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Abstract

Traditional methods of magnet construction [wet
“inding} use molded coil subassembllies bonded together
“ith 2poxy lmpregnated flberglass tape. This 1s a
nighly labor Intenative process Lnvolving redundant
operations lor aacn of the fow cella. The epoxy (ree
“inging technique {(dry winding} =liminates the apoxy
curing ateps and alsc allows all four colls to bhe
Wound on 3 common Winding mandrel, thersby reducing
v“inding staticns and handling. The toollng required
for dry winding ls a radical departure from existing
technology imposing new mechanlcal problems. A number
of 64 om long 5 cm aperturs SSC Design "82" magnets
have been produced at Fermllap utillzing dry winding
techniques, Cilscussed 13 the apeciaiized tooling
created Lo accompllsh dry winding as well as new

winding and assembly procedures required. Also
discussed are pechanical prodlems encountersd and
their asolutions. Sased on experience gained, dry

“inding zan be a viablie lower cost alternative o
traditlonal coll fabricatlion technlgues.

Introduction

Dry winding 13 a term used o describe an spoxy

free! alternative to currently utllized (wet winding) .

coil windlng tachniques employing epoxy in the
fabricatlon and zssembly of superconducting
accslerator magnets, sych as the Tavatron dlpole or
the proposed S5C dipole magnet. Dry wknding can offer
¢cost agvantages through the reductlon of assembly
labor and capital equipment for tocling and floor
space. A Series of magnets have Deen produced at
Fermilab aimed at exploring the feasibility of the dry
w#inding process.

Wet Windling Versus Ory Winding

The wet winding procass utllizes Superconducting
cable insulatien which has applied to {t a "B® stage
(thermosetting) epoxy., This can be in the form of
epoxy impregnated [iberglass tape (Tevatron and SSC)
or can be epoxy applied directly to the outer surface
of the oprimary {nsulation {usuvally polyimide film),
The lnsulated cable is then wound onto speclal winding
mandrels followed by molding 1n precision presses
under heat and pressure to obtaln the desired coil
geometry, Variztions 1in cable thickness [rom lot to
lot often requires remolding to achiave the desired
coll slze, The extent of remolding 13 ascertained
through measureaent of the molded c¢oll assemply. This
process |a repeated for each of the coils used in the
magnel {four colls for the Tevatron and SSC deaigns).
The colls are then assembled onto an assembly mandrel
(beam tube for S5C) followed by application of
appreopriate ground plane insulation and [lnally coil
clamp collars are applied,

The dry wiading process has nc =poxy on the cable
insulation. Instead of winding and molding Individual
coils, all the colls are wound onto a speclal mandrel.
Once wound the colls stay on the mandrel which ls then
utilized as an assembly mandrel not to be removed
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until the clamp collars have been applied. Control of:
coll to coll aize matening 18 accompllahec by!
seslection of cable of wuniform slze for each of the:

coils. This requires continuous neasursment of Ghe.
cable during the insulation process using a
specialized measuring device!, Fig. ! lllustrates

these differences (n the form of a simplified procesas.
flow chart.
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Flg. 1. Process charta showing the difference in wet
and dry winding production process.

Tooling Used In Ory Winding

To aceomplish the task of winding zll coils onte
a singular msandrsl raquirss that the mandrel expand to
accomamcdats the uncompressed coll structure., The
expanaion woust be limited to the vartical plane. An
axpansion in the horizontal plans would not allow
placement of the clamp cellara. Fig. 2 illustrates
the construction of the expanding mandrels used, Two
mandrels vere made. One with a 5 cm O.D. and another
4 om 0.D. The vertical expansion !{s 10 mm and i1 aom,
respectively. ’
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Filg. 2. Illustration of expanded mandrel with end cut
away to show mechaniasa,
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Magnet Saprication 4ethod

Twe magret designs were [apricated uaing ory
winding: 35SC Deaign "8"* (Fig.. 3) 44 2m long angd S5C
Jesign "D"* (Flg. 1) 1 meter long. 3Slxteen Design "37
snd two Design " collarea coil assemplies Jers
~ompleted, 1n botn dealgns the 1nsuylation appllea to
the czable was a 3 mil total bduild of polyimide (llnm
obtained via spiral wrapping ' mil macerlal wuaing a
=/3 overlap. The rabrication process starts Dby
winding the upper inner coil layer onto the mandrel;
tt is tshen rotated '80® and the lower lnner coll is
wound. The completed !{nner cotls are [lLted with the
inter-s0il t{nsulation and the assembly then clamped
securely to the mandrel ustng thin polyester film
bands. These bands 3re empcrary ind are removed
later !n the assemdly. The upper outer cable ls
splliced to the lnner and wound over the lnner
~0{1/inter-20il insulatlion assembly. The mnandrel I
again rotated 130° and the process repeated for Lhe
lower outer coll. Additional polyester fiim bDands are
uzed to clamp the entire assembly to the mandrel only
at the ands, after which the >ands around the [nner
~all are cut and rsmoved. Ground lnaulatfon is
applied Lo the stralgnt section of the magnet only,
“ith =and insuylation deferred until later 1In the
assembly. The =lamp collars are then applled to the
stralght section of the assembly. The upper and lower
collars are not pressed home at this time, lnstead
they are engaged oniy with lignt clamping force
sufficlent to retaln the coil. The polyestsr bands on
the ends are removed and end ground lnsulation
installed followed by assembly of the end collars.
Clamping force 13 applied to the collars in a press

designed f{or that purpose. The collars are not -

completely clamped at this time, only sufflcient
clamping force is applled to assure radial postitioning
of the colls via the still expanded sandrel and the
egllar. Once accomplished, the mandrel ls collasped
and collar clamp force increased to completely close
the collars. This assures proper radlal placement of
the colls within the collars. The clamping fores Is
then relsased and the collars allowsd to rebound. The
mandral 13 then extracted and clamping force
reapplied. The locking keys are then inatalled into
the collars completing the assembly.

