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INTRODUCTION 

The 1.8 T** magnetic f i e l d  f o r  the ANI, 3.7 m chamber (Fig. 1)  i s  provided by en- 
' 

ergizing c o i l s  (Fig. 2)  wound f om copper-clad, 'Nb48%Ti s t r i p  '(Fig. 4) and immersed i n  
l iquid helium a t  4.5OK (1.2 bar  ) contained i n  a to ro ida l  s t a i n l e s s - s t e e l  reservoir .  
The 4.8 m i.d. c o i l s  are located i n  a carbon steel yoke.which forms a low reluctance 
r e tu rn  path for the magnetic f lux .  The use of i r o n  reduces the  ampere-turns needed t o  
produce t h e  required magnetic f i e l d .  
superconductor w e r e  chosen t o  give a r e l i a b l e  conservative magnet. The coil .  and cryo- 
s t a t  are 'cooled by a separate  closed cycle l i qu id  helium re f r ige ra t ion  plant.  A con- 
ventional power supply is used t o  energize the c o i l  which i s  protected by low resist- 
ance, room temperature r e s i s t o r s .  These can be switched across the  c o i l  terminals when 
required.  The 3000 A ,  10 V dc power supply is  adequate to charge the magnet t o  design 
current i n  2.5 hours.  

F 

The carbon steel yoke and heavi ly  copper-clad 

The operating cos t  of the c o i l  should be $400 000/year less. than an equivalent 
copper c o i l  because of t he  saving i n  e l e c t r i c a l  power. A conventional electromagnet 
of t h i s  performance with copper c o i l s  would have the same c a p i t a l  cos t  as the super- 
magnet ($3 000 000) .  
which has  the same winding space a t  some fu tu re  da t e .  The pr incipal  c h a r a c t e r i s t i c s  
of t he  magnet a r e  given i n  Table I. 

It may be possible  t o  replace the present c o i l  with a 4.0 T c o i l  

The arrangement of the superconducting c o i l s  within the i ron  yoke and bubble cham- 
ber system i s  shown i n  Fig. 3 .  The inner and ou te r  vacuum cans, and intermediate r ad i -  
a t i o n  shield can be seen i n  more d e t a i l  i n  Fig.  4 ,  where t h e i r  posi t ion with respect  t o  
the windings is shown. The use of i ron  with a simple rectangular c o i l  s e c t i o n * r e s u l t s  
i n  a high f i e l d  uniformity over the chamber volume (15%). Stray magnetic f i e l d s  are 
reduced by the i ron  which a l s o  provides a sturdy mechanical foundation f o r  the whale 
s t r u c t u r e .  
100 t.' 
because the f i e l d  un i fo rmi ty . i s  high. 
moving p a r t s  of the expander system and consequently the  heat load on the hydrogen 
r e f r i g e r a t i o n  system. 

The major port ion o f  t he  frame i s  made up of cast ings weighing up t o  about 
Eddy current  heat ing i n  the moving p a r t s  of the bubble chamber system i s  low 

This reduces the production of heat i n  the 

ENERGIZING C O I L  SYSTEM 

The coil s t r u c t u r e  is s p l i t  i n t o  two sect ions (Figs. 1, 3,  and 4 )  t o  permit the 
beam of high energy p a r t i f l e s  t o  en te r  the chamber in a plane perpendicular t o  the l i n e  

* 
Reprinted from Argonne National Laboratory Report ANL/KEP 6811 (1968), 
edi ted by C. Laverick. 

1 T = 10 kG, 
** 

2 ' 1 bar  = 0.99 cztm = 100 000 N/m . 
-$. l t: = 1000 kg. 
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TABLE I 
Superconducting Magnet Characteristics 

Operating current at 1.8 T central field 
Ampere turns (30 pancakes of 84 turns eac.h) 
Inductance at windings 

Field uniformity over working volume 
. Current density in conductor 
Average current density in windings 
Energy stored in field 
Weight of copper in windings 
Weight of superconductor 
Coil axial compressive force . 

Compressive stress OR coil separators 
Outward force between coil halves 
Weight of iron 
Inside diameter of coil 
Outside diameter of coil 
Length of coil 
Power supply voltage 
Charging t: ime 
Heat transfer rate required for 100% stability 

Resistance/cm of conductor copper at 

Total winding resistance at 4.2OK and 2.0 T 

Total power dissipation at 2200 A 

2.0 T field and 4.2OK 

assuming superconductor completely normal ' 

(no superconductor) 

2200 A 

5.5 x 106 

40 H 
-4 2.5% 
I700 A/cm 

2 775 A/cm 

80 X lo6 J 
45 000 kg 
300 to 400 kg 

5 6.8 x LO kg 

2 

140 kg/cm2 
450 000 lcg 
1.45 X lo6 kg 
478 cm 
528 cm 
304 cm 

10 v 
2.25 h 
0.13 W/cm2 

1.32 X 9/cm 

0.031 h 

150 kW 

of sight of the cameras which are located on top of the system. 
cryostat weigh 45 t each, 
steel pipes of total cross-sectional area 690 ern2 spaced at 90' t o  each other, 

The tension in the 
central connector ring during operation is 450 t since each coil half is attracted to 
its adjacent pole piece when the coil is energized. The coil system is centered mag- 
netically with respect to the iron. 
20 t/cm of vertical displacement which increases in direct- proportion to its distance 
from the equilibrium position. 

The coil system and 
They are hung from the magnet yoke by pairs of stainless- 

The 
. complete support system can accommodate a vertical load of 450 t. 

If displaced it could experience a force of 

' Similarly the constant for lateral displacement is 14 t/cm. The maximum lateral 
force is 45 t and the Lateral support structure is designed to withstand 225 t. This 
lateral slrpport structure consists of two sets of four 7.95 cm diameter,.l.5 m long 
titanium rods spaced at 9Qo t o  each other which connect the top and bottom 10 cm thick 
stainless-steel gi.rder rings in the winding structure to the iron return frame. The 
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heat leak to the helium bath from the magnet iron through the lateral support rods is 
limited to 50 W by wrapping each rod with gas cooling.tubes and flowing 5Q0H helium 
gas through the tubes to intercept the incoming heat. 

The enclosing vacuum vessel of the cryostat is fabricated from 2.5 cm thick type 
503 aluminum and is designed in accordance with Section VI11 of the ASME Unfired Pres- 
sure Vessel Code for an external pressure of 1.01 bar and an'internal pressure of 
1.38 bar. It has a 25 cm diameter emergency vent which is activated at 1.38 bar. 
This vessel acts as a short-circuited turn around the magnet with an 8 sec time con- 
stant. This is considerably longer than the 0.25 sec time constant for the helium' . 
can so that most of the coil energy on fast discharge will be absorbed by the external 
coil circuit and this can. The two beam access windows in the cryostat are spaced 
90° to each other with an aperture of 18 cm-X 68'. 
sulation is used in conjunction with an aluminum radiation shield. 

