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Results are pre:oented from te'3ts of the first 
full lengLh pt'otolyp<) SSC cl1pole magr~et. Tr.t~ 

cryog0nic behavior of tt1e m"tS:h:l dllring a slow 
cooldown to 4.5K and a slv,... 11c1:'111up to room temperatnre 
has been me.Jsure~:. Magn8ti·: fLeld qu.ctl ity w.:1" 
measured at currents up to 2000 A. Averaged over the 
llo(Jy field all harnhlnics wiLh Lh,; ,,x,~eption of b~ ,.ir1d 
b~ are c1L or within U1u Lolc:;f·.,n<:(;:J :.;p'-~cified t1y LlLe 

.SSC Central Dt:sign Group. (Tt10 ·1:.ilu1cs or b 2 a.n:j b
0 

result fr'o:o known di:_,~.;i<1:n dl\<1 <constr'l!Ction det·e,;t~ 

·whi r;l1 wi 11 be c;,)!'rected in l atc:r' llldgnets.) Usl ng dn 
i~MH µrobe the: ci\ler.Jge t10dy fic:J,j str'engtr, is me:;su,·ed 
to be 10.283 GI.I'\ "'ith p\lint to P·)fnt v.Jriations on th..; 
or·der of one part in 10DO. Dcila are prec;t:ntvd 011 
quench behavior of the rn.oit;r''"t up to 31500 A 
(approximately ')5% of L1ll fi2ld) incl11'1ing 
longitudinal cmd trarisv.;;rse V•Jlocities for the fir·st 
2'.:JO ms1~c of thco quenl~h. 

In this paper we pr'e3ertt test results from the 
first full scale prototy;ie r::.J8net 1 for tl1e proposed 
Supercondur~liri15 :;·.1per Collidu· (SSC)." A cro,;:.; set:tion 
of this magnet (dcsignatt:!li design D) is sho;..rn in 
F"ig. 1. The rw1gnet hdt> Li "co.so" style coil with a 
Q cm aperture; drHl a magnetic l..;r1gtl1 of 16.6 m. The 
op1.;roting fic:ld i.s 6.6 T c;t d c1w1'<.:nt or 61108 A. The 
coil i8 collared with stain!ec;s .'5leel lamination::> and 
s Lirroun(Jed tJy d cyl i ndr i r;a l t ron yoke with an i nn,~r· 
dict.meter of 11 crn and an outer die<meter of 27 C!rn. 
Inside the r:uin coil is a 3'J[h'.:t'condLJcting sext.upole 
trim coil woun11 on the bl'Clt1: pipe. Thi::; coil 
compensates for Jistcwtion::; of Uie 1Hpole field due to 
p~r·3iJlcnt currcnL offects ;it low flel,j and to ir·on 
::;atur'alion at high field. Tt1e coil is cqoled 
p!"imari ly by heat conduction through the collar und 
yoke laminations to 4.SK, 4 atrn heliu,u flowing in fo1.w 
coolant ch<lnnels in lhe iron. Apµt'OXir.1alely 1% Gt' the 
flow pa3set> U-icough Lhe 1.11 mai crnnular' space bet ... '1;0n 
the lr'irn and main coils to provide guo.J l1eat 
condu::::tion fr·o:r, tlic buam pip<~ ,1nd the coil to tho 
collar'°. 

The ,cryustdt' includ(!3 aluminum heat :>hi0lds 
opur,1Ling ,;it 20K c.i1J O~ir; iruidt: a Go cm dl,imt!t;er 
'/._iJl!IHI V•!..;:Jc_l CT\dd•! ut' mild !:.lll;tel. T1w cold m.,1;,:; i::J 
s11p1,0r'Lc;il tiy Ci·•c~ ,,,_,--,J1:t1"11.1 1,(J;l,:; ;;,."k 0r !'ilicr·;::J,;:J::J 

,'t•r'nLHl•'tJ\ od·ir'~·s:; I ~;!1 i k.~ ,,,.,-,,11111 -1 -11 c1r i IU<l fl ca vy 1 ndu.::..-
lr' i r·:; Co., Yul\cdi tilh, ,J,-,jl.•ll. 

reinforced plastic (F"RP) tube3 with metallic 
junctions. The magnet is free to slide longitudinally 
on four of the five po~its to allow for thermal 
conlrdctlon, while axldl re~;lcaint is rwovideci at tile 
cent.8r• post hy t· .. ·o FHP anchors whi(:ll run at. dn 
cip;:woximately 30 degree angle between the base of the 
post and tile cold ma$:c>. The cold maS~3 of one magnet 
is connected to the next by a bellows assembly with a 
(ji3met~r '2qual to the cold mass, yielding a r'eservolr 
or 11u lit-l01·s of t10liu:n ti.~twc;c)n magnet:3. 
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SSC dipole magnet cold In<l~iS cross seclion. 

