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Abatract whan OBe BAENAT aperturs quenchea and rediresats 16 Ne
to the cold sperturs. 1n any cass two in ONe sagnets
The Ferallad design of 2 3 %, % am aperture require Lron and ¢ Design § goal was to alnleise iron
superconducting dipole ls deserided, that attespts to and the consequent cold sass. Ons sotivation for
integrate sssentlal aryogenic details with s low oold reduced ocld sass vas the tine snd/or refrigeration
sass, lov Nheet leak magnet oontaining & coil ad power required to cool-dowm and ware wp.
surroundsd by aluaine oollars. Operating
charascteristics of oolls sade vith slusinum sollars ™e 5 o aperture vas dalected to
are presented along with harsonic dats obtained from significantly reduce the mount of superoconductor
Y seter long 5 c@ aperturs oollared coilsy. A sumsery needet In 35C dipcles oompared to that used iIn
of results odtained fram cold tests o 3 7.6 e Tevatron dipoles. The dasic goal 18 4 cost reduction
aperturs, ¢ & long aluminum collared ooil in an lron of 508 per unit length fram the Tevatron sexpsrience.
YECUUR TYesael cryostat are reviewed. Results from This factor 1s achieved By saking tiw sperture
the ssasurement of hest laak to A.3K, 10K, and 80K maller and the wnit sagnet length longer (few ends
are discussed for & 12 B prototyps coryostat. per Wit length)., Although the ohoice of s 5 =
Calculations are summarited for passively correcting aperture 13 not guaranteed to rield the quality of
the persistent current seztupole flalds. field that Is required, the change from 7.6 to 5.0 o
is significant snough to make later sdjustaent to &
introduction different aperture an understandable task,
Thars are & Number of isportant requiresents Design
that need to De inoorparated 1in the deaign of SSC
sagnets. Fortunately experience vith the first large L crosa-pectional draving of thw Design 8
superconducting prototype synchrotron, the Tavatron, dipale 1is showm in Tigure 1. The displayed section
provides a good basis for saking cost effective and is out through & support location to illustrate the
techalenlly wise Gecisloms. Asong the mcet ilaportant first  version of the post aupport used in
sonsiderations are those having to do with: [risld constructing the Magnetic Effects Nodel sagnet. The
level; sagnet style, i1.8. one in one or two In one; outer iron ahell serves & 2 Vacuul Yvessel and
conductor aspecifications including filament size, returns sagnetic flux and also acts &3 4 shisld from
copper Lo superconductor ratic and cadle dimensions; leskage flux presented by the second ring.
ool]l oroas section including aperture, nusber of
layars of conductor, collar saterial and thickness;
the use of iron for field ashaping and Incressed
central fleld; the sagnet cooling scheme including
the numbder of pipes and coolant channels and the use
of intersediste tamperature shields to intercept
thernal radiation; the cryostat and esechanieal
support of the <0ll; the quench protection system;
ste., The cholce of alternatives, of oourss, sust
satisfy operstional requirements having to do vith + +
field quality, cost, reliabllity, heat leak, quench :
performance and protection, ete. * 1"
Reference Design 8, the ironlass coe® dipole >
differs Lo thres significant vays fras the other two . ™ PIVOT
options. 4 and C.' Those differences are:
(1) one 1n one magnets;
(3) 5 o aperturs,
The rational for these choloes 18 summarized as 7 ™ TUsE
followms. The one In ons sagnet styls choice, with
the consequence of two separate rings, i3 based on
several arguments, none of whioch by itself fs -

overvhelaing, but whan taken &3 & whols 3eem 0 Dbe
best. VWith the side by side tvo in one sagnet there
is common flux through both apertures. Thus a quench
in one aperture causss tha other Lo quench or &t
least abort. Furthersors there are iron saturation
effects that result in sextupole moment b, variation
of several units from injsction to full field, while
other multipcles that vanish on average in the one in
one csss are usually present for two in one sagneta.
For the over and under, two in one sagnets, whare the
sagnet flux in the two apertures 1s mot generally
linked, tha cryogenic operation say became difficult
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figure ' - Design 3 5 cm Dipole Cross Section. The
single phase assembly containing the aluminue
eollared coll ts shown along with the 10K and 80K

