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A TOROIDAL FIELD MAGNET  SYSTEM  FOR NUWMAKf 

S .O.  Hang,;? P.F.  Michaelson,*?k I . N .  Sv ia tos l avsky ,*  W.C.  Young* and R.W. Boom" 

ABSTRACT 

A conceptual   design  of  a t o r o i d a l   f i e l d   c o i l  
system is  p r e s e n t e d   f o r  NUWMAK, a compact  fusion power 
r e a c t o r .  The  magnet  major  radius is 5.13 meters, t h e  
minor   rad ius  i s  3.84 meters and  the maximum f i e l d   i n  
t h e   c o i l   w i n d i n g  is 11.5 Tesla. The  magnets are t o  
be   coo led   w i th   1 .8  K s u p e r f l u i d   h e l i u m   t o   a l l o w  
o p e r a t i o n  a t  t h e   h i g h e s t   f i e l d s   p r e s e n t   u s i n g   d u c t i l e  
% T i  i n s t e a d  of b r i t t l e  Nb3Sn as the   supe rconduc to r .  
Various  advantages  and  disadvantages of t h i s   d e s i g n  
a r e  compared t o   t h o s e   o f   a n   o p t i o n a l  Nb3Sn magnet 
d e s i g n   o p e r a t i n g   i n   4 . 2  K p o o l   b o i l i n g   l i q u i d   h e l i u m .  
There are on ly   e igh t   supe rconduc t ing  IF c o i l s ,  
a l l o w i n g   e x c e l l e n t   a c c e s s   f o r   m a i n t e n a n c e ,   a n d   t h e  
r e s u l t i n g   f i e l d   r i p p l e  i s  trimmed wi th   c lose- in   normal  
metal co i l s .   These   t r imming   co i l s  do n o t   e n c i r c l e   t h e  
p lasma  bu t  are saddle  shaped,  and so can  be  changed 
out   wi thout   d i s turb ing   the   p lasma chamber o r   t h e  TF 
c o i l s .  

I. INTRODUCTION 

A series of   conceptual   design  s tudies '   of   tokamak 
reac tors   has   p rovided  a q u a n t i t a t i v e   u n d e r s t a n d i n g  
o f   fu s ion   r eac to r   p rob lems .  NLIWMAK' is  an  opt imized 
r eac to r   based  on the  knowledge  obtained  from  the 
p rev ious   des ign   s tud ie s .  It i s  a compact r e a c t o r   o f  
high  plasma  power  density  (10 HW/m3), h igh   average  
neu t ron   wa l l   l oad ing   (4  MW/m2) and  high PT ( 6 % ) .  The 
p lasma  requi res  a m a g n e t i c   f i e l d  Bo of 6.05 tes la  a t  
a ma jo r   r ad ius  R of  5.13 m, which  means a  maximum 
f i e l d   o f   1 2  tesla a t  the  magnet.   Because  of  the 
compactness   of   the   reactor ,   an  innovat ive  approach 
was needed i n   t h e  magne t   des ign   t o   a l l ow  access   fo r  
main tenance   and   repa i r   o f   the   sys tem.  One of   the  
un ique   f ea tu re s   o f  N U W W  i s  t h a t  i t  h a s   n o   d i v e r t o r .  
I n s t r e a d ,   p e r i o d i c   g a s   p u f f i n g  is  u s e d   f o r   i m p u r i t y  
cont ro l ,   fue l ing   and   ash   removal .   Therefore ,   the  
number o f   v e r t i c a l   f i e l d   c o i l s   i n s i d e   t h e   t o r o i d a l  
f i e l d  (TF) coi ls   can  be  minimized  and  the TF c o i l s   c a n  
b e   l o c a t e d   c l o s e   t o   t h e   p l a s m a .   A l t h o u g h   t h i s   r e d u c e s  
t h e  magnet   costs ,  i t  i n c r e a s e s   t h e   t o r o i d a l   f i e l d  
r i p p l e  a t  the   p l a sma   edge   and   hampers   access ib i l i t y   t o  
the   sys tem  through  the   spaces   be tween  the  TF c o i l s .  To 
provide   the   needed  access for   main tenance   and   repa i r ,  
NLJWWX is des igned   w i th   on ly   e igh t   l a rge   supe rcon-  
d u c t i n g   c o i l s   a n d   t h e   i n c r e a s e d   r i p p l e  is  co r rec t ed  
wi th   16   saddle   shaped   t r imming  co i l s   loca ted   ins ide  
t h e   s h i e l d  as shown i n   F i g u r e  l.3 A l l  the   ampere  turns  
n e e d e d   t o   s u p p l y   t h e   r e q u i r e d   f l u x  (2TrRo/Bo/u, = 155 MA 
t u r n s )  are provided   by   the   superconduct ing   co l l s .  The 
normal  copper  tr imming  coils  which are l o c a t e d   c l o s e  
to   the  plasma  smooth  out   by  adding  ampere  turns   between 
TF c o i l s   a n d   s u b t r a c t i n g   t h e m   i n   l i n e   w i t h   t h e  TF c o i l s .  

