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Abatract 
Prototype superconducting quadrupoles with a 

5 ea aparturi and gradient of 16 kG/ea have been 
b u i l t and tested a s candidate s i gne t s for the r inal 
focus a t SLC. Tne aagneta are and* fron HbTi 
Tavatron s t y l e cable with 10 Inner and 14 outer turns 
per quadrant. Quench perforaance and aul t lpola data 
are preaentaa. -Design and data for a low current, 
high gradient quadrupole, a l a l l a r in cress s e c t i o n 
but wound with a cab le cons i s t ing Of f i v e Insulated 
conductors are a lao d i scussed . 

Introduction 

Achieving the design' lua lnos l ty a t the SLAC 
Linear Coll ider depends on focusing the beams t o an 
sitreaelir s a a l l apot s i t e (c<2ua) a t the interact ion 
point. In general , the stronger the focusing power 
of the f ina l quadrupoleBi the higher l e the 
lualnosl ty that can be obtained. In tbla paper, we 
report on the development : of superconducting 
qusdrupoles for this application. 

The basic design of these qusdrupoles Is an 
eitrapolatlon of the design used In the rerallab 
tevatron.1 They differ In having a saaller aperture, 
laproved conductor, and they contain no forrosagnetlc 
aaterlels. The resulting asgnetle field gradient la 
greater than 16 KO/oa, and la substantially higher 

• than any previously used In • high-energy accelerator 
appltoatlon. 

transport telescope of 
required Is i 

by background considerations. Off-aila 
originating froa Imaa | i i 

upstresa rollou trajectories that aaica their 
excursions froa tht nealnal beta center occur in the 
three final quadrupolaa. It haa bam astlaatad that 
a clear aperture of about '.5 inches la necessary to 
thla saotten to avoid an intolerable flux of 
secondary acattera into the eiperlaantal detector. 
Dalng this aperture as a design constraint, i t becaan 
laportant to find. the highest possible quadrupols 
gradlanta. Two options . are, being puraued. 
Conventional Iron quadrupoles with - a ' gradient of 
about SkO/ca are being built at SUC fur the 
start-up and Initial operation because or their 
alaplicity and relatively low-coat. 

The . auperconduetlng qusdrupolas described 
built as replaceacnta for these 

Thar* are tan Masons for 

doing this. The first Is that with higher-gradient 
quadrupslea, s lualnoilty laproveasnt or roughly a 
factor of two la possible over the initial aachlne 
configuration. The aeeond reason for developing the 
superconducting quadrupolaa la that they can be 
operated Inside the eiperlaental detector, leasreed 
in a < kC solenoid field. This becoaea especially 
laportant when a large second-generation detector, 
such as the proposed SID, la brought into the SLC. 

SLC, the 
prlaarilf T — » — 1 — 1 . . . - 1 — I 

Figure t-Qusdrupols Conductor a Collar Croaa Section 
Desltn k Construction 
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riiure 1 ebons a eroaa section of 
cellared eoll geoaatry that haa been built 
seated. The tag shell design eonalata ' of 10 Inner 
and It-outer turns per quadrant. This arrangeaent 
f i l ls up the angular space in the t30* region about 
the s and v.ataa which lapllea a vanishing 1? pole 
noraal ajoaent for the , eagne t. The next ayaaatr* 
aUowed eMltlpole, the norasi so pole, ta calculated 
to be 3 •iO-* at'tea. Here the aultlpole aoaent la 
defined as the Held due to the nultlpole divided by 
the quadrupole field at the sane reference radius, 
lea la" this esse; 

Three different varieties of conductor have 
been used In prototype quadrupoles. The atanderd 
Tevstron aup r̂conduetlng high current (-5000 u cable 
was used e.g. in eagnet SWOi. Thla Rutherford style 
cable eonslata of 23 strands each with a disaster of 
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0.0768". There are 2050 Nb*6.5w/oTl fllaaenta with 
average diameter 3.7 mi. The strand has two complete 
twists par inch to ntnlalze ac lasses in appllciilona 
whara the magnets ara ramped. The copper to 
superconductor ratio (Cu/SC) Tor this standard cable 
la 1.6/1. This ratio la reltvant for longer ufnets 
where tne amount of Cu daiarainea the teaperature 
rlaa in the aaa.net winding when the aagnat la 
quenched and all the stored energy la diaaipated in 
the conductor. 