heat intercepts, G-10 support post, and external iron
vacium vessel.
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Trare ars iwo internedlate teaperature
snielde, sne a2 7 N, ang one at 'OK ‘Me gas) eech
with their zgr-esponiing layers of super-insyléetion.
the 1ntermediate 10K ghield {a aligntly Nigher
LemparaAture say W desired} axists to intercept
radiation from the BOK systes that would otharwise
end up in the 4.5 system, vith & consequent 3aving
in overall refrigerastion coets. The cost
effectiveness of LAis deaign is partially Justified
by the need to return gaseous He to the refrigeration
systes for recliqueficetion. One optional pipe 18
shown that would e ueed 1f thers wers a dacision to
colllide protons and anti=protons La s single aagnet
ring. This actrs pipe would return N, (f there vere
oniy & single ring. Purther details that nare fully
descride the aryogenic eystam oan b found {n the
Naference Design Report.}?

The Interior assembly that consists of the
sagnet ooils, Mwimm oollars, snd vacum Light
stainiess stesl skia arcund the oollars s referred
to & the single phase assembdly. Inside the ooll
theare la 8 cold bemm pipe and there say e correction
sagnet windings In the single phase He flow channel
betwesn the oolls and the beam tube,

The parmeters that describe the single
phase asawebly and conductor are given in Table 9,
Short smmple seasuranents of the oritical cwrrent for
cables from reels 2670 (inner} and 2669 (outer) at &7
are 8100 & and TITS A, respectively, The equivalent
current densities are 1900 A7wm® at 6 T and about
2000 A/ms® at 5 1. These current densitles are
scmewhat grester than was expectad for high
nomogensity NbT1 superconductor.

Tadla 1
Ref areace Design B Parameters
Field(B ain, B aszx) 0,251,507
Kaxiaum Current §000 A
Aperturs 5 cm
Collars Alminue 16.5 cm 0.D.

Radial Collar Thickness 4.0 o
Conductor Strand 0.75 mm diameter
inner Cable{25 strands) 1.175 s x V.50 m x 9.

1w
Outer Cable{23 strands) t.175 s x 1.50 @ x 8.375 ma

Filament Dianeter 7.5 wm
Cuw/SC Ratio lnner 2.0 (1.8
Cu/SC Ratio Outer 3.0 {1.8)

_.l..

Figure 2 - Reference Design B3 Ceil Configuration.

The design smplors a single Cu wedge in each quadrant
on the inner turn,

A

since ‘e Rfutrerford style cable anngt
aeystoned sufficiently to allow the sables o iie or
radii of torstam atiauth, cOpper wedges are
installed in the vinging as shown in Figure 2. ™
feature aliows ons to  significantly reduce
undesirsble suliipoles In the sagnet desipgn.

e

T almina ocollars surrounding the twe
layer ¢01]l are thick snough to perwit the sagnet to
resch 6 T If Further isproveaents &'¢ realited In the
sanufacture of supsroonductor. Thers are two sajor
reasons for wsing A1 collars (Natesd of sainless
stael. The wse oF Al would eignificantly reduce the
sagnet oost and the preload required to owoller tw
coils 1is signiffcantly leas with Al sines 1t shrinks

sore than staialess steel in thw transition fros room
temperature to L.5K,

To fully test the perforsance of Al collars,
ocable was procured with sore superconductor than vas
indicatad in the Daslgn Report. Thla resuited in o
Cu/SC ratio of 1.8 inetead of the planned values of
2.0 ad 3.0, To aveld the ooat associated with
procuring two different kinds of strand, doth the
inner and outer ceble vere fabricated from the sase
0.030" dlaseter vire although the inner strand vas

pulled through a flnal dise to alightly reducs its
41 mater.

