  2,  i t   is  noted  tha t ,   in  the  f i g u r e s ,   s u p e r c o n d u c t i v e  
c i r c u i t   e lements   are  drawn  using  heav ie r   l ines   than  t h e  
l ines   drawn  for  ohmic  e lements .   It  is  also  noted  t h a t  



s u p e r c o n d u c t i v e   j o i n t s   are  shown  as  r e l a t i v e l y   l a r g e ,  
c r o s s h a t c h e d   c i r c l e s .   Convent iona l   or  ohmic  j o i n t s   a r e  
shown  as  smal le r ,   open  c i r c l e s .   These  conven t ions   help  t o  
c l a r i f y   the  o p e r a t i o n   and  the  d i f f e r e n c e s   between  the  two 
c i r c u i t s   shown  The  s u p e r c o n d u c t i v e   paths  are  shown  as  heavy 
l ines   in  Figure  4.  Small  c i r c l e s   i n d i c a t e   r e s i s t i v e   j o i n t s  
e i t h e r   between  r e s i s t i v e   conductors   or  between  a  r e s i s t i v e  
conductor   and  a  supe rconduc to r .   Where  a  r e s i s t i v e   j o i n t   i s  
shown  j o i n i n g   a  s u p e r c o n d u c t i v e   element,   i t   is  u n d e r s t o o d  
tha t   a  s u p e r c o n d u c t i v e   path  e x i s t s   between  t h e  
s u p e r c o n d u c t i v e   e lements   at  tha t   p o i n t .  

Figure  1  i l l u s t r a t e s   a  c o n v e n t i o n a l   e l e c t r i c  
c i r c u i t   for  a  s u p e r c o n d u c t i v e   magnet  for  NMR  imaging  employ-  
ing  four  s u p e r c o n d u c t i v e   co i l s   10a,  lOb,  lOc,  and  10d. 
These  co i l s   are  connected  in  s e r i e s ,   each  being  jo ined   to  a 
s i n g l e   o ther   coi l   by  a  s u p e r c o n d u c t i n g   j o i n t ,   such  as  j o i n t  
l la ,   l lb  or  l l c .   Superconduc t ive   switch  20  is  connected  t o  
one  end  of  the  s e r i e s   connected  c o i l s   by  means  o f  
s u p e r c o n d u c t i v e   j o i n t   l id .   Switch  20  is  also  connected  t o  
the  o ther   end  of  the  s e r i e s   connected  c o i l s   by  means  o f  
second  s u p e r c o n d u c t i v e   j o i n t   11e.  This  completes   t h e  
s u p e r c o n d u c t i v e   c u r r e n t   loop  in  which  the  same  c u r r e n t   f l o w s  
in  al l   of  the  c i r c u i t   e lements ,   namely  switch  20  and  c o i l s  
10a-10d.  Switch  20  is  t y p i c a l l y   a  length   of  s u p e r c o n d u c t i v e  
m a t e r i a l   d i sposed   in  p rox imi ty   to  a   heat   source  which  i s  
capable   of  r a i s i n g   the  t e m p e r a t u r e  o f   the  s u p e r c o n d u c t i v e  
m a t e r i a l   to  a  t empera tu re   above  i t s   c r i t i c a l   value.   When 
thermal  energy  is  app l i ed   to  the  switch,   switch  20  is  made 
to  e x h i b i t   a  f i n i t e   r e s i s t a n c e   R.  The  r e s i s t a n c e   of  s w i t c h  
20  (in  i t s   r e s i s t i v e   s t a t e )   produces  f u r t h e r   r e s i s t i v e   (12R) 

h e a t i n g   of  the  m a t e r i a l   in  switch  20.  This  in  turn  leads  t o  
rapid  quenching  of  the  c u r r e n t   f lowing  in  t h e  
s u p e r c o n d u c t i v e   l oop .  

