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I. GENERAL CONSIDERATIONS 

The term "hybrid" magnet has.begn coined t o  describe c o i l s  i n  which only pa r t  of 
t he  f i e ld .  i s  generated by superconductors and p a r t  by nonsuperconductors. 
have the advantage t h a t  they can produce higher f i e l d s  than can be produced by e i t h e r  
of t h e i r  pa r t s  alone. In  addition, they can represent a r a t h e r  economical approach t o  
very high f i e l d s  f o r  laborator ies  who already possess e i t h e r  power suppl ies  o r  r e f r i g -  
e r a t o r s  of reasonable capacity.  

Such systems 

The most compelling reason t o  consider hybrid systems is  t h a t  superconductors by 
themselves are l imited by t h e i r  upper cr i t ical  f i e l d .  If one wants t o  produce a fi.eld 
above t h i s  level ,  it is c l e a r ,  t ha t  the superconductor cannot do it alone. I f ,  an t h e  
other  hand, we replace those sections of the winding which are exposed t o  a f i e l d  too 
high f o r  the superconductor by nonsuperconducting materials, we can go on increasing 
the  f i e l d  limited only by our a b i l i t y  t o  power or cool the now d i s s i p a t i v e  inner re- 
gions.  
This cryostat  must not only provide low l o s s  temperature i s o l a t i o n ,  but m u s t  support 
very large magnetic i n t e rac t ion  forces  as w e l l .  

Needless t o  say, one m u s t  separate the two sec t ions  by a s u i t a b l e  c ryos t a t .  

When one designs an actual  hybrid system i t  i s  necessary t o  take a more s u b t l e  ap- 
proach than simply replacing only those windings which would be above the upper cri t i-  
c a l  f i e l d  of the superconductor. One needs t o  take i n t o  account the power (or cryogen- 

cost  of the superconducting magnet as a function of f i e l d  and bore. 
. i c  cooling) avai lable ,  the space required f o r  the nonsuperconducting i n s e r t ,  and the  

L e t  us first consider the r e l a t i v e  cost  of superconducting magnets a s  a funct ion 
of f i e l d .  This w i l l  give u s  an indicat ion both of how high f i e l d  a superconducting 
c o i l  we w i l l  be w i l l i n g  t o  invest  i n  f o t . t h e  hybrid, and a t  t he  same t i m e  i nd ica t e  what 
p r a c t i c a l  upper l i m i t s  of f i e l d  we might expect from an a l l  superconducting system. 

It is w e l l  known t h a t  the current carrying capacity of superconductors drops rap-  
i d l y  as the c r i t i c a l  f.ield i s  approached. Figure 1 shows t h e  c r i t i c a l  current f o r  a 
widely used  commercial Nb3Sn material. nominalized t o  t h a t  a t  100 %G far 4.Z°K1 and f o r  
1.5*K.2 
m u s t  be used i n  the conductor m u s t  increase as the inverse of F ig .  1. As the conductor 
p r i ce  is  related almost d i r e c t l y  t o  the  amount of NbgSn, w e  can construct  a . r e l . a t i v e  
cost  curve as  i n  Fig. 2 .  We have added as  w e l l  the r e l a t i v e  cos t  of NbTi i n  the low 
f i e l d  region as it becomes less cost ly  than NbgSn. 

Lf we wish our conductor t o  carry a fixed cu r ren t ,  t he  amount o f  NbgSn which 
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T o  comp'ute the  r e l a t i v e  c o s t  of magnets from Fig .  2 we must make assumptions about 
the amount of ma te r i a l  pe r  u n i t  volume of t he  magnet which requires t h a t  w s  se t t le  on 
the number of subdiv is ions ,  c u r r e n t  dens.ity, and on t h e  number of turns/cmL. For s m a l l  
bore ,  h igh  f i e l d  c o i l s  reasonable  cu r ren t  d e n s i t y  and turns/cm2 t o  assume are given i n  
F ig .  3 and are based on adding Nb3Sn t o  maintain cons tan t  cur ren t  and adding copper i n  
propor t ion  t o  the  l i n e a r l y  inc reas ing  magnetoresis tance.  

F igure  4 p l o t s  t h e  relative c o s t  of 1 . 5  inch bore,  a l l  superconducting magnets 
under t h e  assumptions d iscussed  f o r  var ious  numbers of subdiv is ions  of t h e  c o i l .  It i s  
c l e a r  t h a t  c o s t s  'rise extremely r a p i d l y  a t  h igh  f i e l d s ,  even at  reduced temperatures .  
W e  might expec t  from such a f i g u r e  t o  see hybrid systems considered fo r  any f , i e lds  
above 175 kG, and c e r t a i n l y  f o r  a l l  f i e l d s  a t  200 kG o r  h igher .  While f u t u r e  m a t e r i a l s  
may alter these  d iv id ing  p o i n t s  somewhat, the  fact  remains tha t  t h e r e  w i l l  always be a 
d i v i d i n g  po in t  a t  which i t  is advantageous o r  necessary t o  consider  hybrids .  

A s  an i n d i c a t i o n  of materials t o  come, F ig .  1 also g ives  the  cr i t ical  cu r ren t  den- 
s i t y  of some V3Ga ma te r i a l3  i n  i t s  abso lu te  r e l a t i o n  t o  t h a t  of NbgSn a t  4.2'K. 
probable performance a t  1.5'K should make i t  t h e  bes t  a v a i l a b l e  ma te r i a l  f o r  . t h i s  very  
h igh  f i e l d  range.  . 

