APPENDIX E

CONDUCTOR STABILITY

E.1 Conductor Stability

The IN?Y magnet condnetar in stahilized with high-mrity Aliminnm and snffcient stabilizer
han heen inehidesd] to limit the fingl peak temperatire in the event of & quench. as described
in Chapter 11. Becauee the stored eoeoy of the magnet in emaller than ez, the Aleph
detector solencid [1] & mmaller amannt of pure Alumimm i required for thin purpose than
wan ok for the Aleph condnetor. Thoe altheangh the cnrreot deority averaged ower the
armddnetar in larger for the DN? magnet, the Smire of merit pertaining o quench safety, total
magnet eold mam divided by magnet stared mergy, for the D magnet (Figuoe E.1] is nat
largely dimmimilar from Aleph and ather thin salenaids.

The Ammnt of high purity Alimimm inehided divectly affecta the stability of the eon-
duetar howewer. Becanse the radiation length thickness of the INY magnet was oot seaquied
ta e eepecinlly thin ar much high purity alumimm as poarible was inearporated in the
deeign of the condnetar Ar was permitted by the thicknes dget of the magnet And as wanr
jndged commintent with awerall windability of the conduetor given the rather amall radine of
the IM? magnet. Given that the condictor eurrent deosity remains higher than other larger
magnetn, it in partimlarly neefil to compare the reenlting stability margion of the maznet
with that of other thin magnets to enmee that the rednetion in stabilizer has not jeapardised
the perfirmance of the cail.

E.2 Steady-State and Tranment Heating

Steady heating in the magnet in ot the coneern. By ammumption mich beating, from ez, con-
duetar jaints, ar heat radiation and eondiuetion from the erpostat, han been made sfficiently
mmall mich that the canling available to the eail in more than adequate to remowe thin heat
and mAainkain the eadl At the dedired low temperatire Care in the desigo and mannfactore
af the onil And ermetat, and in the specification of the crmgenic gyebem, can justify this
aARmmphian.

Tranment beating howewer can earily degrade the performanes of the magnet so that at
wnrmt it oewer reaches itn demign aperating current ar, lew eericisly, eoables the mazoet to
reach full field enly after extenmiwe *fraining™. Tranment distirbanes, stemming from e,
e oy releaned by eracking epoxy or inelastis motion of A eeckion of condnebar, arve general 1y
bepliewre] ter b the poiroes of eoeroy that can canee eoil perfaormancs fo e degraded.



Ar in well nndemstand, if A quantity of mergy in Abaorbed by A onnduckor, the final
temperatire of the condnetar in limited only by ita eothalpy And any conling effectn Available
tn the conductar. The aitical enrret of the conductar falls with inereasing temperatire
pn that if the temperatire beginn to miee due to the Abearption of heat, at some paint the
aqndnetar ean na longer carry the full aireeot withant loses And An inerearing fraction of the
prrrent heing to generate chmic heating. Thin "eurrent: sharing™ process carcaden (1nless
there in mfficient conling ta prevedt it notil the canduetar in entively quenched, ie. has heen
driven cnmpletely narmal.

In the absenos of Any eooling the specific anacoy mifficient to drive A bare mpereandietor
normal in exkremAy mEmall. The ecact margin in given coly by the frackion of the eritical
eurremt the condnetar in earrying hefore the dicorbanee oemirs. F the condnetar in earrying
LNTH of ita eritical mirrent, it can talecate na distirbances at all withent entering the earrent,
rharing made.

E.3 The MPZ Theory

Snperorndnetar atabilized againat flux jnmping i fypically prepared in A matrix of oormal-
erndneting metal. Jo addition to providing & low-reaistanoe parallel path for the mirreot in
the eveot that sume ar all of the currents is driven ant of the supeconndnctar, this metal adeds
o the stability of the cnoduckor in feen ways. Fimt, it increass the eokhalpy available to
abacrh heating, and eenond, it poovides A eanduction path for heat to e carmied away from
A haot spats iokao enoler partioos of the windings.

Thin secsnd mechanism in ecploited by the MPZ ["minimnum propagating zane®™) theary
of Wipf [4], Martindli and Wipf [1], and Wilsan and Iwara [4], to eaxplain the stabdlity
maArginA aheerved in Actial magneks.

