
A 70 KILOGAUSS.MAGNET FOR THE PROPOSED RUTHERFORD LABORATORY 
1.5 METER DIAMETER HYDROGEN BUBBLE CHAMBER 

P.T.M. Clee, D.B. Thomas, and C.W. Trowbridge 
Rutherford Laboratory 
Chilton, Berks., England 

I. INTRODUCTION 

In January 1967 a design study report' was produced on a new hydrogen chamber for 
the Rutherford Laboratory. Since that date R&D funds have been made available to in- 
vestigate aspects of the design which are essentially novel. 
magnet is, of course, a major item in the development program, and a considerable pro- 
portion of the available effort has been concentrated upon it. 
obtained have recently been reported in print.2 

The superconducting 

Some of the results 

Work now being performed or already completed in connection with the superconduc- 
ting magnet can best be described under.four headings: selection of geometry of magnet 
and surrounding iron shield including proposed winding configuration; selection of 
stabilized superconductor; full-scale winding trials; and construction of a test magnet 
.from full-size stabilized superconductor. 

11. SELECTION OF PARAMETERS FOR THE SUPERCONDUCTOR MAGNET 

The physics specification €or the High Field Chamber (EIFC) calls for a reasonably 
uniform magnetic field of 70 kG over the fiducial volume of the chamber, this being' a . 
cylindrical region 1.5 m diameter by 1 m deep. Particle beam entry across the median 
plane of the fiducial volume requires the field to be provided by a pair of coils se a- 
rated sufficiently to allow entry channels of at least 10 cm height and 50 cm width. 5 

A general idea of the magnet-bubble chamber system can be obtained from Fig. 1. 
The latest dimensions of the evolving design of magnet coils are given in schematic 
form in Fig. 2 and the principal parameters are listed in Table I. The proposed wind- 
ing configuration is shown in Fig. 3 .  Copper-stabilized niobium-titanium superconduc- 
ting strip of dimension 50 mm by 4 or 5 nun is interwound with a cooling strip, interturn 
insulation and stainless steel reinrorcing strips. 

The cooling strip, as conceived at present, allows cooling of about 75% of one 
face of the conductor and is to be manufactured by spot-welding a regular pattern of 
stainless steel buttons of about 6 mm diameter and 1 or 2 mm thickness to a stainless 
steel backing strip 50 mm wide by 1 mm thick. This backing strip serves as part of 
the necessary reinforcement to carry hoop,stresses. A sample length of cooling strip 
of this type i s  shown in Fig. 4 .  The, economics of producing such a strip in quantity 

1. Design Study f o r  a High Magnetic Field'flydrogen Bubble Chamber for Use on Nimrod. 
Rutherford Laboratory Report RHELlSflOl (1967). 

Progress Report €or 1967 on the Research and Development Program for the High 
Field Bubble Chamber, Rutherford Laboratory Report AP/DS/HFC/lO (1968) 

High Field Bubble Chamber, Rutherford Laboratory Report AP/DS/HFC/g (1967). 

2 .  

3 .  Proceedings of the Study Week on Optics and Beam Entry and Exit Problems for the 
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TABLE I 

Main Parameters of Mapnet Coi l s  

, Nominal c e n t r a l  f i e l d  

Computed c e n t r a l  f i e l d  with chosen parameters  
(excluding c o n t r i b u t i o n  of surrounding i r o n  

Computed peak f i e l d  

Total  ampere t u r n s  

Inductance 

Stored energy . 

Over-all c u r r e n t  d e n s i t y  

Operating c u r r e n t  

Number of s i n g l e  pancakes per  c o i l .  

Number of t u r n s  p e r  pancake 

sh ie ld)  

Thickness of pancake 8 .  

