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P. Ferry ) ALSTROM 
J. Goyer ) 

1 • INTRODUCTION 

The requirements of reliability put on the excitation windings for the 
Intersecting Storage Rings magnets are even more stringent than those for 
classical accelerators. This is clear if one considers that any breakdown 
in the magnets will immediately lead to a loss of the stored beam which, 
apart from the loss in time for restacking, may cause permanent damage to 
machine components and prohibitive levels of induced activity. The main 
effort was, therefore, concentrated on combining the demands dictated by 
design considerations with manufacturing techniques which would guarantee 
trouble free operation. 

Preliminary test samples had been required because of various con
tingencies, in order to select the components; then models and prototypes 
had to be made to refine the mass production methods and verify that they 
are satisfactory. 

Otherwise, the high fabrication rate ( 1 104 coils in 1 2 months), has 
required important means, for fabrication as well as for control. 

2. DESIGN PARAMETERS 

2. 1 General data 

The excitation windings are wound with hollow copper conductor, 
having a cross section of 1570 mm2, to form flat pancakes with 8 turns of 
3162 mm length for the short magnet units and 5752 mm length for the long 
units. Cooling water enters at 13°c on the outside and leaves at 33°c on 
the inside, the temperature of the surroundings being 20° c. The excitation 
current is 3750 A, the maximum voltage to earth 1875 V. 

2.2 Mechanical stresses in the insulation 

a) Hooping effect 

The cooling water flow from outside to inside of the coil sets 
up a positive temperature gradient in this direction. The expansion of 
each turn is constrained by its neighbour and compressive stresses build 
up in the curved parts of the coil. 

Considering two adjacent turns (Fig. 1 ), we note that the increase 
in radius 

tiR a RI} T 
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is constrained by the internal pressure on the outer and the external 
pressure on the inner conductor 0 

For the maximum shearing stress occuring at the inner surface of 
the outer conductor we have* 

with 

Tmax 

ex 

E 

I:, T 

rl 
R 

r
2 

Tmax 

E ex t:, T 

1.7 10-5 

1. 2 5 104 kg/mm2 

2.5°c 

60 mm 

92 mm 

124 mm 
2 0.18 kg/mm 

b) Extremity effect 

*Timoshenko, strength of 

materials part II, page 211 

To determine the limits of stress conditions under cyclic 
temperature variations, a test was prescribed in which 3 parallel con
ductor bars of 5 m length, insulated in the proposed WaY, were subject 
to alternating expansions, by heating respectively first the inner and 
then the two outer bars up to a 30° c temperature difference. This cycle 
was repeated 1000 times and the differential expansion was monitored 
and recorded. Throughout this test, the difference in elongation of the 
hot and the cold bar never exceed 75µ at each end whereas free expansion 
would give 1.3 mm. 

A simplified formula (see Appendix) gives for the value of the 
maximum shear stress in insulation at extremity: 

\ /WEG For the girder : T ex /:,  T · --
V 3d 

For the coil 

with: 
I:, T 

I:, T' 

w 
d 

G 

T' 1. 20 ex t:, T, \� 
V°3d 

hot water - cold water temperature variation 

inlet - outlet temperature variation 

copper thickness 32 mm 

insulation thickness 1.3 mm 

insulation shear modulus. 

With /:, T = 30 and /:, T 1 = 20, the girder is subjected to 20 % more stresri 
as (!Ompared w:Lth that found. in the coi.L in normal operation that .is to 
say respectively O. 5 kg/mm2 in the girder, and O .42 kg/mm2 in tne coil. 
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A first girder insulated with nu.en tape md polyester felt tape 
hes not successfully withstood the stress. 

The second gird.er, �nsulated with mica glass tape only, was 
very satisfactory: constant differential expansion from beginning to 
end oi' the cycles, good final dielectric str·ength between conductor 
and ground at 20 kV - 50 Hz; during 20 mn. 

c) Prototype 

4 short prototy:r:;e coils have been made and were immersed. in 
water for a week, subjected to 1000 thermal cycles then immersed again 
for a week. Insulation resistance was measured after every immersion, 
at 2500 V. 