Its 

Superconducting c o i l s  f o r  use  i n  hybrid systems m u s t ,  of course,  have much l a r g e r  
bores  than  those  i n  F ig .  4 ,  bu t  w i l l  be sub jec t  t o  the  same s t eep  rises i n  c o s t s  as 
f i e l d s  inc rease .  F igure  5 ,  f o r  example, indicates the  relative c o s t  of a 10 in .  room- 
temperature bore superconducting system r e l a t i v e  t o  t h e  cost a t  513 ,kG. Cryos t a t  and 
power supply  c o s t s  have been included i n  t h i s  case, and t h e  r e l a t i v e  c o s t  of  ma te r i a l  
is based on Fig .  2 and an assumed current dens i ty  of 5 X 10 A/cm . We n o t e  t h a t  t h e  
system c o s t s  a t  120 kG i s  n e a r l y  t w i c e  what i t  i s  at 100 kG. 

3 2 

It is  of interest  t o  examine the  magnitude of the  absolu te  c o s t s  of t h i s  10 in .  
system. I f  w e  t i e  F ig .  2 t o  a t y p i c a l  f i g u r e  for cos t  per ampere per  m e t e r  a t  today ' s  
prices w e  can c a l c u l a t e  t h e  m a t e r i a l  c o s t s .  I f  w e  t ake  $16.50 per kA/m a t  100 kG w e  
ob ta in  a material c o s t  , fo r  t h e  12  in.  50 kG superconducting c o i l  (10 in .  roorn-tempera- 
t u r e  bore)  of  $30 000 and w i t h  t h e  $20 000 add i t iona l  system cos t  g e t  a normalizing 
nonsa lary  c o s t  f o r  F ig .  5 of $50 000 at 50 kG. In  add i t ion ,  one would need t o  add 
engir ieer ing 'and l abor  c o s t s  which can e a s i l y  be..equal t o  material c o s t s  i n  prototype 
systems. Taking the  nonsa lary  f i g u r e  of $50 000 a t  50 kG w e  thus note  t h a t  a 100 kG 
system is  worth $150 000 i n  material c o s t s  a lone and a 120 kG system, $265 000. 
a r e  t h e r e f o r e  t a lk ing  about major  investments and we  see t h a t  w e  are un l ike ly  t o  wish 
t o  exceed 100 kG by very  much in  t h e  superconducting p a r t  of t he  hybr id .  

We 

L e t  u s  now s h i f t  our  a t t e n t i o n  t o  the  nonsuperconducting i n s e r t .  Th i s  can be a 
water-cooled c o i l  or  a cryogenic  c o i l  and which one t o  choose depends on a number of 
v a r i a b l e s .  Probably the  most important f a c t o r  i s  what i s  a l ready  a v a i l a b l e  t o  the  de-  
s igne r .  Most of the  l a r g e r  h igh  energy physics  l a b o r a t o r i e s ,  f o r  example, can make a t  
least  s e v e r a l  megawatts of power a v a i l a b l e  a s  can any of t h e  l a b o r a t o r i e s  a l ready  en- 
gaged i n  h igh  f i e l d  water-cooled magnet work. Some f a c i l i t i e s ,  on the  o t h e r  hand, have 
l a r g e  c ryogenic  capac i ty  and a shor tage  of power. I f  one i s  s t a r t i n g  from t h e  beginning 
wi th  noth ing  a v a i l a b l e ,  t he  problem is more complex and. t h e  dec i s ion  i s  o f t e n  most heav- 
i l y  in f luenced  .by what else might be done wi th  the  f a c i l i t y  were it a ~ a i l a b l e . ~  I n  t h i s  
paper w e  w i l l  restrict  our a t t e n t i o n  t o  water-cooled i n s e r t s  a s  w e  a l ready  have consid-  
e r a b l e  dc power and the  need € o r  many hours of cont inuous f i e l d s .  

3 .  Ribbons made by K. Tashikawa, Nat ional  Research I n s t i t u t e  f o r  Metals ,  Tokyo, 
and t e s t e d  a t  the  Franc is  B i t t e r  Nat ional  Magnet Laboratory by Y .  I w a s a .  

4 .  R .  Stevenson and P. Marston, Colloque i n t e r n a t i o n a l  su r  les champs magngtiques 
i n t e n s e s ,  Grenoble, 1'366 (CRNS, Par i s ,  1967), p. 169. 
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We w i l l  start our  d i scuss ion  by cons ide r ing  what f i e l d s  one might  expect t o  
achieve given a 100 kG superconducting c o i l  of  s u f f i c i e n t  s i z e  t o  accobnodate water- 
cooled c o i l s  at va r ious  power levels. T h i s  i s  shown i n  F ig .  6 .  With 2 MW we can 
achieve 200 kG i n  a 1.5 i n .  bore c o i l  (1.25 i n .  working bore)  and w i t h  4 MW, 250 kG. 
Above a f i e l d  of 250 kG the  i n s e r t  i t s e l f  beg ins  t o  s u f f e r  from some of the  same l i m -  
i t a t i o n s  of c r i t i c a l  cur ren t  t h a t  a f f e c t  superconductors ,  namely t h a t  t he  magnetic 
stresses a r e  becoming so  high t h a t  performance begins  to s u f f e r .  The c o i l  must e i t h e r  
use increas ingly  s t rong  conductors o r  g i v e  up inc reas ing  space t o  suppor t  s t r u c t u r e .  
The power requi red  per gauss the re fo re  goes up. We have . the re€ore  shown the curve i n  
Fig. 6 div id ing  above 250 kG; t h e  upper curve  r ep resen t s  an i d e a l  s i t u a t i o n  of no l i m -  
i t a t i o n ,  and the  lower one, t h e  more p r a c t i c a l  case. Nonetheless, w e  no te  tha t  with 
10 Nl one can achieve a f i e l d  of over 300 kG. 

