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DEVELOPMENT AND TESTING OF H I G H  FIELD, HIGH CURRENT DENSITY SOLENOIDS AND MAGNETS, 

WOUND WITH STABILIZED FILAMENTARY Nbg-Sn CABLE AND REACTED AFTER WINDING 

by 
A. Asner, Ch. Becquet, D .  Hagedorn, Ch. Niqueletto and W. Thomi, CERN, SPS Division 

ABSTMCT SUMMARY i n t r i n s i c   s t a b i l i t y ,   r e d u c e s   t r a i n i n g  and minimizes 
pers i s ten t   d iamagnet ic   cur ren t   e f fec ts .  

Firs t ,  the  successful  development and t e s t i n g  of a 
2.6 cm inner   diameter ,   h igh  f ie ld  and high  current  
densi ty   solenoid,  wound with a Cu-s tab i l ized ,   f ine  
f i lamentary  Nbg-Sn cable ,   and  reacted  af ter   winding,  
i s  described. A t  an   ove ra l l   cu r ren t   dens i ty  in the  

winding of 352 ->-, corresponding  to a cur ren t   dens i ty   very   smal l   bending   rad i i  of the  windings. 

of 565 a in   the  non-insulated  cable ,  a maximum f i e l d   i i )  The 

of E$,, = 8.8 T had  been  obtained  without  any  training. 

Based  on t h i s   v e r y   p o s i t i v e   r e s u l t ,  a 0.9 m-long, 10 cm- several   features   s imilar   or   equal   to   those  encountered 
warm bore, beam line  quadrupole  magnet, wound with  the i n  windings of superconducting  magnets, had been made 
same cable ,   i s   actual ly   being  assembled.  and successfu l ly   t es ted  by  end 1978. 

The p r i c e  t o  be ?a id   for  a success fu l   app l i ca t ion  
of this  superconductor i s  the  more  complex technology 
and ma te r i a l s  t o  be  used fo r   t he  "wind  and react"  tech- 
nique,  the  only one  which  can be successful ly   appl ied 
to   the   des ign  of beam l i n e  and accelerator  magnets  with 

A 

A m  

A 2.319.0 cm diameter ,  5 cm high   tes t   so lenoid ,   wi th  

The nominal  parameters  are : f i e l d   g r a d i e n t  7 4  -$ maxi- A cable,  manufactured by the Vacuumschmelze Co, 

mum f i e l d   i n   t h e  winding E, = 7 . 4  T a t  an   overa l l   cur -  l . l  x 2 .2  mz cable consists of a central 
Hanau,  Germany, accord ing   to   f ig .  1 has  been  used. The 