The e i g h t   s u p e r c o n d u c t i n g   c o i l s  are c ryos t ab le   and  
Of a cons t an t   t ens ion  "D" shape. The  embedded  con- 
d u c t o r   i n  a s o l i d  "D" s h a   e d   s t r u c t u r a l  form i s  used 
as i n   t h e  earlier d e s i g n s '   t o   m i n i m i z e   t h e   m a t e r i d  
requirements   while   providing maximum s t r e n g t h  and s t i f f -  
ness. The TF c o i l s  are s u p p o r t e d   o n   t h e   r e a c t o r   f l o o r  
p e r m i t t i n g   t h e   o h m i c   h e a t i n g   c o i l   s y s t e m   t o   b e  removed 
v e r t i c a l l y   f o r   s e r v i c i n g   w i t h o u t   d i s t u r b i n g   o t h e r  
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Fig .  1. Cross   Sec t ion   of  NUWMAK. 

elements.  An e n t i r e  module  consis t ing  of   one TF 
c o i l   t o g e t h e r   w i t h  a b lanket   and   sh ie ld   segment   can  
be  removed independent ly .  

I t  a p p e a r s   t h a t   t h e r e  are two t e c h n i c a l l y   f e a s i b l e  
ways f o r   d e s i g n i n g   h i g h   f i e l d  (B - 12  T) superconduc- 
t i v e   c o i l s .  One i s  t o   u s e  NbTi s u p e r c o n d u c t o r   a t  
reduced  temperature  (T < 4.2 K )  i n   o r d e r   t o   h a v e  a 
r easonab ly   h igh   cu r ren t   dens i ty   i n   t he   supe rconduc t  a t  
t h e   r e q u i r e d   h i g h   f i e l d .  The o t h e r  is  t o   u s e  Nb3Sn 
as the   supe rconduc t ing  material at  4.2 K.  However, 
each   one   o f   these   op t ions   has  i t s  own advantages  and 
d isadvantages   and   there  i s  no e x p e r i e n c e   i n   t h e   u s e   o f  
e i t h e r   o p t i o n   f o r   l a r g e   m a g n e t s .  

