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I. GENERAL 

Superconducting coils are normally operated immersed in a liquid-helium bath. 
Alternatively, it seems possible' to wind the coils with a hollow conductor and to cool 
them with a forced circulation of helium. 

We think that this method of cooling will show the following advantages: 

Each point of the conductor will be correctly cooled, and 
thus a good coil stability will be guaranteed. 

The absence of flow channels and of empty spaces between 
conductors will allow an improved mechanical design and 
construction of the coil. For the same reason, a better 
electrical coil insulation will be possible. 

The cryostat construction will be simplified. 
the cryostat will reduce t o  a vacuum tank and, if neces- 
sary, a cold shield. 

The amount of helium contained in the hollow conductor 
will, in general, be smaller than the corresponding amount 
of helium required to fill the cryostat of a conventional 
superconducting coil. 

In 'fact, 

We think that these advantages will be particularly evident for coils of large 
dimensions. In the case of small coils, they might be counterbalanced by the diffi- 
culty of having (with forced cooling) at the same time a relatively small feeding 
current and a high over-all current density in the coil cross section. Large values 
of feeding current will cause power losses in the input leads which would normally 
be unacceptable f o r  small coils. 

For the purpose of studying experimentally the technical problems related t o  
forced cooling of superconducting coils, we have constructed an apparatus to ciiculate 
the helium, and a test coil. 

Details. of this work are reported in the following sections. 

11. FORCED CIRCULATION SYSTEM 

Liquid helium at normal pressure is a poor cooling medium in the case of forced 
circulation. The small helium latent heat of evaporation permits easy formation o i  
vapor and liquid mixture. 

J; 
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It has been demonstratedi t h a t ,  on the contrary,  s u p e r c r i t i c a l  helium a t  4.2OK 
and a t  a pressure above the c r i t i c a l  p r e s s u r e  of 2.26 atm i s  an excel lent  cooling 
medium. A s  a matter of f a c t ,  i n  t hese  conditions,  only one phase can e x i s t ,  and hence 
the inconveniences o r ig ina t ing  from the mixture of l iquid and vapor a re  eliminated. 

W e  have constructed a system t o  c i r c u l a t e  s u p e r c r i t i c a l  helium, very s imilar  t o  
the one described i n  Ref. 1. It should be noted t h a t ,  while t h i s  system i s  excel lent  
f o r  t e s t i n g  purposes, i t  i s  somewhat doubtful whether i t  would a l s o  be convenient f o r  
cooling an operat ional  c o i l .  In t h i s  case, unless  the c o i l  is very small, i t  w i l l  
probably be preferable  t o  bu i ld  the c i r c u l a t i n g  system a s  an i n t e g r a l  par t  of the 
helium l i q u e f i e r .  

The forced cooling system and the  pr inciple  of operation a r e  i l l u s t r a t e d  i n  
Fig.  1. The vessel ( 6 )  i s  f i l l e d  with l i q u i d  helium. H e l i u m  gas is  introduced 
through t h e  l i n e  (7)  and the valve (8) to  the closed loop (l), (2), ( 3 ) ,  and (4) .  
The helium i s  c i r cu la t ed  i n  the  closed loop by the pump ( 3 ) .  The helium is brought 
t o  a temperature of 4.Z°K i n  the f i r s t  heat exchanger ( l ) ,  and subsequently cools . 
down the  coil ( 4 ) .  The second heat  exchanger (2) of the c i r c u i t  is  used t o  recuper- 
ate,  p a r t l y ,  the enthalpy of the helium vapors wh.ich a re  exhausted rerough (5).  The 
helium i n  the closed loop is  maintained a t  high pressure, while t h e  pump ( 3 )  has only 
t o  produce the  small. pressure drop required f o r  c i r cu la t ion .  A t  t h e  beginning of the 
operation, be fa re  equilibrium condi t ions a re  reached, helium must be introduced con- 
t inuously i n t o  the closed loop through ( 7 )  and (8).  When equilibrium i s  reached, 
the valve (8) can be closed. 

Figures 2 and 3 give cons t ruc t ion  d e t a i l s  and a general view of the forced cool- 
ing system. 

