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Absteact

Tha sccepted hypothesis is that training
quenches ace caused by hest generatlon when con-
ductors move undec Lorentz force. Afterwvards no
conductor motion will occur uatil a highec field and
greatsc Locentz force acts. If superior heat truns-
fsc and/or grester tempecatuce mecglin is provided by
opersting st lower bath tempsrature, one might ex-
pect that the heat smcnt.d bty conductor motion
will not cause a . Or
quench. To taest this hmctb-:u. the central dipole
field in SS5C model magnets was ramped at 1.8 K to
7.1 tesls without the magnets’ quenching. Tha bath
way then raired to 4.4 X and the msgnets quenched st
their short sample limitsw of 6.6 tesla or higher.
Comparison with ilac megnate trained in He I at
4.4 X is made sr:i the significance of the non-quench
training on system oporation ig discussed.

Introdyction

It is generally accepted that training in high
current density magnets, such as the SSC guide fleld
or "ring™ dipoles, is csused by hest gensration when
conductors move rapidly under Locentz forca. The
$SC dipoles use fine NDTL filsments in a smell wirs
strand, so those instabilities associated with flux
motion sre nnt considered to be a problem. After a
trsinlng quench, no conductor motion will occur
until a higher fleld s reached and grestar Lorentz
foree acts on the winding:

The tlme and refrigecation capacicy required for
recooling the coil after it has quanched are the
msjor expense ilems associatad with the training
proce A method ix needed for testing/training
eol in waich the various internal effects that
cause 8 quench occur while the quanch itself, and
thus the expensive sfter-effscts, sce avoided. If
superioc heat transfer and/or grsater Lemperatura
margin is provided by operating at lower bath tem-
pecaturs, one wight expect that the heat genacrsted
by this conductor moi‘on will not cause a runawaey
tempscature incresses, or quench.l

The precise atvme of the training behavior
depends on conductor design, coil prastress (which
is on the hanicai str 1 details),
snd the nature of friction at the various surfaces
that separate the magnet components. Friction is
important since rapid, “stick-slip™ wmotien is
thought to ba one possible sgource of smali scale
hesting that Initiates ths quenches. FPriction alse
affects the dJegree to which training is retained
(memory) or lost {(amnesis) on tesgerature cyciing
botwssn room and operatlng temparatures. Additional
potmtisl csuses for training in some megnets ace
the bonds, either glue or solder, between the vari-
ous components of the winding packsge, that can
bresk under the Lorentz force. Training in colils of
this type iz thus aswociated with ths breaking of
stronger and strongec bonds at higher and higher
curcents/flelds. It epoxy bDonds are broken, it
would bs a3 permsnent change and the magnet would ba

expected to tave a good memocy, on cycling to coom
temparstucre for exsople. Becouse energy is de-
posited at the site of the broken bond, it ks likely
that broken bonds between lLnsulation and conductor,
or between two conductors, are the scurce of train-
ing. The bonds between two insulatocs are thermally
isolated from the conductor snd are thus not liksly
to be the culprit. As mlght be expacted For a sub—
opeciality with such broad isplicstlon for accelers-
tor cosmissioning snd operation, there is a small
but Eisrcely invoived band of training aficionados
with stcong opinions as to the cause and prevention
of quenches.

14 onditionin;

To ainimize the msterisls in the magnet. and
hence the cost, the dipoles that have baen dasigned
foc the 33C have minimum possii’le size based on beam
quality consideratlons (inner ceil baore i3 4 cm dia-
meter) and meximum ceoil current density. For the
spocified ¢.6 tesis central field, the peak fleld is
close to 7 tesla and the coil current density Is
some 46,000 A cuZ oversll. The Locentz CForces
sre large, the ratio of stabiiizing copper to super-
conductor iz low (1.3) snd at the operating tempecs-
ture of 4.35 K, the temperature margin is only
~0.3 K. Therefore soms tralning is ususily
observed, with 3 or 4 qumchn to full field being
typical for the d 1 o
far. The bast sagnets have achhvcd full field on
the first or second quench, and the worat have
requirayd as many as eight quenchas and started st
85% of full fiald.

Lowr temparaturs “conditioning™ basically
consiats of two steps. First, the magnet ls cooled
in & helium bath to a temparaturs wall below the
operating temperaturs. Second, the cucrent/fleld in
the magnet iz ramped to adave the nominal oparating
values. 1Ideally, this current is resched without a
ausach and, ipso facto, It is conditioned. It will
ceach the operating current/fieid when rewarmed to
4.35 X without quenching. Obviously, it takes
longer and costs more to cool to lowsr and lower
tempecatures; thus, we would like to condition the
magnets at as high a tempsrature ax possible.

Because thers is iittle quantitative data on the
enecgy celeases that lead to training, it is not
possible to predict the highest effective condition-
ing tempscetuce.

Two factora are nown to bs imeoctant in the
ability of a conductor/coil to resist quenching.
These ate the temperature or enthalpy margis and the
dynamic heat rcemovsl capabllity of the fraction of
the helium bath in ismsdiste contact with the con-
ductor. The margin of the conductor is a monoto-
nically incrsasing function as the temparaturs
decressas. Howewver, ss the specific hest is pro-
poctionai to T3, the -nthllpy svallable between
the tast p and e of ssy
4.6 X will double as tht t e is
from 4.35 to 4 K, will incrsase to ) times the
originel value by 3.3 X, and finally at asbout 2 K

2This work wes supported by the Director, 0ffice of Energy Research, Office of High Fnergy snd Muclear Physics,
Higk Znergy Physics Division, U.S. Dept. of Enecgy under Contract DE-ACO3-76SFO009S.
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1.8 K Conditioning (training) of D-12C-8**
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7ig. 1. Low Temperature Conditioning of D-12C-8

increase to 4 times the originsl vsius. Tcansient
heat transfer of hellum has been studied extensive-
ly, but it is not clear that geometries relevant to
the SSC dipole windings have been considered. Ffrom
the genscal data on subcooled helium st atmospharic
pressurs, one concludes that, quantitatively, heat
transfer changes only slightly (deccesasss) betwsen
4.3 X and 2.16 K (T,) and then cises sharply to
s pesk near 1.8 K. This result is a msjor reason
for choosing 1.8 K as the opecating point Eor thase
tests.

