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add tion to t e bend radius criteria t ere were at er desig 
requi ements. It was deter ined earlier in he design process t at it wou d be 
ver es rable to have t e id lane turn of t e coils ocated at t e geometric 
m dp ane of t e coi for t e entire lengt of the tapered egion. ere are two 
major reasons for this. F rs t e geometr of t e tooli g used to mold the coi s 
can be greatly si lified resulting in reduced construction costs and t ere can be 
a reduction in the ead time required to produce t e tooling. Second! 1 he 
number of detail parts required to fabricate the ends can be reduced resulting in 
lower tooling costs and ess time required to fabr cate t e ends of t e coil 
duri g ding operation. 

Desig of t e 4.0 c SSC coils followed many of t e criteria mentioned 
above since t e or1g1 a requirements of the 4.0 cm design included both the use 
of Nb cable and t e 2-in-l SSC Reference Design Al cone Some design 
c anges were ncorporated i t is effort as a resu t of experience gained in t e 
3.2 c program and due to differences between t e two magnet designs. However, 
t ere were wo ma or c anges cor orated in Design D. First, t e tapered ength 
was sh tened since t was deterMined during t e earlier rogram t at a greater 
taper ang e could probabl be tolerated; this also allows an increase in the 
straig t length of the mag et. In Design D it was decided to use a graded 
conductor as opposed to separate operating currents for inner and outer coils used 
in t e 3.2 cm design. This change in design concept resu ted in a simplified pole 
spacer. Since it was not required to bring out an additional pair of leads to 
power the coils separate it was necessary to provide, ~ithin t e pole spacer 
extension for an nner outer coil splice. 

Alth Reference Design D incorporates tapered ends, there are ongoing 
studies aimed at simplification of the end configuration. This simplification is 
posslble since there are no longer plans to use Sn conductor fer SSC. If this 
is one it would be possible to reduce significan y the amount of taper in the 
ends, or to eliminate it completely. The only consideration for •inimum bend 
radius wou d be to maintain the mechanical integrity of t e NbTi cable. In coi 
~inding R & D done so far, one •eter long inner and outer coils have been wound 
successfully and the tech iques used there can easily be carried over to 
production. Figure l is a p otograph of the end of the in er R & D coi with a 
straig t end. 

COIL conPONENTS 

A listing of parts used in the fabrication of a •agnet coil is given at 
this time. Alt ough the conductor cable is listed here, a detailed discussion of 
t e cab e and its fabrication is given n another Tech. Note. 

Detail parts used in the R & D version of 4.0 c~ SSC dipole magnet coils 
are as follows: 
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TABLE 1 - PARTS LIST 

e 1 Inner lower 
Wedge, I er per 
Wedge, er 
Outer Wedge Wrapping ce 
Inner lower e apping uence 
Inner er Wedge Wrapping uence 
Inner Pole acer Extension Prefor• 
Outer Pole acer Extension Prefor~k 
I er Pole acer Extension Return End 
In er Po e acer Extension lead End 
Outer Po e acer Extension Return End 
Outer Pole acer Extension lead End 
Green Putty End Outer Coil Return End 
Green Putty End Outer Coil lead End 
L.H. Feathering Outer Coil 
R.H. Feathering Wedge Outer Coi 
Green Putty End Inner Coil Return End 
Green Putty End Inner Coil lead End 
L.H. lower Feathering Wedge Inner Coil 
R •• Lower Feathering Wedge Inner Coil 

per Feathering Wedge Inner Coil 
per Feathering Wedge Inner Coil 
ed Cable and Insulation 

In the following paragraphs fabrication of the indi idual detail parts 
which make up a dipole coil will be discussed. 

a Wedges 

Items 1-6 in the table above are the set of drawings whic make up 
t e wedges used in the inner and outer coils of the magnet In order to avoid 
repetition, the fabrication of a typical wedge will be discussed and t is 
discussion sha l app y to al three types of wedges used in t e in er and outer 
coils as t e fabrication of all three is ident cal 