W e  next examine how l a r g e  a superconduct ing c o i l  w e  .need t o  b u i l d  f o r  a given 
hybrid system. 
t a i n  a c o i l  ab le  t o  d i s s i p a t e  t h e  power we wish  t o  use.  Th i s  i s  g e n e r a l l y  not the  
optimum s i z e ,  however, a s  w e  s h a l l  d i scuss .  L e t  u s  assume t h a t  w e  wish t o  generate  
200 kG i n  a 1.25 in .  bore and w e  have 2.5 PIW of  power a v a i l a b l e .  W e  would f i r s t  pro- 
ceed t o  c a l c u l a t e  t h e  f i e l d  t h a t  an i n s e r t  o f  1 .5  i n .  i n s i d e  d iameter  would produce 
a s  a func t ion  of i t s  ou te r  diameter. A s  t h e  insert c o i l  is enlarged ,  t h e  gauss per 
wat t  goes up due t o  t h e  inc rease  i n  the c o i l ' s  Fabry f a c t o r  and t h e  decrease i n  opera- 
t i n g  temperature. The inc t ease  i n  i n s e r t  f i e l d  wi th  ou te r  diameter  means tha t  less 
f i e l d  need be generated by t h e  superconducting c o i l  t o  r each  200 kG, bu t  a l so  r e q u i r e s  
t h a t  t h e  superconducting c o i l  have a p rogres s ive ly  l a r g e r  bore to  accommodate the  
l a r g e r  i n s e r t .  It is thus necessary t o  examine the balance between t h e  cos t  of i n -  
c reas ing  t h e  bore  aga ins t  t h a t  of producing a h igher  f i e l d  a t  a smaller bore. 
shows the  r e s u l t s  f o r  t h i s  case and for a YMW, 250 kG case. We n o t e  t h a t  t he re  is  an 
i n s e r t  c o i l  ou te r  diameter which y i e l d s  a minimum c o s t  system at  t h e  given power and 
required f i e l d .  Where t h e  minimum w i l l  l i e  depends upon t h e  type o f  insert, t he  power 
l e v e l ,  the  f i e l d  range and t h e  cos t  of t h e  superconductor. The minimum can thus  be 
expected t o  s h i f t  wi th  changing economics of  the superconducting m a t e r i a l .  Figure 7 
i s  given only t o  i n d i c a t e  t h a t  t he re  w i l l  be an optimum s i z e  t o  p i c k  and tha t  wi th in  
p lus  o r  minus one t o  two inches,  i t  i s  nat p a r t i c u l a r l y  c r i t i ca l .  

The minimum s i z e  i s  d i c t a t e d  by t h e  smal les t  bore l a r g e  enough t o  con- 

Figure 7 

Having found the  optimum, i t  is  necessa ry  to go back and be s u r e  t h a t  it i s  Eea- 
s i b l e  t o  bu i1d .a  coi l  wi th in  t h a t  optimum space  which can be supported and cooled. 
This  is a more complex ques t ion  a s  t h e r e  i s  seldom an abso lu te  l i m i t  on performance. 
A p a i r  of t y p i c a l  i n s e r t  c o i l s  are shown i n  Big.  8 t o  g ive  an i n d i c a t i o n  of what is  
poss ib le .  The i n s e r t  c o i l  has  an i .d .  of 1 . 5  i n .  and an 0.d.  of 4.375 i n .  and absorbs 
1.1 Mw t o  generate  75 kG. It could e a s i l y  absorb  1.5 MW. The second c o i l  of 4.6 i n .  
i .d .  and 13 in. o.d. absorbs 5 MM and g e n e r a t e s  LOO kG. The o v e r - a l l  diameter ou t s ide  
the  r e t a i n i n g  s t r u c t u r e  i s  14 in. A proposed f u t u r e  c o i l  system h a s  been designed t o  
absorb 16 'MW wi th in  t h e  same envelope a l though with a d i f f e r e n t  c o i l  arrangement * 
Based on our experience with c o i l s  l i k e  t h e s e  we f e e l  t h a t  t h e  minimum allowable s i z e  
w i l l  genera l ly  f a l l  below t h e  optimum s i z e ,  p a r t i c u l a r l y  i f  m u l t i p l e  c o i l  arrangements 
a r e  used. 5 

A 10 i n .  room temperature bore supercsnduct ing c o i l  as d i scussed  i n  connection 
with P ig .  5 would be c lose  to the  optimum s i z e  f o r  a 2 . 5  MW i n s e r t ,  and i f  i t . gene r -  
a t e s  90 kG would g ive  a 200 kG c e n t r a l  f i e l d .  This  c o i l  would r e p r e s e n t  an investment 
of about $120 000 exclus ive  of s a l a r y  c o s t s  and would be cons ide rab ly  less c o s t l y  than 
the  all-superconducting c o i l s  ind ica ted  i n  F ig .  4 .  As t h e  f i e l d  r equ i r ed  increases  
f u r t h e r ,  hybrids  must be used and the  question is  no longer  one of economics. 

