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DEVELOPMENT AND SUCCESSFUL TESTING OF T H E  FIRST  NB3Sn WOUND, 
I N  SITU-REACTED, HIGH-FIELD SUPERCONDUCTING  QUADRUPOLE  OF  CERN 

A.  Asner, C .  Becquet,  H. R i e d e r ,  C. N i q u e l e t t o   a n d  W .  Thomi 
CERN, Geneva, S w i t z e r l a n d  

A b s t r a c t  

F o l l o w i n g   a n   e x t e n s i v e   d e v e l o p m e n t   o f   t h e   " w i n d   a n d  
r e a c t "   t e c h n o l o g y   o f   h i g h - f i e l d   a n d   h i g h - c u r r e n t  
d e n s i t y ,   C u - s t a b i l i z e d   N b s S n   c a b l e s .  a s i z e a b l e ,  1 m 
l ong .  9 cm bore,   100 KJ s u p e r c o n d u c t i n g   q u a d r u p o l e  
magnet has been b u i l t  a n d   s u c c e s s f u l l y   t e s t e d   a n d  
o p e r a t e d .   S p e c i f i c   t e c h n o l o g i c a l   a n d   d e s i g n   a s p e c t s  o f  
t h i s  magnet will b e   d e s c r i b e d ,   s u c h   a s   t h e   s i m u l t a n e o u s  
r e a c t i o n   p r o c e s s   a n d   h e a t   t r e a t m e n t   o f   t h e   q u a r t z  
i n s u l a t i o n   a n d   s o l u t i o n s   t o   p r o b l e m s  o f  
i n t e r c o n n e c t i o n s ,   t h e   c o i l   m a n u f a c t u r e   a n d   t h e   a s s e m b l y  
o f   t h e   a c t i v e   p a r t   o f   t h e   m a g n e t   g i v e n .  The quadrupo le  
h a s   b e e n   s u c c e s s f u l l y   t e s t e d   a n d   o p e r a t e d .  The  maximum 
c u r r e n t   o f  1 .1  kA c o r r e s p o n d s   t o   a n   o v e r a l l   c u r r e n t  
d e n s i t y   o v e r   t h e   c r o s s - s e c t i o n   o f   t h e   i n s u l a t e d   c a b l e  
o f  3  x l o b  A/cm2 a t  a maximum f i e l d   o f  8 T (w i th in  0.2 
T I  and  was  reached a f t e r   o n l y  5 quenches.  These 
f i g u r e s   c o r r e s p o n d   t o  93-99% o f   t h e   c r i t i c a l   c u r r e n t  
d e n s i t i e s ,   m e a s u r e d   o n   c a b l e   s a m p l e s ,   r e a c t e d  w i th  each 
p o l e   w i n d i n g   o f   t h e   q u a d r u p o l e .  The n o m i n a l   c u r r e n t  o f  
1 kA was r e a c h e d   w i t h o u t   q u e n c h   a n d   r e p e a t e d l y  
m a i n t a i n e d   f a r   s e v e r a l   d a y s .  We b e l i e v e   t h a t  t h i s  new 
techno logy   and   t he   success fu l   deve lopmen t   o f   t he  f i r s t  
h igh - f i e ld ,   NbsSn-cab le -wound   quadrupo le   magne t   o f  CERN 
open new a n d   e x c i t i n g   p o s s i b i l i t i e s   f o r   t h e   d e v e l o p m e n t  
o f  a c c e l e r a t o r   a n d   s t o r a g e   r i n g   h i g h - f i e l d   d i p o l e  
magnets i n  t h e  10 T range  with s t o r e d   e n e r g i e s   o f  1 MJ 
p e r   m e t r e   o f   l e n g t h .  

- 1. I n t r o d u c t i o n  

I n  a p a p e r   p r e s e n t e d   a t   t h e  1980 A p p l i e d  
S u p e r c o n d u c t i v i t y   C o n f e r e n c e   a t   S a n t a  Fe' t h e  
p r e p a r a t o r y   a c t i v i t y   a n d   t h e   i n i t i a l   p h a s e   o f   t h e  
r e a l i z a t i o n   o f   t h e  f i r s t  1 m l ong ,  9 cm b o r e   h i g h - f i e l d  
q u a d r u p o l e   o f  CERN, wound wi th a Nb3Sn c a b l e   a n d  
r e a c t e d  i n  s i t d  a f t e r   w i n d i n g  was d e s c r i b e d .  