Aluminized Mylar multilaminar in- 

Each coil half comprising 15 pancake units is divided into two coil sections each 
of which has i t s  own liquid helium container (Figs. 2 and 4 ) .  This is accomplished by 
fitting annular stainless-steel vessels over each coil section and welding them to the 
central support: rings (see Fig. 5). These rings serve as the primary support and a- 
lignment reference €or the complete coil structure and contain suitable interconnec- 
tions for the liquid helium chambers so as to form a single helium reservoir for the 
coil structure. The diameter o f  the helium can structure will shrink 1.5 cm duxing 
cooldown from 300°K to 4.2OK so the vertical and radial support systems are arranged 
to accommodate this contraction. Each of the four liquid helium containers is pro- 
vided with an inlet and outlet gas manifold and interconnecting holes permit access 
for current leads, instrumentation leads and emergency helium ejection if necessary. 
The venting system and helium vessel pressure ratings (4.5 bar) are adequate to sup- 
port a 200 kW power dissipation inside the helium reservoirs if necessary although it 
is difficult to see how this can occur. The wall thickness of the helium vessels at 
the inner diameter is 2 . 5  cm and at the outer diameter is 1.5 cm while the normal 
internal operating pressure will be 1.2 bar. 

Eight spirally wound pancake units are assembled in the lower section and seven 
in the upper section to comprise the 15 pancake 2.8 m high stack of each coil half. 
The spacing between each coil half is 51 cm. 
sembled with spacer blocks between them covering only a small fraction of the total 
cooling surface area. 
the stainless-steel rings on either side of the stack. The assembly is shown in 
Fig. 5 where the arrangement of the pancakes with respect to the containing vessels 
is shown. The top ring of the top coil half and the bottom ring of the bottom coil 
half are actually the top and bottom, respectively, of the helium Dewar vessel. The 
interpancake electrical connections consisting of double sections of the stabilized 
conductor are attached t o  the i.d. and 0.d. turns of the pancakes to form a series 
circuit. The winding ends and the jumper leads -are anchored mechanically to prevent 
any motion and stressing of these electrical joints, 
treated in the same manner. These details are obvious from Fig. 6 in which the mode 
of clamping of the coil stacks to the girder ring with stainless-steel tie rods is 
shown as are the spacer blocks, thermal clamps, pancake interconnections and conductor 
clamps. 

The pancakes of each coil stack are as- 

These pancake stacks are then tied together by rods welded to 

The coil terminal leads are 

The 60 spacers located between adjacent pancakes at 6O intervals are epoxy-coated 
aluminum having a cross section of 5 cm X 1.25 cm thick. 
znd 0.d. when installed. Each section is capped with a set of spacers and a clamp 
plate. 
threaded aluminum rods. There are 60 rods on the i.d. and 60 rods on the 0 . d .  The 
aluminum rods are screwed to the clamp plate, but pass through holes in the girder 
ring. They are prestressed to approximately 276 bar via nuts which bear against the 

They extend beyond the i.d. 

The clamp plates are connected to the central girder rings via 2.2 cm diameter 
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g i r d e r  r i n g .  'The 0.45 c m  d i f f e r e n t i a l  c o n t r a c t i o n  between the  pancake s t r u c t u r e  and 
g i rde r  r i n g  diameters on cooldown i s  taken up by  incorpora t ing  a s l i d i n g  i n t e r f a c e  
a t  t he  junc t ion  between t h e  two. 

A sec t ion  through t h e  copper-clad s i x - s t r a n d  Nb48%Ti conductor i s  shown i n  Fig. 7 
and i ts  p r inc ipa l  c h a r a c t e r i s t i c s  a r e  t a b u l a t e d  below. i n  opera t ion  t h e  conductor i s  
edge-cooled i n  s ta t ic  l i q u i d  helium a t  4.S°K. 

TABLE Ii 

Conductor S p e c i f i c a t i o n  4.8 m i . d .  Araonne 
Bubble Chamber Magnet 

I 
Width 

Thickness 

Indiv idua l  p i e c e  l eng th  

Indiv idua l  p i e c e  weight 

Cri t ical  c h a r a c t e r i s t i c s ,  f i e l d  
para l le l .  t o  s t r i p  c ros s  s e c t i o n  

C r i t i c a l  c h a r a c t e r i s t i c s ,  f i e l d  
normal t o  s t r i p  c r o s s  sec t ion  

Calculated s t a b l e  cu r ren t  

Calcu la ted  recovery  cu r ren t  

Res is tance  r a t i o  of copper 

.Design stress 

Percentages of copper  and 
superconductor i n  s t r i p  

c ladding p(273OK) /p (4.2'K) 

Res is tance  / c m  of conductor at 

Area of s t r i p l c m  l eng th  of .conductor  
exposed t o  hel ium ba th  

Estimated h e a t  t r a n s f e r  rate from 
exposed conductor  su r face  f o r  0. 1°K 
temperature r ise  i n  conductor 

4.2OK and 2 T 

. Operating c u r r e n t  a t  1.8 T c e n t r a l  f i e l d  

5.0 cm 

0.25 cm 

220 m 

240 kg 

a) 3000 A a t  2.5 T - spec i f ied  
b) 4000 A at 2.5 T - measured 

. .  

3000 A a t  1.35 T - spec i f i ed  

4300 A a t  2.5 T 

3300 A a t  2 . 5  T 

200 

840 kglcm' 

96% Cu, 4% Nh48%Ti i n  s i x  
separa te  s t r a n d s  

1.32 X 10'' C I  

2 0.5 c m  

2 0.13 W/cm 

2200 A 

The measured performance of the conductor  exceeded i t s  s p e c i f i e d  performance by 
more than 30% (Table 11). The edge-cooled pancak5s w i l l  opera te  i n  the  s t a b l e  mode 
i f  necessary with a hea t  d i s s i p a t i o n  of 0.13 W/cm- of exposed conductor su r face  fo r  a 
O.l°K temperature rise i n  t h e  conductor. The cryogenic system i s  adequate f o r  such a 
hea t  load. The s t r i p  con ta ins  s u f f i c i e n t  copper t o  support  the hoop stresses generated 
during magnet opera t ion .  The design c h a r a c t e r i s t i c s  f o r  t he  s t r i p  w e r e  f u r t h e r  check- 
ed by c u t t i n g  each of t h e  f i r s t  t h ree  l eng ths  de l ivered  i n  ha l f  and winding them t o  
form a s i x  pancake c o i l  of 60 c m  i . d . ,  85 c m  o.d. ,  and 38 c m  he igh t .  The t o t a l  winding 
length  was 690 m and t h e  c o i l  weight was 800 kg. Teflon t ape  and epoxy formed the 
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i n t e r t u r n  in su la t ion  and bond. 
maximum f i e l d s  of 3 T p a r a l l e l  and 1.9 T normal t o  t h e  s t r i p  c r o s s  s e c t i o n  and i t  w a s  
t h e  1.9 T condi t ion  which caused the  t r a n s i t i o n  i n  the  superconductor .  Current  s h a r i n g  

. between t h e  copper and superconductor began. a t  4650 A which exceeds t h e  minimum accept -  
a b l e  spec i f i ca t ions  of Table 11 by a l a rge  margin, thus provid ing  an ample r e s e r v o i r '  of 
performance s t a b i l i t y .  This  test c o i l  is shown i n  Fig.  8. 

