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MODEL MAGNET STUCIES
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Abstract 4, Cable gcritical current ~ Critlical currenta of
cables varied from RB30A to 65504 at 5T, at
A deslgn, construction, and testtng program [or resistivities of 2 x 10-'* Qvem, 4.2K.
model magnets i3 underway " at Fermiladb %o evaluate 5. Superconducting alloy =~ Models wers bullt with
alternatives in the davalopment of small aperture conductors of HLHT!{ and WbOTiTa.
magnets. The moat thoroughly developed of these 6. Collar material - Models were made with
programs utilizes a set of model magnets based on  the stainleas steel and aluminum collars,
Tevatron quadrupoles and dipoles as a standard'. These 7. .Inner strand resistance - Strand ccatings
7.6cm aperture model magnets, approximately Slem long, included Stabrite (Sn-Rw/oAg), Ebenol {CuQ),
have construction or materfal c¢hanges which are to and Zebra (Stabrite and Ebenocl on alternats
Improve gquality and/or cost effectiveness. There are strands}.
alse superconductor parameter changes, as well as
construction and material parameters, which impact or - In Table T, the 14 mcdel magnets tested or In
give inaight into the cholces of materfal process 30 far, are llated,
specificationa and conatruction parameters for the Sem
aperturs mecdel magnet deries which are prototype IAET
candidates for the Superconducting Super Collider? T™he T.0¢m Aperture fagnat Rodel Saries
(S5C) ring magnets. The test program consi{sts of [Nodels have sil the sommon featires of the Tavatron Ragnats with the
performance teat quenching of the windings at various smcepsions leted buiowh,
temperatures until the cable critical current is Pag. # Strana & € Cadis iater Collara  ¥hth % 3 €
reached. The quality of the magnetic flald (Fourter il e m,. "-..’.‘a'.. woa Qe bat
coefficients) B{n} and gquenching current 14 measured s ML Rt e v S s Gps 2 0 8
verays ramp rate, dB/dt, intenatty, B, magnet + 13 20 L L ’ I
temperature, and conductor parameters. The : ; ; H
magnetization of the windings {3 measured as a ) s 0 "
function of thesa asame parameters, There are also 15004 x = (111 x ® x
other special measurements made, {.e., deflection of e : - : x
coils. Two Scm diameter apertures SSC candidate A x M a0 ® L t
dipoles without lron are belng prototyped?: (a) a ‘two -r . piasd . : . .
layer, 6kA/turn version and (b) a single layer X, o 0 u ® .
10kA/turn model.  In  addition, there I3 a & r pri - R
collaborative effort between KEX and FNAL 1In the - .t un . il . *
development of a 10T (dipole, a longer range model) s " M T . x "
magnet program, :Gu ] * : :;s‘: : » * LT
Rl {Piffarent Cable Insuistion = »e Tiberglsse)
Introduction e " . HH * £ 0 .
Many features of the superconducting magnet being
developed at Fermilad for the Superconducting Super The Fermilab test facility can provide magnet
Collider are derived from the Tevatron magnet design. - curreats up to 21kA. Temperatures in the normal

In particular, the SSC collared coil closely resembles vertical liquid dewar range from 5K to 3.2k, and in
that of the Tevatron. A collared coll model program special superfluid rig from 5K to 1.6K. Coll esnergy
in support of the S5C development {s underway to extraction (s posasible up to a few megajoules, Hagnst
improve quality and cost effectivensss, Because of lengths, that can be routinely tested, are one to twe
the avatlabtility of materials, tooling, and a large meters {vertical).

data base of Tevatron magnet performance, the program

has been initiated using short (63c¢m) versions of the Most standard and non-standard magnetic
Tevatron type quadrupole and dipole. The data measurements can bBe normally accommodated. Cryogenic
presented here are based on the 12 model magnets measurementa, 1.e,, temperalture, heat load, and flow,
meaaured 30 far. Each of the models %as one parameter etc., can be made also,

change. In some cases models have been modified after

initial teating to extract further data. The coll Experimental Procedure

fabricatfon variables are listed below.