Design B Prototypes

To Judge the Tleld quality and performance
of Design 3 ¢ipoles a number of short collared ooll
prototypes have been Dduilt and testad, The test
magnets are 5 om in overall lengih. The scope of
the R & D effort Lnvolves the construction of both &
and S ce aperture sagnets 30 that a comparison oan be

sade of the flield quality attainadle In Designa B (5
) and D (¥ cm).

Figure 3 - ¥Vinding Mandrel. The 3plit mandrel wused
to make the dry wound coils is shown.

The ooil wvinding in the Fermilad models does
not  u3e epoxy (mpregnatad fiberglass with subsequent
heat treatsent in a press to produce molded half
colla. Inataad the kapton insulasted cable 13 wound
onto a precisely disensioned mandrel to fore a coil
that can then be collared immediately after windling.
To facllitste the winding proceas the wandrel is
vertically split open as shown in Figure 3 which
allows turns to be insertsd on the midplane of the
sagnet. Callaring is accomplished by placing collar
packs over the eoil and then sisultanecualy cloaing
the sandrel and the collars. This results In a cof)
vith conductors held in place solely by the collars
without any epoxy. Ve refer to this type of coil
vinding as being a 4ry technigue. Design P malded
cofls sade with epoxy coated kapton but without

fiberglass are &ls0 being constructed. They are
knoun as wet colls.



ZiAce ULArIONdLLL. g Cat.t Wi Lne :Ol'.‘h
B J1sensions vas not lemedistely svailadle. twd short
dipoles, scro0 ang 3700 were Dilt wizh
non-standard conductor and  cold tested, Thay
parforned sdequately Aithough specific changes In the
tooling were Indicated during the winding. Following
the arrival of SSC conducior the winding of SC10O0Y
and 361002 commenced. Upon oampietion of 3G1001 g
turn 0 turn shOrt was discovered and 351002 was 3
fallure Decsuse the Dus turn pulled out of the coll
a» the vwinding sandrel was Beling ertracted. With
sudsequant changes in the ground wrap inaulation
schans four ossgnets have Dean successfully built.
They  are  dasignated 3G1003, 3C1008, $C1006, and
$J1003.

361003, SGI00N, and SCI1D06 have Desn oold
tested snd 3J1003 is avaiting ocold tests. The cold
tests include quench performance and seasurement of
harsonie fleld ocontent 1n the body of the sagnet.
The 1oad line for the high fleld point is shown |In
Figure 8 for S$C1004 s well as the short samdle
perforsance of the cabls that vas weed in the magnet.
The sagnst reached 67004 oo the seventh quench at
.2 and reached sbout TI004 st 8.2X after Odeing
oooled to 3.2K and quenched. Vith the axpected 153
incresse inJ_ at 3.2K the high Fleld point load line
intercept wilth the anticipated short sample implies
the aagnet should resch T5004. The maxisuwm qQuench
cwrent st 3.2K wvas T820A.
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Short Sample and

The harwonic content of the dipole's body
field 13 given by the asasured norsal and skaw
coefficients in the expansion:

n
!,013‘-3.1%1 vhere

o

e = b + ia andz=x ¢+ iy. Both wvare and cold
-euurnant.a hnoo besn made o0 deteraine thess
coefficlients.

The ocold results are found by rotating
2 Morgan coll st 6 Hz in the dore of the magnet and
measuring the induced woliage at the harsonic
frequency of interest. The voltage measuresents are
perforaed using either 2 maghetomster based on a
Brookhaven design’ or a lock-ia amplifier. The waram
weadsurements use a Morgan coll ad lock-in amplifier,
but in this case the induced waltage is generated by
powering the magnet with 104 of 11 Hz alternating
current. The voltage at a flxed Morgan coll angle

(ﬂ

4.2 & a3

Pigurs 5 -
giver in Table 2 are plottad Were along with the MG

gaussian width predictions tmaed on sxtrapolations of
Tovetron and CBA dipole dats.