Figure  1  also  i l l u s t r a t e s   the  fac t   tha t   i t   i s  
h igh ly   p r e f e r a b l e   to  d i spose   ohmic  r e s i s t a n c e   elements  i n  
p a r a l l e l   with  the  s u p e r c o n d u c t i v e   c o i l s .   Accordingly ,   ohmic 



r e s i s t o r   elements  15a-15d  are  shown  connected  in  p a r a l l e l  
with  supe rconduc t ive   co i l s   lOa-d,  r e s p e c t i v e l y .   R e s i s t a n c e  
elements  15a-d  serve  a  p r o t e c t i v e   purpose .   Under  normal  
( s u p e r c o n d u c t i v e )   o p e r a t i n g   c o n d i t i o n s ,   a l l   of  the  loop  
c u r r e n t   flows  through  the  supe rconduc t ive   e lements .   These 
elements  are  main ta ined   below  the  c r i t i c a l   t e m p e r a t u r e ,  
which  is  t y p i c a l l y   above  4.2°K,  by  immersion  in  a  c o o l a n t  
such  as  l i q u i d   helium.  The  whole  c i r c u i t   is  d i sposed   w i t h i n  
a  c r y o s t a t   to  main ta in   the  helium  in  the  l i qu id   s t a t e .  
Since  the  supe rconduc t ive   elements  e x h i b i t ' z e r o   r e s i s t a n c e  
the  p r e f e r a b l e   cu r r en t   path  is  the  s ing le   s u p e r c o n d u c t i v e  
loop  shown  in  heavy  l ines   in  Figure  1.  However,  if   for  some 
reason  one  of  the  co i l s   or  j o i n t s   were  to  become  r e s i s t i v e  
the  p r o t e c t i v e   ohmic  elements  provide  an  a l t e r n a t e   c u r r e n t  
path  and  a  l o c a t i o n   for  the  d i s s i p a t i o n   of  the  e l e c t r i c  
magnetic  energy  s to red   wi th in   the  c o r r e s p o n d i n g  
s u p e r c o n d u c t i v e   co i l .   Since  these  p r o t e c t i v e   devices   do  n o t  
have  to  be  main ta ined   below  a  c r i t i c a l   t empera tu re ,   they  may 
be  loca ted   e i t h e r   ins ide   or  ou ts ide   the  c r y o s t a t   s t r u c t u r e .  

For  a  proper   a p p r e c i a t i o n   of  the  p r e sen t   i n -  
ven t ion ,   i t   is  also  d e s i r a b l e   to  possess   an  u n d e r s t a n d i n g   o f  
the  o p e r a t i o n   of  a  s u p e r c o n d u c t i v e   c i r c u i t   such  as  t h a t  
shown  in  Figure  1.  In  p a r t i c u l a r ,   the  method  for  e s t a b l i s h -  
ing  a  c u r r e n t   in  the  supe rconduc t ive   loop  should  be  u n d e r -  
stood.  In  normal  o p e r a t i o n ,   supe rconduc t ive   switch  20  o f  
Figure  1  is  forced  into  the  r e s i s t i v e   s t a t e .   At  the  same 
time  supe rconduc t ive   co i l s   10a-10d  are  main ta ined   below  t h e  
c r i t i c a l   t empera tu re ,   in  the  supe rconduc t ive   s t a t e .   At  t h i s  
poin t   d i r e c t   c u r r e n t   power  supply  30,  approx imat ing   an  i d e a l  
c u r r e n t   source  is  connected  to  t e r m i n a l s   T1'  and  T2',  a s  
shown.  The  supply  cu r r en t   is  slowly  i n c r e a s e d   to  t h e  
d e s i r e d   cu r r en t   value  which  can  be  as  much  as  1,000  or  2 , 0 0 0  
amperes.  Once  the  design  c u r r e n t   is  reached,   switch  20  i s  
cooled  down to  below  the  c r i t i c a l   t empera tu re ,   at  which  
time,  a  c losed  supe rconduc t ive   cu r r en t   loop  is  t h e r e f o r e  
f o r m e d .   The  cu r r en t   from  power  supply  30  may  then  be 



reduced  to  zero,  and  power  supply  30  may  be  removed  from  t h e  
c i r c u i t .  