Cable alallir to the atandard In croas 
•action but with a lower Cu/SC ratio (1.3/1) ma used 
1ft tne construction of taat qsadrupoles SL003 and 
SLOOT. Thla cable la referred to aa low beta cable 
alnca It la the conductor that exists In Forailab 
quadrupolaa that sake up the Tevetron low beta 
insertion. It* virtue la tna higher gradient that 
can be achieved due to tne increased amount of 
superconductor, although the filament* In Mia cable 
ere larger (19 ua) and consequently product Increased 
ac loaaee, the planned operation of the final foeua 
quads la do. 

In applloatlona that require a alngle or a 
few superconducting aagneta, rather than long atrlnge 
ehsrecteriatio of aeetlerators, aueh or the power 
aaved by ellalnstlng reeiitlr. loaaaa la uaed bjr the 
load on the refrigeration ayate* due to the 
aultl-klloaapar* atagnet currant leads, for the 
proposed SLC quadrupole triplet operating at 6300 a 
the current leada would contribute approalejately 1/3 
of the total cryogenic load, an alternative oabie 
design tilth the aaae aagnat oroaa aectlon but with 
•ore turns oould operate at a lower currant, thus 
BigniMoantly reducing refrigeration ooata. For 
example a low current optica with 1/5 the high 
current capability would save an estlasted 25$ in 
refrigeration. In the case or low currant dipeles 
there have been several examples that use low currant 
conductor"". To follow up this option for the SLC 
quadrupoles we have developed a cable aada froa five 
parallel Insulated conductors that allows ua to 
retain aost of the features of the high current 
design Including magnet construction with the sane 
tooling and techniques employed with the 23 strand 
canie. a cross section of this cable la shown In 
Figure 2 and the transverse diaanatona of the five 
individual conductors are given In Table 1. Since 
this cable has the saae keystoned cross section aa 
the high current cable the collared colls are built 
the sas* way. after collaring, the colls' five 
parallel conductors are connected in aerlaa thus 
providing the saae number of aapere-turna aa in the 
high current case. 

matrix. Tne Cu/SC area ratio Is i.T/i. 
Approximately 3,000 feet of eech conductor type has 
been manufactured and tested. Typical short ample 
data for the separate pieces of conductor are given 
in Table 1. 

Tattle i 
rive In One Cable Conductor Characteristics 

figure 2-Flvt In One cable Profile. Each of the 
conductors la separated from its neighbor with hapten 
insulation, ' 

The lew current eable la produced In one 
. peas through an insulating aachlM constructed Mlth 
seven separate taping heads. Five of the heada apply 
kaptoa Insulation to tin individual conductor*, can 
overwraps the fIV* coMuotor bundle vita KaptM. and 
one pnta epoxy-iapregnated fiberglass tape en the 
outside. Each conductor consists of -WO aoTl 
filaments *0 B» in diameter embedded .In • copper 

Conductor Type » > c D £ 
Dimensions ( i n . ) 

width .06* .0(1 .059 .056 .05* 
Height .0*3 .0*5 .0*7 .0*9 .051 

Cr i t ical Current M ) 
At 5 T i<00 1350 1290 1217 1 H 5 

Four aaineta have been built to completion 
and tasted and a firth is in the final stages of buss 
work it the lead end cf the coil. They ere listed 
below along with tne identification of cable used in 
each. 

SW01 Standard Tevatron Cable 
SW03 Low Beta Cable 
S1005 5 In 1 Cable 
SU06 5 In 1 Cable 
SWOT Low Beta Cable 

The overall phyaioal length* ef the collared 
colls it 29 Inches with inner winding lengths varying 
rroa a alniaua ef 21 Inches to a aulaua of 25-5/16 
inohaa. Between the turns at the end ef the aagnat 
there are spacer* to Halt the build up of « high 
field point. The induotanoa of the atandard quads la 
1.1 ah while that of the 5 In 1 cable aegneta la 2T.7 
ah. a picture of the collared ooil aaseably la 1 
in Figure 3. 

