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Abstract

'ﬁo 5- long superconducting dipole magnets with
spacifications similar to the taference danign for the
proposed Superconducting Super Collider have baen suc-

‘ce'iefully tested. Tha "cos g" coils of the magnets were

nada from two layers of "standard" (BA/Tevatron NbTi
supaiconductor, kayetonsd to sn sngle of 2.8 degrses. -
Tha inner dismater of tha innar layer wae 3.2 em. The
snds of the coils ware flared to increase the minimum
bendiag radius so that future magnets cmn ba wound from
pretaacted NbySn. The windings of tha two-aparture mag~
nets wers clamped in a "two-in-one" iron yoke with a
tensionad atainless stesl ghall. The fields of the two
apertures wera closely coupled, sinca tha flux in one
apsrture teturned through the othar. Tha inner and
outer layars of the coil wers powared separataly so that
their short-ssmple limits would ba teachad simultanecus-
ly. With minimal training thq megnets razched a central
fiald of 6 T, the short sample limit of tha conductor

at the 4.5 X temparature of the liquid halium bath.

At 2.6 X, a cantral field in axcess of 7 T was reached,
again with minimal training. The measured vaiues of
the allowad sextupole and dacapole harmenics ara within
10Z of the calculated values and ths non-allowed har-
monica.are all mmall or zero, a3 prediczed.

Introduction

Thia paper raports the first resulta from a series
of magnets baing built to tast concepts that will be
used to winimize the coat of tha proposed Suparconduct-
ing Supe: Collider.! In the dasign of the magnate
teported hera, lowar cost is achiaved through the usa of
a high field, a small aparturs, and a cold-iron 2-in-l
yoks. The high field is to ba reached through the use
of high hamogenaity MTi or preveactad NbiSn, with the
cail ends flared out md clamped in etainless steel so
that, in the case of Nb38n, tha strain-induced reduction
in critical current will mot limit tha performance of
thes magnet. The two magnets reported hers wers tested
with standard CBA/Tevatron NbTi cable, keystonad to 2.8°
because of the mmaller bors size. (The present innar
coil dimeter is 3.2 cm, uvheress 38C Raference Design A
calls for a bore size of 4.0 cw, vhich should simplify
construction.) Future magnaets will be tasted with
either Nb3Sn or high homogeneity WbTi. Figure 1 shows

the first magnet in tha final stage of sasembly prior to
tasting.

Magnet Design

The 2-in-l1 yoke is based on tha concept, first
digcussed by Blewett,? of using asch bore as tha rsturn
path for the flux from the othur Lure. Thiv reduces the
smount of iron below that required in two etandsrd
yokés. Figure 2 shows a2 cross section of tha dipolc,
including coils, yoks, and yoks support system.

Transfer function and field hamonic calculations
were wade with tha program MOP, using ssturated irom
at high fialds. As with the CA -a;no:l_,:’ the principal

*ork parforsed wder tha 1‘jylpi¢ll of the U.8.
Department of Energy.

'lln_liuc:iptfme'cind. Septamber 10, 1984.

MASTE:

| BNL--35252

. . | 
DE85 001227

Figure 1. Ovarall view of ona of the magnets.
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Pigure 2. Crois gsectiom of 2-in-1 dipole.

allowvad barmonics (sextupcle, dacapole, ...) were varied
by adjustioy the siza of the pole spacers and inert
vedaas in a two-layer coil. The imner coil layer in
this magnet has 16 turna extending to 76.3° abaove the
midplana, with wedges aftar the 6th aud the llth tuzns.
The outar laysr has 17 turns extending to 54.5° ahove
the midplane, with a wedge aftar the 12th turi. The
ahort time scale for the construction of this model did
not allow fine tuning of the coil dasign to meet the

sextupole and decapole requirements for the 38C. The

preaent results do, however, allow comparison of the -
calculated nd massured fields to be made, Valuas of -
the allownd harmonice suitable for the 38C can ba -~
achiaved by iterating this design.” -~ = -
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The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



- 7o =l In the:dbsence of left-right aywmatry, the quad-

. rupola term is sn allowed hammonic. In this: design, the
" quadrupole is kapt small-ly adjusting the helium bypass
.holea-punched in the yoks laminations sbowe and below
the widplane, batwesn the twe bores. o :

Por a SSC magnet, minimom cost is achieved through
the use of "gradsd" conductor inm both layers so that the

. two layers have-the ssme margin in critical curremt. For

_the wodels tested hare, which have ths sema conductor in
both layers, operation with graded conductor was
simulated by posarin) the lzyers sepsrately. It vas
‘ealculated that bork layars would be st critical current
sisultaneously if tha current in tha outer layer were
35 greater than the current in tha inasr layasr.