$ 

Thickness of  in te rpancake  i n s u l a t i o n  

Thickness of each t u r n  ( inc luding  conductor ,  
cool ing s t r i p ,  i n s u l a t i o n  and reinforcement  s t r i p )  

70 kG 

71.4 kG 

80.6 kG 
7 2.16 x 10 

11.9 H 

3.4 X 10' J 

140 0 A / cm2 

7500 A 

18 

80 

50 mm 

10 mm 

9mm 

(which would involve t h e  u s e  of a custom-bui l t  machine) have not  y e t  been f u l l y  inves-  
t i ga t ed .  I n i t i a l  s t u d i e s  are s u f f i c i e n t l y  promising f o r  the  s e l e c t i o n  of  t h i s  type of 
cool ing s t r i p  f o r ' a  test  m a g n e t  now under c o n s t r u c t i o n .  

I n  t h e  HFC c o i l s ,  a i t h  75% of one f a c e  and 75% of both edges of t h e  conductor 
exposed t o  l i q u i d  helium, f u l l  s t a b i l i z a t i o n  r e q u i r e s  a heat  t r a n s f e r  c o e f f i c i e n t  of 
about 0.25 W/cm2f°K. T h i s  f i g u r e  is  ca l cu la t ed  on t h e  b a s i s  of a conductor of c ross  
sec t ion  50 mm by 5 mm, a r e s i s t i v i t y  a t  80 kG of 5 X 10-8 Q - c m  and an ope ra t ing  cu r ren t  
of 7500 A .  

Addit ional  interwound s t a i n l e s s  steel s t r i p s  have a l s o  been included t o  carry t h e  
hoop stresses generated i n  t h e  c o i l .  T h e . t o t a 1  th i ckness  of s t r i p  requi red  ( including 
cool ing s t r i p  backing) h a s  been determined t o  be 3 mm a f t e r  a stress a n a l y s i s  of t h e  
most h ighly  s t r e s s e d  pancake i n  the  c o i l .  p. computer program which so lves  t h e  d i f f e r -  
e n t i a l  equat ions  f o r  stresses i n  a nonhomogeneous c y l i n d r i c a l  pancake h a s  been devised. 
Since each pancake employs a mul t ip l e  element winding with seve ra l  s t r i p s  of d i f f e r e n t  
material interwound ( inc lud ing  cool ing channels) t h e  problem is t r e a t e d  numerical ly .  
A f i n i t e  element method is used which ensures  a ba lance  of fo rces  a t  each s t a t i o n .  
Nonlinear s t r e s s - s t r a i n  cu rves  can"be  handled a l lowiag  elastic-plastic deformation t o  
be included.. The p r i n c i p a l  stresses are t abu la t ed  as output  toge ther  wi th  the  s t r a i n  
and displacements. 

The HFC c o i l  geometry i s  such t h a t  t h e  r a d i a l  stress is compressive, ensuring t h e  
v a l i d i t y  of  t h e  above method. 
been discussed e 1 s ewher e. 

The dependence of  r a d i a l  stress an c o i l  geometry has 

4 .  A . J .  Middleton and C.W.  Trowbridge, Proc. 2nd I n t e r n .  Conf. Magnet Technolo& - .  
Oxford, 1967, p. 140. 
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The results of these and other force calculations for the proposed coils are 
shown. in Table XI. 

TABLE I1 
Stresses and Forces in HFC Coils 

2 

2.93 kg/mm2 

Maximum hoop stress in stainless steel 

Maximum hoop stress in conductor 
reinforcement 21.5 kg/mm 

Maximum radial (compressive) stress 0.93 kgfmm 2 
Maximum axial (compressive) stress 

Maximum hoop strain 

Total attractive force between pair 
of coils 

'2 1.80 kg/mm 

0.11% 

8680 tons 

Additional hoop forces which arise from differential contraction between the con- 
ductor and the stainless steel reinforcing strip on cooling from 300°K to 4OK must also 
be considered. Assuming that the conductor is pure copper rather than superconducting 
composite, the differential contraction produces a tensile stress of 2.5 kg/mm2 in the 
copper (4  mm thickness) and a compressive stress of 3 . 3  kg/ntm2 in the stainless steel 
(3  mm thickness). Stresses due to differential contraction are thus much smaller than 
those due to current-field interaction. 

The variation of hoop stress with radius in the most highly stressed pancakes in 
each coil is shown in Fig. 5. Only stresses due to the electromagnetic forces are in- 
cluded. The stress levels in both the stainless steel reinforcing strip and the con- 
ductor are a maximum at the inside edge of the coil where the peak field of 80 kG 
occurs and fall off as the radius increases. 

