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Abstract

Traditional methods of magnet construction (wet
“inding} use moided coil subassemblies bonded together
“ith ¢poxy lmpregnated flberglass tape. This s a
nighly labor Intenstve 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
“ound 3n 3 common @inding mandrel, thereby reducing
winding acations 3and nandling. The toollng required
for dry winding ls a radical departure from existing
technology imposing new mecnanlcal problems. A number
of 84 om long 5 om aperturs= SSC Design "8" magnets
Nave been produced at rFermllap utilizing dry winding
technlques, Clscussed 13z the 3apecliaiized tooling
created to accompllsh dry winding as well as new
“inding and assembly procedures required. Alse
discussed are mechanical problems encountersd and
their solutions,. Sased on experience gained, dry
winding ~an he a2 viable lower cost Aalternative to
traditional coll faoricatlon technlgues,

Introduction

Dry winding 13 a term used %o describe an sepoxy

free! alternative to currently utlllzed (wet winding).

coil windlng tachniques employing epoxy in the
fabricatlon and zasembly of superconducting
iccelerator magnets, such as the Teavatron dlpole or
the proposed S5C dipole magnet. Dry wknding can offer
¢cost agvantages through the reductlon of assembly
labor and czcapital equipment for tooling and floor
space. A serlies of magnets nhave Dbeen produced at
Fermilab aimed at axploring the feasibility of the dary
winding process,

Wet Windling Versus Ory Winding

The wet winding procasa utilizes® superconducting
cable insulatien which has applied to {t a "B® stage
(thermosetting) epoxy. This can be in the [form of
epoxy itipregnated [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 1in preclsicon presses
under heat and pressure to obtaln the desired coll
geometry, Variations in cable thickness from lot to
lot often requires remolding to achieve the desired
coll slze, The extent of remolding ls ascertained
through measurement of the molded coll assembly. This
proceas |3 repeated for each of the coils used in the
magnet {(four colls for the Tevatron and SSC desaigna).
The colls are then assembled onto an assembly mandrel
(beam tube for SSC) followed by application of
appropriate ground plane insulation and [inally coil
clamp collars are applied,

The dry wiading process has nc =poxy on the cable
insulation. Instead of winding and molding Individual
colls, all the colls are wound onto a speclal mandrel.
Once wound the colls atay 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 matehing 18 accompllsahec by!
selaction of cable of wuniform alze for each of the!

coils., This requires continuous neasursment of the.
cable during the insulation sroceas using a
specialized measuring device?. Flg. ! lllustrates

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

Tooling Used In Ory Winding

To accomplish the task of winding all coils onto
a singular mandrel raquires that the mandrel expand to
accomacdats the uncompressed coll structure., The
expanaion @ust be limited to the vertical plane. An
expansion in the horizontal plane would not allow
placement of the clamp cellara. Fig. 2 illustrates
the construction of the expanding mandrels used, Two
wandrels wvere made. One with a 5 cm Q0.0. and another
4 em 0.0. The vertical expansion la 10 mn and i1 om,
respectively.
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Filg. 2. Illustration of expanded mandrel with end cut
away to show mechaniasa,
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Magnet Faprication Method

Two magnet designs weres [abricateg uslng ory
“inding: 3SC Deaign "8"' (Fig..3) 54 -m long and SSC
Jesign "D* (Flg. 4) 1 meter long. J3lxteen Desajgn "37
aind twg Design *9" collarea c0ll  assemdllaes Jere
~omplaced, [n both deslgns the lnsulation applied to
the cable was a 3 mil total build of polyimide {lin
abtained via spirai wrapping ' mil materlal uaing a
2/3  overlap. The Cfabrlcation procssa starts Dby
winding the upper inner coil layer onto the mandrael;
1t is then rotated '80* and the lower lnner coil s
wounda. The completed lnner colls are (ltted with the
inter-coil insulation and the assembly then clamped
securely tc the mandrel wusing thin polysster film
sands., These bands ire ‘“emporary ind are removed
later (n the asseadly, The upper outer cable s
splliced to the lnner and wound over the [nner
2a9ll/{nter-20il inaulation assembly. The mandrel s
again rotated 180" and the process repeated [or Lhe
lower outer coll. Additional polyester [llm bands are
u3ed to clamp the entire assembly to the mandrel only
at the anda, after wnich the dands around the (nner
~oll are cut and removed. Ground lnaulatfon is
applied to the straight sectlon of the magnet only,
“ith end insylatlon deferred until later In the
13sembly. The ~lamp collars are then applled to the
stralght section of the assembly. The upper and lowver
cullars are not pressed home at this time, instead
they are engaged only with light clamping [force
sufficient to retain the coll. The polyester banda on
the ends are removed and end ground insulation
Installed followed by assembly of the end collars.
Ciamping force 13 applied to the collars in a preass
designed for that purpose.
completely clamped at this time, only sufficient
clamping force i3 applled to assure radial positioning
of the colls via the stlll expanded mandrel and the
collar. Once accomplished, the mandrei 1s collaaped
ang collar clamp force increasad to completsaly close
the collars. This assures proper radlal placement of
the colls within the collars. The clamping force s