The teGls reported here were carried out at the 
Fermilah Mcignet Development a.nd Test Facility. This 
facility has been previously used for production 
testing of super'conducting :.n.gnets for the; Tevatr·un; 
one Tevatron test stand was replacer! !'or tl1e:..ic t<:st::;. 
l,iquid helium ls provided by <J CTI-1500 refrigerator, 4 

wl1ile electrical power for the magnet is supplied by 
two Transrex power ::;;upplies. 

Cryogc;n:J from Uw refrigerator an(i electric power 
iHH1 ir1~;lr11111entation line:J a1·e routed t,J \lie mdgriet 
undtor tc;~JL Lhr·ougl1 d "feed Cdll" whusc end ,,irnulalcs LI 
neiglltJcrir13 rn<Jgnet. f<our' <llmo~1ph0re, 11.:iK helium 
flows tr1rough t.he magntal cold mass and at the 
''tur·ndround can" is directed back tlwough the liquid 
r.::~turn line in tJ1e magnet cryoc;tat. Tn the feed cun, 
pa.rt of tl1e returned h•;l ium Jld33es througll a ,J-T valve 
j 11L0 1.tu' ~;!le\ l ::1ide of' ;,i hl;,ot. uxch;m~;er to o)(Hll thl~ 



in<:'oming helium. The outflow from the l10at r_'X('h.tnf.•~r' 

is recombined with the remainder of the helium and is 
directed through the magnet gas return 1 i.ne. -~t the 
turnaround the helium is returned to the feed c;in 
through the 20K shield. This mode of operatLon put.s 
the 20K shield at approxlmately lL 7K. The ROK shield 
is cooled by liquid nitrogen whir.h ls V("nle-d to 
atmosphere after a single pass through the magnet. 

Cryo~i::nic Instrumentation 

The temperature of the helium in the interconnect 
regions at ench end of the magnet is monitored with 
carbon- glass 5 and german i 1Jm~ res is tanr,e ther·mornP.ter·s 
and with v:ipor pressure thermometers, The coil on 
this first prototype magnet is wound with flared ends 
(Tldogbones 11

), 
7 allowing the placement of 100 Q, 1/8 W 

carbon resistors inslde the ends of the coil. These 
re3istors mensure the temperature of the helium 
exiting the coil bi:'fore it is mixed with the much 
lcirger flow throup,h the 1;oolr1nt channels in thl" iron 
yoke. Helium pressure is measured at both end8 of the 
magnet with strain gage pressur·e transducers 0 which 
are connected to the magnet by cnpillary tubes. 
Pressure in the coolant channels nt the center of tt1e 
magnet is me,-,.sured wi.th a piezoelectric pressure 
transducer 9 operated at liquid helium temperature. 
Helium flow is monitored by measuring the differential 
pressure across a venturi located in the feed can. 
Half bridge strain gages are mounted on the axial 
restraint anchors to measure forces on the magnet. To 
monitor the loading of the coil, full bridge strain 
gages are mounted on aluminum blocks that are placed 
between the collars and the coil about 30 cm into the 
magnet. 

Data from these anct other transducers are 
collected every 10 minutes by a V/l.X 11/730 computer 
through a relay scanner 10 and digital multimeter. 11 

The measurements are converted to physical units, 
displayed for the refrigerator operators and recor!1ed 
on disk for later analysis. Temperatures in the 
interconnect regions <'lnd in the dogbone ends of the 
coil, pressures in the interconnect regions and at the 
m:i_gnet center, and the strains on the center anchors 
are also recorded by a fast ADC 12 during and 
immediately after a quench. 

Electrical Instrumentation -------------

The main coil is wound in four part~: lower 
inner, lower outer, upper outer and upper inner coiis. 
ror quench detection and analy8i8, taps on the magnet 
allow the monitoring of voltages sep;irately acroo;s 
each quarter coil. In addition voltage taps are 
placed across the superconducting part of the power 
leads from the feed can to the magnet and across the 
trim coil, Current is measured with a 10 µQ shunt 1

' 

and dI/dt is measured with an air core Mutual inductor 
(dT/dt coil) allowing the extraction of the resistive 
component of the magnet voltage. 