It should prove possible by pze-tensioning both the copper and the stainless steel 
at the coil winding stage to produce a locked-in distribution of hoop stress in the 
windings, which, when added to that due to electromagnetic forces, 'results in a some- 
what more uniform stress distribution across a particular pancake. The proposed coils 
are rather suitable for this type of treatment for the ratio of external to internal 
diameter is almost 2. 

Surrounding the superconducting magnet, an iron shield is positioned to protect 
ancillary equipment from the effects of stray magnetic fields. 
serves as part of the support structure for the bubble chamber itself.) AR optimiza- 
tion of the geometry of the iron shield has been carried out so as to provide adequate 
shielding using a minimum weight of iron. A computer program TRIM,  which originated 
at the Lawrence Radiation Laboratory in Berkeley, has been modified to solve this type 
of problem. Numerous different shapes of  iron configuration have been investigated. 
One example is shown in Fig. 6. A s  might be expected with a 70 kG coil, the presence 
of an iron shield somewhat distant from the coils makes very little difference to the 
magnitude of the  central magnetic field - only a few percent. 

(The,shield also 

1x1. SELECTION OF STABILIZED SUPERCONDUCTOR 

A research contract was placed in October 1967 by the Rutherford Laboratory with 
the one British manufacturer of eo-processed niobium-titanium in copper, Imperial 
Metal Lndustrie's (Kynoch), Ltd. One of the objects of this contract was the develop- 
ment of a conductor suitable for the HFC. Numerous samples have beep produced and 
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measurements of their electrical and mechanical properties carried out. No test facil- 
ity is available .in the U.K. which is capable.05 measuring the critical current of 
conductors of the size required for the HFC coils. Tests have therefore been confined 
to samples of much smaller section and current rating, or to single filaments cut from 
larger samples. Fields up to 45 kG are available at the Rutherford Laboratory at pres- 
ent. An 80 kG 3 cm bore split pair of niobium-tin coils should become operational 
later this year. This new magnet will be mounted with its axis horizon.ta1 in its 
cryostat. Each sample under test will be aligned vertically in the 2 cm gap between 
the coils. 
sized conductor samples can have their critical currents measured at all fields up to 
80 kG. 
longitudinal axis with respect to.the applied transverse magnetic field without removal 
of the sample from the cryostat qr'de-energization of the magnet. 
form one straight leg of a hairpin with the return current flowing through a length of 
superconductor of much higher critical current, this being the other permanent leg of 
the hairpin .) 

With this arrangement single filaments or groups of filaments cut from full- 

Furthermore, the chosen arrangement permits rotation of the sample about its 

(The sample will 

Anisotropy in critical current in rectangular samples of composite superconductor 
rolled from the round has been noted, and the extent to which this occurs in the selec- 
ted samples can be speedily determined €or any angle between the applied magnetic field 
and the wide dimension of the conductor. 
lationship connecting critical current and this angle is elliptical in form will be 
extended or modified. 
at fixed angular orientations will also be determined. The variation of anisotropy 
with field for one of the samples measured in the existing 45 kG magnet is shown in 
Fig. 7 .  
of samples to be evaluated quickly, and could indeed be used for quality control of 
conductor for the bubble chamber itself. 

The evidence already existing that the re- 

The variation of anisotropy with absolute magnetic field value 

An 80 kG test facility of the modest size described should allow large numbers 

0 Resistivity tests on numerous copper samples have also been carried out at 4 K 
(without magnetic field) and these indicate that better resistance ratios can be ob- 
tained from Electrical Tough Pitch copper (ETP) than with Oxygen Free High Conductivity 
copper (OFHC). Consistent resistance ratios of greater than 250:l can be obtained with 
ETP copper and figures as high as 600:l have been achieved on occasion. 