Wedges are extruded and rolled to the precise cross sectional 
geometry defined by the engineering drawing and rough cut to a length of 
28" ± /B" by an outside vendor. The material used to fabricate t ese wedges is 
ASTM 02 OFHC copper ! alf-hard minimum). They are then cut at BNL to the precise 

engt required, 26.417" ± .002•. Wedges which have been cut to length are read 
for insulation. After deburring and an alcohol wash, exposed ends of the wedge 



are spra ed wit t ree coats of GE-7031 Adhesive and sulati g arnish. Two 
u es dr ing time is a lowed coats. e wedges are t en al owed o air 

dr for a er ad of 3 to 45 mi This air dry is requ red to prevent the 
forma ion of bles i the ar ing t e ba e eye e. After t e air dry 
eriod e wedges are placed into an oven whic as been re-heated to a 
emperature of 55 ± S C for a eriod of l to 1-1 2 ours. Baking prevents f ow 

of t e varnish duri g subsequent coil curing at 135 C. The wedges are helicall 
wrapped in a se~i-a o~atic machi e with .001 t ick x 3/8 wide Kapton tape wh c 
is coated with pol ester resin adhesive on one side. This tape T-320 is 
man factured b Sc eldahl Inc. The Kapton is half- apped 1 adhesive side out 1 to 
for a .002" ck of t on the surface of t e wedge. The ends of the 
Kapton are secured .001 adhesive backed Kapton tape. 

b. Pole acer Extensions 

Items 7-12 in the parts list are those drawings used to define the 
various pole spacer extensions used in the construction of i ner and outer coi s. 
These parts define t e end contour of the coils, both radially and azimuthally. 

ain 1 as for t e wedges, t e o e spacer extensions are t eated as a group and we 
ill describe the preparation of a typ cal part. Pole spacer extensions are 

machined using numer cal control machinery to produce the outside contour of the 
part. This assures t e accuracy of the contour which has been designed to keep 
the midplane turn of the coil at its proper location for the entire ength of the 
taper. The pole spacer extensions are fabricated froa ANSI 360 free cutting 
brass. To prepare t e pole spacer for use in a magnet coil it must first have a 
layer of insulation applied to the surface which comes into contact with the first 
turn of t e coil starting fro• the narrow end, extending along the taper and 
endi g at the point "here the large end radius is tangent to the taper. At this 
oint ton is app ied to the end region of the spacer Jn l 2~ Nide strips 

extending from the inside to the outside surface of the pale spacer extension. 
This ton is .001u t ick and is applied in three half-lapped layers forming a 
total t ickness of .006u. For extra protection at the paint of connection between 
t e tapered region and t e rounded end, a piece of .001u thick x 3/4" wide ton 
is applied from insi e to outside in the sa•e •anner as the ton on the ends. 
These i sulation layers are applied so as ta provide a creep pat between the 
conductor and the pa e spacer extension of 1/4" 1ini•u1. The pale spacer 
extensions are now ready for use in the coil. Fabrication of parts of this type 
in a production •ode could be via injection •olding using ers RX-630 glass 
illed lie. Producing these parts injection molding would have the 

advantages of reduced fabrication costs and eli1inatian of the insulation 
operation. 

Sreen Putty End acers 

Sreen ty end spacers which are used to square off the ends of the 
coils and serve as a bearing surface for the end restraints are described in items 

3 14 1 7 and 18 of the Table. These parts are •olded of Ciba-Geigy XD-580 Green 
Putty. At t e present low rates of production these parts are molded in place on 

he coil mandrels during the winding operation. For slig tly higher production 
rates t ese parts would be molded green putty off li e in a separate operation. 

full scale production these parts also would be injection ~olded in ers RX-
630. 
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C ean and appl Frekote mold release to t e c re fixture. Install 
drau c end p sher assemb ies and tooling i t e f xture. 