The MPZ theary pastulaten that for all disturbaoces below a certain eritical energy A
tranmeot normal zane in the magoet in created which thereafter deccmoes in mze hecane
the heat manerated in the windings driven into the eureeot sharing made by the disfurbanos
18 eondneted away from the zone by the stabilizer of the canduetor. The initial normal zone
areated by the dirtirbanos in emaller than the MPZ And does oot propagate. For distirbanees
areater than thin eritical soergy, the normal zone grows in Aze withont limit becaiss the
heat geoerated by the narmal windings mueeeds the eonling provided by the stabilizer. The
reme pxceedn the MPZ and propagates.

The theary in relatively straight forward to Apply to A winding deeign that dom oot
inwnlve helinm eaalant: in divect eantact with the condnetar [§] The magnet windings are ap-
preximated] by an anisatrapie eootimmm of metal and inmilator, the tam peratire-dependent
propertien of the materiale and the aritical peopercties of the mpercondnetor aoe mppliesd,
and the mize of the largest stable [dliptical] zaoe where the mpercandnctar han bem driven
intn the eurrent-sharing made plis the mrronnding shell where the temperatire in decreas-
ing back fo the bulk of the magnet, isn food. The mmmed eoeegy in the fvn parta of the
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windingn in then calenlated by inkegrating the specific heat of the windings imvralwed ower
the temperatire range specified. Thin in the minimum mergy pulee, the K. capable of
ereating An expAnding normal zooe in the magnet.

The MPZ energy of an magnet made with A fypical CoWNbTL eonductar withaut eedra
nermal-metal stabilizer and pathed ioho A winding stmchure 8 quibe mmall{pee figure E 5.

A winding deeign made with A condnetar deliberatey st bilized with extra normal metal
can hawe an MPZ enargy mmch larger than that measured in Figure E2 Following the
natation of Wilson we calmilate the MPZ of the IN? mamnet:

E:Hp.l:'= Eh.l.= Er:,}{ IZEE—FEJ;]

whare E, = %‘Iﬂl.ﬁ;'}'ﬂﬁ. The normalizing factar K, in just the eothalpy of the winding in
the elliptical-shaped "gaeration” region at 8, where R, in the majar axie of the sllipee and
o= [k,fkrjlﬂ: with k; And k. the thermal conductivities in the radial and longitndinal
direetinng in the winding, sa that wfl, in the minar axin of the zane, and vH,, is the eothalpy
in the winding at the temperature 8, (v in the density]. The dimensionless terms &, and
gy Are integrals from A, ta 8, in the "genmating” zane and the "hale” zene of the MPZ.
The "gmerating” zcne lim inmde the radine 8, which eonbaine the candnetar driven into
the errent sharing regime heond 8, and the " hala™ zooe lies autride the radine &, out o
A "onld hendary™ radim at 8.

Wilson presenta the solution for the mm & = £, + &8, Ana finetion of = (8, — 8,]/8, in
Figure E.2

E.4 Applying The MPZ Theory

By evrluating g for & given ennduchar [where ane asnmes J, falls linearly with tamperatire
ga fhat 8, =8, — (B, =8, 1T L. and B @ = (B, —Fa).T,, /7] cne finds &, from Wilsan's enree,
and calenlates E, from the parametems Appropriate to the magoet in question so that the
MPZ eoprgy follows immediately In what follows @ in need fo deaibe the radial thermal
eemenetivity ratio and & the axinl theemal eondiachivity ratio sinees theee are sa disgmilar in
the IN% magonet. Wilaan's term a’ in then replaced by ar.

Before ineerting onmbwm, it in helpful to examine the MPZ formula to see how this
quantity can e maxmized. (dne notes that & inceares nearly linearly with § = (8, —
ﬂa] ..'I",HJ-".T.-_ pn that ane wants to operate the magnet at A temperature fz an far helow the
eritical temperatiure of the conductor as practicable and ane waote to minimize the ratio
Juf o ie cperate at as low & Fackion of J, an practicable. These memlts are infuitiwely
abwimm,

'The quantity &, in maximized by maling e large, by making R, large, and by making
~I, large. A winding design with high tirn-to-tfurn (and lager-to-lager] heat fransfer i
raneedingly advantagemmn in inereaning & and £
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k8, —8.] 172
B=+("3a
where A, in the Faction of the windings aecupied by candietor and &, = 22 751 — A).
A in the fracticn of mpeonoduckar in the comdnetar and F,, is the current density in the
mipereanlietar.