It  should  be  noted  tha t   while  both  Figures  1  and  2 
i l l u s t r a t e   c i r c u i t s   employing  four  supe rconduc t ive   c o i l s ,  
any  r ea sonab le   number  of  co i l s   may  be  employed  to  p r o v i d e  
the  d e s i r e d   f i e l d   homogeneity.   It  should  also  be  noted  t h a t  
the  design  of  Figure  1  r e q u i r e s   n  +  1  s u p e r c o n d u c t i v e  
j o i n t s ,   where  n  is  the  number  of  s u p e r c o n d u c t i v e   co i l s   i n  
the  c i r c u i t .   In  Figure  1,  n  =  4  and  a cco rd ing ly   f i v e  
s u p e r c o n d u c t i v e   j o i n t s   are  provided.   While  co i l s   loa-d  a r e  
manufac tured   as  c l o s e l y   as  p o s s i b l e   to  design  s p e c i f i c a t i o n s  
d i c t a t e d   by  the  d e s i r e d   spac i a l   h o m o g e n e i t y ,  i n e v i t a b l e  
manufac tu r ing   v a r i a t i o n s   and  d e p a r t u r e s   from  the  i d e a l  
occur.  The  des ign  of  the  c i r c u i t   of  Figure  1  does  n o t  
permit   i n d i v i d u a l   ad jus tment   of  the  c u r r e n t   in  t h e  
s u p e r c o n d u c t i v e   co i l s   since  the  s e r i e s   connec t ion   d i c t a t e s  
tha t   the  same  c u r r e n t   flows  in  each  c o i l .  

It  is  also  seen  in  Figure  1  tha t   t h e  
s u p e r c o n d u c t i v e   e lements   of  the  c i r c u i t   comprise  an  i n t e g r a l  
assembly.  In  p a r t i c u l a r ,   i t   is  seen  tha t   t e s t i n g   of  t h e  
c i r c u i t   r e q u i r e s   the  s imul taneous   t e s t i n g   of  a l l   o f  
s u p e r c o n d u c t i v e   co i l s   10a-d,  al l   of  the  s u p e r c o n d u c t i v e  
j o i n t s   l l a - e   and  s u p e r c o n d u c t i v e   switch  20.  If  u n e x p e c t e d  
quenching  or  f i e l d   d r i f t   is  pe rce ived ,   i t   is  d i f f i c u l t   t o  
de termine   which  of  the  e lements   o f  t h e   s u p e r c o n d u c t i v e  
c i r c u i t   is  at  f a u l t .   If  a  problem  e x i s t s   in  one  of  t h e  
s u p e r c o n d u c t i v e   j o i n t s ,   the  s p e c i f i c   problem  is  d i f f i c u l t   t o  
i s o l a t e   since  any  of  the  f ive  j o i n t s   could  in  fact   be 
caus ing  a  p r o b l e m .  
The  problems  d e s c r i b e d   above  however,  have  been  
s i g n i f i c a n t l y   m i t i g a t e d   by  the  c i r c u i t   of  the  p r e s e n t  
i n v e n t i o n   as  shown  in  Figure  2.  In  p a r t i c u l a r ,   the  c i r c u i t  
e lements   shown  in  Figure  2  may  be  d iv ided   into  two  g r o u p s :  
ohmic  components  and  supe rconduc t ive   components.  It  is  a l s o  
seen  tha t   the  s u p e r c o n d u c t i v e   components  are  f u r t h e r   g rouped  
into  n  d i s t i n c t   c u r r e n t   loops,  where  here  n  =  4.  For  