When t e s t e d  t h e  c o i l  c a r r i e d  4600 A wh i l e  developing 

THERMAL PROBLEMS ON COOLDOWN 

One of the  major design problems i n  using such l a rge  s t r u c t u r e s  a t  low tempera- 
t u r e s  i s  t h a t  of minimizing thermal stress. The l a r g e  d iameter  of t he  magnet makes it  
ve ry  s e n s i t i v e  t o  thermal stress. 
t h e  bond between t u r n s  wi th in  the  c o i l s .  
f e r e n t i a l ,  AT t o  less than  10°K w i l l  l i m i t  t h i s  shear  stress t o  less than  140 ba r .  
Laboratory tests have shown t h a t  t h i s  type of  bond has  a shea r  s t r e n g t h  of from 210 t o  
700 bar .  
it i s  at  a uniform temperature of 4.5'K. 
dur ing  cooldown o r  on acc iden ta l  discharge of the magnet and must be considered over 
t h e  range from 300°K down t o  about 50%. 
c o e f f i c i e n t s  are so s m a l l  t h a t  thermal stress i s  no t  a problem. I n  o rde r  t o  l i m i t  t h e  
AT t o  1O0K, the  cold gas used f o r  cool ing is  introduced i n t o  each c o i l  compartment 
through a manifold t h a t  extends completely around the  circumference of t h e  c o i l s .  Th i s  
manifold has  small h o l e s  spaced about every 6 in .  t o  spray  t h e  co ld  gas  downward and 
mix i t  wi th  the  w a r m  gas  wi th in  t h e  conta iner .  I n i t i a l l y ,  l i q u i d  n i t r o g e n  w i l l  be used 
t o  cool  t h i s  incoming gas  so  the  i n l e t  temperature w i l l  be about  80°K. 
f r i g e r a t o r  compressor w i l l  be ,used t o  c i r c u l a t e  t h i s  gas  du r ing  cooldown. The gas  i s  
re turned  t o  the  compressor through another 360' manifold a t  the bottom of each c o i l  
package. 
each c o i l  compartment r e s u l t i n g  i n  a very l a r g e  mass flow of gas .  
t u r e  of  t h i s  l a rge  gas  flow i s  only s l i g h t l y  below t h a t  of t h e  c o i l s  r e s u l t i n g  i n  a 
uniform c o i l  temperature. 
mal ly  sho r t ing  the  ends of the  aluminum spacer  blocks toge the r .  
heavy copper braid and is shown i n  Figs .  2 ,  6, and 9. 

Ver t i ca l  thermal g r a d i e n t s  produce a shear  load  on 
Keeping the  t o t a l  v e r t i c a l  temperature  d i f -  

Temperature g rad ien t s  are no problem during o p e r a t i o n  of the  magnet because 
The thermal g r a d i e n t  problem occurs o n l y  

Below t h i s  temperature ,  thermal  expansion 

The helium re- 

Introducing t h e  cool ing gas i n  t h i s  manner sets up convect ion c u r r e n t s  w i t h i n  
The average tempera- 

A second method of  improving tempera ture  uniformity i s  t h e r -  
' This  is  done w i t h  a 

The des ign  philosophy was checked by cons t ruc t ing  a model similar t o  t h e  test c o i l  
The thermal clamps chosen t o  e q u a l i z e  temperatures  throughout  u s ing  only copper s t r i p .  

t h e  l a r g e r  s t r u c t u r e  w e r e  used i n  t h i s  model which i s  shown i n  F ig .  9 .  
chosen f o r  bonding t h e  t u r n s  together  w a s  a l s o  used i n  t h i s  model. The mechanical i n -  
t e g r i t y  of the  s t r u c t u r e  when subjected t d  seve ra l  success ive  thermal shocks by c y c l i n g  
i t s  temperature from 7 7 O K  t o  room temperature was found t o  be  adequate. 

The technique  

COIL FABRICATION 

A s i n g l e  pancake i s  shown i n  F ig .  10 i n  pos i t i on  on i t s  winding j i g  i n  ANL a f t e r  
completion of the  winding process. 
m i t  easy access t u  the  pancake during winding, 
i n i t i a l  sp l i c ing  and inspec t ion  s t a t i o n  followed by c l ean ing  and tens ioning  equipment 
and then the  6 m diameter  winding f i x t u r e ,  The Teflon i n s u l a t i o n  was fed through an  
epoxy roll coa te r  and guided onto the  winding f i x t u r e  about 30' ahead of  t h e  p o i n t  
where the  conductor w a s  f e d  i n ,  
connected together  bg using 30 cm long, lead  t i n  so ldered ,  copper r i v e t t e d  l a p  j o i r i t s  
between successive lengths  t a  form the  continuous s i n g l e  l e n g t h s  requi red  f o r  each  pan- 
cake. Abrasive brushes were used t o  remove bu r r s  from t h e  conductor  which w a s  sand- 
b l a s t ed  and then washed with a lcohol  t o  provide a good keying su r face  f o r  t he  i n t e r t u r n  
epoxy bonding ma te r i a l .  

The c o i l s  were wound i n  a h o r i z o n t a l  plane t o  per-  
The winding l i n e  cons is ted  of an 

Six l engths  of t he  210 m long  p ieces  suppl ied w e r e  
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The combination of t h e  t h i n  layer  of  b r i t t l e  epoxy adhesive with a comparat ively 
t h i c k  l a y e r  of f l e x i b l e  i n s u l a t i n g  shee t  as i n t e r t u r n  i n s u l a t i o n  was chosen t o  permit 
some shear ing  t o  t a k e  p l a c e  without  breaking ' the  b r i t t l e  bond. 
e thylene-propylene i n s u l a t i o n  w a s  etched p r i o r  t o  a p p l i c a t i o n  of t he  epoxy t o  provide a 
b e t r e r  bonding sur face .  

The f l e x i b l e  f l u o r i n a t e d  

The degree of f l a t n e s s  and accuracy of winding th ickness  f o r  t h e  pancakes was as- 
sured by hand gr inding  us ing  an  appropr ia te  f i x t u r e .  
and r i g i d  assembly of t h e  f i na l  c o i l  s t ack .  A l l  pancakes were t e s t ed  f o r  tu rn- to- turn  
electrical  sho r t  c i r c u i t s  t o  ensure  t h e i r  freedom from such d e f e c t s  before  i n s t a l l a t i o n  
i n  t h e  f i n a l  s t acks .  
s tacked  and clamped t o  the  g i r d e r  r ings ,  t h e  e n t i r e  s t r u c t u r e  was turned over and t h e  
o t h e r  po r t ion  was s tacked and clamped t o  form t h e  complete package shown i n  Fig.  2 .  
The assembly with a l l  i t s  l e a d s ,  connectors ,  and ins t rumenta t ion  was then  f u l l y  inspec-  
t e d  and t e s t e d  be fo re  the  he l ium cans were welded i n t o  place on the g i r d e r  r ing .  