Naote &, in maximired by maximiring k, /g selecting high purity aluminnm (so that its
HHE > L) rne can inceease thin ratio by an arde of magnitude over that for OFEC
copper in A 2T feld.

I Table E.1 are the walues of the varios terme evaluated for the CDF bent magnet [d],
the CLE( I thin solencdd [7], and the INY magnet. Becaime the CDF fef magnet in just
A mingle layer eoil and the MPZ radial dimeosicn aefi, in so miuch greater than the ecdl
rAdial thicknes, wn e A teeo-dimensicnal elliptical solume just An thick A the winding,
TEL R:rl'r: rather than the fully spheraidal mlume given by Wilson in &, abaowe.

E.5 Conclusions

The CDF teet maznet wan quenches] at & enrvent of RO Amperes with A fart mecgy pilse
af 1.3 Jenles. The Agreement hetween thin value and the MPZ prediction i instmetive; the
MPZ reemlt. immlving ar it dom eetimations of the sariome parameters Actially pertaining
to the cail, cannet b conmidered more Aceurate than A factar of two ar ea, ot it can clearly
predict the "neighbarhond™ of stability of A winding design. s it did for the coil in Figore
Ez.

We note that the MPZ calenlatinns predict & emaller stability margin far the INY magnet
than the CDF test magoet; much is the coneequences of A tero-laper winding desion where A
Aignificant thermal barrier musk be placed between winding lapers. An examination of the
reeniltyn from the CLEO I caloilatinn can reassre 18 that thin rediuckiom is oot likely 0 e
eritical .

From the fable we pes that the CLEQ I magoet han an MPZ typical of marginally
rtabilized magnets like that shown in Figure B2, The CLEQ) 1 parametemn were evahiuabed
far the magne: operating at 10 T, and from the fact that it opecatesd at thin level rontinely
it can be caneliuded that the spectrim of fransents to which it waR ecposed never eoeeded
the MPZ eoergy given in the table Since it is hard to ses how thin magoets which hawe
Aclded stabilizer wold be aubject to larger tranmients, Aemiming they are ar carefully made
an was (LED I they are evidently shable againet franments many fimes larger (evidently
by many erders of magnifixle] than they actially eperience. The miccmefil operating
experimes with the many aAlnminnm-shabilized solenaids in particle debechom that have heen
bailt mipparta this eonelimion; evidently =e may conclode that the DY magned in mifficiently
rtabilized for proper aperation at full design eiroeot.
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Table E.1: MPZ Calculation

Parametar CDF Teet Magoet | CLED I Magnet | D{? Magnet:
L [A] B LR A Rk
o [LO7 A fem?] LR L. LK
A .4 11.14] 01,068
LR (161 11.41 1.7
prTll']‘“ﬂhm —rm] | 44 19.5 k.
. [W/em? (1.19.8 .4 .37
k, [WiemK] & .k 18
k, [WfemK] bk 1.0125 i1.1LRY
k. [W/emK) .4 7L 010
o L. 1.3 5 01008
£ (1063 .57 1.1k
Ay .47 11.44 01.56
8.[8] [K] BT BB B.A
8, [&] 4.5 1.6 k.1l
i, [ Bk.A .11 LN
E, [7] LA @R » e .50
£ !:i T ﬂ
B [7] 14 @ AR
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Figure E.1: Stecel Boergy per Unae Dol Mass vs. Sicred Enevgy for Verieass Detector
Megneis,
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Tigure B2 MPE cocigy Tor an epoxy-blled magnetd. Lhe pomnta acc meesured voluss,
the curve is the MPE thecey
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Figur E.3: Urosarmalized M Lremgy as « Fanclion of Femperature Parameter 2.
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