T 
m 

Y 

ren t   dens i ty   in   the   winding  of 300 -. 
~~~ 

A 0.4 x 1.5 m2-Cu s t r i p ,  surrounded by  a Ta-barrier and 
m 2  

The very  specific and design aspects  Of 0.4 lj s t rands   a re   t ransposed ,  twb  of s t a b i l i z i n g  Cu, 
some binding  copper ; around th i s   cen t r a l   pa r t   twe lve  

t h i s  magnet, r e l a t ed   t o   t he  "wind and react"   technique,  again Teand Cu+lad and coated with Sn, and ten super- 

execution of connections  etc,  w i l l  be discussed. 
such as   the  conductor   insulat ion,   coi l   winding  technique,  coducting bronze-Nb composites. After  reaction each 

superconducting  strand w i l l  conta in  3721 3vm wide 
Actual ly ,   the   four   coi ls   for   the  quadrupole  magnet  have *3-Sn r ings .  
been  manufactured  and  the  assembly  of  the magnet s t a r t e d .  
We e x p e c t   t o   p e r f o r m   t h e   f i r s t   t e s t s   e a r l y   n e x t   y e a r .  

i )   I n t r o d u c t i o n  

As a r e s u l t  of i n t ens ive  development e f f o r t s   d u r i n g  
the   pas t   yea r s ,   f i ne   f i l amen ta ry  Nb3-Sn superconductors 
are now a v a i l a b l e   a s  compacted conductors  or  cables,  
w i t h   t h e   p o s s i b i l i t y  of adding  or  incorporating a cer- 
ta in   percentage of s t ab i l i z ing   coppe r   i n   d i f f e ren t  ways. 

There is  an   obvious   in te res t   in   the   appl ica t ion  of 
f i lamentary  Nbg-Sn superconductors  to  magnets used i n  
high  energy  elementary  particle  physics : a p a r t  from 
the   i n t r in s i c   advan tage  of  Nb3-Sn superconductors  with 
r e s p e c t   t o  Nb-Ti ones ,   cons is t ing   in  much higher 
magnet ic   f ie lds   a t   comparable   cur ren t   dens i t ies  - i t  
can  roughly  been  stated  that   f i lamentary Nbg-Sn super- 
conductors w i l l  a t  8 T ca r ry   t he  same overa l l   cur ren t  
d e n s i t y   a s  Nb-Ti a t  4.5 ... 5 T - i t  has   a lso  the 
advantage of a much h ighe r   c r i t i ca l   t empera tu re  of 
TK = 18 K ( a t  B = 0 T) and of  a very  small  filament 
s i z e  of 2 .. . 3 Um. Figure 1 

Using  equation (1) to  determine  the  allowed  temper- 
a t u r e   r i s e  AT ( I ,  E, TK) f o r  Nb3-Sn and Nb-Ti a t  an 
assumed operating  temperature of 4.6 K : 

AT = (TK - 4 . 6 )  11 - 1 I B 0.5 
ImBm 

and assuming  that a  magnet is designed  for  I = 0.7.1 
B = 0.7.Bm, one  obtains : 

m' 

f o r  Nb-Ti + AT = 1.62 K ; 
fo r  Nbg-Sn + AT = 4.0 K. 

This means t h a t  beam l i n e  and acce le ra to r  magnets 
and solenoids,  wound with  f i lamentary Nbg-Sn, would be 
considerably more safe  against   quenches  due  to  heat 
generation  in  the  conductor by eddy currents ,   energy 
deposi t   due  to   radiat ion  induced by primary and secon- 
dary   par t ic les ,   as   wel l   as   hea t   l eaks   in   genera l .  

Furthermore,  the  very  small  filament  diameter of 
Nbg-Sn superconductors,  of % 2 ... 3 pm provides  high 

The cable  is transposed and the   f i l aments   in   each  
composite  are  twisted.  The percentage of va r ious   pa r t s  
i n   t h i s   c a b l e ,   r e f e r r e d   t o   t h e   t o t a l   c r o s s - s e c t i o n ,   a r e :  
s t a b i l i z i n g  Cu 27.2 Z, binding Cu and Ta 6.5 %, 
Nbg-Sn superconductor 13 %, bronze 51 %, Sn 2.3 X. 

The problem  of  an  adequate  conductor  insulation,  to 
withstand  the  high  temperatures of the  react ion  process ,  
had been  successfully  solved by using  quartz-glass 
f i b r e s  made by the  "Quarz & S i l i c e  Co" in   Par is ,   France.  