example,  the  f i r s t   c u r r e n t   loop  comprises  s u p e r c o n d u c t i v e  
coi l   10a,  supe rconduc t ive   j o in t   21b,  supe rconduc t ive   s w i t c h  
20a,  supe rconduc t ive   j o i n t   21a  and  the  a s s o c i a t e d   c o n n e c t i n g  
s u p e r c o n d u c t i v e   wire.  Likewise,   i t   is  seen  tha t   there   a r e  
three   o ther   supe rconduc t ive   loops  p r e sen t   in  th i s   c i r c u i t  
namely  the  loops  i n c l u d i n g   co i l s   lOb,  10c  and  lOd,  r e s p e c -  
t i v e l y .   It  is  also  seen  tha t   i n  t h e   c i r c u i t   of  Figure  2 
there   are  p r e s e n t   a  t o t a l   of  2n  s u p e r c o n d u c t i v e   j o i n t s ,  
where  n  is  the  number  of  co i l s   p r e s e n t .   A  s i g n i f i c a n t  
d i f f e r e n c e   between  the  c i r c u i t   of  Figure  1  and  tha t   o f  
Figure  2  is  t ha t   each  coi l   loa-d  is  connected  in  p a r a l l e l  
with  an  a s s o c i a t e d   s u p e r c o n d u c t i v e   switch,   20a-20d,  r e s p e c -  
t i v e l y .   While  the  c i r c u i t   of  Figure  2  has  an  i n c r e a s e d  
number  of  supe rconduc t ive   swi tches ,   i t   n o n e t h e l e s s   o f f e r s   a 
number  of  manufac tu r ing ,   design  and  o p e r a t i o n a l   a d v a n t a g e s ,  
which  are  more  p a r t i c u l a r l y   d i s c u s s e d   below.  The 
s u p e r c o n d u c t i v e   loops  of  Figure  2  are  connected  by  b r i d g i n g  
conductors   25a,  25b  and  25c,  as  shown,  so  tha t   co i l s   10a -d  
are  connected  in  s e r i e s .   While  b r i d g i n g   conductors   2 5 a - c  
are  shown  in  Figure  2  as  ohmic  components,  i t   is  a l s o  
p o s s i b l e   to  employ  s u p e r c o n d u c t i v e   components  for  t h e s e  
b r i d g i n g   conduc to r s .   For  example,  b r i d g i n g   conductor   25a 
could  comprise  a  supe rconduc t ive   conductor   ex tending   be tween  
s u p e r c o n d u c t i v e   j o i n t s   21b  and  21c.  However,  the  b r i d g i n g  
conductors   of  the  p r e s e n t   i n v e n t i o n   are  p r e f e r a b l y   ohmic  and 
p o s i t i o n e d   as  shown  in  Figure  2.  As  in  Figure  1,  t h e  
c i r c u i t   of  Figure  2  also  p r e f e r a b l y   inc ludes   ohmic  p r o t e c -  
t ive   r e s i s t i v e   devices   15a-d  connected  in  p a r a l l e l   w i t h  
supe rconduc t ive   co i l s   loa-d,   r e s p e c t i v e l y .   The  c i r c u i t   o f  
Figure  2  also  p r e f e r a b l y   i nc ludes   t e r m i n a l s   T1,  T2,  T3,  T4, 
and  T5  to  provide   independent   c u r r e n t   ad jus tment   in  the  f o u r  
c u r r e n t   loops  shown. 

As  a  r e s u l t   of  size  and  design  c o n s t r a i n t s ,  t h e  
s u p e r c o n d u c t i v e   co i l s   of  the  c i r c u i t   of  Figure  1  are  u s u a l l y  
f a b r i c a t e d   s e p a r a t e l y ,   assembled  and  jo ined  by  means  o f  
spec ia l   s u p e r c o n d u c t i v e   j o i n t s ,   as  shown.  As  i n d i c a t e d  



above,  t h i s   c o n v e n t i o n a l   approach  r e q u i r e s   n  +  1 
s u p e r c o n d u c t i v e   j o i n t s   each  of  which  must  be  t e s t e d   s i m u l t a -  
neously.   While  the  c i r c u i t   of  Figure  2  as  shown  i l l u s t r a t e s  
the  p resence   of  2n  s u p e r c o n d u c t i v e   j o i n t s ,   each  s e p a r a t e  
s u p e r c o n d u c t i v e   loop  may  be  t e s t e d   s e p a r a t e l y  
so  tha t   if  a  d e f e c t   is  d e t e c t e d ,   i t   is  immed ia t e ly  known ,  
with  high  l i k e l i h o o d ,   tha t   the  problem  l i e s   in  e i t h e r   one  o r  
the  o ther   of  the  two  s u p e r c o n d u c t i v e   j o i n t s   in  each  s e p a r a t e  
loop.  Fur thermore ,   the  c i r c u i t   of  Figure  2  is  p a r t i c u l a r l y  
amenable  to  the  c o n s t r u c t i o n   of  s u p e r c o n d u c t i v e   loops  h a v i n g  
only  a  s ing le   s u p e r c o n d u c t i v e   j o i n t .   For  example,  by 
forming  switch  20a  from  the  same  length   of  s u p e r c o n d u c t i v e  
wire  as  used  to  form  coi l   10a,  i t   is  p o s s i b l e   to  e l i m i n a t e  
e i t h e r   j o i n t   21a  or  21b.  In  th i s   case  the  c i r c u i t   of  F i g u r e  
2  p o s s e s s e s   only  n  s u p e r c o n d u c t i v e   j o i n t s .   Each  such  j o i n t  
is  found  wi th in   a  d i s t i n c t ,   s e p a r a t e l y   e n e r g i z a b l e   l o o p .  
Accord ing ly ,   i f  a   de fec t   is  found  wi th in   the  loop,  t h e  
problem  may  be  immedia te ly   de te rmined   to  be  wi th in   a  s i n g l e  
s u p e r c o n d u c t i v e   j o i n t .  