The thermal shocks were obtair1ed by exc:i-Ling the coils aL 
::5500 A ·,vi th reduced water flow, then by switching off the current and 
sending the maximum water flow when the variation oi' temperature between 
water inlet ancJ. outlet reached 40 °c. 

Such a test gives thermal stresses i:;heoreti.cally twj_ce the norwal 
stresses. 

Insulation to ground was found to locsen, especially i.n the 
curved parts on the 4 first coils. Several causes a:c e possible: utiliza
tion of di:t'ferent mica glass tapef; in tbe extrcml ties and in the straight 
parts. Poor diGtribution of heat between inlet and outlet (because of the 
accelerating of th6 proce::;sing cycle) led to theoretical stresses 2½ times 
normal stresses. Insufficient texLile reinforcement of outer connections. 

The second series of 4 prototypes, taking into account this 
lesson, has perfectly resisted. 

2.3 Dielectric stress and humidit;y resis_!;.§:_I1;C� 

A good understanding of the dielectric behaviour after ti,ermal 
cycling and immersion is gi.ven by the previous tests. 

Moreover, the insulation �esistance of 3 insulated conductor 
samples, of 1 meter lengt:t, hqs been measured after a week uf immersion 
in water. 

13 
_ 4 

The re sis-ti vi ty o:t' the insulation at 10 kV DC is :from 10 to 
10 1- ohm.m. Samples have resisted to a dielectric test of 20 kV r.m.s. 
dllring 20 nm. 

The breakdown voltage was :from SB to 79 kV. 

The results obtained showed the excellent resistance to water 
absorbtion of the insulation. 

2.4 J\/'ect.anical tolei�ances 

To ensure compatibility with all co:npo�'lents during assembly of 
the magnet units and to eliminate influence on the magnetic field 
gradient fr·om errors i:n coil positioning, the toler·ances imposed were: 
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on the thickness + 1mm 

the Width + 2 mm on 1 - mm 

on the length + 5mmm 

2 .5 Mechanical stresses in the conductor 

Almost exclusively from thermal origin, the stresses in the 
conductor are relatively low: 2 kg/mm2 in normal working conditions, 
therefore, greatly lower than the elastic limit of annealed copper. 

As always, the weak point is constituted by the brazed joints. 

So we have tried to obtain a brazing method as reproducible as 
possible and well suited to mass production2 the test being brazes 
resisting to a tension of at least 16 kg/mm (25 T for 1570 mm2). 

Previously we have made a certain number of tests, with or 
without alignment bushing, with joints at right--angle or inclined from 
30 ° to 45°, with brazing media fed from inside, from outside or from a 
small auxiliary hole (Gargamelle technique). These tests have not been 
conclusive as to a preferable method. 

For the ISR, we have finally adopted the alignment bushing, 
the joint at right angle, the brazing solder fed from inside with a 
complement from the outside. 

In view of the requirements of reliable and reproducible brazes, 
a high frequency induction method was retained, as this process lends 
itself best to semi-automation (Fig. 3). Two water-cooled solenoids, of 
unequal length placed symmetrically with respect to the joint, are 
powered by a rotating generator. A pyrometer, aimed at the joint, con
trols through an amplifier the excitation of this generator. The pre-set 
brazing temperature is thus maintained through on-off switching of the 
excitation. A temperature of 7B0 ° c is reached in 2 minutes, the total 
operation lasts only 3 minutes. The brazing material Silfos is present 
in the form of a spiral located in the bore, in the position of the 
smaller solenoid. The high temperature, caused by the more powerful 
solenoid, draws the solder to the other side. When the solder appears 
at the joint interface, some material is added by hand. Throughout the 
operation of heating, soldering and cooling down a constant pressure 
is applied with small pneumatic cylindErs, attached to one of the two 
bars, the other being rigidly clamped. Unconstrained thermal expansion 
and contraction is thus provided. Nitrogen gas is flowing under a small 
overpressure through the bore. 

To check for change in the brazing set up one joint per day is 
made, during which the temperature cycle is recorded. This joint is then 
tested for tensile strength. The average value of 285 tests performed 
over a period of 10 months has been 20.7 kg/mm2 • 

The number of joints has been limited as much as possible by 
using elementary conductors of maximum length (14 m - 200 kg). 
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Very few bad joints have been detected later on: a few out of' 
about 5000. 