11. SUPERCONDUCTING  COILS 

The c r i t i c a l   c u r r e n t   d e n s i t y   o f  NbTi a t  B = 11.48 
tesla and  4.2 K i s  t o o   l o w   f o r   p r a c t i c a l   u s e   i n   m a g n e t s  
and   mul t i f i l amentary  Nb3Sn superconductor   has   on ly   been  
used i n  small magnets.  However, Nb3Sn is  q u i t e   b r i t t l e  
and   there  are concerns   about   the   use   o f   th i s  material 
in   l a rge   magne t s ,   a l t hough  some r e a c t o r   d e s i g n   s t u d i e s  
have  been  performed i n  which t h i s  material has   been  
proposed   for  TF magnets.4 The use  of  NbTi a t  B = 10 
tesla i n  a reduced  temperature  (T - 3 K) has   been  
proposed i n   o r d e r   t o   a v o i d   t h e   u s e   o f   t h e   b r i t t l e  Nb3Sn 
material.5 The c r i t i c a l   c u r r e n t   o f  NbTi a t  B = 12  
tes la  and T - 2 K i s  comparable t o   t h e   c r i t i c a l   c u r r e n t  
of mu l t i f i l amen ta ry  Nb3Sn a t  T = 4.2 K and  the same 
f i e l d   s t r e n g t h   ( F i g u r e  2 ) . 6  An ex tens ive   s tudy   has  
been  performed on the   use   o f   1 .8  K s u p e r f l u i  H e  f o r  
l a rge   supe rconduc t ive   ene rgy   s to rage  magnets'  and 
i ts  a p p l i c a t i o n   t o  TF magnets  has  been  proposed.8 The 
advantage  of   the 1 .8  K subcooled   super f lu id   he l ium 
o p e r a t i o n  are: 1) h i g h   c r i t i c a l   c u r r e n t   d e n s i t y   i n   t h e  
d u c t i l e  N b T i  s u p e r c o n d u c t o r ,   2 )   l a r g e   c r i t i c a l   h e a t  
f lux ,   and  3 )  e x c e l l e n t   h e a t   t r a n s f e r   i n  H e  11. 

The   peak   hea t   f l ux   i n  H e  I1 a t  1 . 9  K and  1 .3  
a t m  was found   t o   be  Q = 2.3 W/cm2 i n   r e s u l t s   o f  
exper imenta l  work8 shown i n   F i g u r e   3 .  The recovery  
h e a t   f l u x  i s  about 1.8 W/cm . These  values  are a 
s i g n i f i c a n t  improvement   over   those  for   normal   l iquid 
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Fig .  2.  Temperature  Dependence  of  Crit ical  
C u r r e n t   i n  Nb-46.5% T i  Wire 
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Fig .  3 .  C r i t i c a l  Heat Flux 

h e l i u m   a t  4.2 K and 1 atm. The c r i t i c a l   h e a t  f l u x  of 
supe r f lu id   he l ium a t  1.9 K i s  i n f e r i o r   t o  He I1 which 
has   been  subcooled i n  a hea t   exchanger ,   moreover ,   the  
breakdown  voltage  vb o f  t he   he l ium is  p r o p o r t i o n a l   t o  
dp  where d i s  t h e  gap  between two e l ec t rodes   and  p i s  
t h e   d e n s i t y  of  helium. It may n o t   b e   d e s i r a b l e   t o  
ope ra t e   t he   magne t   nea r   t he   s a tu ra t ed   vapor   p re s su re  
of   the   he l ium.  

The c r i t i c a l   h e a t   f l u x  q = 0.5 W/cm2 is used   fo r  
the  proposed 1.8 K subcoo led   supe r f lu id   he l ium 
o p e r a t i o n   o f   t h e  NUWMAK TF c o i l .  The s t a b i l i z e r   i n  
the   conductor  is chosen   t o   be   h igh   pu r i ty  aluminum. 
The r e s i s t i v i t y   o f   t h e  aluminum is taken as 1 x lob8 
ohm  cm t h r o u g h o u t   t h e   e n t i r e   f i e l d   r a n g e .  The s t r a i n  
i n   t h e   c o n d u c t o r  is held  below 0 . 3 %  because  of   the 
i n d i c a t i o n   t h a t   t h e   r e s i s t a n c e   o f   h i g h   p u r i t y  aluminum 
i n c r e a s e   s h a r p l y   b e y o n d   t h i s   s t r a i n  limit. The 15,000 
A conductor ,  2.18 cm wide  and 1.38 cm t h i c k ,  i s  em- 
bedded   w i th   f i be rg la s s   epoxy   i n to   t he   sp i r a l   g rooves  
i n   t h e  2219  aluminum a l l o y   s t r u c t u r a l   d i s k  as i n  
F igure  4 .  The  epoxy i n s u l a t i o n   f a c i n g   t h e   l i q u i d  
hel ium i s  2 mm t h i c k   t o   p r e v e n t   d i e l e c t r i c  breakdown 
i n   t h e   l i q u i d   h e l i u m  a t  t h e   i n t e r f a c e   b e t w e e n   t h e  
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Fig .   4 .   Cross   Sec t ion   o f  Magnet 