While  the  c i r c u i t   of  Figure  2  is  adequate  f o r  
c a r r y i n g   out  the  o b j e c t s   of  the  p r e s e n t   i n v e n t i o n   and  f o r  

purposes   of  i l l u s t r a t i o n ,   a  more  p r e f e r r e d   c i r c u i t   is  shown 
in  Figure  3.  Figure  3,  however,  i l l u s t r a t e s   only  a  s i n g l e  
s u p e r c o n d u c t i v e   loop  c i r c u i t ,   i t   being  unders tood   tha t   t h e  
m o d i f i c a t i o n   i n d i c a t e d   in  Figure  3  is  a p p l i c a b l e   to  e a c h  o f  
the  four  s u p e r c o n d u c t i v e   loops  shown  in  Figure  2.  I n  
p a r t i c u l a r ,   in  Figure  2  i t   is  seen  t ha t   the  p r o t e c t i v e  
func t i on   of  r e s i s t o r s   15a-d  is  at  l e a s t   p a r t i a l l y   d e f e a t e d  
by  the  fac t   tha t   swi tches   20a-d,  r e s p e c t i v e l y ,   are  n o r m a l l y  
in  the  s u p e r c o n d u c t i v e   s t a t e   dur ing  a  quench  in  co i l s   l o a - d ,  
r e s p e c t i v e l y .   This  c u r r e n t   would  tend  to  be  shunted  t h r o u g h  
switch  20a  r a t h e r   than  p r o t e c t i v e   r e s i s t o r   15a.  T h i s  
problem  is  a l l e v i a t e d   through  the  use  of  the  c i r c u i t   o f  
Figure  3  in  which  i t   is  seen  tha t   co i l   lOx,  provided  w i t h  
c e n t e r   tap  18,  is  connected   by  lead  19  to  a  node  be tween  
s e r i e s   connected  p r o t e c t i v e   r e s i s t o r s   16x  and  17x.  The 



se r i e s   c i r c u i t   compris ing  r e s i s t o r s   16x  and  17x  is  in  t u r n  
seen  to  be  connected  across  coi l   lOx.  This  m o d i f i c a t i o n  
r e s t o r e s   the  p r o t e c t i v e   func t ion   performed  by  r e s i s t o r s  
15a-d  in  Figure  1.  For  cor respondence   with  Figure  2,  t h e  
symbol  "x"  in  Figure  3  s tands  for  the  symbol  "a",  "b",  "c" 
or  "d"  in  Figure  2.  Likewise,  "y"  s tands  for  "a",  "c",  "e" 
or  "g"  and  z  stands  for  "b",  "d",  "f"  or  "h".  R e s i s t o r s   16x 
and  17x  are  p r e f e r a b l y   implemented  by  p rov id ing   a  cen te r   t a p  
in  a  s ing le ,   i n t e g r a t e d   r e s i s t o r   s t r u c t u r e .   As  used  h e r e i n  
and  in  the  appended  claims,  however,  the  term  "cen te r   t a p "  
does  not  imply  connec t ion   to  the  exact  midpoint   of  t h e  
s t r u c t u r e   (co i l   or  r e s i s t o r )   to  which  the  term  is  a p p l i e d .  
Furthermore,   as  in  Figure  2,  conductors   which  are  n e c e s s a r i -  
ly  supe rconduc t ive   are  shown  by  heav ie r   l i n e s .  