' 

curves, ultimate strengths, etc. at 4OK for superconducting composites, structural 
materials, welds and joints of various types with applied loads up to 3500 kg. An 
investigation of the strength of various solders has recently been completed., 

Facilities also exist at the Rutherford Laboratory for measuring stress-strain 

It is proposed to join individual lengths of conductor to form a continuous'length 
sufficient for the fabrication of one double pancake of the HFC coils by an explosive 
welding technique. 
less for conductor cross sections of 0.25 cm2) with good mechanical strength, even 
after machining the joint down to exactly the same cross section as the conductor 
itself, 

This has been shown to produce joints of low resistance (10-9 0 or 

IV. COIL WINDING TRIALS 

Stress calcufat ions have shown that stainless steel reinforcement of thickness 
3 mm is required t o  support each turn in the highly stressed regions of the coils. 
number of thinner strips of the same total thickness may be prejEerable to a single 3 mm 
strip t o  minimize the bending stresses induced in this thick member at the coil winding 
stage. 

A 

Furthermore, thinner strips would certainly be easier to wind into a coil. 

To establish the relative difficulty of: interwinding reinforcing tapes of differ- 
ent thicknesses, either singly or with several in parallel, into a coil of the required 
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. 
dimensions, f u l l - s c a l e  winding t r i a l s  have been carried out .  
these.  t r i a l s  was t o  eva lua te  the  p r a c t i c a l  eng inee r ing  problem which would , a r i s e  i n  
c o i l  winding, and t o  determine winding tens ions ,  etc.  

A f u r t h e r  ob jec t  of 

A standard motorized turn tab le ,  8 f t  square,  from an Asquith Boring Machine, was 
A general  view of t h e  winding j i g s  

Three 50 m h  by 1 m s t a i n -  
temporar i ly  converted t o  a c o i l  winding machine. 
and f i x t u r e s  around the  winding t a b l e  is  shown i n  F ig .  8. 
less tapes  are shown being interwound wi th  50 uun by 5 mm annealed copper .  In  t h i s  

r e s u l t i n g  c o i l  was removed from t h e  machine. F igu re  9 shows t h e  completed c o i l  of 
18 tu rns .  

‘ f i n a l  winding test 18 composite t u r n s  were added, free ends w e r e  t hen  secured,  and t h e  

I n  e a r l i e r  winding operat ions 0.5 mm, l nun and 3 mm t h i c k  steel t apes  were t r i e d  
i n  var ious  formations. N o  cooling s t r i p  was a v a i l a b l e  and no i n t e r t u r n  in su la t ion  
was incorpqrated.  For s impl ic i ty ,  winding t e n s i o n s  were appl ied  by squeezing the con- 
duc tor  or  reinforcement s t r i p  between “Tufnol” b locks  wi th  a known f o r c e  and r e l i ance  
placed on f r i c t i o n  t o  produce a cons tan t  tens ion .  
systems w i l l  probably be required f o r  t he  f i n a l  c o i l s .  

More soph i s t i ca t ed  tens ioning  

The minimum tens ion  r e q u i r e d  t o  produce a t i g h t l y  wound c.oil w a s  determined f o r  
t he  d i f f e r e n t  s t r i p s ,  and t h i s  var ied  between about 20 kg f o r  t h e  0.5 mm th i ck  steel 
tape (0.8 kg/mm2) t o  150 kg for  both the  3 rmn t h i c k  steel  and 5 mm t h i c k  copper 
( 1  kg/mm2 and 0.6 kg/mm2). f n  some tests t ens ions  w e r e  increased t o  t h e  equivalent  
of 4 kg/mm2 without no t iceable  change i n  the  t i g h t n e s s  of  wind. 
of each c o i l  was compared with the value c a l c u l a t e d  from the known ind iv idua l  s t r i p  
thicknesses .  The d i f f e rence  i n  corresponding f i g u r e s  never exceeded 3%. A s  i t  was 
not poss ib l e  t o  s l i d e  a ’ f i n e  f e e l e r  gauge between t u r n s ,  it is concZuded t h a t  t h i s  3% 
add i t iona l  build-up was due t o  known f a c t o r s  such as edge b u r r s , o n  t h e  s t a i n l e s s  steel 
tapes ,  e t c .  