The ·orazes for the external connecting lugs, c,uki·i de the insuJ a
tion, have been made with a torch. 

2.6 Radiation resistance 

The absorbed radiation dose, over a period of 10 years, 
estimated from doce measurements around tlrn CERN Protor;. Sync':1.rotro11, 
was set at 10 9 rad . 

In practice, the flexural strength of pure �esin, submitted to 
109 rad., �as to be not less than 50 % of the flexural strength before 
irradiation. 

On the other hand, such a radiation rate made j_ ·:; ma::-1datory to 
use tapes and fillers excluaively ma�e from mineral products: glass 
tape for rnechanj_cal strength, glas.s and rnicapaper Lape for dielectric 
strength, �ineral fillers in the resin. 

A study done at CERN on the recistance of epoxy res�_ns to 
radiation resu.l ted in certair, recommended components, whereas others 
are to �e avoided [1]. 

Also, the maker had to usG a prcduct with lcvv vi.scosi ty in 
order to ensure thorough impregnation, with .s.n extended pot life to 
allow for a prolonged impregnation operation, since penetration into 
mica is always o.ifficul t. In addition, the pro duel; hs:.d to be plastic 
enou.gi1. to prevent cracking and it i1.ad to be h:.1rm1e�:s to hand]e. 

Therefore, considering CERN's co�clusions and after perf0rming 
various :r:adiation tests on several formulae, we raodi.fied our general 
purr)ose resin tu the following formula [ 2] which sati ::;fies all tt.ese 
requirements: 

a bisphenol type resin, very pure, tc reduce the vis�asity, 

a novolaque typ" resi.n to Gllfmre good res.istance to radiation, 

a small quantity of plasticizer·, 

an anh;ydride h8.rdener· m.i_x resulting in a product without tendency 
to cracking, 

small a.r10unto of zirconium oxLc1e filler. 

Reactive diluents have been eliminated. 

3. IvIANUJi'ACTURING FROCESS ANTI TESTS DURING PRiJDUC 1r:;:oN 

The r8.te of 4 coils per day required i.mportant production means 
loca�ed in a workshop of 2500 rn2 • 

The copper is supplied. and stored as str3.ight bars, approximat81J 
14 meters in length. T�is leng�h has been determined tc be the best 
compromise for tbe vaL'ious practical requirements. The bars are brought 
to a mechanical feeder whic:n dispenses them one by one to the prepara
tion area. 
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Thi s  p r e p ar a t i on includ e s  machining of  the end fac e s o  �hat pro p e r 
mat ing o f  the s urf ac e  i s  en s ure d ;  b o r ing o f  the c ent ral hol e t o  th e 
d j_mf ms i o n  r e qu i r e d  fo r tne sl e eve , me chani c al and chemi c al cl e aning o f  
al l machin e d  surf ac e s . 

Th e E  b r az ::_ng by induc t i o n i s  p e rf o rme d .  

I mme d i at ely aft er braz j_ ng an d  c o o l J. ng , th e j o int i s  s t r e s s e d t o  
3 . 5 :;cg/mm2 w i th l1y dra1.1 l i c  j ack z . 

�he c o mp l e t e  l e ng th of b raz e d  c o nduc l:; o r  f o r  4 sho rt c o il s o r  2 l o ng 
c o il s  i s  s t c, r e d  o n  a d rum o f  8 m d i ame t e r  ( F i g . 4 ) . 

The  c o nduc t o r  i s  then c arri e d  f· r·o m tb e drum t o  t;h e braz e d  j o int 
t e ,3 t  s t and wi l:;h a sp e c i al handl ing fixtur e .  