The f i b r e s   a r e  made with a spec ia l   g lue   y i e ld ing  a  low 
carbon  conten t   a f te r   reac t ion  (0.03 Z ) .  The bra id ing  of 
the  insulation  has  been  done by the   " I so la  Co", 
Breitenbach,  Switzerland. 

During  the  winding  process it  turned  out   to  be 
necessary  to  "impregnate"  the  insulation  with  paraffin,  
in  order  to  avoid  mechanical damage to   t he   i n su la t ion .  

The reaction  diagram  according t o  F ig .  2 shows two 
s t e p s   r e l a t e d   t o   p a r a f f i n   e x t r a c t i o n  from  the  winding 
a t  75  ... 8OoC and a t  27OoC under vacuum. 
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t he   co i l   ends  and the  connect ions t o  t he  lower  end of 
the   cur ren t   l eads .  Due to   the   ex t reme  br i t t l eness  of 
the  NbgSn c a b l e   a f t e r   r e a c t i o n ,   t h e   c o i l   e n d s  were made 
of In-clad Nb-Ti superconductor,  sandwiched t o   t h e  , 
Nb3-Sn cab le  and soldered  with  an In-Sn a l loy   over  a 
l ength  of 10 cm ; c o n t a c t   r e s i s t a n c e s  below LO-* Q 
were obtained a t  4.2 K .  

The end connections, made of Nb-Ti were  In-Sn 
soldered  to  grooved  and  In-clad  copper  rods,  forming 
the  lower cur ren t   l ead  end (Fig. 3 ) .  

Figure 3 

The completely wound and reacted  solenoid had been 
impregnated  with epoxy r e s i n ,  mounted i n t o  a s t a i n l e s s  
s t e e l   s h e l l ,  equiped   wi th   sensors ,   Hal l   p la tes   e tc ,  
and mounted i n t o  a ve r t i ca l   c ryos t a t   (F ig .  4 ) .  

Figure 5 

i i i )  The superconducting  quadrupole  magnet 

Based  on the  very  encouraging  resul ts   obtained  with 
t h e   t e s t   s o l e n o i d ,  we decided  to   bui ld  a 0.9 m long, 
10 cm use fu l  warm bore, beam line  quadrupole magnet to  
be wound with  the same 1.1 x 2 . 2  mm2 Nbg-Sn supercon- 
duc t ing   cab le .  In  order   to   shor ten   the   des ign  and 
manufacturing time, we have  chosen  to  build a h i g h   f i e l d  

vers ion  of the  55 - f i e l d   g r a d i e n t ,  5 T-maximum f i e l d  

superconducting  quadrupole  called "CASTOR", wound with 
compacted,  Cu-stabilized  Nb-Ti.superconductor,  success- 
f u l l y   t e s t e d   i n  1972 111 and s ince   i n s t a l l ed  and opera- 
t i o n a l   i n  one of t he  CERN 400 GeV SPS secondary beam 
1 ine  . 

T 
m 

By doing  so,  we could  re-use  most of "Castor"'s  in- 
f ras t ruc ture ,   such   as   the  He, N 2  and  vacuum tanks of t he  
c ryos t a t ,   t he   cu r ren t   l eads  and the  mechanical  clamping 
sys tem  for   the   ac t ive   par t .  

I t  should,   however,   be  stressed,  that   the "wind 
and react"   technique of the Nb3-Sn superconductor 
imposes a novel and  more sophis t icated  technology  for  
the  manufacturing of the  winding  act ive  par t ,   as  
explained  below. 

The ac t ive   pa r t   c ros s - sec t ion   i s  shown in   F ig .  6 : 
each  pole  winding  consists of  two par t s   wi th  6 l aye r s  
and 60 turns  and 1 6  l aye r s  and 160 tu rns   r e spec t ive ly .  

SPACER WITHpHEICHANNEL$. 

IRON HALF- R!FCL 

ICHEUB3SN-NBTI  LEADS. 

-OUTER COIL. 16*jO.T= 

Figure 4 

COLD TUBE :' '[LATERAL ~CU_:BLOrKS_ 
!ART OF HE-TANVJ 

Figure 6 
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The insu la ted  and paraffin  "impregnated" Nbs-Sn 
cable  i s  wound around  the  central  and l a t e r a l  Cu-blocks, 
and the  completed  winding i s  compressed  by t h e  two 
la teral  end blocks ; a l l   b locks   have   an  A 1 2 0 3  sprayed 
ground insu la t ion   (F ig .  7 ) .  The c e n t r a l  and l a t e r a l  