. 5. D.B. Montgomery, Colloque i n t e r n a t i o n a l  s u r  l es  champs magngtiques intenses ,  
Grenoble, 1966 (CRNS, P a r i s ,  1967), p .  51. 
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11. PROTOTYPE HYBRIb MAGNET 

1. Over-all System 

We are constructing a prototype hybrid system which will use various water-cooled 
insert coils in a 14 in. room temperature bore 60 kG superconducting coil. 
of 225 kG in a 1.25 in. bore or 200 .kG in a 2.125 in. bore can be produced for 5 Mw of 
power input. Later inserts at 10 and 16 MW can be expected to produce fields close to 
300 kG. While it appears technically and economically feasible to construct outer coils 
up to 120 kG, the lower field prototype was selected to remain within the convenient 
range of NbTi and to minimize coil development problems. As we shall discuss, there are 
a number of severe problems which must be met in connection with the cryostat design, as 
well as an immediate need for the system in the magnet facility; we therefore considered 
it expedient to choose a superconducting coil of modest performance. 
the design details of the superconducting coil, we shall examine the over-all system and 
the cryostat design. 

Total fields , 

Before discussing 

Figure 9 shows the over-all system, which consists of the superconducting magnet 
cryostat, external 250 liter storage vessel, 8 kW power supply, and a typical water- 
cooled insert. The storage cryostat is considered a permanent part of the system and 
is connected to the magnet cryostat by a permanently installed, shielded, low loss 
transfer tube. Helium can be transferred into the magnet cryostat for operation and 
the excess out again after the run. Between runs the coil will be held at 20°K by a 
small regenerative refrigerator. 6 

The power supply can charge the 2 IU superconducting magnet in 15 minutes and 
sweeping operation will then be accomplished by the insert. An energy removal protect- 
ive system parallels the coil by a permanently installed 0.1 CJ resistor and disconnects 
the protected power supply by means of a two-pole breaker. 

When additional hybrid systems become operational in the laboratory, it is pro- 
.posed to connect'them all together with a 500 W helium refrigerator. 

2 .  Magnet Cryostat 

The superconducting magnet cryostat and the two-coil water-cooled insert are sche- 
matically shown in Fig. 10. The insert is similar to that pictured in Fig. 8. All 
water and power connections are located at the bottom and the 14. in. 0.d. retaining 
structure and coils can be easily removed as a unit up through the open bore of the 
magnet cryostat without disturbing the cryostat. Any other standardized insert can 
then be reintroduced, all without any necessity of warming up the superconducting coil. 

The magnet cryostat can be very short as it needs t o  contain no reservoir of heli- 
um, the helium being supplied from the external storage vessel. The helium cryostat is 
welded shut to avoid seal problems and is suspended from supports at 77OK by 118 in. 
diameter stainless-steel cables running from the bottom of the helium cryostat to the 
top of the nitrogen cryostat and vice versa. A nitrogen shield cryostat is used rather 
than a gas coo2ed shield because of the desire to hold the coi.1 at 20°K when no helium 
is present; the nitrogen reduces the load. that the 20°K refrigerator must supply. The 
nitrogen cryostat and vacuum vessel are aluminum, the radiation shields copper, and the 
helium cryostat stainless steel. Cooldown weight of the coil and helium cryostat is 

.2Of10 lb. 

6 .  W. Hogan and R.W. Stuart, Cryodyne Refrigerator, ASME 63-WA (1963) 
by A.D. Little, Inc. 
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Access t o  the  helium cryostat  i s  provided through a 40 in .  long 3 i n .  diameter 
This allows t h e  use of long counter flow leads7 and minimizes the neck s t a c k  tube. 

tube loss. 'The leads may be remotely disconnected near the top of $h is  s tack and t h e  
l o w  temperature side of t h e  disconnect is  shielded from heat input by a separate vacu- 
um space. The leads w i l l  remain connected during operation a s  no p e r s i s t e n t  operation 
i s  possible (due t o  coupling with the changing f i e l d  of the  co.pper c o i l ) ,  but w i l l  be  
disconnected between runs t o  minimize heat  input which must be removed by the 20°K 
r e f r i g e r a t o r  I 

The pr incipal  design problem which must  be m e t  i n  the magnet c ryos ta t  i s  the sub- . 
port  of the magnetic in te rac t ion  forces between t h e  inser t  and superconducting c o i l .  
The in te rac t ion  forces ,  calculated on an inductance basis,  resu l t  i n  an a x i a l  spr ing 
constant of 40 000 l b l i n .  and a r a d i a l  spring constant of 6000 l b / i n .  of r a d i a l  d i s -  
placement. Under ordinary conditions the a x i a l  force is a restor ing force  and, hy 
proper alignment and t h e  allowance 05 some r e l a t i v e  axial  motion, would not be t rouble-  
some. However, during assymmetric f a i l u r e  of the  copper c o i l ,  the magnetic centers  
would be displaced and a la rge  accelerating force would be introduced. While these 
conditions w i l l  only ex is t  during the 300 m s e t  period required t o  f u l l y  open the  break- 
ers, * the  peak acce lera t ing  force can reach 24 g. The ax ia l  support cables  running from 
t h e  helium cryostat  t o  t h e  nitrogen cryos ta t ,  and from the nitrogen cryos ta t  t o  the  
vacuum vessel ,  contr ibute  an e f fec t ive  spring constant of 10 000 l b l i n .  and under high- 
er off-center loads,  s t r e t c h  e l a s t i c a l l y  t o  allow the inner cryostat  t o  come up against  
s tops (not shown i n  the  f igure)  carried by the upper and lower rad ia t ion  shield covexs. 
They thus t r a n s f e r - t h e  loads d i r e c t l y  t o  the vacuum vessel covers. 
(and the i n s e r t  magnet assembly) a r e  both mounted on s t i f f  spring systems and can then 
move t o  reduce the off-center  loads. The c o i l  is  held inside the helium cryostat  by 
long b o l t s  passing through a cover p l a t e  above the co i l  and threaded i n t o  the c ryos ta t  
base p la te .  