Quenches are detected by four safety circuits 
whose thresholds are shown in Table 1, Quench 
protection is provided by an external 0.2 fl dump 
resistor and by strip heaters which run the full 
length of the magnet between the outer coil and the 
collars at four ci_zimuthal positions. Norm.'3.lly, two 
strip heaters in opposite qu;;:idrants are used. The 
trlggering of the dump ;ind of the protection heaters 
may be independently delayed to allow study of 
"natural n quench development. Relief val ve.s, normally 
set to open at 85 psia, are opened electronically 
(witt1 an optional delay) when a quench is detected. 
Test quenche.s rn<'ly be tndur;ed by any of four "spot'' 
hcrtter.'"l located CJlong the parting plane betw0en the 
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upp.;r· ;\:Hl lr>WC't' irn1r>r" r·u11~. '1prr'oxi:n;1t0ly 60 cm into 
the coil (h~Jyonr1 thf"! c1or,hon0 ends) from ~ach r:nr1. 

VoltRg(>.9 ;1f'ros~ P.'1d1 rn.1i~ coil rp1rirt;('r, th(' trim 
coil, the power· 1r>:His, tJ1p rH/(~t. c0i1, th,. shunt, the 
ext..,r·nal dnmp .1nc1 t.hP ~trip ;in.1 --;p0t hP.1tJ'r" ,1re 
digitizPd during i1 qrJr>n•?h hy .1 f:1st ADG 1

' :Jnd r·r>:'c,r·cJp.1 

on disk by a VAX 111·730 f'·"mput0r. An on·linr> .1n1ly."ii:i 
program cheC"k<> the data for inter'nal rconsistenrcy. 
computes mAx-imum t,ot.cil 1-rl<1 r·nsi :,ti vP \.t<)l t·1~'~'' for ('.ic·h 
qurtrter coll and comp11tPs the timP inlegr·al of I 2 

(MIITs) frO'Jl the time the qu1onch i:oi dcte-:;ted. On-line 
dlsploiys are provided of ;oiLl <:"lr:-ctric:'l] and cryogenic 
quantities recorded during a q1Jench. 

Table 

Quench detection safety circuit thre~Jholds 

Lowr_•r h;:il f coll - llprer hcil f c0i l 
M1gnr;t total vol t<1p;e 
Magnet voltage - L (dl/dt) 
Po.sitive - Her,Ative power lead 
Trim coil voltAgP 
Ground Fault Current 

Feed Interconnect 

0.25 
6.5 
8.0 
0. 025 
0.5 
J.O 

Vol ts 
Volt.o; 
Volts 1 ~ 

Vol ts 
Volts 
A 

o L-~~~--~--+----------f------+--t--+----+--'<==-
0 24 48 72 96 120 144 

Time (Hours) 

rigure 2. Temrv:rRture in th<:' f0cd and return 
interconnect regions as a function of time during the 
cooldown of the SSC magnet. 

Magnet Cooldown Data 

The magnet was cooled to 4.SK over a period of 
five days. To rPrlur:-e the effect of differenti::il 
thermal ~ontra~tions the temp10>rature difference 
between the two ends of the magnet was limited to 
about 100K. The temperature of the helium supplied to 
the magnet was controlled by mixing cold helium from 
the refrigerator wi tt1 room temperature helium. 
Temperature was further moderated by maintaining the 
shell side of the heat exchanger in the feed can at 
the temperat11re of thP magnet outlet g;is. Fig. ?. 
show~ the temperciture at the two ends of the magnet as 
a function of time rlurlng the cooldown. The rnea~ured 
strflin on the two reenter nnchors is plotted in Fig. 3. 
/I. changr: of approxi.matel y -2000 micro-strain i:oi 
predir.ted from ro0·n tr>mpP.rAture to !~.SK due to 
differences ln thf'rmal contraction among the anr~hor, 

tile center poo;t anrl the magnet. Th~ 1ar'ger measured 
C'hClnE".e and thP rapid chringP "~ the mrtgnPt <ipproachP.:> 
liq11lrl helium ternpr:r·.11111·e pr'ohAhly rf>flect the lack of 



perfect temperature compens<1tion in the half brid~£':1. 

A number of abrupt changes in straln can be seen. 
These occur when the slide mechanism on one of the 
outer four posts sticks and then breaks loose. The 
largest such step (140 micro-strain) corresponds to 
20-25% of th~ breaking strength of a post. 1 5 

Stress-strain relations for the aluminum blocks 
that measure the i::oi l loading were calibrated both at 
room temperature and at 4. SK before the blocks were 
mounted in the coil. At the beginning of the cooldown 
the coil pre-stress was mea.'3ured to be 3000 psi for 
the inner coil and 3500 psi for the outer coil. The 
pre-stress loss in cooling to liquid helium 
temperature was 1400 psi in both coils. Upon warming 
the magnet to room temperature after about a month of 
testing, both coils returned to their original 
pre-stress. 