1. Helium Irrigation - Simpler inpner coll layer The standard magnet test procedure was to flirst
spacers were tested that restricted hellum check the high voltage Integrity (hi-pot) and room
eirculation, temperature electrical parameters of the test model,

2. Copper to superconductor ratlo - Conductor before cooling the magnet to 5.2K, While the magnet
with Cu/SC ratioa of 1.8, 1.5, and 1.3 was immersed in llquid hellum, the hi-pot and
were used, electrical measurements were re-checked. The magnet

3. Filament diameter - Strand with [ilament protection conaists of a safety circuilt detecting coil
diameters of Sum, 13um, and '9um were used, resistance, and then extracting the winding's energy.

In the event extraction railed, a heater circuit would
¥Operated by Universities Research Association,Ine, Tfire 0.1 second later, driving the entire model
under contract with the U. 3. Department of Energy nhormal., The [rirst data obtained was the ainiaum

energy required in the heatar circuit to drive the
winding normal at 8 xilogauss. The magnet waa
Manuscript sutmitted September 10, 1984,



repesatadly  quanchad unti{l the same current was
abtained to within ¢t 50 amperes on four successive
quenches. Then the energy into and out of the magnet
was care=fully measured®,*. This utllized a standard
3,27 and 4,4T cyele at several different ramp rates,
The magnet temperature was then reduced 0.5X to 1K,
and the quenching continuad until the current became
copatant, The magnet was then warmed to 4.2K and a
curve was taken of quench currsnt versus ramp rate.

A Morgan coll was placed In the aperture and the
sextupole algnal (38} was measured as a function of
angle for a given powering cycle of 800 gauss/sec from

0.4800T wup to U.NT and down. From these data, the 3@
magnetization widtha are obtained, then 38 was
measured up to quench. There was alsc a measurement

of 38 as a functlon of a)- temperature, b) ramp rate,
dB/dt, ¢) fleld, B, and d} very low current behavior
of 38 with a very stable battery power supply. [t was
at this point that special experiments, such as the
astraln gauge measurements of the deflectlon of the
coils, were parformed. Then a rotating Morgan ceoll
was placed In the aperture and harmonics were measured
as a function of excitation current, ramp rate, and
powering sequence., Usually as a final check, the
magnet was quenched a few times to see if it still
trained before the model was warmed to 77K and the [C
harmonics wers measured again. This procedure was
repeated at 300K,

Results and Conclusions

Quench Performance

Quench performance of the models is summarized in
Table 1I. Typleal quench data are contalned In
Figures 1, 2, and 3. Flgures 1 and 2 show lcad lines,
cable characteristics at two ‘temperatures and a
typlcal quench sequence for a quadrupole and dipole,
Figure 3 shows training curves for three of the model
dipoles. Figure 4 shows quench sensitivity to ramp
rate.Because of the large number of models and the
extenaive data taken, only the more significant
results will be discusaed.
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of the Tevatron collars.
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Collar Strength The higher current capacity cable
or testing of the models at

have made it possible to exceed the mechanical limits

temperatures

below 4.2K

The NbTi dipole modelas with

such collars could not be made to exceed a current of
6.0kA, even If the

ralsed by

short

sample
lowering the bath temperature below 5.2X.

eurrent was

This limitation has been attributed to outward flexing
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the midplane.
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. Flgure 1
The critical current as a function of magnetie

fleld is plotted for two different cables and three
different temperature intersect the two dimensional
high field load line for the Tevatren quadrupolies.
The first quench {superconducting to normal tran-
sition) for TQ11 (TSQ2511) is denoted by Q1 (4.2K)
for a temperature of 4.2X. The central gradient ia
given on the right hand scale,
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. . Figurae 2

The central field load line {solid) is plotted
with the ecritical current at an equivalent cable
resistivity of 2x10~32Q.cm, short sample, for two
different cable temperatures, 4.2X and 3.2X. The
designation for quench number 2 fop magnet RA1001

hypothests, two inch thick aluminum rings were bolted
around two of the collared coils (RR and RC). When
these magnets were reatested, they easily reached their
short sample 1limit and passed beyond the 6.0kA limit
to greater than 6,.S5kA at reduced temperatures.
Mechanical motion of the collar system was also
studied using a strain gauge fixture attached to the
collared coil. Results indicated a radial
displacement of 0.0106 s+ 0.0015 inches at the
midplane, consistent with collar stress calculatlons
at 6kA. Model RJ, which used 2 NbTiTa alloy cable,
however, coperated at low temperature Lo currents above
6.5kA. The NbTiTa has a twenty-five percent higher
low  temperature performance . than NbT! and was
therefore believed not to be as motion sensitive.