The vacuum vesse l  

The r a d i a l  forces  a r e  unstable and i t  is  therefore nece-ssary t o  have a res tor ing  

s t a n t .  A res tor ing  spr ing constant of 15 000 l b / i n .  is provided. Radial cables run- 
ning from the helium to the  nitrogen cryostat  a re  fixed i n  place, while those running 
from the nitrogen cryostat: t o  the vacuum vessel a r e  external ly  adjustable  t o  minimize 
forces  by proper i n i t i a l  alignment. Experience with t h e  f i r s t  system w i l l  indicate  i f  
t h i s  adjustment fea ture  i s  necessary. 

' r a d i a l  spring constant i n  the  cables grea te r  than the upsett ing magnetic spring con- 

The estimated helium losses  for  the cryostat  under various conditions,  as  w e l l  as 
cooldown requirements, a r e  given i n  Table I. 

3 .  The' Superconducting C o i l .  

.A.  Coil construction. The design parameters f o r  the superconducting c o i l  t o  be 
The c o i l  i s  t o  be con- used with the prototype hybrid system a r e  given i n  Table 11. 

s t ruc ted  from 24 double pancakes, with each double pancake wound from a s ingle  620 f t  
piece of 0.079 in. >( 0.397 .in. copper NbTi composite material.' 
t o r  parameters are given i n  Table E I I . .  

The specified conduc- 

The turns of the pancakes are separated by 0.1 in.  long by 0.015 i n .  high poly- 
es te r -g lass  spacers which a r e  cemented i n  place by a s i l icone adhesive coating on both 

7 .  K.R. Efferson, Rev. S c i .  Instr .  38, 1776 (1967).  

8 .  The composite mater ia l  was manufactured by Cryomagaetics, Znc. Denver, Colorado. 
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TABLE I 
E s t i m a t e d  Cryos ta t  and Cooldown Losses 

1. Input t o  helium c r y o s t a t  (4 .2 - 77OK) 
Axial cab les  0.04.W 
Centering cables  0.17 W 
Neck tube 0.10 w 
Radiation (emissivity = 0.05) 0.21 w 

0.52 W 2 750 X l i t e r l h  

Lead lo s ses  at, 1500 A 3.0 W 2 4.2 l i t e r l h r  

2. Input t o  n i t rogen  c r y o s t a t  
Axial cab les  0.6 w 
Centering cab le s  2.4 W 
Radiation (0.25 i n .  supe r insu la t ion )  9.3 w 

L2.3 W 1- 0.27 l i t e r / h  

3. H e l i u m  cooldown requirements  ( p e r f e c t  exchange condi t ions)  
To cool from 77'K 140 l i t e r  
To cool  from 70°K 115 liter 
To cool from 20°K 5 l i t e r  

TABLE I1 

Coi l  Parameters  

Lnside diameter 
Outside d i a m e t e r  
Length 
Number of double pancakes 
Number of t u r n s  per  pancake 
Length of i nd iv idua l  conductors  

Tota l  conductor l eng th  
Coi l  weight 
In t e rna l  cool ing  passages 

( s ing le  length per  double  pancake) 

Edge cool ing 
Central  f i e l d  
Maximum winding f i e l d  
Design cu r ren t  
Maximum f a u l t  cu r ren t  
Energy s torage  

TABLE I11 

Conductor Parameters 

Cross s e c t i o n  

R a t  i o  o f  copper t o  superconductor 
Number of  superconduct ing s t r ands  
Diameter of superconducting s t r ands  
Exposed surfacelcm l e n g t h  
Anticipated r e s i s t i v i t y  a t  65 kG 
S t a b i l i t y  parameters (F ig .  16)  
Maximum hea t  f lux  (1650 A) 

16 i n .  
26 i n .  
23 i n .  
24 
52 

610 f t  
14 700 f t  
1500 l b  
0.017 i n .  X 0.3 i n .  (75% o f  

internal  su r face )  
80% of each pancake face 
60 kG 
65 kG 
1500 A 
1650 A 
2 X lo6 J 

0.397 i n .  x 0.079 i n .  

8: 1 
60 

E;: 0.0091 fn. 
2.25 cmL 
3.75 x 10-8 Q*cm 
an = 0.25,  Bn (4.2OK) = 0.3 
0.25 W/cm2 

(10 mm x 2 mm) 
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s ides  of 0.001 in .  W l a r  tape.9 
applied parallel t o  t h e  tape surface per square inch of  bond su r face .  
each pancake are f u l l y  exposed f o r  cooling with the exception of 64 0.2 i n .  wide r a d i a l  

cover 15% of the  face cooling surface.  
mid-plane is 300 000 l b ,  giving a compressive force on the i n s u l a t o r  s t r i p  of 5500 p s i .  