0 
0 
0 
~ 

0 

0 .,. 
• " ~ 0 • 0 
I 0 
0 ~ 

" I 
u .,, 
"' 

0 
0 
0 
N 
I 

0 
0 
0 
~ 

0 
I 

Figure 
during 

24 48 72 96 120 144 
Time (Hours) 

3. Strain on the two axial restraint anchors 
cooldown of the SSC magnet. 

Magnetic ~~~~urements 

The magnetic fleld quality was measured at 
r:urrent.s up to 2000 A before attempting to bring the 
magnet to full fi.Pld. The field str·ength W8.3 meci.four0d 
wilh an NMR probe 16 wi1ile the !larmonif"! content wa~J 
measurvd with a rot A ting coil prohe c;:i.11.ed th,= 
"mole." 17 Bec;iuse the beci.m p\.pP. in this mrl.glH't is in 
contact with the 4.5K helium, a "warm horen tuhe m11:1t 
be inserted inside the cold bore in order to ,11 low the 
tJ~e of room temp12rature probes. The warm borr: 
consists of a Nitronic 40 stCJ.inless steel tubic with n.n 
outside diameter of 29.6 rr.rl and a wall thlckn~ns of 
0.38 mm which is wrapped with 20 lay':!rs of 
superinsulation. The 1.6 mm annular space between the 
warm and cold bores is evacuated. The warm bore is 
centered by small cones of glass bead filled epoxy 
attached to the warm bore tube at 1 meter interv3ls. 

rield Strength Measureme~~~ 

The absolute field strength was measured using an 
NMR probe designed to flt into the 8mall dici.meti:'r w<irm 
bore. The probe is similar to those used to mP.asure 
Tevatron magnets 10 but with a number of differences. 
The sensitive material is a gum rubber cylinder 5 mm 
in diameter by 15 mm long. The short dimension of the 
sample volume is along the bore tube direction 
allowing very small structures to be observed. The 
psckage 1.nclude."I 3 l!Rll probe which extend.1 the 
dynamic range, CJ.llows eAsier tuning of the t/Mfl 
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frequnnr>y rtnd en<ibles the mAppinp: of the end regions 
of' thP mngnet. An intern:1] dipole cotl m::iy be powered 
to align the sample perpendiculAr to the mFlgnetic 
field, maximizing the signal to noise ratio. The Nt-'"R 
frequency is converted to gauss in hardw::ire and the 
field :'ltr1engt,h rind c11rrpnt .. 1rP rp;irl hy ri. VAX 11/730. 
The probe is moved m'1.nually through th" mcignet and 
position is read from a fiberglass measuring tape. 
The uncertainty in position is estimated to be les.'3 
than 3 mm. 

The transfer function (field strength divided by 
m;:ignet current) was fllP..~:'!Ur"'!d at 1900 A in 2.5tl cm 
intervals. The results are shown in fig. 11. To check 
accuracy and repeat;ibility, almost half the magnet WCJ.s 
scR.nne(i a .'3econd tim'? 1 n 7 .62 cm intervals ;:ind A 

30.11R l"!m region around on" p,1rticularly narrow dip WA.s 
me<J.sured a third time ln 1.27 cm lntervals. 
Comparisons of the threp sc>ans me3sures not, only the 
stabl1lty of the electroni0s but cilso the 
rep~;itahllity of tl1e po'3itfonlng. Tn addition 35 
me:1.'Jur~mPnts were t.aVPn ov~r ;:i pPr10d of 13 minutes at 
a fixed position rtnd current. from these data, the 
rrns repeatability is estimatPd to be 25 ppm. Thus, 
ci.lmost all of the structure observed in fig. 4 is real 
and rapid changes in transfer function over distances 
of a few centimeters are Pasily observed. The most 
striking ferttures are the large dips which occur every 
152 cm. This length corresponds to a periodicity in 
the press used during the curing of the epoxy 
impregnated coils which presumably causes small 
variations in coil dimenstons. The absolute accuracy 
of the transfer functi.on mecisurernent is domin;:ited by 
the unr,ertainty of approximately 5 x 10-" in the 
calibration of the shunt. 1.ised to measure the current. 

0 
M 

0 

9 -800 -400 0 400 800 
Longitudinal Position (CM) 

Figur0 ~. Transfer fun•~tion (~Agne~ic field strr,nRth 
divided by magnet curt'f'nt) vero,u:, positlo:i ;is me,1sur·0ct 
wit.ii an NMH probe. Th~ origin is ;it. thP rentPr of the 
rnagnet and positlvf' position~> e:tt'P. tow:0irds the le.111 
end. 