·r he f o ll owing t e s t s  ar e b e ing p e rf o rme d o n  the j o in t s :  

a )  H o t  wat B r  ( 9o 0 c )  c i rcul a t e s  thro ugh the b o r e , the out s i d e  o f  the 
j o int i s  spray e d  ev er�r o th e r  mj_nu.t e wi th c o l d  wat e r . 'l'hi s cy cl e i s  
r e p e at e d 2 5  t ime s .  

b )  W a t e r  i s  pump e d  at 1 00 atrn.  f o r  10 :rr.inut e s  iI� tne  b o r e . A hy gro ::; c o p i c  
p ai nt i s  spray e d  o n  t h e  out s i d e  o f  the j o int . Mo r e o v e r , w e  che ck that 
the p r e s sure do e s  no t f al l . 

c )  ·:i: h e  b o r e  i c  dri e d  and vacu um pump e d . H e l i mn i o  then pump e d. into  th e 
c o ndu c t o r  und er 1 a-cm . o v e rp r e s su:r- e . Al l j o int s ar e sniff e d.  wi th a 
l e ak d e t e c t o r  havi ng a s e n s i t ivity o f  1 0 - lO s:' o rr .  J_/ s e c . 

T h e n. the s p e c i al handl ing fixtur e c arri e s  the c o 11duc t o r  t o  the r e el 
f o r  Lh e winding o p e rat i on . 

C o nduc t o r  insul at i o n  i s  mad e during winding ( F ig . 6 ) .  

T rw ap pl i c at i on o f  the  int e rturn insul at i. on i s  d o r,.e aut o mat i c ally , 
imme d i at e 2.31 ai't e :!:'  s and b l  a s  t i ng and varni shing of  [;he c o nduc t o r .  D uring 
thi s o p e r at i o n , the  p o s i  t i. ems of' the j o int s ar e mark e d  o r.1. the  insul at i o n  
t o  i' ac i l i  t at e  l e ek -':; e s t i.ng a t  a J . a t er s t ag '= . T h e  firs t t hre e turns o f  
Lhc  c o il s  ar e ,  how ever , wound uni n sul a t e d � as  t h e  Gmal l radi u s  o f  
c u:r:vatur e rr i gln damag e the  t ap e .  

·rhe  wind i ng me tho d ad o p t e d diff' e r s  b a s i c ally from the me tho d  i ndi c at e d  
i n  t he sp e c i fi c a t i on f o r t en d c r 3 . T h e  o riginal i d e a  was fo r a c o nt inuous 
braz ing and wind ing p ro c e s s , i . e .  the braz e ::, wo ul d  be  mad e and t e s t e d  e ach 
t ime the c o i l winding has r e ach e d  �he end o f  a c o nduc t o r  b ar .  It  was , ho w
ev e r , agr e e d  tha t t�i s pro c e s s  do e s  no t  al l ow a c o nt i nuous and thu s 
e c o nomi c  fl ow of th e pro d u. c t i on l L-1 e .  11' he w::i.nding mac hine e E.ip e c i al l y  wo ul d  
hav e  t o  b e  s t o p p e d  regul arly durir,.g the b razing and t e s t ing s e quenc e s . 
W i Lh  t h e  ad o p t e d  pro c e s a , t �  e b raz i ng and winding o p erat i on s  w e r e  d e c oupl e d , 
t..s j_ng t he j nt '=rme d i at e  s t ag e  o f  the s t o r ag e  d :r:um fo r t e a t i ng .  

Equal ly sugg e s t e d  i n  the sp e c j_fi c at i o n  was  the app l i c at i on o f  the 
int c r turn insul at i on af t e r  winding t h e  c o il , by o p ening the c o il i n  a 
s p i r al . 'l'hi s woul d  p e rmi t an e asy a c c e s s  o f  rd l j o in t s  af t e r winding . 
F o r  the  s 2 rne argumen t s  of  p r o d uc t i o n  f'l o w  thi s pro c e s s  wa s  a b ando n e d  in 
favour o f  th£-i appl :!.. c at i o n o f  the  insul at j  o n  b ef o r e  w i nd i ng , e.x:c e p t for .:;he  
f i r s t thre e t u.rns , whe r e  the c o pp e r  has t o  be  mac hi ne d. due to  key s t o ning . 
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The experienc e showe d that precisely the spiralling of the finishe d  c o il 
fo r applying the insulation on these three  turns and the sub s equent cl o sing 
prove d to be very delic at e and lead t o  frequent damaging of the insula- U  o:, . •  
I n  future c o nstructions it will be de sirable t o  s tudy a way of overc oming 
the se difficul tie s by applying al l the irnml a-+.; ion  b ef.'ore winding. 