Figure 3-Prototype High Oradtent Quadrupole. The 
overall length of the collared call assembly la 29 

The clear aperture inside the •sgnet la 1.6 

Table 2 
Nultlpole Hoaanta In Onlta Or 10-* at 1 ca 

(R - "email S • Skew) 

6F I 
5 

B P 1 
S 

10 F N 
S 

12 F • 
S 

1* F I 
S 

SLOOl SL003 5L00? SUKH 
-0.22 -2 .51 (-16.0) - B.I •1.SB 
-3.6B - 2 . 3 * (-13,6) -15.O 5.6B 
0.96 1.19 ( - ».») - 4.0 -0.71 

-7 .99 -5 .86 ( - .9 .1 J - 0 . 9 0.36 
0.35 • o . a i t Q.TM - 0.63 0.73 

-0.33 0.39 ( J.9S) - 2.50 2 .7 * 
7.63 1.10 ( - ».27) - 3.11 -3 .79 
0.11 •O.OT ( 0.02) 0 .0* 0.27 

•0.05 - 0 . 0 * ( - 0.05) 0.05 0.02 
0 .0* -0 .02 ( - 0.03) - 0.02 0.01 
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rifur* 1-Htgnet Performance For SL001 and SL003. Tha deelgn load Una for the aagnot la shown u art tha atiort 
aaepla data for aabla rroa raala f2&02, 2616, and 2S2«. 07 and 09 refer to tha quench ourranti achieve! on tha 
seventh and ninth quenshea, respectively. 

Taata and Performance 
Tha aultlpole etruoture of the aagneMc 

riald has tiaan extensively Maaurad at roca 
leaparstwe using a look-in aapllfler technique that 
requlrea only a raw aspires of ac currant arj a 
Morgan aeasuring ooll*. Lover haraonlca, auc.h aa tha 
eeitupole, have Bean checked with a rotating ooll 
Installed In a vara finger that la Inserted into tha 
aagnst whan i t la taatad at ».i! K, The cold teata 
•era accoapllshed by placing tha collared coll In a 
vertical dewar or LHe at atacsphsrlc pressure. 
Quenohea are typically detected by aonltorlng the 
voltage dirferenoe obtained by bucking one half the 
aagnet voltage against the other hair. 

The hareonlo data are Hated In Table 2 tor 
each of the tasted aagnets. > rev coanents are in 
order. The aoasnta for 80011818 SLOOl, SL003 and 
SL005 appear to be coapatlble with what eight be 
expected In extrapolating Tevatron atyle BSgnets to 
•sailer aperture. The aagnet SL007 appeared to be 
ebrwrsal as is Indicated by the nuabera In brackets, 
after the aultlpola •easureaent ana cold teats the 
collars on SL007 ware carefully reaoved and tha 
single cable that passes through tha aagnet (buss) 
vas observed to nave excessive Insulation. In fast 
coapared to tha other •agnate In this aeries the buss 
m about 25 alia thicker than It should have been. 
A new buss cable with standard insulation vas 
eubaoquently Installed, in Cos quadrupole and the 
•oaenta (net In brackets) for EU>07 were obtained. 
That* aultlpoles art elgniricantly aatller out atlll 
they saaa rather lares, i t la conjectured that 
without racurlng tha buas soil vltti heat there "111 
• t i l l be sea* hysteretlc daforaetlon of the ooll 
which results In the observed aultlpolas. The other 
three prototypes have sulttpoles that aeet the a 
priori specifications of leas than 10-* at i ea. 

Tha quench test results for two prototype 
Basnets are shown in Figure 4 where the aafnet load 

" lint tod cable short staple are indicated. Both 
•agnets uarfaraad at batter than 95* of short Maple. 
Even the cjusdrupole SLOOI aadt Kith atandard Tevatron 
Ctblt retched ' .5 T/ca by the ninth quench and SL003 

aada with low beta wire achieved about 1.7 T/ca by 
lta eaventh quench. The equivalent current density 
of tha low beta conductor la 1930 !/•>' at 5 T for 
tha cable. 

Tha quench performance of SLOW, the firat 5 
In 1 cable quadrupole, vat 1135 k. ThU It 921 of 
tha abort saspla for tha poorest of tha five 
conductors Hated in Table 1. The eight percent 
difference froa short saapla la consistent with tha 
Inclusion of self rield arrecta. The aagnet showed 
very l i t t le rasp eenslttvlty, lass than 1* of 
critical current, for raap rates that varied froa * 
to BO i/eac.- In general- the parforsanca G? this 
•agnet and the satisfactory behavior of the cable In 
winding the colls askea the conductor a good 
candidate for ruture low current applications. Its 
only drawback appears to be tha tedious Job of 
connecting all the colls together. 

Conclusions and Outlook 

The prototype quaurupolas described bare 
show that the gradient and field quality required for 
tha SLC final focus are achievable. The aagnats for 
the SLC will be fabricated In two lengths, 2.19 feet 
and 3.96 rest, and will be •eunted, three to a 
cryoaut, In a triplet configuration on each aide of 
the Interaction point. 
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