Heliym Irrigation Magnet models were built with
stardard Tevatron helium irrigation spacers bstween
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Figure 2

The quench current (or % of cable current attainable

on the magnet load line) at 4.2K is plotted againet
quench number. The most rapidly training case, the
typical case, and the slowest case are shown.

10 QUENCH CURRENT oy 3840
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365 i « 32 000
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Filgura 4

Figura ¥ gives the maximum quench current for
a given model as a function of ramp rate (actual
data shown by symbols).

inner and outer coils (intermediate banding) or witi
one of twa simpler schemes that severely restrict
helium c¢irculation, In the tintereat of reducing
fabrication coat, the latter systems use perforated or
solid Kapton sheet rather than the complex helical
epoxy [lberglass spacera. The perforated Kapton
restricts the hellium between colls to radial flow
only. The 3solid Kapton aliminates even radial flow.
The models, both quadrupole and dipola, using
perforated Kapton or solld Kapton intermediate banding
show no aignificant differences in quench performance
at SSC ramp rate aa compared to the standard helical
system. As ashown in Figure 4, the quench perforpance
of the dipele model RD with the asolid Kapton
deteriorates rapldly with {inereasing ramp rate,
nevertheless there was little (5 1%) deterloration at
evan double the SSC rate.

High fleld point The higheat rield in the cofl {s
in the end turns and Is calculated to be about 15%
above the central field. The quench data, however,
show that the maximum current appears to be limited by
tha high fleld point in the middle of the coil body of
the magnet, the "2D high fleld polnt™. The 2D high
field potnt i3 only 7% abave the central Tfleld, A
snhast, of models that 1s clearly not limited by

_ramp rate and clamping

collara {RA, RB-R, RC-R, RE, 8F, RH, and RJ), achieve
maximum currents at the 2D limit within the vartation
of the cable short sample current (: 2%).
1. This holds trus (or the quadrupoles as well as
the dipoles, Although this observation 3 not well
understood, several explanations are plausible, {,s.,
gurrent sharlng among the strands in the end turaa,
dependence of tc on the angle between cable and (leld.

Ses Table

Coppar to suserconductor ratic Models wers made

with cable having thrae Cu/SC rattos: 1.8, 1.5, and
1.3. Figure 31 1illustrates the comparison Detween
models with 1.3 and 1.8 ratios. Both cables have
short gsample limits of about 6.0kA., Beyond the [irast
few quenches RD (1.3) trains more slowly than RA
(1.8), Model AJ {Cu/SCe1.5) has nearly the same
quench behavior as the magnets with Cu/5C«1.8. This
data suggests that tha margin for stadility, near
short sample, decreases rapldly below a Cu/SC eatln of
1.5. =«

Coil loading and c¢ollar material All of the
modela were assembled with standard Tevatron roca
temperature preload. A dipole model madas of standard
Tevatron cabis with a typical short  sample of 5300
Amps reaches 95% of maximum current In Just a few
Quenches (3 5). The models with a cable short sample
arcund 6000 Amps require eight or more quenches to
reach 95%. To atudy the use of aluminum collars, a
model was made (RG) with aluminum collars ldentical in
size and shaps to the stainless steel Tevatron
collars. Since the 606t (T6) aluminum alloy tollars
were substantlally weaker than the stalnless collars,
the aluminum collar support rings described earller
ware added. The aluainum collars shrink more than the
eoll dnd increase preload on enolling. One result of
increased coil loading 1s clear {n the steesper quench
curve for RG shown ln Figure 3.

Quench gsensitivity to ramp rate The quench
current as a function of ramp rate 13 given in Figure
4. The tnitial slope of the dipole models {s given In
Table 11I. There appears to be two distinct regions
for most of the mocdels. The region below 1.6
kilogausa/sec ls primarily governed by the strand and
fllament characteristics plus cooling. Above 2.4
kilogauass/sec, whers moat of the Conductor is coupled,
normal eddy currents are a dominant factor. Models RC
and RD have sharpiy steeper slopes. These models have
larger losses in the winding and are poorly (irrigated
(Kapton, and punched Kapton lntermediate banding) and
temperature goes up. RG1001 alsoc has perforated
Kapton, but due to the higher clamping; the loases are

‘lower, therefore, the coil temperature is less.