Skev and Jormal Wultipoles. The values

18 measured and recorded before the seasuring ooil is
rotated to a new flaed angle position. The voltage
recorded at 64 fized positioes (5.625 {ncrements) 1
Fourier analyzed to give the sessured harwonic
coafficients. A comparipee of warm and oold
harsonics for Tevetron @ipoles and quadrupoles hay
shovn good sgremasnt 8 &0 the vare and oold data
taken on the SSC prototypes. The warm seasuresent
coefficienta for SG1003, SCODON, and $C1006 are given
in Table 2 and they are piotted in Figure 5. Alsc
shovn in Plgure % are e predictions for Ses
aperture dipoles bdased or axtrapolations from CBA
(13.2 en) and Tevatron magnets (7.6 cm).?

Table 2

Multipoles for $ ca Dry ¥amd Cotla (at 1 ca)
8G1003

SG1004 561006
b, 1.60 £1.3 -1.42 0.069
., 3.3 s 2.0 0.69 .78
b, 83.18 3 0.5 43,404 LEN )
a, 0.37 1 0.15 (LI -.397
b, 0.13 1 0.10 -0.12 W15
' 0.1 20.3 0.035 A22
b, 2.29 2 0.20 2,3 2.30
8, .10 4 0.10 =0.0a0 -.066
by =0.009 2 0.05 0.082 =-.007
8 0.046 3 0.05 0.036 -.165
v, =0.060 2 0,08 0. 470 -.a33
a, 0.000 ¢ 0.02 -0.019 -.00%
b, 0.002 2 0.05 0.085 086
a, 0.0003 2 0.005 0.001 .0002

Yariation of the ncreal sextupole soment -
vith sagnet current is showm in Flgwe 6. The
signetization currents e responsible for the
sextupole  mwment difference of 20 umits between full
field and injection. This cifference is larger than
anticipated in the Reference Design because the
filament s12¢ 13 larger and the CwSC ratio 1is
mmaller than the design calls for. The larger
percentage of SC ia the omaer shell 1is especially
significant since the sagnetization sextupole mcment
i3 entirely negative for that layer of conductors.
Although an explicit caleulstion has not been done to
predict the persistent sestupole fleld for the
oconductor usead in the magne:, the measurements vhen
scaled by filament size and Cm/5C ratico are within
208 of Raference Design predictions. A specific
camparison will be possible when measurements of the
cable aagnetization are complete. ‘
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Kagnetic Effects Model

To test and prove the crycstat and vacuum
ressel concepts mbodied in the reference design a ba
long model was constructed.® The features tested
include: single phase assembly and cryostat
construction techniques, support posts, off-centering
forces, shield  heating and deformatice during
quenching and general warm~up and  cool-down
procedures.

The sagnet was specially squipped with
carbon resistors for thermometry and linear variabdle
differential trasaforsers (LVDT) actuated by quart:
rods that penstrated the insulating vacum Lo measurse
single phase sssembly and shiesld positioms. A cross
section showing the locations of three of the LYDTs
ia given in Flgure 7. The LVDT sensitirity was adout
1 911, During cool-down and power tasts the LYDT
position and tsmperature wers sonitored with s Fast
ADC system that accusulastad dats at a 10EHz rate.

Steal

0K Shield

VDT 28 YT 429
[
carbon o
Resistor e

Tevatron Dipole -
Collared Coil

Quarts Rod

Coonecting

10K Shield

to VDT
Tigure 7 - LVDT Locations Relative to the Single
Phase Assembly and Exterior Vacuum Vessel.