2 Lawer coil into t e fixt re and remove strongback from the mandrel 
assembl • 

3 Seat coil n t e fixture and install mandrel old down bo ts. Hook up 
t ermocoup e and strain gauge instrumentation. 

4 Verif t at the drau ic pu rod clamps are in the retracted position. 
Then lo~er top at into pos tion, install stop shims and position pull 
rods for clamping. The stop shims will be escribed in more detail later. 
They provide an adjustab e method of closing the molding fixture and thus 
assuring dimensional uniformity of the coil. They may be cha ged for 
different coils to a low for variations in cable thickness. 

5 p y 500 psi raulic pressure <4.2 ksi azimuthal stress) and heat t e 

7 

f xture through t e top hat only to a temperature of 90 C. During this 
period of ime relieve syste• h raulic pressure at 10 inute intervals to 
a low t e ixture to adjust for differential thermal expansion. 

Reduce stea• pressure and wait for 30 minutes at this temperature. After 
30 nutes at 90 C again apply full stea~ pressure to the top hat and 
raise the fixture te•perature to 125 C. Reduce steam pressure to 40 psi 
and allo~ the em to stabilize for S minutes. 

Release aulic pressure and introduce steae to the form block. 

8 Actuate the end pusher e• and close the end ers to stops by 
appl ing 1000 psi to e•. ply side pressure to close the fixture. 
Record the pressure required to close the fixture. Al ough it has been 
the practice in the past to apply side pressure first before applying end 
pressure, the procedure has been reversed for coils with tapered ends. 
Duri g R ~ D with 3.2 c• coils it was found that due tot e tapered end 
very high ongitudinal forces were created that ed the pole spacer 
extensions away from t e strai t section placing high stresses on the 
superconductor. reversilng the order of appl ng pressure in the ends 
a lower net longitudinal force is seen the pole spacer extensions and 

o longitudinal motion of the pole spacer extensions is observed. 

9 When the fixture reaches 130 C begin the cure cycle timing. Cure the coi 
at 135 ± S C for a period of 90-105 minutes. During the cure period eye e 
t e fixture pressure every 1/2 hour to allow for differences in t ermal 
expansion. 

O> After 1-1 2 hour turn off steaM supply and allow the fixture to cool by 
natural convection for a period of 1/2 hour. After l 2 hour open the cold 
water supply 1/4 turn and allow to cool further for 1/2 hour. After 
tric le cooling for 1/2 hour apply full cold water flow and cool the 
fixture to 30 C maximum. During the entire cooling process cycle the 
system aulic pressure at 10 Minute intervals. 

Reduce side pressure then end pressure to zero psi. Remove stop shims. 
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p 9000 si azimutal stress to the coil and measure the fixture gap. 

it e i ture gap at an accep able size 
x ure and transported to the co l assembl 

COIL SUES 

e coil is removed ram t e 
area for urt er assembly. 

Earl in t e development of this type of coil using Rutherford type cable 
i.e. for CBA coils it was believed t at two competing and conflict ng 
equirements had to be fulfil ed in order to produce a coil with the desired 

c aracteristics of consistent size and uniform elastic modulus. Intuitivel one 
can say t at size uniformity is important fro~ the standpoint of uniform conductor 
ocation and for uniform pre-stress after assembly of coils in collars or es. 

It s also important for pre-stress that coil modulus be uniform rom coil to 
coil. Ideally one shou d be able to produce a des gn ich yields both the proper 
c i size and modulus. It seems, owever 1 t at uni orm size and uniform modulus 

ld be conflicti g requirements. This is because of t e dimension ariations, 
sue as bare cable mid-t ickness, one must live wit when dealing with detailed 
parts made in the real world. One mi t assu•e that if coils were molded using a 
constant size stop shi• then the goal of uniform size would be •et. However 
coils of varying modulus might result due to variation in the cable mid-thickness 
di•ension. Alternately if one varied the stop shi• so that a uniform modulus 
resulted coil size mi t vary unacceptably. 