The  o p e r a t i o n   of  the  c i r c u i t   of  Figure  2  is  a l s o  
s i g n i f i c a n t l y   d i f f e r e n t   from  the  o p e r a t i o n   of  the  c i r c u i t   o f  
Figure  1,  p a r t i c u l a r l y   with  r e spec t   to  p e r s i s t e n t   c u r r e n t  
i n i t i a t i o n .   In  a  t y p i c a l   s t a r t u p   sequence,  s u p e r c o n d u c t i v e  
co i l s   loa-d  are  reduced  to  a  t empera tu re   below  t h e i r   c r i t -  
ica l   t empera tu re   so  as  to  be  s u p e r c o n d u c t i v e .   Swi t ches  
20a-d  are  p laced  in  t h e i r   r e s i s t i v e   s t a t e s   and  a  main 
cu r r en t   power  supply  is  connected  to  t e r m i n a l s   T1  and  T5. 
As  in  the  c i r c u i t   of  Figure  1,  the  c u r r e n t   is  slowly  i n -  
c reased   u n t i l   the  nominal  design  c u r r e n t   is  reached.   At  
th i s   time,  switches   20a-d  are  switched  to  t h e  
supe rconduc t ive   s t a t e   so  as  to  e s t a b l i s h   a  p l u r a l i t y   o f  
supe rconduc t ive   cu r r en t   loops  each  of  which  possess   the  same 
nominal  c u r r e n t .   However,  depending  upon  the  s t a b i l i t y   o f  
the  power  supply  and  the  swi tch ing   time  sequence  for  s w i t c h -  
es  there  may  be  some  s l i g h t   v a r i a t i o n   in  the  c u r r e n t s   in  t h e  
four  loops.  However,  the  modular  and  independent   design  o f  
the  p r e sen t   i nven t ion   p rec ludes   th i s   aspect   of  the  c i r c u i t  
from  posing  any  problems.  At  th i s   poin t   in  time,  the  main 
power  supply  is  u sua l l y   d i s c o n n e c t e d   from  t e r m i n a l s   T1  and 

T51  After   t h i s ,   conven t iona l   measurement  methods  may  be  
employed  to  determine  the  u n i f o r m i t y   of  the  magnetic  f i e l d .  



C a l c u l a t i o n s   may  then  be  performed  to  produce  coi l   c u r r e n t  
c o r r e c t i o n s   which  would  produce  a  more  uniform  f i e l d .   The 
c u r r e n t   v a r i a t i o n s   are  t y p i c a l l y   seen  to  be  in  the  order  o f  
100  m i l l i a m p e r e s ,   r a t h e r   than  1,000  amperes.  Power  s u p p l i e s  
for  p rov id ing   these  r e l a t i v e l y   small  l eve l s   of  a d j u s t i n g  
c u r r e n t s   can  be  c o n t r o l l e d   much  more  a c c u r a t e l y   than  t h e  
main  power  supply.  Accord ingly ,   in  accordance  with  t h e  
p r e s e n t   i n v e n t i o n   a d j u s t i n g   c u r r e n t s   are  provided  for  c o i l s  
loa-d   i n d e p e n d e n t l y .   For  example,  if  i t   is  determined  t h a t  
a  small  ad jus tment   is  d e s i r e d   for  the  c u r r e n t   in  coi l   lOb, 
then  the  main  power  supply  is  r econnec t ed   across  t e r m i n a l s  

T1  and  T5.  A  c o r r e c t i o n   power  supply  is  then  c o n n e c t e d  
across   t e r m i n a l s   T2  and  T3*  The  c u r r e n t   from  the  main 
supply  is  then  r e t u rned   to  i t s   p r e v i o u s l y   appl ied   value,   so 
tha t   the  c u r r e n t s   in  the  s u p e r c o n d u c t i v e   switches  a r e · t h e n  
app rox ima te ly   zero.  The  swi tches   are  turned  to  t h e i r  
r e s i s t i v e   s t a t e s   and  the  c u r r e n t   in  the  a d j u s t i n g   power 
supply  is  ad jus t ed   to  i t s   d e s i r e d   value.   The  switches  a r e  
then  r e t u rned   to  t h e i r   s u p e r c o n d u c t i v e   s t a t e s .   The  c u r r e n t  
from  al l   power  s u p p l i e s   is  set  to  zero  and  they  are  removed 
from  the  c i r c u i t .   In  t h i s   manner,  the  c u r r e n t s   in  al l   n  o f  
the  co i l s   may  be  ad ju s t ed   i n d e p e n d e n t l y .   This  method  o f f e r s  
the  advantage  tha t   the  same  main  c u r r e n t   power  supply  i s  
used  r e p e a t e d l y .   Accord ing ly ,   less   s t r i n g e n t   r e q u i r e m e n t s  
on  the  accuracy  of  the  main  power  supply  are  r e q u i r e d .  
Fur thermore ,   s t a b i l i t y   of  the  main  c u r r e n t   power  supply  i s  
only  a  f a c t o r   over  the  length   of  time  i t   takes  to  fine  t u n e  
the  c u r r e n t   in  the  independent   loops.  T y p i c a l l y ,   th i s   i s  
only  a  mat ter   of  m i n u t e s .  