T h i s   q u a d r u p o l e   h a s  now been  manufactured,  
s u c c e s s f u l l y   t e s t e d ,   a n d   o p e r a t e d .  A maximum f i e l d   o f  
= 8 T h a s   b e e n   o b t a i n e d   f o r   t h e  f i r s t  t i m e  i n  a h i g h -  
f i e l d   a n d   h i g h - c u r r e n t   d e n s i t y   s u p e r c o n d u c t i n g   m a g n e t ,  
c o n f i r m i n g   t h e   e f f e c t i v e n e s s   o f   t h e   n o v e l   a n d   c o m p l e x  
t e c h n o l o g y   f o r   t h e   r e a 1 i r a t i o . n   o f  Nb3Sn  wound  magnets. 
Des ign   parameters   were   reached  and a r e l i a b l e ,   f u l l y  
o p e r a t i o n a l .   h i g h - p r e c i s i o n   q u a d r u p o l e  was  made f o r  a 
beam o f   s e c o n d a r y   p a r t i c l e s   a t  CERN. 

L e t   u s   b r i e f l y   r e c a l l   t h e   p r e p a r a t o r y   a c t i v i t i e s :  as 
a r e s u l t   o f   d e v e l o p m e n t   e f f o r t s   i n   t h e  USA, Europe,  and 
J a p a n ,   C u - s t a b i l i z e d   f i l a m e n t a r y  Nb3Sn s u p e r c o n d u c t o r s  
became a v a i l a b l e  i n  t h e   l a t e  1970's. Owing t o   t h e   h i g h  
c r i t i c a l   t e m p e r a t u r e   o f  Nb3Sn, T c  = 18 K a t  B = 0 T and 
t o   i t s   h i g h  j, and B c Z  v a l u e s ,   t h e   a v a i l a b l e  
t e m p e r a t u r e   m a r g i n   w i t h   r e s p e c t   t o   t h e   c o o l a n t  
t e m p e r a t u r e  

6T = ( T c  - T o )  [ 1- [;::j0-5] - (K) ( 1 )  

o f f e r s ,  i n  t h e  8-10 T f i e l d   r a n g e ,   c o m p a r a b l e  ST'S t o  
t h e   N b T i   s u p e r c o n d u c t o r   a t  4-5 T. 
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F i g .  1 O v e r a l l   c u r r e n t   d e n s i t y   c u r v e s   f o r   t h e  Nb3Sn 
c a b l e   a c c o r d i n g   t o   t h e   b r o n z e  1 r e s p .   e x t e r n a l  
d i f f u s i o n   p r o c e s s  2, w i t h o u t   a n d  wi th i n s u l a t i o n  l ' ,  
2'. Curves 3 and 4 r e f e r   t o   N b T i T a   a n d   N b T i   c a b l e s   a t  
1.8 K a n d   c u r v e s  3' and 4 '  t o   t h e  same i n s u l a t e d   c a b l e s  
with 30% volume o f  h e l i u m  i n  i t .  

The use o f  Nb3Sn s u p e r c o n d u c t o r s   t h u s   r e p r e s e n t s   o n e  
l i n e   o f   a c t i o n   t o w a r d s   t h e   d e v e l o p m e n t   o f   h i g h - f i e l d  
m a g n e t s   f o r   f u t u r e   p a r t i c l e   a c c e l e r a t o r s   a n d   s t o r a g e  
r i n g s ,   t h e   o t h e r   l i n e   b e i n g   t h e   u s e   o f  NBTi o r  NbTiTa- 
wound magne ts   coo led  wi th s u p e r f l u i d  He I 1  t o  1.8-1.9 
K .  The r e s p e c t i v e  j, = f(B,) c u r v e s   f o r   t h e s e  
s u p e r c o n d u c t o r s   a r e   s h o w n  i n  F i g .  1. 

The d e c i s i o n   t o   b u i l d   t h e   q u a d r u p o l e   f o l l o w e d   t h e  
s u c c e s s f u l   d e v e l o p m e n t   a n d   t e s t i n g   o f  a 2.3f9.0 cm 0, 5 
cm l o n g   s o l e n o i d ,  wound w i t h  a 1.1 x 2.2 mm2 c a b l e  made 
by  Vacuumschmelze i n  Germany; t h e   c a b l e  i s  shown i n  
F i g .  2. By d e s i g n i n g ,   m a n u f a c t u r i n g ,   a n d   t e s t i n g   t h e  
s o l e n o i d ,   v a l u a b l e   e x p e r i e n c e   h a s   b e e n   g a i n e d  i n  
h a n d l i n g   t h e   d e l i c a t e   a n d   b r i t t l e   s u p e r c o n d u c t o r  and i n  
s o l v i n g   p r o b l e m s   o f   i n s u l a t i o n ,   o f   r e a c t i o n ,   a n d  o f  t h e  
w i n d i n g   c o n n e c t i o n s .  