The f i n a l  thickness  

The general  conclusion from the  winding trials i s  t h a t  l i t t l e  d i f f i c u l t y  should 
be experienced i n  winding conductors and steel suppor t  s t r i p s  of t h e  requi red  th i ck -  
ness  at  the required diameters. Indeed, the  whole winding ope ra t ion  proved much 
e a s i e r  than had been an t ic ipa ted .  

V.  RACOON TEST COIL 

A test magnet made from f u l l - s i z e  bubble chamber conductor i s  a t  p resent  under 
cons t ruc t ion .  Coi l  winding should be completed i n  September of t h i s  y e a r .  This  mag- 
n e t ,  code named RACOOM, uses approximately the s a m e  winding conf igu ra t ion  a s  the  HFC 
magnet, and w i l l  thus  be used t o  check the  performance of t h e  s e l e c t e d  s t a b i l i z e d  
superconductor i n  a thermal and magnetic environment similar t o  t h a t  which w i l l  pre-  
va i l  i n  the  l a rge  c o i l s .  This test c o i l ,  being f o r  experimental  use only ,  need not  
be b u i l t  wi th  such a high sa fe ty  margin on s t a b i l i t y .  Indeed t h e  prime purpose i n  
bui ld ing  such a c o i l  i s  t o  determine q u a n t i t a t i v e l y  the  s t a b i l i t y  margin of the pro- 
posed des ign  of t h e ’ l a r g e  c o i l s .  

The conductor spec i f ied  fo r  RACOON i s  t o  c a r r y  7500 A a t  80 kG - t h e  same a s  the  
HFC c o i l s .  Conductor dimensions have been chosen at. 50 mm by 3 mm t o  be less con- 
se rva t ive  than the HFC c o i l s  (50 m by 4 o r  5 mm). A cool ing  channel thickness  of 
1.5 mm has been adopted ( c f .  HFC c o i l s  1 t o  2 mm t h i c k n e s s ) .  Because of t he  small 
diameter o f  the  test magnet, no s t a i n l e s s  s tee l  re inforcement  o f  t he  c o i l s  o ther  .than 
t h a t  provided by the cool ing s t r i p  i t s e l f  i s  r e q u i r e d .  The o v e r - a l l  cu r ren t  d e n s i t y  
f o r  R4COON i s  2600 A/cm2, almost twice tha t  of t h e  HFC magnet (1400 A/cm2). 

The p r inc ipa l  dimensions of RACOON a re  given i n  F ig .  10. The magnet comprises 
s i x  double pancake c o i l s .  I n i t i a l l y  all these  double  pancakes w i l l  be  iden t i ca l  i n  
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cons t ruc t ion ,  but  i t  is  envisaged t h a t  a d d i t i o n a l  double pancakes w i l l  be  manufactured 
and s u b s t i t u t e d  at a l a t e r  s t age .  These s p e c i a l  pancakes w i l l  test d i f f e r e n t  .conduc- 
t o r s  o r  winding conf igu ra t ions  o r  perhaps have many explos ive ly  welded conductor  
j o i n t s ,  etc.  

A t  t he  spec i f i ed  opera t ion  cur ren t  t h e  RACOON c o i l  a lone w i l l  provide a central 
Since t h e  conductor i s  r a t e d  at 7500 A at  f i e l d  a t  26 kG and a peak f i e l d  of 27 kG. 

80 kG, it should a l s o  be capable of c a r r y i n g  more than 15 000 A a t  50 kG. It i s  thus  
proposed t o  provide a 15  000 A power supply t o  energ ize  RACOON t o  f i e l d s  up t o  52 kG. 
A t  t h i s  upper l i m i t ,  t he  magnet w i l l  be only  p a r t i a l l y  s t a b i l i z e d  (about 1 W/cm2) SO 

t h a t  i t  should prove poss ib l e  t o  s tudy t h e  e f f e c t  of f l ux  jumps i n  wide conductors  
under somewhat extreme condi t ions.  The main parameters of RACOON are given i n  
Table  111. 