The bond w i l l  resist a modest f o r c e  of 100 l b  a t  77OK 
The faces of 

. Micarta spacer s t r i p s  which separate the pancakes and support the axial forces.  They 
T h e  integrated a x i a l  compression force a t  t he  

The pancakes are,banded at  the outer diameter by a yellow b r a s s  tension band 
0.187 i n .  thick,  closed by a half  inch b o l t .  The yellow brass has a y i e ld  s t rength of 
45 000 p s i  a t  300°K and an integrated contractionlo higher than t h a t  of copper 
(&/L = 397 X from 300°K t o  OOK). 

The peak conductor stress is 10 800 p s i  d i s t r ibu ted  across the conductor and the  
r e s u l r a n t  s t r a i n  is so  s m a l l  t ha t  no adverse e f f ec t  on r e s i s t i v i t y  i s  ant ic ipated.  
The thermally induced stress re su l t i ng  from the d i f f e r e n t i a l  con t r ac t ion  of copper and 
NbTi €or the 8: l  copper-to-superconductor r a t i o  composite adds an add i t iona l  2500 p s i  
(see Fig.  15) .  

A l l  connections a r e  a t  the outside of the c o i l  and a r e  overlapped, soldered, and 
The pancakes a re  wound on a removable mandrel and are bolted t o  a support s t r u c t u r e .  

thus not wound on a core tube. The cross-over t u r n  from one half  of t h e  pancake t o  
the o the r  i s  supported by appropriately placed insulated pieces.  

B. Choice of conductor and anticipated c o i l  performance. In view of the p o t e n t i a l  
problems associated with the cryostat  and operation of the prototype system it was de- 
cided t o  bui ld  as conservative a c o i l  as  possible.  
s t a b l e  ( t h a t  is, have a recovery current higher than the operating cu r ren t )  and t o  op- 
e r a t e  a t  a r e l a t i v e l y  modest current dens i ty  of 5 X 10 A / c m  . 
an appropriate  conductor, a number of tests on magneto- and stress-induced r e s i s t i v ' i t y ,  
thermal. stresses, heat: t r a n s f e r ,  thermal conductivity,  and f i n a l l y  voltage-current 
c h a r a c t e r i s t i c s  of short  samples were undertaken. 

The c o i l  i s  expected t o  be f u l l y  

3 2 To specify and s e l e c t  

i )  H e a t  f l u x  measurements. A test was made t o  determine t h e  take-off and recov- 
ery heat f l uxes  f o r  the conductor and passage geometry t o  be used i n  the  c o i l .  A 0 . 2 5  W 
carbon r e s i s t o r  w a s  embedded i n  a 1 cm wide copper conductor backed with a s t a i n l e s s -  
steei heater  s t r i p .  The conductor w a s  then spaced off a v e r t i c a l  p l a t e  by the  0.017 in .  
i n su la to r  s t r i p s  t o  be used i n  the c o i l ,  and the heater  s t r i p  s i d e  blocked off from e f -  
f e c t i v e  contact with the  helium. The r e s u l t s  a r e  shown i n  F i g .  11. The recovery heat  
f l u s  of 0.31 W/c& can be fu r the r  reduced t o  0.25 W/cm2 i E  s u f f i c i e n t  addi t ional  heat  
i s  put i n t o  a heater below the  t e s t  secti-on, choking the passages wi th  bubbles. f t  i s  
c l e a r  t h a t  t he  most conservative approach would l i m i t  the heat f l u x  with a l l  the cu r ren t  
i n  the  copper t o  0.25 W l c m  , and t h i s  we have done. 2 

W e  have selected a passage height of 0.017 i n .  as  a reasonable compromise between 
overly r e s t r i c t i n g  heat f l u x  and reducing the packing f r ac t ion .  The influence of 
changing t h e  passage height on the total. conductor required i s  shown i n  Fig.  1 2  i n so fa r  
as t h e  passage height changes the turns/crn2 and hence the over-al l  cu r ren t  dens i ty  a t  
f ixed cu r ren t .  We note t h a t  the coif s i z e  and conductor thickness make the influence 
of passage size on conductor length r a t h e r  small. 

ii) S t r e s s  and r e s i s t i v i t y .  In order t o  a n t i c i p a t e  what reasonable value of re- 
s i s t i v i t y  t o  expect fo r  the conductor a s e r i e s  of tests was undertaken. Magnetoresist- 
ance d a t a  taken on magnet w i r e  and f ive  NbTi copper composites a r e  surmnarized i n  Fig.  13. 

9 .  Mylar double coated "Scotchpar," 3 M  Company Tape No. Y93O. 

1 0 .  R.B. Sco t t ,  Crvogenic Engineering (Van Nostrand, Princeton, N.J .  1959) 
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We note that the slopes of all the curves are very similar and that only the materials 
of a resistivity less than the 1OO:l deviate appreciably from a linear relationship. 
Once knowing the initial resistivity and the slope one can estimate rather well the 
operating resistivity . 

Also shown in Fig. 13 is the relationship between stress-induced resistivity and 
magnetoresistance. Curves 1 and 2 and curves 7 and 8 represent.two samples before and 
after strain. The curves simply move up and consequently can also be constructed from 
zero field strain-resistivity measurements and zero strain magnetoresistance measure- 
ments. 
tivity of the copper could be measured in the presence of superconductors in the com- 
posite. 