Fabricatlon Experlences

Considerabls difflicultles that vere ancountersd
early on in the [labrication of these magnecs were
almost entirely manifested in layer to layer ooil
shorts, primarily near the magnet ends. These ahorta
were dus to various scurces which Dbecame clearer as
corrections were applied throughout the magnet serlsa.
Unlike wet wound colls where the cables are bound to
one another, the dry wound cables are fres to move out
of radial positlionm, Through the straight portion,
this {s hardly a problem. However, as ons approaches
the ends, stresses in the cable caused by bending
result in the cable to radially push cutward from the
mandrel, The result belng that the 1nner cable
extrudes into the aspace occupled by the outer cable
with a resultant interweaving of the inner and outer
coil layers. When the collars are applled and pressed
%o closure, the interweaved inner and outer turns
shear tarough the Insulatlion system causing layer to
layer (inner to outer) shorts (Fig. 5). This problem
was remedied by replacing the 10 ail thickness
polyimide inter—layer insulation at the anda with a
layer of 30 amll thiek G100 (Flg. 6). The Gi0 ia
sufficiently stiff to prevent encroachment of the
inner windings into the outer windings.

Although this sclutlon worked, 1t did not address
the root causes of the problem - namely bending the
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F{g. 9. [llustrating the encroachment on (nner cable
Wingings into the outer winding.

caple at the ends without regard t0 the gecmatry
reguired. Te correct this condition requires the uyse
of a conatant perimeter end geometry® allowing the
cable wJindings to more closely follow the cylindrical
form of the winding mandrsl., Hand fltted end parts
approximating sonstant perimeter ands were used with
g00d results. Ancther contributor to layer-to-layer
shorts Lts %he ralative size and preload of the lnner
and outer coil layer., Operationally, the inner coil

should De more heavily preloaded than the outer coil, -

however, the dry vinding procsss would like the outer
coll to have a hnigher preload thersby locking the
gutsr cablea together defors the inner coll loads ocan
add to the encroachment problem, The solutiona for
controlling layer—~to-layer shorts also help in
impraving c¢onductor placement (reduction in random
narmonle errors),

Turm-to-turn shorty were not a probieam throughout

the series. Shorts that daid occur wers in or near the
ends and usually attribytable to the same problems
which caysed layer-to~layer shorts,

Other problems were encountered at Lhe magnet

ends  involving ground plane Insulatlon. The
[nsulation tinltfally wused was multl-layers of
polyimide flla (6 x 5 mil) elroumlfersnclally wrappad
around the outer coll and G1G end fillers. The
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Flg. 6.

Cruss sectlon through magnet end.
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logssnesa of he pracollarsd package coupled with
frietlon during the collaring operation caused the
fnsuiation to wrinkie and wove f{rom ita intended
position oftan resulting 1n outer coll shorts to
ground. This was overcome DY replacing the polyibids
fllms with a clam shell insulator conaisating of thrae
laminated layers of 30 =il G0 {(Flg. &). The
additional Ilnsulation thickness " was accommodated Dy
undarcutting the snd ccllars.

Reaylts and Conclusions

The aagnets produced In this 3series performsed
quite well considering the =agnet ends were not
optimized for asagnet performance. Peaxk [flaid
requotion was approximated and proper compaction of
the end windlng Jas given llttle attentien, Rather
the praogram contentrated on the proceas and tooling
for praoducing dry wound colls using tschiilques
applicable Lo mazs production. Magnel perforasnce (3
discussed in a companion paper antitled "The 5 on
Aparture Dipole Studies™®. The problems sncountarad
are not {nsurmountatls and have soluticns but requirs
additional R&D, Perfection of constant perimetsr snds
1a of paramount lmportance. There are at least two
benefits that can e derived frcm the dry winding
axperisient. Coll manufacturing technology In general
can bensfit fros the use of the constant perimeter end
and the {mproved methods of cable measuring ({n wat or
dry wound magnets. The dary winding method of
producling a collared cofl may also prove [0 be a
viadle, lesay costly altsrnative to the tradlitional
sethod of making a aagnat.

References

1. C, Taylor, et al., ™A |Novel fpoxy-Free

) Canstruction Mathod for Fabricating Dipole
Hagnets and Test Results”, [EEE Transactions on
Muclear Science, Vol. HS-28, No. 3, 3283, June
1981,

2. J. A. Carscn, at al., A Device for Preclaicn
Dimensionai Messureament of Superconducting
Cable®, Procesdings to bs published for [CFA,
1986,

3. Raference Deajgns Study for Y. S.
Energy,
1983,

Dapartment of
*Superconducting Super Coillder”™, May 8,

%, SSC Cantral Deslgn Group, "SS5C Conceptual Design
Magnet Design Detaila®”, Attachment 3, March 1986.

5. H., 1. Rosten, Rutherford Laboratory, "The
Constant Perimeter End", RL-T3-096, Septesber
1973,

6. A. D, Melnturff, et al., "The 5 om Aperture
Dipole Studies”, ASC 1984 (thess procesdings).