This  was necessary  for accura t e  

When one sec t ion  of a 15 pancake ha l f  c o i l  assembly had been 

COIL STACK TEST PROCEDURES 

The fol lowing tests w e r e  made t o  ensure  c o r r e c t  assembly of t he  magnet and t o  pro-  
v i d e  information f o r  f u t u r e  maintenance. 

The actual l o c a t i o n  of t h e  .windings wi th  r e fe rence  t o  the  g i r d e r  r i n g  was deter- 
mined at  90° i n t e r v a l s  t o  4 0.075 cm. 
inspec ted .  A l l  parts were checked fo r  mechanical i n t e g r i t y .  A l l  log books, drawings, 
and r eco rds  were reviewed t o  a s c e r t a i n  t h a t  every component had been i n s t a l l e d  accord- 
ing  t o  des ign .  

The e n t i r e  assembly was c a r e f u l l y  cleaned and 

The c o i l  s t ack  was energ ized  a t  room temperature  t o  15 A a t  39 V and turn- to- turn  
v o l t a g e  drop  measurements w e r e  ca r r i ed  out  and recorded. The vol tages  a t  all, p o t e n t i a l  
t a p s  w e r e  recorded t o  check t h e i r  p o t e n t i a l  t a p  loca t ion .  A l l  ins t rumenta t ion  leads  
w e r e  checked f o r  c o n t i n u i t y ,  r e s i s t ance ,  i s o l a t i o n ,  etc. ( a s  app l i cab le ) .  The resist- 
ances between the  c o i l s  and support  s t r u c t u r e s  w e r e  measured. A check w a s  made t o  en- 
s u r e  that t h e r e  w e r e  no s h o r t s  o r  poss ib le  s h o r t s  which could arise from magnetic 
fo rces  on unsupported cu r ren t - ca r ry ing  elements. 

A f i e l d  p r o f i l e  a t  t h e  i , d .  of the  windings was made a t  t h e  approximate loca t ion  
of t h e  i .d .  of t he  helium can,  and the vacuum can. A l l  . i n t e r n a l  s t r u c t u r e s  were in -  
spec ted  t o  determine t h e  e x i s t e n c e  of c losed  electrical  loops which could i n t e r a c t  
w i th  a t i m e  changing f i e l d .  The winding sense of t h e  c o i l  s t r u c t u r e  w a s  noted and t h e  
e x t e r n a l  l eads  were marked appropr ia te ly .  

MAGNEX' YOKE AND SUPPORT STRUCTURE 

Cons t r a in t s  on the  yoke des ign  included i t s  l a r g e  s i z e ,  t h e  means of absorbing t h e  
p u l s a t i n g  expander fo rces ,  accommodating t h e  c o i l  and c ryos t a t  s t r u c t u r e ,  and in tegra-  
t i n g  the complete system. Cyc l i c  opera t ion  of t h e  expander system genera tes  i n e r t i a l  
f o r c e s  equ iva len t  t o  t h e  weight  of . the  magnet irm. (1360 t )  . R e s t r i c t i o n s  on the b a s i c  
des ign  and f a b r i c a t i o n  techniques  wi th  such a l a r g e  s t r u c t u r e  are imposed by a v a i l a b l e  
manufactur ing f a c i l i t i e s .  Shipping and m a t e r i a l  handl ing c a p a c i t i e s  l i m i t  the  s i z e  of 
i nd iv idua l  pieces .  

Lateral  fo rces  on the  windings . a r e  minimized by making the  i r o n  s t r u c t u r e  s p -  
There are no f o r c e s  on the windings when they a r e  metrical about i t s  c e n t r a l  axis. 

magnet ica l ly  centered.  The requirement €o r  two beam access windows of 2 . 4  m azimuthal 
width loca ted  a t  90' with  r e s p e c t  t o  one another ,  coupled wi th  the  need f o r  c y l i n d r i c a l  
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symmetry i n  t h e  i r o n  s t r u c t u r e ,  d i c t a t e d  t h a t  there be f o u r  2.4 m windows equal ly  
spaced (90') i n  t h e  median plane, 
i t y  are achieved wi th  the  geometry used for th i s  yoke. 
and bottom of the  hydrogen chamber vacuum can. 
be contained by t h e  aluminum c ryos t a t  vacuum can  around t h e  hydrogen chamber and vacuum 
w a l l .  

Low r e l u c t a n c e  r e t u r n  pa ths  and h i g h  f i e l d  uniform- 

Accidental  l i q u i d  hydrogen leakage can 
The magnet po le s  form the  t o p  

2 

assemblies each contz in  500 t of steel i n  e i g h t  p ieces  ranging i n  weight  from 1 5  t o  
100 t .  The r e t u r n  legs conta in  600 t of  steel  i n  e i g h t  i d e n t i c a l  p i e c e s  (two 75 t 
pieces i n  each of t he  fou r  corners ) .  The p r i n c i p a l  es t imated loads on t h e  top and 
bottom magnet blocks are given i n  Table  1x1. 

The magnet i r o n  c o n s i s t s  of top  p l a t e  and bottom plate assembl ies ,  each 7.6 m by 
.. 1.27 m separated by four  corner  pos t s  at a d i s t a n c e  of 3 m. The t o p  and bottom p l a t e  

ar 

TABLE 111 
Estimated Magnet Block Loads 

Induced vacuum loading on t o p  

Outward loading on top  and bottom 

and bottom co re  blocks 254 t 

core blocks due t o  3.1 bar  vacuum 
can test pressure  1540 t 

chamber opera t ion  

a) A t  12 ba r  maximum opera t ing  p r e s s u r e  1260 t 

Bottom core loading due t o  

b) A t  15.8 ba r  maximum test pres su re  1530 t 

Due t o  l i m i t a t i o n  of p r e s s u r e - d i f f e r e n t i a 1  
across  the  omega bellows t o  4 b a r  

a )  A t  8.3 ba r  opera t ing  pressure  on 
p i s ton  bottom 2090 t 

b) A t  11.7 ba r  test pressure  on p i s t o n  
bottom 1540 t 

Due. t o  4 bar  c y c l i c  pressure  220 (cons tan t )  
ZIZ 220 (cyclic) 
t downwards 

Maximum c i r c u l a r  d e f l e c t i o n s  a t  t h e  
vacuum can sea l ing  su r faces  on t h e  more 
h ighly  s t r e s sed  bottom ca re  b locks  0.06 c m  

100 t Weight of each bottom core block p i e c e  

The maximum al lowable impur i t i e s  €or  t h e  magnet i ron  as shown by a l ad le  a n a l y s i s  

The minimum a l lowable  y i e ld  and tensile s t r eng ths  f o r  t h e  
The remaining p a r t s  

: carbon - 0.20, s i l i c o n  - 0.05, manganese - 0.80, sulphur  - 0.05, phosphorous - 
0.05, and aluminum - 0.05. 
h igh ly  stressed core  blocks are 2000 and 4000 b a r ,  r e spec t ive ly .  
of t he  yoke have minimum y ie ld  and t e n s i l e  s t r e n g t h s  of 1300 and 2600 bar, r e spec t ive ly .  
Minor sur face  and i n t e r n a l  imperfect ions are t o l e r a t e d  i n  most p o r t i o n s  of the  yoke so 
long as they do not  impair t he  gross  mechanical. i n t e g r i t y  Q €  t he  p i ece .  