F i g .  2 1.1 x 2 . 2  mmz Nb3Sn c a b l e ,  made o f   t h r e e  
s t a b i l i z i n g   c o > p e r   e l e m e n t s   a n d   o f   t e n  0.4 mm 0 n i o b i u m  
2nd  b rcnze  compos i tes  
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Fig. 3 Results of short  sample  measurements  for 
solenoid  and  quadrupole  HbsSn  cables  and  load  lines 

Figure 3 shows  the  results  obtained:  at  a  current Of 
1370 A a  field of 8.8 T  has  been  achieved; t he  

current  density  over  the  cable  Cross-section  was 5 . 6 4  X 
1 0 4  A/cmZ and  over the  insulated  cable it WBS 3.52 X 
109 A/c~Z (see Fig. 2 ) .  These  values  lie  beyond  the 
measured  short  sample  curve of the  cable,  most  probably 
orring to  the  knoun  stress  relieving  effect Of bronzez 
under  the  influence of hoop  stresses  in the  winding. 

2. Kechanical  desisn  of  the cluadrupole 

The  mechanical  design i s  largely  based  on CERN's now 
more  than 10 year's experience in developing  NbTi-wound 
superconducting  beam-transport  magnets, follouing the 
concentric,  coaxial  design  with  a  split  and  "cold"  iron 
for  field  enhancement, as first  applied by Leroy3.  In 
1971 the I m long, 9 cm  bore  quadrupole  "Castor"  was 
built,  followed by the  two 2 . 3  m long. 500  k J  dipoles 
of the  CEA-Saclay-CERN c~llaboration'~~ and by :he 
eight  low-B  section  quadrupoles  for  the  CERN 
Intersecting  Storage  Rings6. A l l  these  magnets  were 
designed  according  to  the  above  method,  and  are 
performing  very  satisfactorily.  Figure 4 shows  the 
cross-section o f  the  active  part o f  the Nb,Sn 
quadrupole.  The  elements of the  active  part  are 

Fig. 4 Cross-section of the 1 m  long, 9 CPI warm  bore 
superconducting  quadrupole,  wound ui.th the NbJSn  cable 
o f  Fig. 2 
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assembled  around  the  central, 10 mm  thick  cylinder of 
316 NL-stainless  steel,  which  has  circumferential 
channels f o r  cooling.  Following  this  are  four po le  
windings,  wound  around  the  precisely  machined  central 
Cu "poles" and  wedges.  Four  ventronite-clad, 
stainless-steel  segments  with  channels  for  helium  flow 
are  placed  around  the  coils,  follbwed by the  tuo  half- 
rings o f  soft  magnetic iron. At  the  ends  the  soft  iron 
half-rings  are  replaced by stainless-steel  ones.  An 
external  clamping  ring of slightly  reduced  inner 
diameter,  made o f  AI alloy. i s  heated  and  shrunk  around 
the  iron  halves. 

The  iron  thus  acts  as  a  transmitter of force  to  the 
winding.  Taking  into  account  the  elastic  moduli E 
(kg/mm2), the  coefficients a (K-') of  the  thermal 
contraction  between 300 K and 4 . 2  K ,  and  the  geometry 
of the  different  conponents,  the  main  requirements  to 
be  met  for  a  safe  mechanical  design  are:  at  room 
temperature  and  at 4 . 2  K ,  uithout  and  with  applied 
electromagnetic  forces,  the  windings  must  be  under 
radial  and  azimuthal  compression;  the  azimuthal  and 
radial stresses (J and P r  (kg/cmz)  must  everywhere,  and 
notably in the  impregnated  uinding, rce!ain within  the 
limiting  values, as measured on  adequate  samples. 

In  the  longitudinal,  axial  direction,  special Cu 
segments  are  placed  at  the  coil  ends,  and  axial 
pressure is exercised by means of spring-loaded  screws, 
fixed  to  the  inner  stainless-steel  tube. This 
arrangement  compensates  the  differential  thernal 
contraction  between  the  stainless-steel  tube  and  the 
winding,  and  counterbalances  to a certain  extent the 
influence of the  electromagnetic  forces in the  coil- 
ends,  keeping  the  tensile  stresses  there  within allolred 
1 ini ts. 

Table 1 shows  the radial and  normal, i . e .  azimuthal, 
stresses  in,  the  various  parts o f  the  quadrupole  at  a 
resulting  outward-directed  electromagnetic  force of 200 