The magnetoresistance measurements in Fig. 13 were taken at 12'K so that resis- 

The effect of strain on zero field resistivity for annealed magnet wire is shown 
in Fig. 14. It is interesting to note that most of the strain-induced resistivity 
introduced at low temperature in copper anneals out upon returning to room temperature. 

Stress can be introduced both by magnetic forces and by thermal contraction. The 
thermally induced stress in a NbTi copper composite (assuming zero stress ai 300°K) is 
shown in Fig. 15 as a function of the ratio of copper to superconductor. 
is based on a measured1' modulus at 4.2OJ.C of E = 22.2  X lo6  for NbTi and E = 20 x l o6  
for copper, and a measuredll 300°K to 77'K integrated contraction of O L f t  = 131 X 
for NbTi and &/L = 310 X loe5 €or copper. 
the stress is small, and little effect on resistivity from thermal contraction alone 
would be expected above a ratio of 2 to I. 

The figure 

For large copper-to-superconductor ratios, 

iii) Stability. Having explored allowable heat fluxes and expected resistivities, 
it is possible to specify the desired characteristics of the composite in regard to the . 
ratio of copper to superconductor and the number of strands of superconductor. The 
parameters of the composite chosen €or Q U ~  60 kG coil are given in Table 111. 

The stability parameters are defined in Fig. 16. It will be noted that the usual 
stability parameter,l2 a, has to be redefined as an to allow the use of a nonlinear 
heat transfer coefficient. We have also introduced a second parameter, @,, relating 
to the temperature rise associated with thermal gradients within the superconductor. 
The simple model used assumes a uniform distribution of current within the superconduc- 
tor and a mean temperature rise given by Eq. (4), Fi 
can be combined into a single stabilization equationK5 as given in Fig. 16. 

16. The influence of ctn and $n 

We can demonstrate the effect of an and $, on stability by the use of Fig. 17 and 
Fig. 18. Figure 17 assumes Bn = 0 and shows only the effect of the nonlinear heat 
transfer which is assumed to be of the sample form of Eq. (l), Fig. 16, with h, = 4 ,  
n = 2 .  One notices discontinuities at I = I,, an occurrence which has been reported 
previ0us1y.l~ Figure 18 assumes a fixed value of an = 0.25 and shows the effect of 
gradients in the superconductor. These gradients can also introduce discontinuities 
ai I = IC. One must therefore know something about the thermal conductivity of the 
superconductor, and should then choose N to limit the discontinuity of the critical 

. 11. Measured at the Francis Bitter National Magnet Laboratory by N.T. Pierce and 
C. Park. 

12.  Z.J . J .  Stekly and J.L. Zar, IEEE Trans, Nucl. S c i .  NS-12, No. 3 ,  367 (1965). 
1 3 .  D.B. Montgomery, Magnet Design (John Wiley & Sons, New York, 1969), Chap. 6 .  

14. W.F. Gauster and J.B. Hendricks, in Proc. IEEE Intermag Conference, Washington, 
- 1968 (to be published). 
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current chosen. 
smaller .> (For a fixed current, if N gets larger, the strand-diameter must get 

The thermal conductivity of NbTi at H = 0 is given15 in F i g .  19 and is a rapidxy 
changing function of temperature. (In Pig .  18, the conductivity is assumed fixed and 
if taken at the 4.2'K value, for example, will obviously overemphasize the effect.) 
To assure no discontinuity we chose a large number of individual conductors, N being 
60 €or our composite. 

15. These measurements were made by A .  Milner and R. Hale at the Francis Bitter Magnet 
Laboratory. The material was supplied by Cryomagnetics, Inc., Denver, Colorado. 

' .  

Fig. 1. Crit ica l  c.urrents for Nb3Sn ribbons at 4.2'K (Ref. 1) and 
1.5OR (Ref. 2) as a function of field, normalized to their 
values at 100 kG. Also shown i s  a sample of V3Ga (Ref. 3) 

. at 4.2% in its absolute relation to NbgSn at 4.2OK on the 
basis of equivalent over-all cross section. 
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Fig. 2 .  Re la t ive  cos t  of NbTi and NbgSn at 4.2'K and 1.5% based on 
.F ig .  1 and the  assumption t h a t  cos t  i s  inverse ly  r e l a t e d  t o  
cu r ren t  a t  fixed f i e l d .  The curves have been normalized t o  
1 a t  100 kG where cur ren t  p r i ces  ind ica t e  an average approx- 
imate cos t  of $16.50 per kA/m. 
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Fig. 3. Assumed over-a l l  current dens i ty  and turns/em2 used w i t h  Fig.  4 .  



Big. 4 .  

1.5 INCH BORE SUPERCONDUCTING COILS 
N= NUMBER OF SUBDIVISIONS 
COIL L E N G T H  = 6 I N C H E S  . . 

I 
30 225 

Cost of 1.5 in. bore superconducting coils in relation to costs 
at: 100 kG. The number N is the number of subdivisions of the 
c o i l .  Each subdivision, starring at the inside, is assumed to 
produce a field hi = 1 unit, h2 = 2 unit:: . . . , h, = n units, 
thus generating progressively more field with the lower field 
coi ls .  Curves are shown for 4.2OK and 1.5'K. 
cost of 200 kG coils,ranges from l5 to 40 times costs at 100 kG. 