s t r u c t u r e  and  conductor.  The  breakdown v o l t a g e   i n   t h e  
l i q u i d   h e l i u m   a c r o s s   c l e a n   i n t e r f a c e s  w a s  r e p o r t e d   t o  
be  about  20 kV/mm9 a n d   d u r i n g   t h e   f a s t   d i s c h a r g e  
pe r iod   r e su l t i ng   f rom a f a u l t   c o n d i t i o n ,  a cons iderablC 
vo l t age   can   be   w i ths tood  by t h e  2 mm gap. The  con- 
duc tor  i s  e n c a p s u l a t e d   i n  112 mm o f   h i g h   s t r e n g t h  
aluminum a l l o y   t o   p r e v e n t   p l a s t i c   f l o w   o f   t h e   h i g h  
p u r i t y  aluminum  due t o   t h e   h i g h   m a g n e t i c   f o r c e   s i m i l a r  
t o   t h e   c o n d u c t o r   d e s i g n e d   f o r   t h e   e n e r g y   s t o r a g e  
magnet .7 Twenty-nine  disk  pancakes  with 23 conductor  
t u r n s  on e a c h   s i d e   w i t h   m i c a r t a   s p a c e r s   c o v e r i n g   h a l f  
o f   t h e   s u r f a c e  are b o l t e d   t o g e t h e r   t o   f o r m  a c o i l .  
The c o i l  is  a c o n s t a n t   t e n s i o n  D shape   ob ta ined   wi th  
t h e   a i d   o f   t h e   a n a l y t i c   e x p r e s s i o n   d e r i v e d  by Koses." 
The TF c o i l   s p e c i f i c a t i o n s  are g i v e n   i n   T a b l e  1. 

SpecificatLon of IF mgneL ~U\GU( 

TAP.1.F. I 

8 

16 
1 .8  K 

155 H Amp. Turns 
1 1 . 4 8  Tesla 

6.8 m 
15,000 Amp. 

9.8 m 
29 
23 
6900 A / m 2  

0 .3% 
30.000 p s i  

290 H 
30 GS 

The la teral  loads  on the  magnets   due  to   the 
p u l s e d   p o l o i d a l   f i e l d   c o i l   s y s t e m  as w e l l  as t h e   f o r c e s  
occur r ing   because  of the f a i l u r e  of one o r  more TF 
c o i l s   a r e   t r a n s m i t t e d   t o   t h e  dewar walls by  means of 
r e in fo rced   epoxy   s t ru t s .  Between  magnets  these  forces 
a r e   r e a c t e d   w i t h   s h e l l   s t r u c t u r e s   d e s i g n e d   t o  with- 
s t a n d   t h e   l a r g e   l a t e r a l   l o a d s   w i t h o u t   e x c e s s i v e  de- 
f l e c t i o n  as i n   t h e   e a r l i e r  UWMAK s t u d i e s . '  In o r d e r   t o  
minimize   the   conduct ion   hea t   load   to   the  1.8 R hel ium 
b a t h   t h e   s t r u t s   a r e   t h e r m a l l y   a n c h o r e d   t o   t h e   h i g h  
p u r i t y  aluminum s h i e l d .  The s h i e l d   s u r r o u n d i n g   t h e  
magnet is u s e d   t o   s c r e e n   t h e   a c  component  of t h e  
p u l s e d   p o l o i d a l   f i e l d   i n   o r d e r   t o   s t a b i l i z e   t h e  magnet 
mechanically  and e e c t r i c a l l y .   T h i s  scheme  has  been 
s u g g e s t e d   e a r l i e r . '  The 6 cm t h i c k   s h i e l d  i s  opera ted  
a t  4.2 K a t   t h e   s t r a i g h t   l e g   p o r t i o n  of t h e  TF magnet 
and 18 K eoer:mhere else. 