and  an  axial force in the  coil  ends o f  21 2. 
Table 1 

Stresses in the  elements of the  active  parts 

I I 

Cool-down from 
300 K to 4 . 2  K 

Inner  tube 

Impregnated 
winding 

Outer  clamping 
ring 

Longitudinal 
stress  in 
the  winding 

-8.6 

-6.3 

7.0 

-0.75 
I 

-1.1 

-1 .7 

1.0 

Cool-down p l u s  
electromagnetic 

forces 

I 
- 1 2 . 9  - 2 . 9  

- 2 . 0  -0.5 

10.0 + 2 . 0  

3.0 1 
- 3. coil Manufacturinq  and A s s m h l y  

, ,  

It i s  evident  that  the  coil  manufacturins  and the 
assembly of the  active  part  had  to  be  subordinated  to 
the  imperatives of the  "wind  and  react"  technology of 
the  NbJSn  superconductor.  For  the  quadrupole  magnet 
the same cable  as  for  the  solenoid  was  used;  according 
to  Fig. 2 the cable  consists of ten 0 . 4  nm 0 Nb3Sn  plus 
bronze  composites.  cabled  with  two 0 . 4  cnm 0 Cu wires 
around  a  central 1.5 x 0 . 4  m z  Cu  strip. All Cu- 
stabilizing  elements,  about 33% o f  the  cable  cross- 
section', were  surrounded by a Ta  barrier  and by a 
second  Cu  layer  covered  with  tin  on  its  outside. 
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F i g .  5 H e a t   t r e a t m e n t   p r o c e s s   f o r   t h e  Nb3Sn c a b l e  
t h e   i n s u l a t i o n  

?he 0 . 2 5  mm o n e - s i d e d   q u a r t z   i n s u l a t i o n  woven around 
t h e   c a b l e   h a s  a l o w  c a r b o n   c o n t e n t .  The i n s u l a t e d  
c a b l e   i s   " s o a k e d "   i n  a 50% s o l u t i o n   o f   p a r a f f i n .  
F i g u r e  5 shows   the   t empera tu res  o f  t he   comb ined   p rocess  
o f  p a r a f f i n   e x t r a c t i o n ,  Sn d i f f u s i o n ,   b r o n z e   s t r e s s -  
r e l i e v i n g ,  and o f  t h e  Nb3Sn r e a c t i o n ,   a s   f o r   t h e   b r o n z e  
techn ique .  

The c o i l   w i n d i n g  and r e a c t i o n   p r o c e s s  will now be 
d e s c r i b e d .   E a c h   p o l e   w i n d i n g   o f  6 and 16 l a y e r s   w i t h  
10 t u r n s   e a c h  i s  wound  on  a p r e c i s e l y   m a c h i n e d  
s t a i n l e s s - s t e e l   c y l i n d e r .   D u r i n g   t h e   e n t i r e   w i n d i n g  
p r o c e s s ,   i n t e r - t u r n   a n d   g r o u n d   i n s u l a t i o n   w e r e  
c a r e f u l l y   m o n i t o r e d   a n d   r e g i s t e r e d .  The c e n t r a l   a n d  
l a t e r a l   A l ~ 0 3 - i n s u l a t e d  Cu p i e c e s   w e r e   f i x e d   t o   t h e  
w i n d i n g   m a n d r e l   ( F i g .  6 ) .  The Cu e l e m e n t s   a r e   s p l i t  
l o n g i t u d i n a l l y  t o  a1 low f o r  d i f f e r e n t i a l   t h e r m a l  
e x p a n s i o n   a n d   c o n t r a c t i o n   b e t w e e n   t h e   w i n d i n g   a n d   t h e  
s u p p o r t i n g   s t r u c t u r e   d u r i n g   r e a c t i o n  and   impregna t ion .  

and 

F i g .  7 View of a p o l e   M i n d i n g   b e f o r e   t h e   r e a c t i o n  
p r o c e s s  

The w i n d i n g  was t e r m i n a t e d   a n d   t h e  Cu e n d - b l o c k s   p u t  
i n   p l a c e   ( F i g .  7 ) .  The l a t e r a l   s t a i n l e s s - s t e e l   b a r s  
and g r i d s  were  added w i t h  a c e r t a i n   c l e a r a n c e  t o  
c o n f i n e   t h e   c o i l ,   w h i c h  was t h e n   t r a n s p o r t e d   t o   t h e  
r e a c t i o n   o v e n .   A f t e r   t h e   r e a c t i o n ,   a d d i t i o n a l   g l a s s -  
f i b r e  a n d   k a p t o n   g r o u n d   i n s u l a t i o n  was a p p l i e d  and  each 
Nb3Sn conductor   end  sandwiched  betueen t w o  NbTi 
c o n d u c t o r s   a n d   i n d i u m - s o l d e r e d   ( F i g .  8 ) .  The c o i l  was 

F i g .  8 P r e p a r a t i o n   o f   t h e   c o i l   f o r   i m p r e g n a t i o n :  
s o l d e r i n g   o f   t h e   K b l i - N b J S n   e n d   c o n n e c t i o n s   a n d  
a p p l i c a t i o n  o f  g r o u n d   i n s u l a t i o n .  