Tolerances on indiv idua l  pieces  were chosen t o  give a mechanical ly  sound s t r u c -  
t u re .  Shimning was allowed provided t h a t  t h e  shim a t  any j o i n t  covers  the  e n t i r e  
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mating surface area and is  of uniform thickness over t h a t  area. Localized imperfec- 
t i ons  w e r e  t o l e ra t ed  along mating surfaces  i f  they did not degrade t h e  s t r u c t u r a l  
integr ' i ty .  Repair welding w a s  allowed anywhere. 
surfaces  were chosen t o  minimize cost .  Small imperfections were t o l e r a t e d  on a l l  ma- 
chined surfaces  except the pole piece vacuum s e a l s .  Alignment p ins ,  dowels, handling 
holes ,  bosses,  and l i f t i n g  eyes were permitted i n  the i ron  wherever t hey  d id  not i n t e r -  
f e r e  with system assembly. These simplify repeated const.ruction and breakdown. 
complete i ron  s t ruc tu re  w a s  assembled a t  the vendor's plant p r io r  t o  breakdown i n t o  
separate pieces  f o r  shipment. 

Tolerances on unmachined, and external  

The 

POWER SUPPLY AND ENERGIZKNG C O I L  SYSTEM 

The power supply is  a three-phase, f u l l  wave, t h y r i s t o r  control led u n i t  whose 
t i m e  average output voltage can be var ied by adjust ing the f i r i n g  angle of the thy- 
r i s t o r s .  It is equipped with the u s u a l  s a fe ty  inter locks and f a u l t  i n d i c a t i n g  lamps. 
These c i r c u i t s  include a holding c i r c u i t  so  t ha t  t h e  appropriate lamp has  t o  be reset 
manually t o  energize the powei: supply when a f a u l t  has been cleared. Provisions have 
been made f o r  a remote permissive inter lock t o  operate i n  conjunction with t h e  r e l a y  
contacts  of t h e  f a u l t  i nd ica to r .  This contact i n t e r lock  i n  the bubble chamber control 
room should be closed before the power s u p p l y  can be energized. 

The magnet windings are protected against  a sudden release of t h e  s to red  magnetic 
energy i f  f o r  some reason the  coil begins t o  discharge quickly. A p o s s i b i l i t y  would 
be a sudden increase i n  c o i l  r e s i s t ance  due t o  the l iquid helium l e v e l  dropping below 
the top of the  c o i l  and the subsequent l o s s  of cooling. Two means of p ro tec t ion  a r e  
provided. The f i r s t  method cons i s t s  of a "dump r e s i s t o r "  (Fig. 11) which i s  always i n  
the e l e c t r i c a l  c i r c u i t ,  connected i n  p a r a l l e l  with the coil.. 
develop i n  the  c o i l ,  both the power supply and the s t a b i l i z e r  r e s i s t o r s  w i l l  be d i s -  
connected from t h e  c i r c u i t  and the c o i l  current w i l l  flow through t h e  dump r e s i s t o r .  
The energy s tored i n  the  magnetic f i e l d  w i l l  then be diss ipated i n  t h e  dump r e s i s t o r  
a t  an i n i t i a l  r a f e  of approximately 0.4 MW (2000 A at 200 V f o r  designed operating 
conditions).  Even in  the worst case, with the whole c o i l  being resistive, a t  *least 
60% of t h e  energy w i l l  be diss ipated i n  t h e  dump r e s i s t o r .  The second p ro tec t ive  
measure guards against  pressure buildup i n  the helium vessel and high l o c a l  temperature 
rise i n  a resistive c o i l  region. A t  a preset  pressure rise i n  the Dewar (caused by he- 
lium vaporizat ion i n  the proximity of the power d i s s ipa t ing  region) ,  t he  bu lk  of the 
l iquid helium can be rapidly t ransferred from the Dewar  t o  a dump tank. 
l i u m  removed, the whole c o i l  w i l l  become normal and power w i l l  be uniformly diss ipated 
throughout t he  windings. I f  t he  f u l l  stored magnetic energy of 80 MJ and 1.8 T is 
absorbed by the  t o t a l  thermal mass of the windings, t he  c o i l  temperature w i l l  rise only 
to about W O K .  Since the  l i qu id  helium has been removed from the tank,  the temperature 
rise of t he  c o i l  w i l l  not r e s u l t  i n  any ser ious pressure r ise  of t h e  system. 

Should a r e s i s t i v e  region 

With the he- 

The emergency dump r e s i s t o r  is a 0.1 SZ,  grounded center  tap,  l a r g e  thermal mass 
r e s i s t o r .  A heavy duty, double pole switch is  located c lose  t o  and on t h e  power supply 
s ide  of this r e s i s t o r ,  When t h i s  switch i s  opened, the magnet current  (and f i e l d )  w i l l  
decay w i t h  a t i m e  constant of approximately 6.6 m i n .  Under noma1 condi t ions,  t he  dump 
r e s i s t o r  w i l l  absorb very near ly  the t o t a l  energy stored i n  the system. I f  t he  magnet 
windings were t o  become completely r e s i s t i v e ,  the dump r e s i s t o r  would absorb approxi- 
mately 60% O P  the  t o t a l  s tored energy. It contains approximately 942.5 kg of Bo. 1008 
carbon steel  s t r i p  wound i n  10 pancakes connected i n  series p a r a l l e l  t o  give the cor- 
r e c t  r e s i s t ance .  Its temperature rise with 100 M;s input and no cooling would be 250°C. 
The dump r e s i s t o r  value w a s  se lected t o  l i m i t  the  peak voltage across t h e  system t o .  
approximately 300 V tic. The energy dump switch in t e r rup t s  both power leads t o  the mag- 
net  (double pole, s ing le  throw). The switch is  designed t o  in t e r rup t  a maximum magnet 
c ~ i r r e n t  of 3000 A dc. 
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The dump system w i l l  be tes ted a t  incrementally increasing cu r ren t  l eve l s  during 
A 0.2 0 (grounded center  tap) r e s i s t o r  and an automatical ly  i n i t i a l  system checkout;. 

operated power supply output shorting switch a r e  connected across the  power supply bus 
on t h e  power supply s i d e  of the dump switch. The former w i l l  protect  the power supply 
from high voltage t r a n s i e n t s  during dump switching and the l a t t e r  w i l l  protect  the 
water-cooled free-wheeling diode i n  t h e  event of l o s s  of cooling. 