Energy Loss Measurementa

The magnet models have had extensive energy-In
minus energy-out measurements® made during varioua
conditiona {1.e., with
stainless asteel collars plus aluminum retaining rings
or without, or aluminum collars ete,). Figure 5 shows
the loss per cycle for varlous models as a function of
ramp rate for a O to 3.2T to 0 cycle. Flgure 5 also
includes a curve for a Lawrence Berkeley four laver
dipole {symbol LBL) which was conatructed of standard
Tevatron conductor. This data has been normallzed ta
the same average magnetic fleld winding volume as the
7.6cm  aperture dipoles. The degres of rate
Sensitivity is indicative of higher clamping forcea
and therefore lower Interstrand resistance®. The
loases on at 4.25T cycle are 1.3 times those on a 3.2T
eycle,

The ahape of the loss curve 13 to some extent a
measure of how Stiff the winding and supporting
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In Figure S, the loss/cycls is shown for various
model aagnets, both dipoles and quadrupcles (which
have bean norualiced to the eame average magnetic
fleld winding volume as the dipoles),

structure 13*. The shape of the X axis of the Ein-Eout
ecurve for a glven measurement may be expressed as =C
{I-I_)*., Table III 1lista the constantas of thia
1npe?1ca1 equation wben fltted to the Ein-Eout -curves.
The smaller values of C indicate a astiffer astructure
and these magnets tLended to traln less and reach
higher ultimate quench currents (by reduced
temperature). The algnificance of Io is not clear.

TABLE
Shape of the Ein-Eout Curves
ac(I-1,)°
Model Dasigs  c(¥olf=2ec)y .
Kal
Quads Q0,046 1.9
bipoles
_RA - RF 0,111 1.4
RE-R § RC-R 0,08 1.4
RH1Q01 0,14 1.4
RJ1001 0,096 1.4
RG1001 0.066 1.4

Magnet fleld characteristics

In Table IV, the transafer co-efflcient for RG1001
and 38 are given as a functicn of model magnet
current.

The ratio of the difference in B, (sextupols) on
the ramp up and B, on the ramp down for RDIOOGY, which
has 19 micron fllament cable to their difference for
RAIO01 with ¢ mieron, high critical current filament
cable, is 2.5:¢.2. This 1is in agreement with the
ratlo’s of the critical currents and fllament diameter
of each. Tha rat!o of the sextupole widtha for RE1001
and RA1001, both of which have 9 micron f{laments, ia
1.36¢.2, which s in agreement with the critical

Tan L 1y
Ragnatie [laid end Lantupsia ae
s Monction of mugner Curvent

sde i PG108Y
Carvnat /Tty ) L0V 0499 wos “908 1000
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current values, Thess data
Integrating 36 voltage on a
{stationary coil, changing fleld).

High field option

The 10T, 10kA/turn models represent a much longer
term and more complex 3series with a new coolant
schems, (1.8XK) as well as much higher rorcea and
material (superconducting ternaryl? development
requirements. The low temperature - performance of
RJ1007 may offer some (Inaight into possidble NBTiTa
performance and i{t's operational characteristics as a
multi-kiloampers wagnet conductor., RJY00Y will also
be operated !n the superfluid rig to gain insight |In
the new coolant scheme.

Future Plans

The 7.6cm model program has been a rich sourcs of
data for understanding the performancs of
auperconducting magnets. The current program will
probably continue for another  year. Many areas of
study remaln, including conductor characteristics,
eoil clamping, peraistant current corrections and
fnsulation schemea. Gradually, the focua will shift
to Scm  aperture nodeis which wlll evolve into the
final SSC desaign. As experience i3 gained with the
half and full scales model prograas that are proceeding
in parallel, the short model program will provide for
quick turn-around teats of magnet refinements. The
dipole collared coil 13 the heart of- the S5C and {t's
moat costly single component. The investment made In
model programs such as described here c¢an have an
enormous Impact on the success of the SSC project.
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