T he insulation c onsis t s  of 2 l ayer s , half overl apped , 0 . 1 6  mm gl a s s 
sami ca-gl a s s  tap e . 

The conductor length is cut to size , the exte rnal c onne c ting lugs are 
braze d and the c oil is opened  in a spiral fo:'  applying manually the insula
tion on t he firs t 3 turns. To stre s s  the braz e s  on the conne c ting lug s , and 
to verify that no j oint □  have been damaged  during the winding operatio � ,  
a hy draulic pre s sure te s t  fol l owe d  by a helium l e ak  te s t  i s  performe d. 

The ground in sulation is applied by hand in the curve d parts of  the 
co il. Tapere d cut t ape is used in this operati on t o  prevent exc e s sive 
buil d up of insulatior. thickne s s  on the inner radii. The ground insulation 
is applied by machine on the s trai ght par t s . 

At  this stage an impul se voltage te s t  ( 2 5  kV 1/ 50)  j_ s performed to 
dete c t  any shor t circuits between winding which would l ead to reje c tion 
of the c oil after c omplete impregnation. 

Jf o r  the impregnation clo sed  moulds are use d which take up 4 c o ils at 
a time. Two moul d s  for the long apd thre e for the sho rt c o il s are ne e d e d 
t o  c ope with the pro duc tion s che dul e . The moul d s  c an be he at ed by f]Xtern
ally appl i e d  heating el ements ( 30 kW fo r the short mould s and 70 kW for 
the l o ng o ne s ) and are thermally insul at e d. Twelve hours  are required for 
heating and pumping down to the final vacuum of about 1 mm Hg. at 6 5 °c . 
The pre- heat ed  and de gassed re sin mixture is intro duc e d  in abo ut 1 hour , 
when the re sin appears in the overflow , the inl e t  valve is shut and the 
vacuum o n  the t o p  of the re sin in the overfl ow bro ken , to improve fill ing 
of the mould under atmo spheric pre s sure. Vacuum is agai.n pump ed  ax1d the 
inle t opened. This cycle is repeat e d  7 to 8 time s in 7 hours. A l as t  
filling with a slightly charged  re sin is performe d t o  me chanically 
s trengthen the outer c o ntours of the c o il. Polymeri sat i on i s  c omplete d  
in 1 2  hours , during which the temperature rise s from 6ooc to 1150c and 
c o oling down require s 5 hours. The cyc l e  is automatic ally c o ntroll ed 
(Fig. 7 ) .  

A s  the c entral core o f  the moul d is made o f  aluminium which c ontrac ts 
faster than the steel mould , the c oil s can be easily lifted  using 
suc tion device s .  

After  the dimen s i onal c:-0.eck s , a one week ageing fol l ows. '.!:'he c o i l s  
are then thermally cycle d by ad j us ting current and c o oling to o b tain a 
40°c t emperature rise be tween inle t  and outle t , which is  done 10 � j_mc s. 
After a 24 hours wat er immersion the di elec tric t e s t s: 7 kV , 50 per. 
for 20 min. , 25 kV 1/10 5 time s and insulati on  re sis tance > 109  O at 
2 . 5  kV are performed. Ohmic re s i stanc e is  measure d and re c orded . After 
a final visual inspe c ti o n  for fis sure s , cracks ,  et c . , the coils are 
ready for delivery . 



- 8 -

L a. s t ly, to rr.ake su re of a continuou s q u.al i ty le vel , furt her cont rol s 
h ave been perfo rmed duri ng product ion :  

one b r aze per day submit t ed to a t ensile t est, 

one veri fication p er week o f  t he b razing t emperature, comparing t he 
p yrometer prese t temperature with t h e  t e mp e ratu r e  of a bar element 
e qu :ipped with a thermocouple , 

3 st,ts of s amples t aken from each batch of casting resin were tes t ed 
for resi s t anc e t o  radi ation. 