Wit these ideas in mind, development of real coils was initiated. t was 
found that variation of conductor mid-thickness had a sli tly different effect 
than anticipated -- a eno•onon known as overshoot was observed. Simpl , it 
was observed that if coils were produced using a constant size stop shie the coi 
modulus re•ained fairl constant. However, the size of the toils varied. Coils 
generally wound up measuring smaller than the size that would have been 
anticipated based upon the stop shia used. This di•ensional difference was dubbed 
"overshoot•. It is a so possible for the coil to have zero overshoot, in ich 
case recure is not required, or negative overshoot. Using this result a met od of 
curing coils was developed which allowed the coils to be cured to a desired size 
ith constant modulus of elasticity. This is accoaplished as follows: 

Cure the coil initially with a stop shim approximately .01on larger than 
t e ex ed final shi• size. A shim is used during coil •olding so that 
the curing fixture can be closed 1 thus insuring a uniformity of 
dimensio~s. Measure the as cured coil size while still in the fixture 
( is measurement procedure will be described ater , 

2l Compare the measured coil size to the ideal coil size calculated from the 
shim size used. Calculate the overshoot obtained. 

3 Fro1 an e~perically determined plot of first cure overshoot vs. recure 
overshoot deter~ine the a~ount of overshoot which can be anticipated after 
a recure of t e coil. 

4 Select a stop shi~ for the recure which ~ill yield the proper coil size 
based on the expected overshoot. Recure t e coil. 



S Measure he recured coi a d remove from fixture if proper sized 
at er se perform a second recure. In most cases on a si gle recure 

be equired. 

Initiall 1 because of schedule requirements, SSC coils were at cured 
si g t e more prec se cure recure process. They were cured usi g only a sing e 

c re si g a shi corresponding to the final coil size. Based on analysis of CBA 
coi data, this resu ts in coils with an rms error band approximately twice as 
wide as recured coils. 

b In-f ture Coil Measurements 

Since it would be very difficult to place a cured coil back into the 
cure fixture to do additional cures it was necessary to design the fixture in such 
a way that the coil size could be •easured in the fixture. Referring to Figure 5 
with a coil in p ace and sized to be precisely at t e midplane and t e stop shims 
re•oved one can see that a gap exists between the top hat and the for• b ock. 
Th s gap is design l 16" nomi al; the as built gap of each form block is 
careful deter ned and recorded for use in coi size calc lations. At the end 
of a cure stop shims are removed and the system raulics are activated so as to 
apply an azimut al stress of 9000 psi to the coil. The gap size is measured and 
compared to the as-built gap. We can now calculate the size of the coi relative 
to the mi lane without removing the coil from the fixture. This is also t e 
effective size of the assembled coil since it is measured at the nominal assembly 
pre-stress. 

The validity of these gap measurements has been verified by measurements 
of coil size outside the fixture using a coil compression gauge. With the coil 
compression gauge taken as the standa~d of measure~ent 1 comparison of gap 
measurements are repeatable and the correlation between the two measurements is 
constant. 

c Coil Size Data 

Tab e II summarizes the size data for SSC coils whit have been 
manufactured to date. The cure fixture sizes are measurements of the fixture gap 
referred to in Figure S and are used by coil factory personnel in the calculat on 
of shim sizes to be used in recures and to determine if additional recures are 
ecessary. The significance of these measurements should only be considered 

relative to the coil sizes ed as ~easured the coil compression fixture. 
Compression gauge aeasure1ents are believed to be more accurate and are used to 
define coil sizes. Sizes stated in Table II for compression gauge measurements 
are relative to the theoretical ai lane of the coil. Zero indicates t e coil is 
exact at the 1idplane 1 positi indicates the coil is oversize or above t e 
midplane 1 negative and the coil s undersize or belo~ t e 1i lane. The L (Leftl 
and R Ri t s ze measurements in the cure fixture and compression gauge are 
actually the overages of five aeasure•ents on each size of a coil equal y spaced 
a ong the length. 