Tl"le field slwpe of ;1,:r":l •':rator mai:;nr>ts 1 s 
gPner;i 11 y exprp~3sr;ri in t er-rns of "l two di mPns i orv1. l 
multipole expAnsion: 

B 
y 

iR 
' 

whr;r.; r f is th0 rf'~Pl'f>ll"" r;ir!L•1:',; r'r·pf is chosen to 
h<? 1 C'm f~r· .SSC: magnets. In tiH: notctttcin used here, 



the harmonics allowed by the symmetry of the coil are 
b with n even. The allowed harmonics, par·ticul;i.rly 
t~o.se of lower order, are expecten to h<J.ve larger 
systematic values than the other harmonics and to 
display persistent current hysteresis effects. 

The mole (see Fig. 5) measures the harmonic 
content of the magnetic fleld usihg a 61 cm Jong, 
2.40 cm diameter rotating coil. The coil is turned by 
an air motor at a speed of one revolution per 3.5 
seconds. The probe carries three calls. A small 
opening angle tangential coil measures the radial 
component of the field, while two bucking coils allow 
the dominant dipole term to be subtracted from the 
measuring coil signal. This allows the extraction of 
higher harmonics with a sensitivity of a few parts per 
million of the dipole field. The mole assembly also 
includes a gravity sensor which is coupled to the 
encoder that reads coil angle, allowing the dipole 
field angle to be measured. The coil sLgn;ils arc 
brought out via slip rings and are measured by three 
diglt;oi] voltmPters. 11 A mini-computer 19 collents thP 
data and extracts thA harmonic coefficients. The mole 
has been calibrated at 2 T In a large aperture, 
harmonic freA iron dipole magnet and at 4 T in a 
harmonic rich Tevatron magnet. The probe is capable 
of measuring field angle to sevcraJ tenths of a 
mil liradian and harmonics to better than 0.1 unit at 
1 cm. 
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3. 

Cr a vi ty ;,ens or 
Pree i .'3 ion Encoder 
Tangentiri.l Coil 

Assembly 
Outer Skin 
Slip Rings 

MEASURING 
COIL 

DIPOLE 
BUCK I NO 
COILS 

OPTICAL 
ENCCX>ER 

t-F 9836 
Cot.F'UTEA 

6. 
7. 
8. 
9. 

10. 
11. 

• 

Rf'ducer 
Speed Indicator 
Grts Motor 

(al 

Gas Inlet and Exhaust 
Tether 
Junction Box 

TRIG. 

OVM 

OVM 

OVM (b) 

F'igure 5. The mole. (a) Longitudinal cross section 
showing drive mechanism and coil location. (b) 
Schematic transverse cross section showing coil 
azimuthal locations and readout syS:tem. 

Since there will be approximately 8000 dlpoles Jn 
the SSC, it is desirable not to test cryogenicn.lly 
each magnet before installation in the ring. One of 
the important tests ln the prototyping stage is to 
verify that a meci.f!urement of the harmonics n.nd field 
.qnglP- at low current, with thl'! magnet warm and with 
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the rrrnnFlnt field In thP Iron not yet set, will 
!lde<i1irtt.e1 y predl ct the helF1vior of the mctgnet ;,t high 
fiE>ld. Tl1erefore thP molF! was Uflr>d to mc;,sure the 
field qtiality c:it 10 A beforc the magnet was cooled and 
::it 2000 A with the rr .. 1~net <>t 4.5'<. The m;ip;net i!'l 
approximntely 17 met.f-!rs lonp, while the mr>Asur1ng coil 
is 0.61 meters, requiring tlie fiF!ld to be measured at 
?8 post tions to covet' the full length. The CE"ntral ?6 
points are in the body field region -'l.nd the two outer 
position.<> chrtracterit.e the end fields. 