. .  

. A schematic diagram of the power supply c i r c u i t  is  given i n  Fig.  12 .  The fre- 
quency response from t h e  input of the t h y r i s t o r  control un i t  t o  t he  output of t h e  power 
supply should-be 7 Hz minimum. The power supply, free-wheeling diode, and East d i s -  
charge r e s i s t o r  are a l l  water-cooled. Protection against  flow f a i l u r e  and component 
overheating is provided. 
t o  less rhan 600 V during a l l  discharge conditions.  Manual reversing l i n k s  are pro- 
vided s o  tha t  the current flow i n  the magnet may be reversed i f  required.  

The shunt r e s i s t o r s  across the magnet l i m i t  t he  peak. vol tage 

The voltage regulated supply has i t s  reference derived from the e r r o r  s i g n a l  be- 
tween the magnet cu r ren t  and a reference.  The purpose of the voltage loop is t o  remove 
any power l i n e  induced voltage va r i a t ions  and a l s o  t o  l i nea r i ze  the voltage con t ro l .  
The voltage loop, which consis ts  of t he  d i f f e r e n t i a l  amplifier A2, a r i p p l e  f i l t e r j  and 
the amplif ier  A i .  has an open loop gain of 100. 
vol tage o r  cu r ren t  r egu la t ion  mode by a switch on the f ron t  panel of the power supply. 
When operated i n  t h e  vol tage regulate mode, the supply voltage is set by a f r o n t  panel 
control .  When the power supply i s  operated i n  the current regulate  mode, the operator  
may set the charge rate of the power supply by a front  panel control .  

The operator may s e l e c t  e i t h e r  t he  

Current con t ro l  is  provided by a c i r c u i t  which compares the current  read by the  
precis ion current  transducer t o  the reference voltage.  When the  e r r o r  voltage i n t o  . 
t he  temperature s t a b i l i z e d  amplifier A3 exceeds approximately 80 uV (0.004% a t  2000 A) 
the  r e l a y  KI w i l l  operate  which switches the input t o  A 1  t o  e i t h e r  the charge rate 
reference or t o  ground (0 vo l t s ) .  The reference voltage €or A3 i s  derived from a t e m -  
perature  regulated zener diode and a s t a b i l i z e d  buffer amplifier.  Control of t h e  r e f -  
erance voltage is by a four-posit ion thumbwheel switch which permits a r e so lu t ion  of 
10-4 i n  s e t t i n g  the  magnet current.  The va r i a t ion  of the supply current  and c o i l  v o l t -  
age with current during dperation i s  shown i n  Fig. 23. 
s t a b i l i t y  is  maintained with t h i s  on-off control  because of the l a rge  inductance and 

i s  0.1% a t  2000 A. The accuracy w i l l  degrade t o  about 2% a t  cu r ren t s  below 500 A .  The . 
output from the t ransducer  i s  used a s  the  feedback voltage fo r  the r egu la to r  and f o r  
ex te rna l  use.  

The necessary degree of f i e l d  

. high stored energy of thetmagnet. The basic  accuracy of the current  readout transducer 

The normal cu r ren t  decay#of the power supply is  set by the forward vol tage drop 
across  the free-wheeling diodes and the voltage drop i n  the dc bus which connects t h e  
magnet t o  the power supply. 
13.2 K 10-3 Alsec.. 
r e n t  decay t o  0.250 Aisec. 
normal current  decay r a t e  i s  automatic when the magnet current reaches the value pre- 
set on the current  reference.  The an t i c ipa t ed  long-term current deviat ions are a s  
tabulated below: 

For a 0.5 V drop i n  the diodes, the decay r a t e  is 
The f a s t  discharge r e s i s t o r  has been provided t o  increase t h e  cur-  

T h i s  i s  a manually tr iggered operation. The r e t u r n  t o  the. ,  

-6 1) Current reference - 24.8 x 10 

2) Current sensing amplifier - 0.1 x 10-6 V / O c .  

3) Current transducer - 34 )i IO'' V f ° C ,  based on a 

Based on a temperature va r i a t ion  of i 5OC, a t o t a l  e r r o r  of ic 29.4 x PO 
t ed .  

vioc. 

V I A .  
-6 V is  predic- 

This is  equivalent  t o  t 0.015% a t  2000 A .  
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The safety circuits are designed to protect the magnet in the event of a power 
failure. If the cooling system fails or the power supply overheats the primary'volt- 
age is removed from the rectifier transformer, and the output shorting switch is closed, 
The shorting switch around the fast discharge resistor will be closed if it overheats. 
and the power supply will continue to operate normally. The magnet is protected by 
meter relays against overvoltage (either polarity) and overcurrent. The meters, which 
are located on the control panel of the power supply, have a visible trip point which 
is manually adjustable from the front of the meter. 

HELIUM REFRIGERATOR 

The performance characteristics and main load for the helium refrigerator are 
given in Table IY. The refrigeraror is also used to cool the superconducting coils 
and containers from ambient temperature to liquid helium temperature. When used in 
this fashion the full compressor flow is taken through the exchange.rs. and then to the 
cooldown distribution header of the magnet. Warm helium vapor is removed from the 
magnet can and returned to the compressor section after this gas has passed through 
a heater. The helium refrigerator has to maintain the superconducting magnet of the 
3 . 7  m bubble chamber at a temperature of 4.5'K for continuous and indefinite periods 
of time. High reliability with periods of downtime kept to short duration is the 
primary requirement for the refrigerator. 

TABLE IV 
Load Characteristics for the Helium Refrigerator 

Performance characteristics under: 
a) Normal operation with liquid hydrogen precooling. 
b) Modified operation with liquid nitrogen and a 

second expansion engine in'place of the hydrogen 
stage. 

Cooling for insulation shield around 

Maintenance of liquid in storage and 

500 W at 50zK - 
the magnet reservoir 500 W at 80 K - 

400 W at 4 . 4 5 3  
magnet Dewar 320 W at 4.45 K 

normal 
mod if ied 

- normal 
- modified 

Counterflow cooling of power supply 
I 

25 liquid liter/h of  helium - 
leads and supports normal and modified 

Liquid hydrogen.is available in large quantities in this bubble chamber complex , 

and is also generated by a hydrogen refrigerator of large capacity so liquid hydrogen 
precooling is used. An expansion engine in parallel with the J-T (Joule-Thmnson) ex- 
pansion valve is used to lower the capital investment in the plant and to gfve high 
reliability. The expansion engine can be removed and installed without interruption 
of refrigerator operation. The helium refrigeration system can be used to cool the 
magnet and its container from ambient to operating temperature. Liquid nitrogen and 
liquid hydrogen can be used for cooling the magnet to decrease the time required for 
cooldown. 

A second expansion engine can be used instead of liquid hydrogen precooling to 
provide refrigeration at times when liquid hydrogen is not desired in the bubble cham- 
ber building. A substantial storage capability for liquid helium is provided. Vacuum- 
jacketed transfer lines which can be replaced in a short period of time without need 
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€or purging or evacuation are incorporated. The cold box of the refrigerator is divided 
into two parts so that equipment containing hydrogen 1iquid.and vapor can be placed in 
a separate enclosure containing an inert atmosphere. This ensures greater safety. The 
system uses components of proven capability. 