Figure 3 srows P reaponse 3 g dotiam
LYUT en the 'OK shielid during & Twrrent ertraction
fraa the sagnet vithout s gquench. WRile zai:zulstiocns
of Induced eddy currents and subsequent Jeformmation
of the shislds are 4ifficult, due to the cusplicated
shape of the shields with their camponemt Hipes, the
predicted sotion i» for the 3hield to stretch
vertioally while It shrinkg horigontally, to return
Lo & circular conflguration, and Tinally to atretch
horisontally while shrinking vertically. Time
constants are such that the first part a the wmotion
Just described 1s causad DY the Interaction of the
decaylng sagnet current with the imduced eddy
currents while the later descrided motion results
trom eddy current intersctions slone. If the shields
are off ocenter relstive to the magnet coil the
shields also translate alightly thus wmsking the
shisld wsotion at 3 given point fairly camplicated.
Although thers are not enough LYDTs to prove this 1

happening the dsta are consistent with such a
hypothesis. The real situstion 1is even eore
conplicated

since the shields are physiocally
connectsd to the single phase assembly which soves
because of sagnetic off-centering forces.
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Figure § - 10K Shiald Response as Measwred with the
Bottem LVDT. The vwertical scale extands over the
range ¢ 20 mils while the horizontal &xis represents
1.5 seconds total time.

Analysis of the LVDT dats imdicates that
when quenching occws the shields fex elastically
about tem. Since the single phase aasemdly also
sovas leas than 'se during raaping and quenching and
returns to its original position ons ccmcludes thers
are no particular reascns for concers with Design B
realstive to off centering, eddy currest caused shield

deformation, shield heating during qoeaches, support
pcst failurs, etc.

Heat Leak Model

To achlieve reasonable operating costs, the
SSC magnets sust have & small heat leak. The goal is
s reduction to sbout one tenth (ome Cifth) the
Tevatron static heat lead at N5 (3D)X. At this
level the heat load due to synchrotron radiation
-3¥/a will dominate the refrigerstion load. ¥hile
this goal s substantial, low hest leaks of 0
Mi7a(5K) and 500 mW/{80K) have besn achleved 1n the
Tevatron transfer lines cowpered 1o the Tevatron
magnet system Dheat locads of 1.5 to 2.0 ¥W/m(5K) and
7.5 W/m(80K), respectively. While ft was ot
poasible in the limited time available to specify and
design the ultisate cryostat, testing an early
prototyps, to See¢ (f the goals vere realistic,seemed



vz e vesesgary. ccratruct.an of g eryostat e
aliowed development oOf asembly procedures,
sechanizal engineering of SUPPOFL posLs. tasis of
large sultilayer Insulation (MLI{] therwal Bianxets.
semswraRent of Nest ledx with variable Insulating
vacwl presaurse, Wte.

A 12a long therual Masuremsnt eodel
crycstat vas designed and corstructed. 3Since s 28
sagnet coil was not avafladie the 5K oold mase wvas
feked Dy using & thick-valled aluminum oylinder of
rowghly esquivaient site. The 5K and 80K thersal
shiajds and their aasociated pipes vers similer to
those maployed 1n the Magnetic Tffects Model a3 were
the support poats, Detalls of the gecmetry,
tnsulation scheses, and prelisinery results are given
ia the paper Dy Riwann ot al.' To compensats for
msasurement eoffects due o the end oryogenic
connsction boNes, the end vessela were First dutted
together and sesled vithout the Y2u sodel oryostat to
detersine the heat lsaks of the end bozes alone. T
SOK and A, 5K heat lesks of the fully sssemblad systm
(1aciuding the 128 coryostat and end boxes) wers
cdetuced by measwring the liquid K, and Me boll-off to
gas, while the 10K heat lesk was deterained dy
sessuring the flow and tempersture rise of the 10K
shiald gan siream.