then released and the collars allowed to rebound, The
mandral 1a then axtracted and clamping force
reapplied. The locking keys are then inatalled into
the collars completing the assembly.
Fabrication Experiences
Considerable difflcultles that were ancounterad

early on 1in the faprication of these magnets were
almoat entirely msanifested in layer to layer coil
shorts, primarily near the magnet ends. These shorts
wers due to various sources which bacame clearer as
corrections were applied throughout the magnet serles.
Unlike wat wound colls where the cables are bound to
one another, the dry wound cables are [res O move out
of radial positlion. Through the straight portion,
this 1{s hardly a problem., However, a3 ons approaches
the ends, stresses in the cable caused by bending

result in the cable to radially push outward from the
mandrel, The result Dpeing that the Iinner cable
extrudes into the 3space occupled by the cuter cable

with a resultant interveaving of the inner and outer
coll layers. When the collars are applled and preased
%0 cloaure, the {nterveaved inner and outer tuyrns
shear through the lnsulation system causing layer to
layer {inner to cuter) shorts (Fig. 5). This problea

was remadied by replacing the 10 =il thickness
polyimide lnter—layer insylation at the ends with a
laysr of 30 =il thiek G10 (Fig. 8). The G10 is

sufficiently stiff to prevent encroachment of
lnner windings into the outer windings.

the

Although this solutlon worked, 1% did not address
the root causes of the problem - namely bending the
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F1g. 5. I[llustrating the encrgachment on {nner cable
Windings Intc the cuter windlng.

caple at the ends without regard %o the geomatry
required. Te correct this condition requires the use
af a conatant perimeter end gecmetry® allowing the
cable windings to more closely follow the cylinarical
form of the winding mandral, Hand {ltted end parts
approximating constant perimeter 2nds wers usad with
good results. Another contributor to layer-to-layer
shorts s the relative size and preload of the lnner
and outer cof{l layer, CJperationally, the Inner coil

should be more heavily preloaded than the outer coil, -

howaver, the dry vinding process would like the outer
coll to have a higher preload thereby locking the
gutsr cablea together before the lnner coll loads can
add to the encroachment problem, The solutiona for
controlling layer—to-layer shorts also help Ln
improving conducktor placement (reductlion in random
narmonle errors),

Turm-tomturn shorty were not a problem throughout
the series. Shorta that di{d occur wers in or near the
engs and usually attribytable to the same problems
wWhich caused layer—to-liyer shorts,

Other problems wers encountered at the asagnet
ends  involving ground plane insulation, The
[nsuiation {nltially used was w=ulti-layers of
polyimide flla (6 x 5 mil) eiroumlferenclally wrappad
around the outer coll and G1G end fillers. The
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Flg. 6., Cross sectlon through magnet end.
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locseness of Lhe prascollared package coupled with
frietion during tha collaring operation caused the
insuiation o wrinkle and wove from its {ntended
position oftan resuiting in outer aoil shorta to
ground. This was avercome DY replacing the polyimide
flls with a clam snell insulator conaiating of thrae
laminated layers of 30 =il G-10 {(Flg. 6). The
additional inswiation thickness ' was accommodated by
undarcutting Lhe snd collars.

Reaults angd Conclusions

The magnets produced Lln thia aseries performed
quite well considering ths magnet ends were not
optinized for nagnet performancs. Peak ffalid
redquetion was approximated and proper compaction of
the end winding vas given llttle attention, Rather
the program concentrated on the process and tooling
for producing dry wound colls using techniguea
applicable Lo z2aas producticn. Magnel performance la»
discunsed in a companion paper antitled "the 5 om
Apaerture Dipole Studies™. The problems encountered
are not insursountatles and have soluticns dut requirs
additional R&D, Perfectjon of constant perimetsr ends
is of parsmount lmportance. There are at least two
benefity that can b& derived from the dry winhding
sxperisent. Coll manufacturing technology ln general
can benefit frow the use of the constant perimeter end
and the (mproved methods of cable measuring in weat or
dry wound magnets. The dry winding method of
producing a collared coll may also prove o be a
viable, le3y coatly alternatlive to the traditicnal
method of making 3 magnat,
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