F i g .  6 A l ~ O ~ - i n s u l a t e d   c e n t r a . 1 ,   l a t e r a l ,  and  end 
b l o c k s  of c o p p e r   f o r  a p o l e   w i n d i n g  
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F i g .  9 C o i l   p l a c e d   i n t o   p r e c i s e   i m p r e g n a t i o n   m o u l d  f o r  
vacuum  and  p ressure   impregnat ion  

F i g .   1 1   M o u n t i n g   o f   t h e  160°C h e a t e d   o u t e r   c l a m p i n g  
r i n g s  o f  A1 a1 l o y  

t h e n   p l a c e d  with i t s  e x t e r n a l   s u r f a c e   i n  a p r e c i s e l y -  
m a c h i n e d   i m p r e g n a t i o n   m o u l d   ( F i g .   9 )   w h i c h   t i g h t l y  
c o n f i n e s   t h e   w i n d i n g   a n d   d e t e r m i n e s   i t s   v e r y   p r e c i s e  
g e o m e t r y .   F i g u r e s  10 and  11 show t h e   m o u n t i n g   o f   t h e  
i r o n   h a l v e s  with t h e   s t a i n l e s s - s t e e l   s e g m e n t s   a n d   t h e  
s h r i n k i n g  o f  t h e   h o t  A1 a l l o y   r i n g s ,   w h i l e   F i g .  12 
shows t h e   a c t i v e   p a r t  o f  t h e   m a g n e t   w i t h   t h e   p o l e -  
o l i n d i n g   i n t e r - c o n n e c t i o n s   a n d   t h e   m o u n t e d   p r e c o o l i n g  
j a c k e t .  

A f t e r   a s s e m b l y  i n  
he l i um,  a 1 i q u i d - n i  
a d d i t i o n   o f  a second 
quadrupo le  was i n s t a l  
1981. 

i t s   c r y o s t a t ,   c o n s i s t i n g   o f  a 
t rogen  and a vacuum  vessel ,   the 

t h i n  i r o n  screen  a round i t , t h e  
l e d  i n  t h e   t e s t   l a b o r a t o r y   b y  May 

F i g .  10 M o u n t i n g   o f   t h e   s p l i t   s o f t - i r o n   h a l f - r i n g s  
a r o u n d   t h e   f o u r   c o i l s  

F i g .  12 View o f   t h e   a s s e m b l e d   a c t i v e   p a r t   w i t h  i n t e r -  
connec t ions   be tween   po le   w ind ings   and   t he   LN-p recoo l i ng  
j a c k e t  

- 4.  -.___ T e s t   R e s u l t s  

D u r i n g   t h e   , c o o l - d o w n   p r o c e s s   a n d   d u r i n g   t h e  
t r a n s i t i o n   o f   t h e   f o u r   c o i l s  t o  s u p e r c o n d u c t i v e   s t a t e ,  
t h e   r e s i s t a n c e   a n d   v o l t a g e   d r o p   a c r o s s  t h e  sandwiched 
NbTi-Nb3Sn  connect ions  were  measured.  Comfortably  low 
v a l u e s   o f  2 t o  5  x 1 0 - 8  R f o r  1 10 cm2 c o n t a c t   s u r f a c e  
w e r e   m e a s u r e d ,   i n d e p e n d e n t l y   o f   t h e   e x c i t a t i o n   c u r r e n t .  

The c u r r e n t  i n  t h e   q u a d r u p o l e  was t h e n   r a i s e d   t o  1 
i tA where  the f i r s t  q u e n c h   o c c u r r e d .   I n   f o u r   s u b s e q u e n t  
q u e n c h e s   t h e   c u r r e n t   r e a c h e d  I m a x  = 1.1  kA.  The 
c o r r e s p o n d i n g   f i e l d   g r a d i e n t  i n  t h e   q u a d r u p o l e  was G = 
70.5 T/m a n d   t h e  maximum f i e l d  i n  t h e   c o i l - e n d s  was 
B m a x  = 7.8 2 0.2 Ti t h e   c o r r e s p o n d i n g   o v e r a l l   c u r r e n t  
d e n s i t y  was j,,, = 3 x 10'  A/cmZ.  As i n d i c a t e d   i n   F i g .  
3 t h e s e   f i g u r e s   c o r r e s p o n d   t o  93-99% o f  t h e   c r i t i c a l  
cu r ren ts ,   measured   on   sho r t   samp les  cu t  f r o m   e v e r y  
p o l e - u i n d i n g   c o n d u c t o r   a n d   r e a c t e d  with i t s   c o i l .  