While  the  s u p e r c o n d u c t i v e   m a t e r i a l   of  the  p r e s e n t  
i n v e n t i o n   may  comprise  any  m a t e r i a l   e x h i b i t i n g  
s u p e r c o n d u c t i v e   p r o p e r t i e s ,   s u p e r c o n d u c t o r s   c o m p r i s i n g  
n i o b i u m - t i t a n i u m   f i l a m e n t s   d i sposed   wi th in   a  copper  o r  
aluminum  matrix  have  been  found  to  be  p a r t i c u l a r l y   use fu l   i n  
the  design  and  c o n s t r u c t i o n   of  NMR  magnet  c o i l s .   In  t h e  
same  way,  l i q u i d   helium  is  the  p r e f e r r e d   coolan t   for  use  i n  



the  c r y o s t a t   to  mainta in   the  supe rconduc t ive   m a t e r i a l   be low 
i t s   c r i t i c a l   t e m p e r a t u r e .  

Accordingly ,   i t   is  seen  tha t   the  c i r c u i t   of  t h e  
p r e sen t   i nven t ion   can  act  to  reduce  or  e l i m i n a t e   the  need  
for  c o r r e c t i o n   co i l s   tha t   are  of ten   employed  in  NMR  imaging  
magnets.  Fur thermore,   i t   is  seen  tha t   the  p r e s e n t   i n v e n t i o n  
provides   an  o p p o r t u n i t y   for  l i m i t i n g   the  t e s t i n g   r e q u i r e -  
ments  for  the  supe rconduc t ive   j o i n t s   in  a  m u l t i c o i l   magnet .  
The  c i r c u i t   of  the  p r e sen t   i n v e n t i o n   also  p rovides   an 
o p p o r t u n i t y   for  the  c o n s t r u c t i o n   of  a  supe rconduc t ive   c o i l  
and  superconduc t ive   switch  from  the  same  length   o f  
supe rconduc t ive   conductor .   Another  very  s i g n i f i c a n t   advan-  
tage  of  the  c i r c u i t   of  the  p re sen t   i n v e n t i o n   is  tha t   t h e  
spac ia l   homogeneity  of  the  magnetic  f i e l d   may  be  a c c u r a t e l y  
and  p r e c i s e l y   c o n t r o l l e d   by  means  of  i ndependen t ly   e s t a b -  
l i s h i n g   c o r r e c t i n g   c u r r e n t s   in  the  supe rconduc t ive   l o o p s .  

While  the  i n v e n t i o n   has  been  de sc r ibed   in  d e t a i l  
he re in   in  accordance  with  c e r t a i n   p r e f e r r e d   embodiments 
t h e r e o f ,   many  m o d i f i c a t i o n s   and  changes  t h e r e i n   may  be 
e f f e c t e d   by  those  s k i l l e d   in  the  a r t .   Accordingly ,   i t   i s  
in tended   by  the  appended  claims  to  cover  a l l   such  m o d i f i c a -  
t ions   and  changes  as  f a l l   wi thin   the  t rue  s p i r i t   and  scope 
of  the  i n v e n t i o n .  