Calculations of tha fiald ia the regiom of tha
flarad ends indicated that the reduction in the fisld is
. substantially groater than tha losa in critical current
expected in this region with Wbj8n. which is expected to
be at most 10X due to strain-induced effects.

Magaet Couatruction

The 23-wire HbTi superconducting cable used in
these magnets was the eome &s that used for CBA magnets
except that it was keystoned to 2.8° instead of 1.1°.
At a reaistivity of 2 x 10°12 ghm-cm, the critical cur-
want of the cable was 5.58 kA for magnet 33C-1 and 5.36
kA for magnat S8C-2 in a 3.0 T perpendicular field at
4.22 XK. The reduction in critiecal current dua to
cabling wes abuut 12%, the sase as for CBA in spite of
the increasad keystona angle. The anticipated limits in
magnet perfommance, extrapolated from the short-ssmple
test vith a formilism daveloped for CBA, are shown in
Figure 3. The cablu insulation, two overlapping layers
of 0.025 om Kapton and a single layer of 0.075 um

fiberglass impregnated with B-gstaga apoxy, was the sme
as that used for CBA.

The eight individual coils were wound 20d cured on
CBA 4.5 m fixtures adaptad to the smaller SSC coil disae-
ter. Coils were wound on a convex mandrel with a semi-
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Pigure 3. Critical current vs. magnet fleld at 4.5 K,
3.0K, asnd 2.5 K for tha 23-strand NbTi cable. Load
lines for the two separataly powared inner and outer
coils are also shown, with the calculated peak fielda
‘corresponding to tha queach plateaus attained by dipole
.98C<1 at the three bath temperatures.

. to the coils and yoke asseably.

automatic winder.  The mandrel and coil were than low-
ered into a concave fixtura for curing of the epoxy st
relatively high pressure snd temparature. The amount of

_@poxy vés controlled so that none came into zomtact with

the wires during the cure. As waf the case with early
CBA magnets, the curing fixture svsilsble for these
coils vas unsble to reach the pressure necessary to .
bring the coils to a uniform size end they ars slightly
largar thin tha design sise. (High pressure curing fix~
turss sre now in use.)

The basic unit of tha yoke was a glued-together
block of irom laminations, made using the methods
daveloped for CBA. The outer dimmeter of the lamination
wes 33 cm, and the length of a yoka block war 14.7 cm.
The two bores had inner dimmeters of 7.47 cm and their
center—to-center saparation wes 15.2 cm. Tha helium by~
pass holes, wvhich also helped raduce the quadrupole har~-
monic, vare 5 cm in diameter, centersd 3.5 ca above and
below tha midplane. Four rectangulsr notches for
cabling ware cut into the iron periphery, located symmet-~
rically at 45° to the midplmme. Tha laminatiom blocks,
split at tha midplane, wers brought together during the
asseably process. The magnet coil was isolated from the
yoke by 4.8 mm thick G~10 insulators. The coil's
aximuthal location was determined by stsinlems steel
pole spacers which vers keyed to the G-10 ingulators.
The insulators, in turn, were kayed to the yoke. A sys-
tem of helium flow paths, uvonecessary for the present
test but nacessary for the 858C, were also incorporated
into the mzgnet. The genaral arrangemeat of the coils,
pole spacers, mnd G-10 insulators was similar co that
used in the CBA magnets.

The assembly of the two half yokes applied the nec~
essary prestress to the coils and was accomplished by
placing a semicircular atainless steel shell around the
yoke blocks. (Thia techmiqus was adopted in order to de-
velop icexpensive assembly techniques for the SSC.) Dur-
ing essembly, the stainless steel shell was stretched by
bringing together flanges that ware cast integral to the
midplane of the shell. The CBA sssembly press was used
to close the shall, and yoke bolts then held the shell
closed for testing. To maka the distribution of force
more uniform along the periphery of the yoka, 0.025 mm-
thick Teflon film was placed batweem the yoks and the
shall. In a yroduction design the shell would be welded
at the nidplane; in the present RE&D progrem, bolted
flanges allow reuse of the yoke. Both magnata reported
here used the ssme yoke. Por the magnets, the inner
coila wvere sssembled with room temperature prastress
greater than 530 kg/cm?; the outer coils were assembled
with preatress gresater than 980 kg/cm2. The prestress
of each of the 8 coils was measured by strain gauges
located in the stainless steel center posts. With the
midplane of tha yoke closed along its outer dismeter, a
8ap between the bores of the order of 0.13 mm was pres~

ent. HNo shorts were encountered in the assembly of
either magnet. .