The results, ,1v~rag0d over the 26 body field 
post tions, are comp;:ired in Table ?, The data have 
been corrected for off-0entering of the probe 
Independently at eCJch position by ci.;,suming thA.t Rny 
non-zero value of th(> 16-pole term results from 
feed-down from the 18-pole. ~lso shown for comparison 
are the speclficn.tionoi 10 givnn by the SSC Central 
Design Group. With thfe CX('eption of a 1 and b 2 , warm 
and cold mea3urcment.s agree within one or two tenths 
of a unit. Th0 w:i.rri v:i.lue of b 2 ls 0.7 units J,1rger 
than the ('01rJ vrtlll"' br,f'r111010, witt1 the larr,<:> f!l;:imcnt:"l 
in the cn.ble U3ed in thi.'1 111ilp,net (;'.0 1'11cron compared 
with 5 microns in the final rlesign), there is still a 
non-7.ero per.'3istent current contrihution to the 
sextupole moment ;;it ?000 ~. In fact, hysteresis is 
ob:cierved in all the Rllowed multtpoles (tJn with n 
cven) ci.nd the warm-cold agreement is, in general, not 
ci.:ci good for these ci.s for the disallowed harmonics. 
The disagreement in '3 1 is not understood. All 
harmonics except b 2 and b 8 are at or within the 
specifications. The large values of these two 
coefficients result from known defects in the coil 
design :i.nd construction 1-1hich will be corrected in 
l'ltf'r m;oignP-ts. Point-to-point variations in hFJ.rmonic 
coefficients have also been investignted and 
reasonable uniformity har> been found. F'ig. 6 
dl splays, for exctmpl r., the val llf'S of the normal (bl) 
and skew (a 1 ) quadrupole moments versus position. 

Tnble 2 

Harmonic multipo1..e l~o0ffici0nts 111e:isured at 10 A with 
the magnet at room terq1erat11rE> ("war·m") and :lt, 2000 A 
with the magnet at ~.SK (''c0ld"), comparPd with 
specifications for rat1dr3~ cinr1 system.1tic cornponent8. 
Units for a and b are 10-'• cm-n. 

a, 
a, 
a, 
a, 
a, 
a, 
a, 
a, 

b, 
b, 
b, 
b, 
b, 
b, 
b, 
b, 

Bo/ J 

Ao/Bo 

n n 

1-Jarm Col r1 !l.ctndom 
n.8 -0. ,3 0.7 

-O.] -0. 3 u.6 
o.o -0. 1 0. '1 
0.0 -o. 1 o. 2 
0.0 -0. 1 o.? 
0.0 0.0 0.1 
0.0 0.0 0.2 
o.o 0.0 0.1 

o. 1 0. 1 0.7 
-11.8 -12. 5 2.0 

0.0 0.0 0.] 
o. 1 o.; 0.7 
o.o o.o 0. 1 
0.2 0. 1 0.2 
0.0 0.0 0.2 
0.8 0.8 0.1 

1 o. 33 10.25 GI A 

". 1 2.7 mrad 

Q1J~~~1"!.._-~R_t~,~~-':. 

SystPmCJ.tlc 
0.2 
0. 1 
0.2 
0.2 

0.2 
0.1 
0. 1 
0.2 
0.02 
O.OlJ 
0.06 
0.1 

After m:i.gnet,lc rnP01:11wn11pnt.s wf're c0mpletPcl, the 
quench hPh:lvior of tJ-1e rn:i.r,nPt was Eitudled. Since this 



1-r'ls th"O' first time ;i magnet of this design w.1~1 

powereri, a c;i.utlc•1J:J npproach to bringing it to full 
fi,-,ld wa8 fo1Lower1. The currenL wa'.3 raised in 500 r.. 
steps starting from 3000 fl. and several spot he;:i.ter 
quenches were induced at each new current . .Strip 
heC1ters were fired promptly when the- quPnch w.c1:> 

drtectsd while thr? dump trigger W(l'.3 progresri\ vr•l y 
delayed until the magnet absorbed all its own f'nf'r(!,y. 
(The power supply was phased back promptly i.n all 
i;ases.) Limits were placed on various quantities to 
t nsure the safety of the magnet (see Table 3); the 
procedure was to bf! modified if it A.ppeared that any 
limit would be exceeded at the next current. 

This program Wi'l.S carried out at currents of 
3000 f\ ~nd 3500 A. Higher current operation w.i.s not 
possible because the superconducting part of the 
positive power lead was found to quench ;:i.t 3630 A.. 
The magnet and fePd can have been warmed to roo.11 
temperature to allow repair of the power lead ,<ind we 
expnct to bring the magn€t to full field in the near 
future. Table 4 summarize.~ the 3000 A '1nd 3500 A 
quenches. 

4 

3 

I~ 2 
I 

g1 0 

!- -1 

-2 

LON01TWINAL POSITION fe,,.J 

Figure 6. Normal (x) and skew(.) 
as a function of position along 
origin l.~ at the magnet center and 
are towards the lead end. 