The dimensions of the  RACOON c o i l  have been c a r e f u l l y  se l ec t ed  so t h a t  it can 
ope ra t e  as an i n s e r t  c o i l  t o  t he  CERN test f a c i l i t y  BRARACOURCIX. Under t h e s e  con- 
d i t i o n s ,  with normal opera t ing  cu r ren t s  i n  both BRARACOURCM and RACOON, peak f i e l d s  
of over 80 kG should be achieved. It is  hoped t o  arrange such a j o i n t  test la te  
t h i s  year o r  i n  g a r l y  1969. ( I n  Fig.  10 ,  t he  outer  chain-dotted r eg ions  r e p r e s e n t  
t h e  BRARACOURCIX c o i l s  .) 

If a l l  t h i s  proves poss ib le ,  t he  RACOON c o i l  w i l l  have dupl ica ted  t h e  thermal  
and magnetic environment t o  be expected i n  a l l  reg ions  of t he  proposed HFC c o i l s .  

TABLE 111 

Main Parameters of RACOON Coil 

I n t e r n a l  d iameter  of windings 

External  diameter  of windings 

Length of c o i l  . 

Number of double  pancakes 

Number of t u r n s  per  pancake 

To ta l  number of t u r n s  

Spec i f ied  conductor cu r ren t  at  80 kG 

Magnetic f i e l d  produced by c o i l  

1. With 7500 A e x c i t a t i o n  

Cen t ra l  f i e l d  
Peak f i e l d  
Over-all cur ren t  dens i ty  i n  windings 

2 .  With 15 000 A e x c i t a t i o n  ' 

Central  f i e l d  
Peak f i e l d  
Over-all. cur ren t  dens i ty  i n  windings 

3 .  With 7500 A e x c i t a t i o n  as a n  i n s e r t  
i n  BRARACOURCIX (1000 A) 

Cen t r a l  f i e l d  
Peak f i e l d  

135 mm 

304 nnn 

655 mm 

6 

16  

192 

7500 A 

26 kG 
27 kG 
2640 A j c m  

52 kG 
54 kG 
5280 A/cm 

*- 84 kG - 85 kG 
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F i g .  1. Artist's impression of proposed High F i e l d  Chamber. 
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I- . 190cm 

334 cm 
0 -- -1 

Fig. 2. Principal dimensions of High Field Bubble Chamber 
magnet coils. 

Fig. 3. Proposed winding configurations for superconducting 
coils of High Field Bubble Chamber. 

Conduct or 50 m x 4 or 5 mm 
'Cooling channels 50 m x 2 or 1 mm 

(75% of one conductor 
face exposed) 

Stainless-steel 

Insulation 50 m x 0.2 mm 
reinforcement 50 nnn X 3 mm total thickness 



F i g .  4 .  Stainless-steel cooling strip. 

CONDUCTOR .I- 
01 I I I I I 

I I 

95 105 115 125 135 145 155 165 

COIL RADIUS cm 

Fig .  5 .  Hoop stresses vs, c o i l  radius €or most h i g h l y  stressed 
pancake in  HFC coil. 
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WEIGHT OF SCREENs926.5 TONS 

-3 1-5 
60  CM. RAD. 
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Fig. 6 .  High F i e l d  Bubble Chamber screen No. 5 A .  
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CURVE A SINGLE FILAMENT CUT FROM EDGE 
OF STRIP - FIELD PARALLEL TO WIDE 

CURVE B AS *&',BUT FIELD AT 30" TO WIDE 
DIMENSION OF CONDUCTOR - . 

DIMENSION OF CONDUCTOR * 

TO WIDE DIMENSION OF CONDUCTOR- 
CURVE c AS *A",BUT FIELD PERPEN~ICULAR 

CURVE D AVERAGE WRRENT OF TWO 

OF STRIP- FIELD PERPENDICULAR 
TO WIDE diMENSlON OF 
CONDUCTOR * 

2500 FILAMENTS CUT FROM CENTER 

I I 1 I I I I I I 
10 20 30 40 

MAGNETIC FIELD (kG) 

Fig. 7. Anisotropy t e s t  of  I.M.I. Niomax-M sample BC4/1D. 



Fig. 8. Testing winding of fu l l - sca le  s i n g l e  pancake. 
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Fig. 9. Completed test pancake. 

F i g .  10. Cross sectian of RACOON coii. 