After subtracting the neaaured heat load of
the oend vessels for the 80K and 1.5K systems the
seasured heat leaks at 80, 10, and A.5K are 33.%W,
2.258, and $0sl while the predictions are 29.5M,
2.20%0 and 225N, respectively. In terms of watts per
seier  these bacane rToughly 2.%W/s, 1.94/a, and
3taM/a. While thess humbers are - 5085 larger than
the &SC goals they are consistent with calculations
based on the design of our test sodel. 1Iv 1s fully
axpected that with proper design the SSC heat leak
bodget will be aet although cryostat designers will
need tO pay special attention to the conduction hest
lsak of supports and heat sinking of the shields to
the JUppArts.

Passive Correctors

It may be poasible to avold placing full
length correction ¢olls inside the SSC dipoles if the
mgsatization induced in strips of supsrconductor
plased betwesn the besm pipe and dipole coils can be
wed t0 cancel unwanted persistent current fields.®

The results of sample caleulations are shown
ia Figure 9 for the Design D N om aperturs magnet.
Since the ssgnetization sextupcle sament generated by
flmx changes In the coil winding is negative, passive
suparconductor I3 placed in the reglons & 22.5° about
the  and y axes. For the example vhare the Design D
eoil vinding is made from 6ya filament wire with
Ca/SC ratio 1.3 for the inner and 1.8 for the cuter,
the passive correctar can be about 2.5as thick if its
flments are 8.Tum in diaseter. A packing factor
{metal ares to total srea) of 0.06 [a assumed for the
paasive corrector to give this result as would de the
ease 1f insulated strands are used tO aake the
corrections. Figure 9 also shows the norsal
sextupole field with and without the corrections.

A substantial cost saving say b possidle ir
the passive superconductor ¢an be imbedded in tha
cutside of the beam pipe. Here it i3 assumed the
passive superconductor can be drawn to make strips
3/4 mn thick and 3/0 ca wide with Cu/SC ratio 1.0 and
pecxing factor 1.0. The beam pipe would be sxtruded
with Cins that coliapse arcund the superconductor as
yoth are drawvn through a die to secuwrs the
suaperconductor.

b tem)
Passive Corractor (D
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Figurs 9 - Passive Correction Scheme & Predicted
Sextupale Fields.

A test of the passive correction scheme was
performed using & standard Tevatron cross section
dipole and a corrector made fras 20 afl insulsted
vire. Tha results sre shown in Figure 10. With tw
corrector the sextupole fisld was reduced although
oot a8 auch as desired. The reasora for the wvesimess
of the correcter are: (1) the packing factar assumed
in oalculating the mscunt of corrector ¥ire neeted
vas 0.70 instead of the achisved value of 0.8; ()
the seasured Dulk sagnetization of the corrector wire
was sbout Malf the walus that wvas seasured for the
wvire the magnet cable was uade fram.

Further tests will be done with either a
or S om prototype dipole.

Conclusions

Work has progressed on both 35C saghets mnd
cryostats. The oY vinding technique for making 1
meter long colls semms to work although winding amd
collaring tooling isprovaments ars still deing made.
Multipoles from the early Scm oolls are about =
expscted Dbut wsore magnet data are needed to confim
this trend. WNe 111 or unexpected eoffects were
encountered in testing s S long (7.6 c@ ID) aluminm
collared coil that wvas asssmbled In an external irom
vacinm vessel. Off-centering wolion of the coll and
interssdiate temperature shields during sagnet ramps
and quenching were within the nosinal expectatios of
1m. For a3 12 seter long cryostat model the nessured
heat leak to the 80K, 10K, and 4.5K systems was
approxisstaly what vas anticipatad and thers is good
reason to sxpect future designs 0 achisve the heat
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Figure 10 = Test Results for 4 7.6 oca Cotl with b
Without Passive Correction.

leak Dudget that was suggesisd 1in the Reference
Design Raport. Activities over the naxt several
ponths will center around construction of short oolls
of both & and Som inner dlaseter and the design of &
17e long cryostat Lhat can accept & ¥ or Scm oollared
cofl surrounded by cold iron.
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