Table 3 

quadrupole moments 
the magnet. The 
positive positions 

Safety limits for SSC prototype magnet testing 

MI I Ts 
Totrtl Voltage 
Resistive Voltage 
Interconnect Pressure 
Magnet Center Pressure 
End-to-end Pressure Difference 
Force on Center Anchor 

Table 4 

Summary of Quench 

Current ]000 
Detection Time 0. 16 
MIITs 6.9 
v -32 

max 
I IR) 214 

max 
R 165 

max 

Data 

11 10 6 (A) 2 sec 
2000 v 
3000 v 

150 psia 
250 psia 

50 psi 
6000 lb 

3500 A 
o. 12 sec 
7.8 10 6 (A) 2 sec 
-JS v 
335 v 
225 mo 

Figures 7-12 summ;i_rize d;it!3. tci.ken from two 3SOO A 
q11encl1es induced with a spot heater near the return 
end. F'ig. 7 shows the magnet current and roil 
resist;inr~e as a fun1'.'tion of time. (In aJ 1 plots of 
quench data in thi.9 paper t=O is defined to he the 
time ;i_t which the quench was detected. The del<ly 

5 

br~tw"'r'n \'ht• trlgg0rinr, nf thf' 8pot hf';1ter and t.he 
'1etPctlon of thA qu<'>rH~h ln t:t10 "d0tf'0tion time" 1uoted 
in Tcible !J.) Tt1c tl:'mp•~r',1ture of the h1_>lium emerging 
fror~ th8 coil, a.'3 measur·Prl inside the dogbone ends, i8 
plotted in F'tg. 13, while the pressure in th€ 
lnt0rconner:t rerions ls di3pl~y9d ln Fig. 9. The 
pt'C'~1.-,u1·e ! nl t.ir11 ly r11 \ _'J hr<0 :111~·~ the rr-1 i f'f vnl v0n :1r0 
0p0n•0 d wil"'n t.f1c r!'F'rwh ; ~' ri0t.0ctn:i. /\s r'nPr·gy ls 
troinsferred to t:h"' helium, the pressur"' rises rapidly 
and then falls. Tho nlow rise for times later than 
flve ~econds corresp0nd:1 to t\-1e ri.0:0 in prf's.'>ur·e in 
t11e extnrn.1-1 m.i_nifnlrl into wh\r>h t.hr> hellwn 13 
riircct0i1. fler;au."',r> thf' line from lhe rr>]jpf v~1lvn to 
the lnterrnnnect rer,iori !'1 :,hort1:1" 'lt t,ile rntu~'n thcin 
at the feeci enci, -1 di ffer0ncP in presci1w0 h0Lwr0n th0 
two nnds of About 10 psi cxist3 for ilbn11t 1nn ~8e··, 
exerting Cl mo'TlentAry force of approxlmcit 0 1 y 10Qr:J 
pounrls on the cold ma:is. Tl10 str·1in on thr> tw~ ~xial 

::111chors d1ir·i.ng thr~ flrnl ."lr'"CJ'1(1 i > riispl '1Y"'1 in 
Fig. 10, .showing th;oit th0 r.olci rri,1:,_c; o:i~illrttns 

longitudinally as a result of this imp111sP. 
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Figure 7. Magnet current (a) and coll resistancP, (b) 
as a function of time. The quench was induced 
at t = -0.12 sec with El spot heater mounted on the 
parting plane between the upper and lower inner coi1s. 
Two strip heaters were triggered when the quench was 
detect>:!d ( t=O). 
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Figure 8. Tnmperat11re 0f helium Pxiting thP. ;:innular 
region between the coil ;:ind th12 beam plpE' :3-s a 
funrt,lon of tlmP nft0r the q11enc-h i.'3 detected. 
Temperature is me~'lur·erl hy 100 l!, 1/!3 watt carbon 
resistors mounted ine;lde thP dogbone ends of the 
magn..;t,. 
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The beh~vlor of the magnet in the qucnr.hes 
discussed above is dominated by the firing of the 
strip heaters. To allow the study of "n8t,ural" quenr:-h 
propagation at 3500 A, one quench was Induced in which 
the strip heater trigger was delayed by 200 msr:!c ~1fter 

the q11ench was detected. The spot heater used to 
1ni.ti;:ite this queneh lri located on the parting plan0 
between the lower and upper inner coils and is ln 
closer contact with the lower coil. Thus we expect 
the quench to develop last in the upper outer quarter 
coil. Fig. 11 shows the difference in voltage betwf'en 
the two outer coil quarters. No voltage difference 
develops until 160 msec after the quench ts detected 
when the lower coil begins to go normal, We are thu:'l 
3ble to use the upper outer quarter coll to measure 
dT/dt in order to extract the resistive components of 
the voltrtges in the inner coils. (This gives a less 
"noisy" measure of dl/dt than does the dI/dt coil.) 
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fir,ure 9. Pressure in the interconnect ro:-gions as a 
function of time after the quench is detected. 
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Figure 10. Strain on the axiA-1 restrain anchors f!S a 
function of time after the quench is detected. One 
micro-strain corresponds to a force of approximately 
one pound'~ on an individual anchor. 