T o  ob taj_ n t h e  p roduct ion rate of 4 co ils per day for 6 d a;y ,s per week 
t he product i on line occupied 60 people in two shif t s . 
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APPENDIX 

The l ay out of  t he 3 - b ar t e s t  is shown in Fig . 2 .  As suming t he 
c ent ral b ar i s  he at e d  and t he two out e r  one s are c o l d , y i s  t aken 
e q'J.al to  t he di ffe renc e i n  e l o ng at i on b e tw e en the  warm illld c o l d  b ar s . 

On  the  symme t ry axi s x = 0 we  supp o s e  y = 0 

C o n s i d e ri ng an el ement o f  t he bar s  dx at a d i s t anc e x from the  
symme t ry axi s , w e  have  

for  the  warm b ar a c o mpre s s ive  f o rc e  

A , ou1 
F = - E , a  6 T - -- ) 1 2 O X 

f o r  the c o l d  b ar a t e�sil e fo rc e 

"' -
.l: 2 - AE 

ou 2 
ox 

rhe fo rc e s  ari s i ng from t h e  e _ o ng at i on of  the el e!D.ent of insul a
t i on dx are negl e c t e d , b e c aus e E .  << E • ins  cu  
The f o rc e du e to  the  she aring of  the  insul at i o n  over  a di s t anc e y i s  

y 

d 
G dx ( h  = c o nduc t o r  he i ght ) 

From the  e q-,1il i b rium c o nd i t i o n s  we have 

Fl 
- F 3 = 0 and F

3 
- F 2 = o ,  s o  F 1 F 2 

= F 3 

with  o u1 
ou2 

have  
oy 

y = ul 
- u2 , we 

ox ax ax 

Sub s t itut i ng ( 4 )  and ( 5 ) i n  ( 1 ) ' ( 2 ) an d ( 3 ) ' w e  o b t ai n  

h'� nl 1 1 � \.T i y dx A E 6 T AE d j '\ 
a - 3 ax 

X 

,.1 ,..1 ,c,X 

N o t ing t hat I 

J o  
and  diff e r ent i at ing ( 6 )  give s I 

0 

hG 1 AEy " a:- y 
3 

o r  
/I_ 2y /I_ 

2 3 hG lQ:__ y " - 0 wi th dAE dwE 

( 1 ) 

( 2 )  

( 3 )  

( 4 ) 

( 5 )  

( 6 )  

( 7 ) 

( 8 )  
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X 0 wi t h  t he b oundary c ondi t i ons 

an d from ( 6 )  X = £ 

the  s o lut i o n  f o r  x 

y t anh A£  

us ing t he dat a 

£ 

/::; T 

w 

d 

E 

y 

£ b e co me s  

'fmax 

2 . 5  103 mm 

30 ° 

3 2  mm 

1 . 3  mm 

G 
y d 

1 . 2 5 104 kg/mn2 

7 5 10- 3 mm 

t an.hA.£ R3 1 

'f max = ex 6 T ' . /��Cl 

y = 0 

Y ' = ex tJ. T 

we  fin d 

s e t  in . 

G- = 8 kg/mm
2 

whi c h  i ndi c at e s  t hat p l a s t i c  d efo rmat ion  has 
2 

Und e r  t he s e  c o n di t i o ns 'f = 0 .  5 kg/mm • max 

( 9 )  
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C E R N  a G E N E V E  

Bobines principales des Anneaux d e  Stockage et d
1
lntersection 

608 bobines de 3,200 m • 496 bobines de 5,700 m 
Brasure et roulage sur lambour intermediaire 



( .  1 6 3 8  · ALSTHOM 

C E R N  a G E N  E V E  

Bobines pr incipa les des Anneaux d e  Stockage e t  d ' I n tersect ion 
608 bobines de 3,200 m • 496 bobines de 5, 700 m 

Essa is des bra�ures 





C - 1 6 3 9  - ALSTHOM 

C E R N  a G E N E V E  

Bobines pr inc ipa les des Anneaux d e  Stockage e l  d ' lntersecl ion 
608 bobines de 3,200 m • 496 bobines de 5,700 m 

Mise en moule de bobines longues 

Flg. ;t 
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C E R N a G E N E VE 
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