Two o u t   o f   t h e   f i v e   q u e n c h e s   w e r e   r a t h e r   s t r o n g   a n d  
v o l t a g e s   u p   t o  250 V w e r e  r e g i s t e r e d   a c r o s s   i n d i v i d u a l  
p o l e   u i n d i n g s .  It s h o u l d   b e   s t a t e d   t h a t   t h e   q u a d r u p o l e  
h a d   n o   p r o t e c t i n g ,   e n e r g y - d i s c h a r g e   r e s i s t o r s   d u r i n g  
t h e   f i r s t   r u n .  The quadrupo le  was then  opened, 
i n s p e c t e d ,   a n d   e q u i p p e d   w i t h  a 0.2 R d i s c h a r g e  
r e s i s t a n c e ,   e a c h   p o l e   b e i n g   c o n n e c t e d   i n   p a r a l l e l   t o  
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T a b l e  2 g i v e s  a summary  of t h e   m a i n   q u a d r u p o l e  
p a r a n e t e r s ;   t h e   e x c e l l e n t   c r y o g e n i c   p e r f o r m a n c e   o f   t h e  
q u a d r u p o l e   i s   s t r e s s e d .  

0 . 0 5  R. The  second r u n  t o o k   p l a c e   e a r l y   t h i s   Y e a r .  
T h e  m a g n e t   w a s   r e p e a t e d l y   e x c i t e d   t o  1 k A  w i t h o u t   a n y  
t r a i n i n g   o r   q u e n c h ,   o p e r a t e d   d u r i n g  two  weeks,   and 
m a g n e t i c   m e a s u r e m e n t s   w e r e   p e r f o r m e d .  The o n l y   q u e n c h  

p o l e s   r e m a i n e d   b e l o w  17 V .  N i t h i n  300 s a f t e r   t h i s  
o c c u r r e d   a t  J m  1.1  k A ,  u h e n   t h e   v o l t a g e s   a c r o s s  t h e  

quench   t he   magne t   was  e x c i t e d  t o  1 k A  ( s e e  F i g .  13) .  

I [AI  

1 

700 

so0 

Table 2 

Main  paramecers of the NB3Sn quadrupole of CERN 

Parameter 

Magnetic  length 2, (m) 

Warm bore  diameter  d  (cm) 
Current  I ( N  

Current   dens i ty  j (A/cm2) 

Max. f i e l d   i n  
c o i l  end Bmax (T) 

U s e f u l   b o r e   f i e l d  
grad ien t  G (Tim) 

Stored  energy E (kWs) 
Heat losses  H (W 

Vacuum P (Torr)  

F i e l d   l i n e a r i t y   e r r o r  
w i th in   u se fu l   ape r tu re  

Maxima 1 

0 . 9  

9 . 0  

1100 
3 X l o 4  

7 .8  F 0.2 

70.5 

100 

5 .5  

% 

The s u c c e s s f u l   d e v e l o p n e n t ,   t e s t i n g ,   a n d   o p e r a t i o n  
o f   t h e  f i r s t  h i g h - p r e c i s i o n ,   h i g h - f i e l d ,  Nb3Sn  wound 
q u a d r u p o l e   m a g n e t  o f  C E R N  h a s   c o n f i r m e d   t h e   c h o i c e   a n d  
i ! ~ p l e i a ? n t a t i o n  of t h e  " w i n d   a n d   r e a c t "   t e c h n o l o s y .  
V a l u a b l e   e x p e r i e n c e   i n   h a n d l i n g   t h e   r e l i a b l e  t.lb3Sn 
s u p e r c o n d u c t o r   h a s   b e e n   g a i n e d .   F u t u r e   i m p r o v e m e n t s ,  
n o t o b l y   t h e   d e v e l o p m p n t  o f  a c i e q u a t e   i n s u l 2 t i n g  
m n t e r i a l s  of   improved  mechanical  and  d i e l e c t r i c  
s t r e n g t h ,  a l s o  a f t e r   t h e   h i g h - t e m p e r a t u r e   r e a c t i o n  
p r o c e s s ,  u o u l d  be v e r y   h e l p f u l .  a s  q u n r t z   f i b r e s  
r e p r e s e n t  one among s e v e r a l   i n s u l a t i o n s   t h a t   c o u l d   b e  
a p p l i e d .  

b )  As t o  the NbJSn s u p e r c o n d u c t o r ,  t h e  main 
d i s a d v a n t a g e  o f  t h e  two p r o c e s s e r ;   a v a i l a b l e   t o d a y ,   t h e  
" b r o n z e   p r o c e s s "  2 n d  t h e   e x t e r n a l  Sn d i f f u s i o n  o n e ,  is 
t i l e   h i g h ,   r o u g h l y  50% b r o n z e   c o n t e n t   r e a a i n i n g   i n  t h e  
f i n a l   c o m p o s i t e .   T h e   a v e r a g e   o v e r a l l   c u r r e n t   d e n s i t y  
c n d / o r  t h e   a n o u n t  o f  t h e   c o p p e r   s t a b i l i z e r   a r e   t h u s  
r e d u c e d   a n d  a g o o d   p a r t  of the  p e r f o r m a n c e  of t h e  
s u p e r c o n d u c t i n g   f ~ l a m e n t s  l o s t .  