For   the  NbTi o p t i o n   t h e   e s t i m a t e d   h e a t   l o a d   i n t o  
t h e   1 . 8  K he l ium  ba th  i s  about   1300  wat t s   and   inc ludes  
conduct ion losses, n u c l e a r   h e a t i n g ,   a n d   l e a d   a n d   j o i n t  
l o s s e s .  The r e f r i g e r a t i o n  power r e q u i r e d   t o  remove 
t h i s   h e a t  is 1.3 MW, which is  q u i t e   s m a l l  compared t o  
t h e   1 5  MW n e e d e d   t o   r e f r i g e r a t e   t h e  A1 sh ie ld ,   where  
t h e   b u l k   o f   t h e   h e a t i n g  is  due   t o   eddy   cu r ren t s .  One 
TF magnet con ta ins   abou t  5000 !i of   l i qu id   he l ium  and  
1.8 x lo6 j o u l e s  a r e   r e q u i r e d   t o  raise its tempera- 
t u re   f rom 1.8 K t o   2 . 1  K. It  i s  i n t e r e s t i n g   t o   p o i n t  
o u t   t h a t   t h e  12R losses w i l l  be   about   1 .44  x 106 w a t t s  
i n  a magnet i f   t h e   e n t i r e   c o n d u c t o r   g o e s   n o r m a l .  
Assuming t h a t  a  4000 watts a t  1.8 K r e f r i g e r a t o r  i s  
provided  (which is t h r e e  times l a r g e r   t h a n  is needed) 
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t he   cap i t a l   equ ipmen t   cos t  i s  cp = $6,000 (4,000)0.8 
= $4.6 x l o 6 ,  which i s  n o t   e x c e s s i v e .   I n   t h e   f o l l o w -  
i n g   s e c t i o n  we w i l l  d i scuss   the .Nb3Sn  op t ion .  

The use  of  Nb3Sn superconductor  i s  necessa ry   t o  
o b t a i n  a h i g h   f i e l d   a t   4 . 2  K and  because i t  is  b r i t t l e  
t h e   s t r a i n  must   be  l imited.  We chose a d e s i g n   s t r a i n  
of  0.1% s i n c e   t h e   c r i t i c a l   c u r r e n t   d e n s i t y   i n   t h e  
m u l t i f i l a m e n t a r y  Nb3Sn wire produced by the   b ronze  
process  may be   sus t a ined   even  a t  h i g h e r   s t r a i n   l e v e l s  
because   o f   t he   d i f f e ren t i a l   con t r ac t ion   be tween   t he  
Nb3Sn and the   b ronze   mat r ix .  The c r i t i c a l   h e a t   f l u x  
is  Q = 0.32 W/cm2 and t h e   c o n d u c t o r   s i z e  i s  5 c m  x 
1.75 cm i n   h i g h   f i e l d   r e g i o n s  and is l i n e a r l y   t a p e r e d  
t o  2.57 cm x 1.75 cm i n   t h e   o u t e r  low f i e l d   r e g i o n s .  
The d i s k  is  4.4 cm thick  and  98.8 cm wide. The 
maximum s t r e s s   i n   t h e   c o n d u c t o r  is  8000 N/cm2, which 
is be low  the   y i e ld   po in t   o f   coppe r .  The f i r s t   s e v e n  
i n n e r   t u r n s   a r e  made of Nb3Sn superconductor   and  the 
remaining 14 t u r n s   a r e   o f  NbTi s i n c e   t h e y  w i l l  b e   i n  
a lower  f ie ld   zone.  