Looking at the inner and outer coils as two groups we calculate using 
the results in Table II an overall average gauge measurement size for i ner coils 
of 3.3 ~ils with an r~s variation of 1.3 mils. Overall average for outer coils is 
0.9 ± 1.4 ails. Ab~olute sizes required for coils are deter1ined through an 

iterative process. Coils are asse~bled in a yoke and are squeezed to the ~idplane 



size. Co prest ess is measured and a determi ation s ade as to t e correct 
co l size. This i format on is fed bac to the coi manufacturi g operation and 
a ad ust ent s made in the as built coil size if req ired. Small ar at ons i 
coil size or fie qua it mag ets are accommodated i t e yoke assembly by smal 

a iati ns n t e mag et prestress. 

CONCLUSIONS 

T e procedures used to construct t is set of coils for SSC Design D model 
magnets have proven to be very satisfactory. The coil w ndi g and molding 
operations ave become completely routine procedures which could easi y be used in 
i dustria roduction. The coi sizes resu t g from t ese procedures appear to 
Make it possible to demonstrate fie d quality performance for even this short 
production sequence of six model magnets. However, testing and magnetic field 
measurements can only show if these requirements are met. 
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TABLE I I 

COIL CURE DATA 

co L SHI SIZE MEASURED SIZE MEASURED SIZE 
CURE FIXTURE COMPRESSION 

L R AVG L R AVG 

----------------------------------------------------------------------
I-1 58.0 54.3 55.8 55. l 1. 6 1.5 1.55 
I-2 70.0 60.2 6S.2 62.7 5.0 4.7 4.85 
I-3 70.0 59.6 65.0 62.3 2.6 2. 1 2. 
I-4 70.0 60.0 66.0 63.0 5.1 4.8 4.95 
I-5 70.0 59.6 63.3 61.4 1. 9 1.3 l. 60 
I-6 70.0 67.3 73.6 70.5 

63.0 59.B 66.5 63.l 4.8 4 • .2 4.50 
I-7 63.0 51.0 70.5 60.8 

64.0 57.6 65.5 61.S 4.1 3.S 3. 
I-8 63.0 57 3 64.6 61.0 1. 7 1.6 1.65 
I-9 64.0 60.5 65.8 63.2 3.3 2.9 3.10 
I- 0 75.0 63.7 69.7 66.7 

70.0 61.0 67.0 64.0 4.4 4.3 4.35 
-ll 75.0 67.3 76.0 71. 7 

64.0 61.S 67.B 64.6 
62.0 61.2 67.0 64. l 4.4 4.8 4.60 

I-12 75.0 69.0 73.6 71. 3 
62.0 .3 63.5 61.4 1.5 2.3 1.90 

I-13 75.0 68.6 73.6 71. l 
63.0 58.8 65.0 61.9 3.2 3.0 3.10 

0-l 70.0 68.3 75.2 71. 8 9.3 lo. 1 9.70 
0-2 65.0 63.0 64.5 63.7 

70.0 63.0 73.0 68.0 8.8 8.5 8 65 
0-3 68.0 67.0 73.0 70.0 12.3 9.8 11.00 
0-4 67.0 66.5 68.5 67.5 

68.0 68.7 70.S 69.6 9.2 9.6 9.40 
0-5 68.0 68.0 70.0 69.0 10.6 0.2 10.40 
0-6 68.0 66.5 69.S 68.0 9.9 7.8 8.85 
0-7 68.0 66.5 74.5 70.5 11. 8 12.0 11.90 
0-8 80.0 73.5 78.5 75.8 
0-9 80.0 77. l 81. l 79. l 

68.0 72.7 77.8 75.3 
66.0 67. l . 71.0 69.l 12.6 12.4 12.50 

0-10 80.0 75.7 79.7 77.7 
66.0 67. l 71.5 69.2 13.8 11. 9 12.85 

0- l 80.0 75.l 80.5 77.8 
65.0 66. l 69.l 67 6 11. 5 10.0 10.75 

o- 2 80.0 76. l 80.5 78.3 
66.0 65.5 70.0 67.7 11.0 13.0 12.00 

0-13 80.0 76.5 79.2 77.8 
66.0 67 .1 68.3 67.7 13.0 11. 5 12.30 

0-14 80.0 78.2 76.8 77.S 
65.0 68.1 68.0 68.0 11. l 10.3 10.70 
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