Magnet Performance

When magnet 38C~1 was tested initially, quenches
in the leads praopegated to the magnet, obscuring the ini-
tial training behavior. Evan so, the first quench was
at a field of 5.6 T. More copper was added to the leads
in ouvder to increase their stability st high currenta.
In order to nake this modificaticn tha magnet was
thermally cycled twice but it was not otharwise affected
by the lead modification, sinca the laads ware axternal
With stable leads, the
uagnet operated immediately at the 5.9 T short sample
limit at 4,5 K (Pigure 4). At 3,0 K ad 2.5 K, the aag~
net went to the 6.9 T and 7.2 T short sample limits, re-
spactively, after. 2 to 3 training ‘qusnches. - Magnet
88C~2 quenched twice at 96X. of short sample at 4:5 K and
then quenched ‘at its ghort ssmple limic, vhich was about
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Figure 4. Quench perfomaace of dipole $5C-1.

2X below the short sample limit of magnet S8C-1. At

2.6 R, 38C-2 reached its 6.9 T shorr sample limit after
several training quanches. The rezults at 2.5 K demon-
strate chat the present method of wmagnet construction
vill be sdequate to teat Nb3Sn coils to their full poten—
vial, 7.5 % at 4.5 K. Also, tests vere made to verify
that the ratio of currents in the ioner and auter coils
was correct. When the current in the immer coil was
decreasved 2X, quench origima switched from the outer
layers to the iannar layers, as expected.

The maxiomuwm fiald reached by magnet SSC-I is
compared with the predicted perfomasnce based on short
sample messursments and CBA experiemce in Figure 3. It
can be seen that ths magnat axceeds the prediction by 6%
along the load line. Thia is equivalent to 12% ia the
ahort sample current st fixed external figld, an effect
wuch greater than ths uncertainty in the short sample
umegsurement ifsclf, estimated to be 2Z. The uncertaiuty
ia the field atremgth of the magnet is *1%, based on a
messuremeat iu a calibration magnet. At lower tempera-
tures, there is closer sgraement between the prediction
and the wagnet performauce; howsver, the axtrapolation
from the 4.22 K temparature of tha short sample measure-
ment to the operating temperature of the magner is much
less cerrain in this instance. Comparison of ths short
smmple preiiction and the parfommance for $SSC~2 leads to
similar conclusions. :

The mext sevarsl figures show the first two
allowed multipoles as msasured in the csatral 75 cm of
the ficst magnet. FPigure 5a shows the variation of the
sextupole multipole as a function of current for an up
rawp (+) and for & down ramp (O). Figure 5b is a simi-
Lar plot for the decapole multipole. The effect of
superconductor wagnetigation is seen in the separation
of the points st low current. The varistion of the har-

wonics with current at high excitation is due to iron
saturation. "

Figure 64 and 6b compares the saxtupole and
decapcle multipoles ss measurad in tha adjacent bores of
the first magnet. The near overlap of the two sets of
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Pigure 5. Measured sextupole end decapole multipoles as
a function of magnet curreat in dipole 88C-1.
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Figure 6.

Comparison of sextupole and decapole
sultipoles messured in the two borse of dipole S8C-1.

points demonstrates that the coils have been mumufac-
tured to the required close tolerances for ths S8C; tha .
difference between the sets of points is consistent with
the difference vhich would arise from the expacted 0.05

m random-variation in the locatiom of the curreat
blocks in ths coils,




'n- .lnuntl uluﬂ of tha lllul-d uuupol- lnd

- decapole multipoles are wicthin 10X of the calculated
values, which is considared to be good agreement vithin
the uncertainties of the calculacion. Because of the -
‘lacxga valuas of the saxtupole and dacapole nultipoles
. buile into the magnet, and bacsuss of posaible offseta

2,

3.

~ of tha weasuring coil from the magnstic center, it is’

- . difficult to establish the mmount of built-in quadrupole
: sand ectupole components. Tha data indicate, howaver,

- that the non-ellowed multipole components ars aither
_mall or isro, s¢ expectad from the magnet aymmetries.
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