The   h igh   pur i ty  A 1  s h i e l d   s u r r o u n d i n g   t h e  TF c o i l  
w i l l  a l so   be   u sed   i n   t he   4 .2  K o p e r a t i o n   t o   p r o v i d e  
s t a b i l i t y   f o r   t h e  magnet. A r e l a t i v e l y   l a r g e   p u l s e d  
f i e l d  component (AB 2 1 t e s l a )  i s  produced  a long  the 
TF magnets   due   to   the i r   p roximi ty   to   the   four  VF c o i l s  
a n d   t h e   p l a s m a   i n s i d e   t h e   t o r o i d a l   e n c l o s u r e .   I f   t h e  
system i s  d e s i g n e d   i n   s u c h  a way t h a t   t h e   p u l s e d   f i e l d  
component is  p a r a l l e l   t o   t h e  TF c o i l , 6   t h e n   t h e  4.2 K 
o p e r a t i o n  w i l l  b e   q u i t e  a b i t  more  advantageous  than 
the   0 .8  K option  because  one may t h e n   a f f o r d   t o   l e t  
t h e   a c  losses b e   d i s s i p a t e d   i n   t h e   c o n d u c t o r .  

The use of Nb3Sn necess i t a t e s   t he   u se   o f   coppe r  
a s  a s t a b i l i z e r  and steel a s   t h e   s t r u c t u r e .   B o t h   o f  
t h e s e   m a t e r i a l s   a r e  more expensive  than  aluminum. The 
Nb3Sn s u p e r c o n d u c t o r   i t s e l f   c o s t s   q u i t e  a b i t  more 
t h a n   t h e  NbTi. On the   o the r   hand ,  a 1 . 8  K subcool ing  
system i s  a l s o   c o s t l y .  However, i n t e r c e p t i n g   t h e  
v a r i o u s   h e a t   l o s s e s  a t  h ighe r   t empera tu res  makes t h e  
s y s t e m   a f f o r d a b l e   a s   i n d i c a t e d   e a r l i e r .  The com- 
p l ex i ty   o f   t he   sys t em  due   t o   t he   subcoo l ing   and   t he  
eddy c u r r e n t   s h i e l d  may outweight   the  advantages  of  
t h e   s u p e r b   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   o f  H e  11. 

111. NORMAL TRIMMING COIL 

The   normal   meta l   f ie ld   t r imming  co i l s   chosen   for  
NUWMAK a re   s add le   shaped .  The c u r r e n t   r u n s   v e r t i c a l l y  
up o n e   c o i l   l e g   ( s h a p e d   t o   f i t   a l o n g   t h e   o u t s i d e   o f  
t h e   b l a n k e t )   t o  a c ross  member on t h e   t o p   o f   t h e  
p lasma  reg ion ,   th rough  the   c ross  member i n   t h e  
t o r o i d a l   d i r e c t i o n   t o   t h e   n e x t   c o i l   l e g ,  down t h e   l e g  
t o  a c ross  member a t  the   bo t tom  of   the   p lasma  reg ion ,  
and   th rough  th i s   bo t tom  c ross  member t o   t h e   s t a r t i n g  
c o i l   l e g .  In t h i s  way, t h e   c u r r e n t s   i n ,   t h e   v e r t i c a l  
l egs   o f  two a d j a c e n t   t r i m m i n g   c o i l s   a r e   g o i n g   i n   t h e  
same d i r e c t i o n ,   a l t h o u g h   t h e   c u r r e n t s   i n   t h e  16 c o i l s  
a re   independent   o f   each   o ther .   The   s ide   v iew  of   the  
c o i l  is shown i n   F i g s .  1 and  5.  The  normal c o i l s   a r e  
n o t   l o c a t e d   c l o s e   t o   a n d   i n s i d e   o f   t h e   s u p e r c o n d u c t i n g  
c o i l s ,   a s  is t h e   c a s e   i n  a usual  hybrid  magnet  system. 
The func t ions   o f , t he   no rma l   and   supe rconduc t ing   co i l s  
i n  NUWMAK a r e   q u i t e   s e p a r a t e  and d i s t i n c t .  The  super- 
c o n d u c t i n g   c o i l s   s u p p l y   t h e   f u l l   t o r o i d a l   f i e l d .  The 
n o r m a l   c o i l s   r e d u c e   t h e   f i e l d   i n  some regions  and  add 
t o  i t  i n   o t h e r s   i n  a symmetr ical  way tha t   smooths  
o u t   t h e   f i e l d ,   t h u s   r e d u c i n g   t h e   r i p p l e   b e l o w   t h e  2% 
l e v e l .  