1.  An  e l e c t r i c   c i r c u i t   for  p rov id ing   a  h i g h  
s p a c i a l   u n i f o r m i t y   magnetic  f i e l d   c o m p r i s e s :  

a  p l u r a l i t y   of  s u p e r c o n d u c t i v e   c o i l s ;  
a  p l u r a l i t y   of  s u p e r c o n d u c t i v e   switch  e l e m e n t s ,  

each  element  being  connected  in  p a r a l l e l   with  one  of  s a i d  
p l u r a l i t y   of  co i l s   so  as  to  form  a  p l u r a l i t y   o f  
s u p e r c o n d u c t i v e   c u r r e n t   loops  each  such  s u p e r c o n c t i v e   loop 
having  at  l e a s t   one  s u p e r c o n d u c t i v e  j o i n t ;   and 

a  p l u r a l i t y   of  b r i dg ing   conduc tors   connec t ing   s a i d  
c u r r e n t   loops  so  tha t   said  s u p e r c o n d u c t i v e   co i l s   are  con-  
nected  in  s e r i e s ,   said  p l u r a l i t y   of  b r i d g i n g   c o n d u c t o r s  
being  one  less   in  number  than  the  number  of  s u p e r c o n d u c t i v e  
c o i l s .  

2.  The  c i r c u i t   of  claim  1  in  which  each  of  s a i d  
s u p e r c o n d u c t i v e   c u r r e n t   loops  pos se s se s   a  s i n g l e  
s u p e r c o n d u c t i v e   j o i n t .  

3.  The  c i r c u i t   of  claim  1  in  which  said  b r i d g i n g  
conduc tors   are  ohmic.  

4.  The  c i r c u i t   of  claim  1  f u r t h e r   i nc lud ing   a 
p l u r a l i t y   of  p r o t e c t i v e   ohmic  r e s i s t o r   e lements ,   each  ohmic 
element  being  connected  in  p a r a l l e l   with  one  of  said  p l u r a l -  
i ty   of  c o i l s .  

5.  The  c i r c u i t   of  claim  1  f u r t h e r   i nc lud ing   means 
to  i n d e p e n d e n t l y   set  the  c u r r e n t   in  each  s u p e r c o n d u c t i v e  
c u r r e n t   l o o p .  

6.  The  c i r c u i t   of  claim  1  f u r t h e r   i n c l u d i n g   a 
r e s i s t o r   having  a  cen te r   tap  connec t ion   connected  across   a t  
l e a s t   one  of  said  s u p e r c o n d u c t i v e   c o i l s ,   said  cen te r   t a p  
connec t ion   of  said  r e s i s t o r   being  connected  to  a  cen te r   t a p  
on  said  c o r r e s p o n d i n g   s u p e r c o n d u c t i v e   c o i l .  

7.  A  method  of  e s t a b l i s h i n g   c u r r e n t s   in  a 
s u p e r c o n d u c t i v e   c i r c u i t   i nc lud ing   a  p l u r a l i t y   of  s e r i e s  



connected  supe rconduc t ive   co i l s   in  p a r a l l e l   w i t h  
supe rconduc t ive   swi tches ,   said  method  compris ing  the  s t e p s  
o f :  

e s t a b l i s h i n g   a  main  cu r r en t   in  said  s e r i e s   con-  
nected  supe rconduc t ive   c o i l s ;  

swi tching  said  supe rconduc t ive   switches  to  t h e  
supe rconduc t ive   s t a t e ;   and 

independen t ly   e s t a b l i s h i n g   a  c o r r e c t i n g   cu r r en t   i n  
at  l e a s t   one  of  said  c o i l s .  

8.  The  method  of  claim  7  in  which  s a i d  
independent   cu r ren t   c o r r e c t i o n   e s t a b l i s h i n g   step  compromises 
the  steps  o f :  

r eapp ly ing   the  main  c u r r e n t ;  
swi tch ing   said  supe rconduc t ive   switches  to  t h e  

r e s i s t i v e   s t a t e ;   i ndependen t ly   applying  c o r r e c t i n g   c u r r e n t  
to  at  l e a s t   one  of  said  supe rconduc t ive   co i l s ;   and 
swi tch ing   said  supe rconduc t ive   switches  to  t h e  
supe rconduc t ive   s t a t e .  

9.  A  supe rconduc t ive   c u r r e n t   loop  c o m p r i s i n g :  
a  supe rconduc t ive   c o i l ;  
a  supe rconduc t ive   switch  in  s e r i e s   with  s a i d  

supe rconduc t ive   co i l ,   said  supe rconduc t ive   switch  and  s a i d  
supe rconduc t ive   coi l   being  formed  from  the  same  length   o f  
supe rconduc t ive   conductor ;   and 

a  s ing le   supe rconduc t ive   j o i n t   connec t ing   s a i d  
supe rconduc t ive   switch  said  supe rconduc t ive   c o i l .  
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