The helium refrigerator together with the liquid storage Dewar (11 000 liter capac- 
ity, including LOO0 liter.: of ullage volume), and. the superconducting magnet can 
(6500 liter volume) constitute a closed system. Ignoring leakage, gas and liquid is 
kept in the system for an indefinite period of time. Gas can be stored in a vessel, 
which has a capacity of 2100 m . 3 

The rate of liquid vaporization may temporarily exceed the capacity of the refrig- 
erator. During this time, excess gas is compressed by the compressor and put in the 
gas storage veasel. When excess gas is present, the suction pressure of the compressor 
will increase and the compressor will automatically handle more gas. Gas will be drawn 
from the vessel when the rate of liquefaction exceeds the rate of liquid vaporization. 
This occurs automatically since the suction pressure of the compressor is then reduced. 
The helium refrigerator system will operate automatically without attendance. The com- 
pressor requires occasional blowdm of oil knockaut drums. ?he helium purification 
system requires occasional reactivation (once every 24-48 hours, depending on level of 
contamination). Except for these two operations, the system will operate and adjust 
itself to upsets in the form of more or less demand for refrigeration. The automatic 
operation i s  achieved by means of pressure and liquid level sensors. Pressure sensors 
will automatically monitor arid maintain the suction pressure of the compressor. 
happen that the compressor discharge pressure will decay, but this will only be a re- 
sult of excess refrigeration capacity and a depleted gas storage vessel. 

It may 

The instrumentation necessary for checkout and operation of the helium refrigerator 
is concentrated in two areas. Compressor operation with its pressure and temperature 
indicators, controllers and alarms is located in the compressor room. Cold box instru- 
mentation is divided between the compressor room and a panel located near the helium- 
helium cold box. 
information required during normal operation of the system is available in the compres- 
sor room. This information is supplemented with information available at the helium- 
helium cold box. The local information is useful during the initial checkout of the 
refrigeration system, 
to assess the heat exchanger performance, but once these have been checked out, abnormal 
conditions will be indicated by the pressure readouts in the compressor room. 

The refrigerator system is operated from the compressor room so that 

As an example, all temperature and some pressure data are needed 

PRINCIPAL PERFORMANCE PARAMETCRS - HELIUM REFRIGEELATOR 
The three main parameters which determine the performance of the refrigerator are, 

the heat transfer, insulation, and expander efficiencies, assuming the compressor oper- 
ation to be satisfactory. 

The heat exchangers have been designed to perform with a predetermined temperature 
difference between the high and low pressure helium streams. When the low pressure gas 
does not reach its design temperature at the warm end.of the heat exchangers, the high 
pressure gas becomes too warm at the cold end of the exchanger. 
deterioration in heat exchanger performance, e.g. a 1'K increase in high pressure gas 
temperature at the cold end o f  Exchanger If1 represents a loss of 200 W of refrigeration. 
Temperature sensors are provided for both low and high pressure gas streams at both ends 
of the exchangers t o  allow an assessment of heat exchanger. performance to be made at 
any time. 

This causes a large 

Loss of insulation of the high vacuum,from 0.013 to 13 or 130 ubar wiLl represent 
a loss o f  several hundred watts o€ refrigeration. All vacua except those in the 
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t r a n s f e r  l i n e s  are monitored by vacuum gauges, but it is easy  t o  d e t e c t  poor vacua by 
sens ing  outs ide  vacuum w a l l  temperatures  of the  e q u i  ment. Heat i s  suppl ied from the  

fe rence .  
a i r  t o  t h e  wal l  a t  an approximate r a t e  o f  5000 J/h*m !i f o r  each l 0 C  of temperature d i f -  

0 The t o t a l  amount of r e f r i g e r a t i o n  provided a t  the  4.5 K temperature  level i s  d i v i d -  
ed between J-T e f f e c t  and expander work. Under normal ope ra t ing  cond i t ions ,  the  J -T  
e f f e c t  accounts for  one- th i rd  and t h e  expander f o r  two-thirds  of t h e  t o t a l  r e f r i g e r a t i o n .  
The con t r ibu t ion  of the  J -T effect  i s  e a s i l y  determined from a measurement of the  t e m -  
pera tures  of t h e  gas  a t  t he  w a r m  end of Exchanger 111. The con t r ibu t ions  of  the  expand- 
er i n l e t  and o u t l e t  temperatures  a r e  approximately the  same. The expander i s  equipped 
with t h e  means t o  observe P-V diagrams which permit eva lua t ion  of the machine perform- 
ance. This  eva lua t ion  should always begin  with a check of the  thermal, i n s u l a t i o n ,  and 
expander e f f i c i e n c i e s  and t h e  compressor performance. 

SAFETY CONSIDERATIONS 

The s e a l i n g  su r face  a t  t h e  'lower magnet pole i s  sub jec t  t o  c y c l i c  d e f l e c t i o n  a s  a 
r e s u l t  of expander loading.  
contours  a t  t h i s  r ad ius  are approximately c i r c u l a r .  A 1 1  d e f l e c t i o n s  a r e  small and 
t h e r e  w i l l  be no degrada t ion  of t h e  "0" r i n g  se-als. These s e a l s  are pro tec ted  aga ins t  
rup tu re  due t o  a hydrogen s p i l l  by s u i t a b l e  hea te r s ,  flow d e f l e c t o r s ,  and super insu la-  
t i on .  The system i s  designed t o  permit an  overpressure due t o  a hydrogen s p i l l  i n t o  
the  vacuum space of 11.376 b a r ,  above which it w i l l  be  au tomat i ca l ly  vented t o  t h e  a t -  
mosphere. It w i l l  apso wi ths tand  a p res su re  of 1.01 b a r  i n  t h e  vacuum space and i n  
vacuum between t h e  chamber bottom p l a t e  and the  p i s ton  which could occur due t o  opera- 
t o r  e r r o r .  The vacuum v e s s e l  and i t s  beam window a r e  pro tec ted  from e x t e r n a l  damage by 
t h e  c r y o s t a t  vacuum can which forms a capsule  around t h a t  e n t i r e  system. 

Although t h e  core  blocks a r e  r ec t angu la r ,  the' de f l ec t ion  

This  yoke i s  designed t o  withstand a l l  t he  magnetic, p ressure  and vacuum, and ex- 
pander system loads.  The b o l t i n g  procedures  f o r  the  upper and lower core  blocks have 
been c l e a r l y  s p e c i f i e d  by prevent  f a i l u r e  due t o  improper bo l t ing .  The i r o n  s t r u c t u r e  
can withstand any reasonably a n t i c i p a t e d  hydrogen s p i l l  wi thout  cracking.  The bottom 
pla te ' assembly  components are sub jec t  t o  f a t i g u e .  They w i l l  be  inspected c a r e f u l l y  
during i n i t i a l  repea ted  cooldowns t o  77OK and rou t ine ly  inspected during normal opera- 
t ion. 