The resistances of the lower inner 
inner coils as a function of time Rre 
Fig. 12. (The ''glltch 11 at 160 msec occurs 
power supply shuts off. l\s the magnr!t 

;n1d upper 
plotted in 
when tt1f'-

0urrent l.", 

d [ c;chrtrg0d throue:fi tJ1° cipprox i mat"' l y 1 O ml! of 
e18ctrical bus betwren the power c,11pply and the 
m<lgnet, the l'lrge (1I/dt, ~>Pt:i 11p Pd<ly c1ir1'ents in thf~ 

iron yoke th.1t alter the ratio of innar roil ~,r1 outer 
coll induct8.ncr:.) Di:,contl1111itl\'s !n tile ~ilopc~1 of 
the two cur·v!"S ar·e 'lpparent ,1t the p0i nf;s m;:wkr,d by 
."lr'r'ow.'1. These ~lopr~ (•li;1nr,,':J ocr~ur' wh•_'n t.hP quench 

prop88>'ltes from one windl11g to the nPxt, incr0asing 
tt1e number of cabl<?f', in wt1ich resist<:ince is growing. 
The time between disront.inultles measures the 
transverse quench velocity while the slope, divlded by 
the number of quenching turns, yields the longitur\inal 
V8l oci ty, The curve for the J ower coil can be 
follow8d until five turn.1 h:ivP. qu~nched. The dri.ta are 
surnrnrtri2ed in Table 5 anrl Fig. 13. The longitudinal 
and transverse velocities mertsured here are similar to 
those measured in a test app.:i.ratus .:i.t Fermilab which 
simul3tes a small length of a magnet 21 and in a IJ.5 m 
model magnet at Brookhaven. 22 
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Figure 11. Voltagr> across the upper outer quarter 
coil minus the voltrtgr> rtcross the lower outer ~uarter 

r:oil as a fun0tlon of timn rtftAr the quench is 
detected. The quench w<>s lnduccr1 8-t a C'Urrent of 3500 
A with a spot heater on the pal'ting pl;:ine between the 
upper and lower Inner quarter coils. Two strip 
heaters were triggered 0.2 seconds after the quench 
wqs detected. 
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Time (seconds) 

Figure 12. ReststancPs of the lower inner qurtrter 
~all and the upper inner· quarter coll as a fun0tlon of 
tlme after the quench is detected. The quench was 
inducf'd qt fl current of 3500 I\ wl th a spot h0ater on 
the p::irting pl;ine hetwe£'n the upp8r and lower inner 
'Jll'Jrt•~r coils. Two st,rip J1e'1terc, are triggered 0.2 
.'3ecnnrts nftl';r tile '1W~n0h i.c; d~ti:>cted. 



Table 5 

Longitudinal and transverse quench velocity data. The 
longitudinal veloclty in meters/second hrts hP.en 
computed using the measured 21 resistance of the lnnPr 
coil cable of 3fi:t1 .5 µQ/meter and l!Orrespond~ to th!"! 
velocity of one end of the normal zone. 

#Turns 
1 
2 
3 
4 
5 

#Turns 
1 

2 

Lower Inner Coil 

Slape 
0.4 mri/sec 
1. 0 mri/sec 
1. 9 mil/sec 
2.8 mil/sec 
4.4 mil/sec 

Upper 

Slope 
0.7 mf)/sec 
1. 6 mfl/sec 

At 
50 msec 
50 msec 
48 msec 
46 msec 

Inner Coil 

" 50 msec 
50 msec 

Longitudinal 
Velocl ty 
5.6 m/sec 
6.7 m/sec 
8.8 m/sec 
9.8 m/sec 

12.3 m/sec 

Longitudinal 
Velocity 
9.8 m/sec 

11.2 m/sec 
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4. R. 88.rger, et al., "Operating History of 
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Saver Magnet Productlon and Testing," Advances in 
Cryogenlc Engineering 31 (1986). 
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Figure 13. Longitudin'3.l quench propagation velocity 
at 3500 A as a function of time after the quench is 
induced. Velocity corresponds to the propagation of a 
single normal zone front. Data from the lower coil 
are plotted as ". 11 while those from the upper coil 
are plotted as "x. n 
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