The   proximi ty   o f   the   t r imming  co i l s   to   the   p lasma 
p r e c l u d e   t h e   p o s s i b i l i t y  os  us ing   superconductors ,  
bo th   f rom  r ad ia t ion  damage and hea t   load   cons idera-  
t i o n s .  The conductor  i s  water cooled   copper   opera t ing  
a t  70°C and t h e   s t r u c t u r a l   m a t e r i a l  i s  t i t a n i u m   a l l o y  
(Ti  + 6% A 1  + 4% V).   Because   o f   h igh   rad ia t ion   leve ls ,  

F ig .  5. Cross   Sec t ion  of NUWMAK (showing 
i n t e r n a l  component  removal  scheme) 

conven t iona l   i n su la to r s   o f   t he   f i be rg la s s   epoxy   t ype  
cannot   be   used   in   the   t r imming  co i l .   Af te r   cons ider ing  
s e v e r a l   o p t i o n s ,   i n c l u d i n g   c e r a m i c   i n s u l a t o r s ,   g r a p h i t e  
tape  has   been  chosen as t h e   i n s u l a t o r .  The s p e c i f i c a -  
t i o n s   o f   t h e   t r i m m i n g   c o i l s   a r e   l i s t e d   i n   T a b l e  11. 
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The ma jo r   fo rce   ac t ing  on the   t r imming  co i l s  is 
d u e   t o   t h e   i n t e r a c t i o n   b e t w e e n   t h e   t o r o i d a l   f i e l d   a n d  
t h e   t r i m m i n g   c o i l   c u r r e n t .  Even though  the   force  i s  
s u b s t a n t i a l ,  i t  appears  manageable  if   one  approaches 
the   p roblem  wi th   the   thought   o f   making   the   co i l s  
constant   tension  (or   compression,   depending  on  the 
d i r e c t i o n  of t h e   f o r c e ) .  The t r imming   co i l   shape   i n  
NUWMAK d e v i a t e s   s l i g h t l y   f r o m  a cons t an t   t ens ion   shape .  
A d d i t i o n a l   e x t e r n a l   s t r u c t u r e  w i l l  be   p rovided   to  
r e s i s t   t h e   b e n d i n g  moments a t   t h e   p o i n t s  where t h e  
c o i l   d e v i a t e s   f r o m   t h e   c o n s t a n t   t e n s i o n   s h a p e .   I n  
o r d e r   f o r   t h e   c o i l s   t o   c a r r y   t h e i r  own f o r c e   ( t e n s i o n  
or   compress ion) ,   mechanica l   res t ra in t   mus t   be   p rovided  
a t   t h e   t o p  a n d   b o t t o m   o f   t h e   v e r t i c a l   l e g s   o f   t h e   c o i l s  
wh ich   t r ans fe r s   t he   t ens i l e   ( compress ive )   fo rces  t o  a 
s t r u c t u r a l   r i n g   r u n n i n g   c i r c u m f e r e n t i a l l y   a r o u n d   t h e  
r e a c t o r ,  The n e t   f o r c e  on t h i s   s t r u c t u r a l   r i n g  w i l l  be 
ze ro ,   a l t hough   t he re  w i l l  be   subs t an t i a l   bend ing  moments 
i n  i t  f r o m   t h e   a l t e r n a t i v e l y   a p p l i e d   t e n s i l e   a n d  com- 
p r e s s i v e   f o r c e   t r a n s m i t t e d  by t h e   v e r t i c a l   l e g s .  