The most c r i t i c a l  hazards  are those  which could change the  ove r -a l l  fo rce  d i s t r i -  
bu t ion  on the  winding s t r u c t u r e .  I n t e r l o c k s  are provided t o  prevent  t he  magnet from 
being energized withouc t h e  top  and bottom poles  and co re  blocks i n  place. Forces on 
a l l  c o i l  support  members a r e  r o u t i n e l y  monitored and checked. Coi l  hoop stresses and 
clamping t i e  b a r  stresses a r e  monitored using s t r a in  gauges. The design stress values  
can be exceeded by a l a rge  margin wi thout  hazard. 

Connectors and leads  w i l l  wi ths tand  a l l  an t i c ipa t ed  magnetic forces  and thermal 
motions. Voltage t aps  a r e  loca t ed  a c r o s s  .each j o i n t  and connect ion so t h a t  poss ib le  
f a i l u r e s  can be de tec ted .  Co i l  temperatures  a r e  monitored t o  l i m i t  thermal stresses 
during cooldown. The major e f f e c t s  of thermal  stresses would be l o s s  of t he  turn- to-  
t u r n  bond in t h e  winding pancakes and pancake-to-spacer bonds which should not a f f e c t  
opera t ion .  An alarm w i l l  i n d i c a t e  a low helium level condi t ion .  Such a condi t ion  
should not  damage the  winding s t r u c t u r e .  A l l  windings have been c a r e f u l l y  t e s t ed  t o  
a s c e r t a i n  t h a t  t h e r e  a r e  no s h o r t s  at  i n s t a l l a t i o n .  S t r a i n e r s  have been i n s t a l l e d  a t  
t he  helium systems t o  keep shor t -caus ing  ch ips  and d e b r i s  t o  a minimum. Any shor t s  i n  
the  windings du r ing  a f i e l d  t r a n s i e n t  could r e d i s t r i b u t e  the  c u r r e n t s  and hence the  
magnetic fo rces .  The energy w i l l  be dumped a t  a low f i e l d  level each t i m e  t he  magnet 
i s  turned on t o  determine t h e  v e r t i c a l  f o r c e s  on the  winding support  s t r u c t u r e  and as- 
sess i f  any s i g n i f i c a n t  change has  taken  place.  
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I f  t he  f i e l d  decay rate i s  dominated by the vacuum can, t he  stresses induced i n  
the can may cause the aluminum t o  y i e ld  but not break. 
i n to  place i n  the iron so tha t  it cannot move during such a f i e l d  t r a n s i e n t .  It also 
serves as a protect ive capsule around the hydrogen chamber and i t s  vacuum w a l l  and can 
withstand and vent hydrogen s p i l l s  due t o  simultaneous f a i l u r e  of t h e  beam windows i n  
both the hydrogen chamber and the hydrogen chamber vacuum w a l l .  
adequately vented t o  accept helium vessel  f a i l u r e .  
an alarm but t he  vacuum space a l s o  has a r ad ia t ion  s h i e l d  and superinsulat ion s o  tha t  
i n  the event of vacuum f a i l u r e ,  both the  heat leak and r e s u l t i n g  pressure rise i n  the  
helium bath w i l l  be r e l a t i v e l y  slow. 

The can i s  securely locked 

The vacuum can i s  
Low vacuum i n  t h e  can w i l l  actuate 

The helium re f r ige ra t ion  system provides adequate l i qu id  helium storage to  permit 
eight hours of magnet system operation without t h e  r e f r i g e r a t o r .  
adequate time f o r  normal maintenance and emergency r e p a i r  of the r e f r i g e r a t i o n  system 
i f  necessary. 

This should allow 

CAMERA-- 

-- SUPERCONDUCTING 
COILS iN LIQUID 

COIL TtE ROD- MAGNET IRON HELIUM 

EXPANSION SYSTEM 

SCALE IN FEET 

Fig. 1. Over-all view of the ANI, 3 . 7  m hydrogen bubble chamber showing the 
location of t h e  chamber,,expansion system, c o i l  assembly and crgo- 
stat w i t h  respect t o  the i ron yoke and particle beam access window. 
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Pig. 2. One of the two 4.8 m i.d. coil halves of the 1..8 T hydrogen 
bubble chamber magnet showing details of the 15 pancake assem- 
bly. 
between separate pancake units minimize temperature differen- 
t ials and hence thermal stresses during cooldown. A section 
of the stainless-steel helium can is shown suspended above the 
assembly. This can forms the vacuum tank for the magnet. 

The vertical braided copper thermal interconnections 

Y 
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-CHAMBER VESSEL 

HEAT EXCHANGER 

EVACUATED INSULATlON . 

VACUUM VESSEL 

,.-OMEGA BELLOWS 

,-RADIAL MAGNET SUPPORT 

I .' 

SYSTEM 

Fig .  3 .  A cross section th raugh t h e  AM, 3 .7  m hydrogen bubble  chamber 
system. 
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'.'%. INNER COIL 
CONNECTOR 

Fig. 5. Detail showing the arrangement of the individual pancakes 
with respect eo the containing vessels, the mode of connec- 
tion o f  the internal girder xings to t he  helium vessel, the 
type of electrical interconnections between pancakes and 
the spacer block arrangement between pancakes. 

TIE BOLT __ 



Big. 6 .  Photograph of a portion of a c o i l  assembly showing t h e  mode of 
clamping QE a roi.1 stack to the girder r i n g  wi th  stainless- ' 
steel tie bolts, the thermal clamps, the e l e c t r i c a l  intercon- 
nect ions between pancakes and the mechanical clamping arrange- 
ment for t i le ends of the conductor. 
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Fig. 7 .  A c r o s s  s e c t i o n  of the c o p p e r - c l a d  s i x - s t r a n d  N b 4 8 X T i  
conductor  f o r  t h e  1.8 T, 4.8 in i .d. hydrogen b u b b l e  
chamber magnet. 

F ig .  8. .A s i x  panrake,  4600 A , ' 2 . 5  T test c o i l  usieg t h e  f i rs t  
three lengths of composi te  s t r i p  suppl ied  f o r  t h e  large 
hydrogen bubble  chamber magnet p r o j e c t .  



. 

. 

- .  

. *---.-- 

Fig. 9 .  Cooldown test model t o  check the  efficiency of the design 
from the point  of view of minimizing thermal stresses. 

. .  
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FAST 

I .Q FILTER 

THYRISTOR 
CONTROL 

1 VOLT 
LATE MODE 

I 
1 DIAL-A-VIDER I 8 2 2 4n 

A VOLTAGE CHARGE 
LEVEL RATE 

REFERENCE 

Fig. 12. Schematic circuit diagram of power supply. 

+.004 o/o f\ 

-.004 Yo1 

Fig. 13. Variation of soil current: and on-off power supply voltage 
with time €or normal magnet operation. 
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