The pump (3 ) ,  which is i l l u s t r a t e d  i n  Fig. 4 ,  i s  a double ac t ion  pis ton pump. 
The p i s ton  has a p las t ic  gasket .  
ensured by t h e  f i n e  machining of t he  surfaces.  The pump i s  motor-driven through a 

5 and 200 tu rns  per minute. The max imum speed corresponds t o  a nominal helium flow 
of approximately 420 l i t e r s l h o u r .  

The valves have no gaskets,  but good t ightness  is  

* long t h i n  rod and crank mechanism, and can be operated a t  a speed varying between 

III. HOLLOW CONDUCTOR AND TEST C O a  

The compound conductor used t o  wind t h e  test c o i l  is an aluminum pipe  i n  the wall  
of which six,  0.25 mm, superconducting wires $re embedded. The conductor cross sect ion 
i s  shown i n  Fig. 5.  The reason f o r  t h i s  geometry of the conductor cross sect ion i s  , 
t ha t ,  with a l l  t he  superconducting wires being on one neu t r a l  axis ,  the conductor can 
be e a s i l y  bent t o  a small r ad ius  i n  one plane. In f a c t ,  a bending radius of l e s s ' t han  
1 cm is possible  without damaging the  wires, which a r e  of Supercon heat- t reated copper- 
plated NbZr a l loy .  The aluminum pipe is  of hggh pur i ty  ( b e t t e r  than 0.9999) metal. 

The aluminum r e s i s t i v i t y ,  measured on a heavi ly  cold worked sample a t  4.2'K i n  a 
t ransverse magnetic f i e l d  of 40 kG, i s  approximately 1.4 x I O m 8  da-cm. 

The conductor has  been produced, by an extrusion process, by the firm "Atelier 
Glectromrkanique de Gascogne - R. Creuzet," Marmande, France. 

(each 'having 36 turns)  e l e c t r i c a l l y  connected i n  series. Approximately 300 m of con- 
ductor w e r e  used t o  wind the  c o i l .  For cooling, the 1 6  pancakes are fed i n  p a r a l l e l  

The test c o i l  wound 
. with t h i s  conductor i s  shown i n  Figs .  6 and 7 .  It cons i s t s  of 16 double pancakes 

~ 

1. H.H. Kolrn, i n  Proc. Intern.  Symposium Magnet Technology, Stanford 1965, p. 611. 
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. 
by a common manifold to which they are connected through special insblating joints. 
The coil has been operated at a pressure between 3 and 4 atm and at a pumping speed 
of 
The coil temperature was measured by means of carbon resistors immersed in the helium 
flow at the coil input and output. The temperature was 4.7'K. IR these conditions 
the current in the coil could be raised up to == 900 A corresponding to a field in the 
center of = 28 kG without detecting any dc voltage at the coil terminals.' During the 
current rise time (" 2 min from 0 to 900 A} the usual flux jumps could be observed. 

" The maxinium value of current was in very good agreement with the value which could be 
predicted by knowing the short sample characteristic curve of the superconducting wire 

80 turnslmin. The pressure drop in the coil was approximately 0.1-0.15 atm. 

When the current was raised slightly above 900 A,  a dc voltage could be detected 
at the coil terminals. 
coil temperature slowly and steadily increased with time. The .coil temperature rise 
was shown by a pressure variation in the circulating helium. 

If the current was kept constant, this voltage'and the average 

To re-establish the equilibrium conditions it was sufficient to reduce the cur- , 
rent t o  1- 600 A .  The coil current could a l so  be cut rapidly without any imconvenience. 
IR this case the largest fraction of the magnetic energy stored in the coil (approx- 
imately 10 000 J at 28 kG) was discharged into an external resistor of 0.2 ba connected 
in parallel with the coil. After a fast current cut-off the helium pressure in the 
coi1,increased by 1 to 2 atm. 

The coil was fed by an external power supply through current leads which were 
cooled by helium vapor. Figure 8 shows the cross section of a lead. 

. .  
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F i g .  1. Schematic d iag ram of the fotceii cooling system. 
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Fig .  3 .  General view of the sysrem. 
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Fig. 4 .  Cross section of the helium pump. 
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