I V .  ACCESSIBILITY AND MAINTENANCE 

The a c c e s s i b i l i t y   t o   t h e   b l a n k e t   a n d   t h e   i n n e r  
components  of  tokamak r e a c t o r s  i s  l a rge ly   de t e rmined  
by the  magnet  system. Even though some a c c e s s i b i l i t y  
can  be  provided by p l a c i n g   t h e   r e t u r n   l e g  of t h e  TF 
c o i l s   f a r   b a c k   f r o m   t h e   p l a s m a ,   t h e   r e s u l t i n g   l a r g e  
TF c o i l s  are e x p e n s i v e   a n d   d i f f i c u l t   t o   s e r v i c e .   I n  
NUWMAK t h e  TF m a g n e t s   a r e   l o c a t e d   r e l a t i v e l y   c l o s e  
to   t he   p l a sma   and   t he  number o f   t h e   v e r t i c a l   f i e l d  
c o i l s   i n s i d e  and o u t s i d e   o f   t h e  TF c o i l s  is minimized 
by tak ing   advantage   o f   gas   puf f ing   for   the   fue l ing   and  
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i m p u r i t y   c o n t r o l   r a t h e r   t h a n   u s i n g  a d i v e r t o r .  The 
h i g h   d e g r e e   o f   a c c e s s i b i l i t y   p r o v i d e d  by t h e  small 
number of supe rconduc t ing   co i l s  augmented  by t h e  
removable   t r imming  coi ls  makes it p o s s i b l e   t o  .remove 
b l anke t   and   sh i e ld   s egmen t s   w i thou t   d i s tu rb ing   t he  TF 
c o i l s  as shown in '   F ig .  5. 

Provis ion   has   a l so   been  made t o   m a i n t a i n   t h e  TF 
c o i l s   i n  N W b y  making  them  removable.  Each  of t h e  
four   c ryogenic  VF c o i l s ' i n s i d e   t h e   t o r u s   h a s  a demount- 
a b l e   s e c t i o n .  The c o i l s  are r o t a t e d   t o   l i n e  up t h e  
demountable   sec t ions   wi th   the  TF coi l   which   needs  
maintenance,  and  the TF c o i l   a l o n g   w i t h  a blanket   and 
sh ie ld   segment  i s  then  removed  from t h e   r e a c t o r   o n  a 
ca r r i age   wh ich  i s  a p e r m a n e n t   p a r t   o f . t h e  TF c o i l   i n -  
s t a l l a t i o n .  

v. SUMMARY 

A t o r o i d a l   f i e l d  magnet  system i s  p r e s e n t e d   f o r  
NUC.MAK, a h i g h   b e t a ,   h i g h   w a l l   l o a d i n g  compact  tokamak 
f u s i o n   r e a c t o r   c o n c e p t u a l   d e s i g n .  Two schemes  have 
been 'proposed,   one  using  NbTi-subcooled  to  1.8 K arid 
ano the r   u s ing  Nb3Sn a t  4.2',K. A h igh   degree   o f  
access ib i l i ty   for   main tenance   .has ,been   provided  'by 
rei3ucing  the  number  of TF coi l s   ?and   coTrec t ing   the  
r e s u l t i n g   f i e l d   ' r i p p l e   w i t h   r e m o v a b l e   n o r m a l   c o p p e r  
saddle   shaped   t r imming  co i l8 ,c iose ly   coupled   to   the  
plasma.  Provisions  have  been made f o r   m a i n t a i n i n g  
a l l  t h e  components  of the   magnet ic   sys te in ,   wi th   spec ia l  
emphasis   on  accessibi l i ty   and  i removabi l i ty .  
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