We note that the 
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Fig. 5. Relative cost of a 10 in; room temperature bore (12 in. i.d.) 
superconducting coil as a function of field. The normalized 
cost at 50 kG includes $10 000 f o r  a cryostat and $10 000 for  
a power supply and $30 000 f o r  inaterials. 
costs are included. 
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Fig. 6. Total field in a 1.25 in. bore resulting from a 100 kG super- 
conducting coil surrounding a water-cooled insert absorbing 
various amounts of power, Curve 2 assumes no limitation of 
stress, and curve 1 shows the effect of stress limiting in ' 

the water-cooled insert. 
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Fig 7 .  Relative cost of superconducting outer coils as a function of 
the outer diameter of the insert core. The superconducting 
coils are assumed to be 2 in. larger than the core 0.d.  (see text). 
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Fig .  8 .  A typical .  5 MW water-cooled i n s e r t  (Ref. 5 )  c o n s i s t i n g  of two 
c o i l s ,  t he  inner producing 75 kG and t h e  o u t e r  100 kG. The 
c learance  dimension ou t s ide  the  con ta in ing  b a r r e l  is 24 i n .  
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Fig. 9. Over-all v i e w  of the 225 kG hybrid water-cooled and superconducting 
magnet system being developed at the Francis Bitter National Magnet 
Laboratory. 
supplies helium to the magnet cryostat. The 8 kW power supply is 
shown between the cryostats. A small refrigerator is shown mounted 
0% top of the magnet cryostat and is used to hold the magnet at 20% 
between scheduled operations. The magnet cryostat is mounted on 
heairy springs t o  allow relative motion between the two coil systems 
under fault conditions. 

The external helium storage vessel is at the left and 

I- 741 - 



Fig. 10. Schematic of t h e  225 kG hybrid magnet. A p a i r  of water-cooled c o i l s  
consuming 5 MW of dc  power a r e  t o  be operated i n s i d e  a 2.4 i n .  room 
temperature bore  60 kG superconducting c o i l ,  The superconducting . 
c o i l  w i l l  weigh 1600 lb and s t o r e  2 M J  of energy.  
containing t h e  c o i l  as w e l l  as t h e  n i t rogen  s h i e l d  Dewar are sus-  
pended aga ins t  t h e  v e r y  l a r g e  magnetic i n t e r a c t i o n  fo rces  by the  
spokes ind ica ted  schemat i ca l ly  i n  the  l e f t -hand  sec t ion .  Access f o r  
e l e c t r i c a l  l eads  and cryogenic  f l u i d s  i s  provided through t h e  3 i n .  
neck tube shown at t h e  top  l e f t  of t he  c r y o s t a t .  
i n s e r t  can be exchanged e a s i l y  f o r  a l t e r n a t e  co res  without  d i s t u r b i n g  
the  superconducting c o i l .  
water-cooled s e c t i o n  a r e  loca ted  below t h e  i n s e r t .  

The helium Dewar 

The water-cooled 

A l l .  water  and power connections f o r  t he  
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HEAT FLUX (WATTSKM~)  

Fig. I f .  C r i t i c a l  heat f lux  measurements i n  passages simulating those 
i n  t h e  magnet, 0.017 in .  high by 0.3 in .  wide by 0.397 in .  
long.. The dotted curve resu l t s  when a large input of bubbles 
i s  produced with a heater  below the test sect ion,  simulating 
a normal zone i n  a lower pancake. 

4.0 
1.0 1.02 1.04 1.06 1.08 1.10 1.12 1.14 

NORMALlZED CONDUCTOR LENGTH 

Fig. 12. Effect on conductor length of changing passage height .and 
consequently the turns  Jcm2 and the over-al l  current  densi ty  
a t  fixed current .  
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Fig. 13. Effect of magnetoresistance on a variety of composite 
samples of different initial resistivities. Curves 1 
and 2 and 7 and 8 before and after strain, illustrating 
the simple additive nature of  the two resistivity con- 
tributions. 
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Fig .  14. Effect of. stress and' strain on the resistivity of copper 
magnet wire. 
on resistivity is noted. 

A 1% strzin is required before any effect 

0 1 2 3 4 5 6 7 8 9 1 0  

ACU /Asc 

Fig. 15. Thermal stress induced in the copper por t ion  of a copper- 
NbTi composite conductor as a function of the area ratio 

' of copper to superconductor (see text). 
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F ig .  16. Formulation used t o  describe the s t a b i l i t y  of copper- 
superconductor compounds (see t e x t )  * 

Fig. 1 7 .  Plot of Eq. (6) with 8, = 0,  thus i l l u s t r a t i n g  the e f f e c t  
of a nonlinear heat t r a n s f e r  i n  producing a d i scon t inu i ty  
a t  the c r i t i c a l  current.  The normalized cu r ren t ,  i, i s  
che t o t a l  current.normal'ized t o  the c r i t i ca l  cu r ren t ,  
Ic(R9z and iR is the current  i n  the normal path normalized 
to Ic( lx) .  
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F i g ,  18. Plot of Eq. (6) with an = 0.25, 
effect of a gradient within the 
discontinuities at the critical 
currents, i and iR, are defined 

I 

1.6 

thus illustrating the 
superconducting core on 
current .  The normalized 
in Fig. 17. 
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Fig. 19. Thermal conductivity of NbTi (Ref. 15) as a function of 
temperature at zero f i e l d ,  
parallel strands of 0.020 in. diameter NbTi. The meas- 
urements were made along the wire in a h'igh vacuum cryostat. 

The sample consists of 19 
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