blocks are c u t  and mounted with a spec i f i c   c l ea rence  
in   o rde r   t o   a l l ow  fo r   t he   d i f f e ren t   t he rma l   expans ion  
and c o n t r a c t i o n   c o e f f i c i e n t s  of the  superconductor,  
copper  and s t a i n l e s s  steel  between 7000C ( r eac t ion  
temperature) and 4.2 K .  

F igure  7 

The magnet i s  of the  cold  i ron  type : two 4 cm 
t h i c k   s p l i t   r i n g s  of sof t   i ron   sur round  the   four  
windings, mounted onto a s t a i n l e s s  s teel  tube,  forming 
p a r t  of the  He tank. 

The a c t i v e   p a r t  i s  clamped  by 5 cm-wide, 4 cm- 
th ick   p re-s t ressed   r ings  of an  Al-alloy ; t he   r i ngs  
are mounted a t  room temperature. Due t o   t h e   h i g h e r  
con t r ac t ion  of t hese   r i ngs   du r ing   coo l  down, the 
winding i s  always  under  adequate  compression,  even 
when energized  and  exposed to   cons iderable   e lec t roma-  
gne t i c   fo rces .  

Fig.  8 shows the  coi l   winding  around a ho r i zon ta l  
cy l inde r   w i th   p re s s ing   s ide   p l a t e s .   F igs .  9 and 10 
show t h e   s t r a i g h t  and end p a r t s  of a 1 0  tu rn   l aye r .  

F igure  8 

F igure  9 

Figure 10 

F igure  11 shows the  completed  winding of one pole 
__-- 

p r i o r   t o   r e a c t i o n .  

Figure 11 

Figure  12 shows t h e   c o i l   a f t e r   r e a c t i o n .  Ground 
insu la t ion  i s  being  applied and one can  recognize  the 
c o i l  end connections,  made  of two p a r a l l e l  Nb-Ti con- 
duc tors ,  sandwiched and so ldered   to   the  Nbs-Sn cable .  
The c o i l  i s  then  placed  into a p rec i se  mould and 
impregnated  with  epoxy r e s i n .  
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Figure  12 

Figure 13 shows the  completely  impregnated  coil ,  
wi th   geometr ical   to lerances  bet ter   than _t 0.05 nun. 

Figure 14 

Also shown are  the  expected  quadrupole  magnet 
l o a d   l i n e s   f o r   t h e   u s e f u l   f i e l d   i n   t h e   a p e r t u r e  Bo, t h e  
maximum f i e l d   i n   t h e  magnet l i n e a r   p a r t  B, and the  

maximum f i e l d   i n   t h e   c o i l   e n d s   t o   r e a c h   7 . 4  T a t  

an   overa l l   cur ren t   dens i ty   in   the   winding  of 300 --*- 
and 4.2 K .  

1 i n  

A 
m 

The corresponding  exci ta t ion  current   amounts   to  
In = 1150 A,  the   s tored  energy of the  quadrupole   to  
E = 185 kVs. 

The windings of a f i r s t  dumny pole  wound with a 
1.1 x 2.2 nun2 Cu a d  b ronze   cab le   s t a r t ed   i n  September 
1979. A t  p r e s e n t ,   a l l   e x c i t a t i o n   c o i l s   h a v e   b e e n  
completed and t h e  magnet  assembly  started. We hope t o  
complete  the  magnet and begin   our   t es t s  by March 1981. 
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L i t t e r a t u r e  : 

Figure 13 11) D .  Leroy : A low energy,  high  precision  super- 
Figure 14 shows t h e   r e s u l t s  of sho r t  sample,  conducting  quadrupole  for  high  energy beams. 

c r i t i c a l   c u r r e n t  measurements  according  to  an  original 
loop  induction method  12)  whereby  the  samples  were 
reac ted   wi th   every   s ing le   cab le   l ength   requi red   to  
wind one  pole. 
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on Magnet Technology,  Brookhaven,  1972. 

I21 D. Hagedorn : Simple  and  economical method t o  
measure t h e   q u a l i t y  of j o i n t s  between  super- 
conducting  wires a t   h i g h   c u r r e n t s  ; CERN, 
SPS/EMA/Note  78-22 of  15.1.1979. 