F o l i o u i n g  t h e  d e v e l o p m e n t   o f  the KbsSn q u a d r u p o l e ,  
i t  would be  o f  o b v i o u s   i n t e r e s t   t o   d e v e l o p  a 9-10 T 
h i g h - f i e l d   d i p o l e   m a g n e t   a l o n g   t h e   s a m e   l i n e s ,   i n   o r d e r  
t o  s e e  W h e t h e r   p r o b l e n s   r e l a t e d   t o   t h e  nc!ch h i g h e r  
s t o r e d   e n e r g i e s   a n d   f o r c e s   c a n   b e   s o l v e d   a n d   u h e t h c r  
szctr m a g n e t s   c o u l d   b e   b u i l t   f o r   f u t u r e   p a r t i c l e  
a c c e l e r a t o r s   a n d   s t o r a g e   r i n g s   i n   t h e   m u l t i - T e V   r a n g e .  

A t  C E R N ,  a p r e l i m i n a r y   d e s i g n   w a s  made and  

I-ere .   The majn p a r a m e t e r s   o f  a 9 T b o r e   f i e l d   d i p o l e  
wound w i t h  a 2 . 0  x 1 4 . 5 / 2 . 5  x 15  rr!' Nb3Sn c s b l e  
r e a c t e d   a f t e r   w i n d i n g   a r e   s u c m a r i z e d   i n   T a b l e  3 .  

__ c o m p u t a t i o n s   u e r f o r m c d   . w h i c h   a r e   b r i e f l y   s u m m a r i z e d  

The  winding has  f o u r   l a y e r s .  Rround  the  i n n e r   t u b e s  
o f  t 1 t a t r i u n .   t h e  t u o   l a y e r s   o f  t h e   i n n c r  w i n d i n g   a r e  

F i g ,  13 Quenches  o f  t h e  Kb3Sn  uound q u a d r u p o l e ,   e a c h  l a y e r  o f  f o u r  b l o c k s  i t ,  b 2 t u e e n  
f o l l o w e d  by e x c i t a t i o n  t o  n o m i n a l   c u r r f n t  o f  In=lloc A " p o l e s "  and u e d g e s .  A n  i n t e r m a d i a t e   r i n g  o f  

s t a i n l e s s   s t e e l   i s   p l a c e d   a r o u n d   t h e   i n n e r   w i n d i n g ,  
f o l l o w e d  by t h e   t u o   l a y e r s  of t h e   o u t e r   c o i l s  a n d  by 
t h e  sec,ond i n t e r c e d i a t e   s t a i n l e s s - s t e e l  r i n g .  The 



first.  thin,  split "cold" iron  screen  halves  are  placed 
around  this  ring  and  the  whole  cold  active  part is 
tightened  by  the A I  alloy  shrink  rings.  The  second, 
concentric  iron  screen is at  room  temperature.  The 
free  space is foreseen  for  the  forced-flow  cryostat 
elements  and  for  an  adequate  suspension  system  between 
the  active  part  and  the  outer  Fe  screen. 

Figure 14 shows  the  computed  stresses  in  the  various 
blocks  of  the  inner  and  outer  windings.  Despite  the 
very  considerable  electromagnetic  and  thermal 
contraction  forces,  the  stresses in the  windings  and  in 
the  active  part  can  be  kept  within  reasonable  and 
tolerable  limits. 

0 IO 20 30 4 0  50 60 70 BO 90 
ANGULAR POSITION 

Cold, wi th  M.F 

Warm, prestess I o 

60,6R I N  COILS 

Fig. 14 Stresses  in the  various 
and  outer  windings 

l o l  

blocks of the  inner 

APPENDIX 

Determination of the  maqnetic  end-field 
- in superconductinq  ouadrupole  and  dipole rraonets 

In this  Appendix  a  method is presented  for  the 
determination of the  end-field,  which  coincides  with 
the  highest  field  appearing in a  superconducting 
quadrupole  or  dipole  magnet;  the  nethod is based  on 
analytical  expressions  and  the  application of known 20- 
computer  programs  for  magnetic  fields  such as the 
"Poisson". The  method i's preferred  to  direct 
measurements  with Hal 1 plates.  In  the  case of the 
present  NbJSn  quadrupole  the  inner coil radius in the 
end  part is 1.2 cm  and  the  maximum  field  appears  at 
that  radius;  a 6 x 2 mmz Hall plate  would  at  best 
measure  a  field 3 mm  away,  vertical  and  radial 
positioning  tolerances  excluded. 

j 

1 J 

Fig. 15 End  field  computation;  decomposition o f  the 
quadrupole  end  field  into a linezr  and  half-solenoid 
part 

In accordance  with  Fig. 15, it is assuned  that  the 
end-field h a s  two  components: a " I  inear" one due to  the 
left,  straight  bidioensional  field o f  0.5 E b d  ( T I  and  a 
second  one  due  to  the  multiblock  and  multilayer  half- 
solenoidal  field B,/2 ( T I :  

Bend = 0.5 Bbd + B , / z  ( T ) .  (2) 

The  linear  component is obtained  from  computer  programs 
such  as "Poisson"; two  values  are of interest Bbd a n d  
Rbd (see Fig. lGa), along  the 4 5 O  svmnctry  line of 
the  quadrupole (90"  for  a dipole), and the  maximum 
field  in  the  linear  part,  appearing  along  the  inner 
surface  of  the  smallest,  innermost  block of the 
winding.  In  the  case of the Nb3Sn quadrupole  the 
corresponding  fields  for I,,, = 1.1 k A  and j,,, 3 x 
10' A/cmZ are Bbd m a x  = 6.25 T  and 8bd = 5.2 T. 

LINEAR PART COIL END PART 

Fig. 16 Magnetic  field  values  obtained  in  the  straight 
and  end  parts o f  the Nb3Sn wound  quadrupole a t  maximum 
current of Inlax = 1100 A 
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To f i n d  Bs/2  one  needs  to  know t h e   e x p r e s s i o n   f o r  a 
f i e l d   o f  B s  o f  a c o r r e s p o n d i n g   f u l l   s o l e n o i d   a n d   t o  
d e t e r m i n e   t h e   r a t i o   o f  f = B,,z/B,;  B,. c a n   e a s i l y   b e  
o b t a i n e d   b y   c o m p u t e r   p r o g r a m s   f o r   s o l e n o i d   f i e l d s .  The 
f a c t o r  f i s  o b t a i n e d   a s   f o l l o w s :   f r o m   F i g .  lGc, one  
c a n   w r i t e   f o r   t h e   f i e l d  B, a t  a d i s t a n c e  p and  due t o  
t h e   c u r r e n t  I f l o w i n g   i n   a n   i n f i n i t e l y  t h i n  l o o p   o f  
r a d i u s  R :  

Bs - -- 

and f o r  a h a l f  l o o p  
n / 4  

CI = a r c s i n  k (6) 

t o  be   de termined  f rom  Jahnke-Emde  tab les  o f  e l l i p t i c  
f u n c t i o n s s .   I n   p r a c t i c e ,   h o w e v e r ,   o n e  ~ C S  t o   d e a l  with 
c o i l s   o f   i n f i n i t e   w i d t h .  One a l s o  lhas t o   a v o i d  
s i n g u l a r i t i e s   f o r  B,/z B, = m a t  p = R .  The 
p r a c t i c a l   a p p r o a c h  i s  t h e n  as  f o l l o u s :  

i) t h e   f i e l d  map o f  t h e   e n d - f i e l t i   c o n f i g u r a t i o n  i s  
computed,  e.g.  by  the  "Poisson"  progrz:!,,  assumlng a 
m u l t i c o n c e n t r i c ,   f u l l   s o l e n o i d   c o n f i g u r a t i o n ;  

ii) t h e   c o i l   b l o c k s   a r e   s l i c e d   a n d   t h e   c o r r e s p o n d i n g  
< ?  . .. v a l u e s   a r e   c o * \ p u t e d   f o r   t h e  n s l i c e s   a t  p , , ,  
t h e   r e ' l e v a n t  t i s  t h e n :  

n 

1 

iii 1 t h e   f i n a l  i s  th?n  equa l  t o  the sum o f   t h e  
z o n t r i b u t i o n s   o f   e a c h   h a l f   c o i l   a t  p = p n  ( F i g .   1 6 b ) .  

I n  t h e   c a s e   o f  a q u a d r u p o l e  i l > g n e t  orbe has, i n  
a d d i t i o n .   t o   e s t a b l i s h   t h e   f i e l d   c o u p l i n g   f a c t o r  
be tween   one   and   f ou r   co i l - ends .  It i s  asswned t h a t   t h e  
c o u p l i n g  i s  t h e  same a s   f o r  the  s t ra i c ,h t ,   l i ne2 . r  p a r t ,  
wh ich  i s  e a s i l y   o b t a i n e d   f r o m   t w o   c o T p u t e r   r u n s ,  one 
f o r  a s i n g l e   p o l e  and  one f o r   f o u r  poles. 

F o r   t h e   s u p e r c o n d u c t i n g  NbaSn q u a d r u p o l e   o n e   o b t a i n s  
f o r  I = 1.1  kA: 

y i e l d i n g  

B m a x  = 7 .8  ? 0.2 T .  

Bbd m a X  and  Bbd b 5 0  a r e   t h e   a r i t h m e t i c  mean o f   t h e  
v a l u e s   o b t a i n e d  wi th  a n d   w i t h o u t   t h e  Fe  screen. 
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