Zxample of 1.8 K Conditjoning
Dipoles D-12C-8 asnd D-12C-7

Since wmagnet treining ususlly is thought of as
quenches at successively higher currents, we suggest
the tera "low-tempsrstucre conditioning” to refer to
non-quanch training. ¥igure 1 iLllustcates the pro-
cess and results achieved. The S3C model dipole
magnet D-12C-8 was ficst cooled to 1.8 X and then
the current was cycled to 7200 A, some 10% above the
expectsd 4.4 X quench current of 6600 A. The magnet
did not quench et the 7200 A lavel becsuse the cri-
tical curcent is raised well abore this value st
1.8 K and the supsrior heat tranuier of superfiuiad
heiium at 1.8 K cacries sway hcnt associsted with
small conductor motions under Loctentz force losding
more qulckly then doss pormsl hellum at 4.35 K.
Since the loading at 7200 A opsretion is greater
than that st the 6600 A level at 4.4 K, we expsct
that there will be no q h i ing
motions when at 4.4 K the magnet 1z subsequestly
charged Lo 6600 A. Figure 1 shows that this is

indecd the case. An  ldentical model =magnet,
0-12C-7, was trained in He I at 4.4 K and |its
behevior is compered with the low teapecsture

conditioned D-12C-8 in Plg. 2.
further Example - NG-3

The low temperature conditioning should work
even for 3 magnet with poor inherent tesining
bahavior if the energy rcelezse in the motion tis
small enough. Results of L. of & mstched pair of
dipolas with underclamped ends are shown In Fig. 3.
M0-2 was trained at 4.4 K; its flrat quench was at &
current I5% below its platesu value, which took
twenty quenches to cesch. Its twin, AD-3, which vas
conditioned at 1.8 X, was within 2% of ity platesu
on its firat 4.4 X quench. Two percent is within
the ususl scatter for plateas quench values.
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Irsining Resylts for LBL-SSC Dipols Marasts

Twelve one meter long dipole models have been
tested in the past year and their training res:lts
ace shown in Plg. 4. Flve magnets were trained in
He I st 4.4 K and saven were low-temperature condi-
tioned to 7200 A. Model dipols D-14B-5 is the only
condltlonsd magnet that dld net cesch lts short
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"TRAINING LBL—-SSC DIPOLE MODELS
(Tests in Hel at 4.4 K)
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Fig. 4. Trsining of 12 LIL-$3C Dipole Nodels

sanple limit on ite Flrst 4.4 K quench, and it did
reach it on its second.

Efcet Quench Cuccent st Various Tesperstures

As discussed gsbove, six megnets that ware
condltioned by cycling the current to 7200 A between
1.6 X and 2.0 K achieved short sample performence at
their flrst excitation in He I at 4.4 X. A natural
question arises sg to whether a different low tim-
perature, and a dlfferent cycle current, might be as
effective and yet wore convenlent than those used to
date. Since each test presuasdly requires s new
untcained magnet, s test of the two vaciables In-
dependently would not be s simple process. To shed
mors light on the process, howsver, we tested four
of the conditioned megnets for theirv First quench
currents at seversl tempecatures ducing s second
cooldown from 4.4 K to 1.8 K, i.s., sfter testing st
4.4 K. One expects that, on cooling, the quench
current should follow the short sample curves wtll,
at some lower tempecatuce, the short sample value i
sbove tha 7200 A conditloning valua. For higher
curvents, the magnat is not condltionsd and may re-
quire a training seriss of quenches to reach its
shoct sample limit. us make only one quench at sach
of several | diats temp wind then com-
tlnus to lower the tempsrature toward the targat
1.8 X, ‘These data sre shown in Fig. S and suggest
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that the conditloning temporature, for 7200 A, could
be ralsed to betwsen 3.0 X and 3.5 X, and perhaps
simplify the cryogenic problems as compaced with
1.8 X. A ceasonable conjectire is that if any
ronditioning temperatuce hsd been chosen, the flcst
quench cucrrent would be that shown in Fig. 5. Then,
at & given temperature, any conditiomning cucrent
below the [Cirst quench curcent could be used for
non-quench training. Once the flmnal structure for
the SSC dipoles hes baen dacided upon, these
experiments should be repeated to detecmine the best
conditioning pacamsters. of course, identlcal
magnets will not ali be truly identical; thus, some
sdditlonal temperaturs oc cucrent margin must be
included to accommodste the extrems variatlons.

Retention of Training, Mesory and Amnesia

We have di the cal of
the superconductors responsible for the phenomenon
of trsining. Implicit in the magnet’s quenching st
successively higher curcent levels is that suffi-
cient friction is present to pravent the conductor,
which has moved, from rceturning to its pcevious
location when the curcent &nd Lorentr forca are
reduced. Usually, the conductors stay in thelr
trained location if Lthe megnet is kept at liquld
helium temperature; but when the magnet is waraed to
room tempeceture, the various msagnet components
expand st diffsrent cates and amounts. Internal
stresses and frictional forces may be ceduced enough
to aliow some supecconductors to recede from Lheir
final trained positions, tnd gome or all of the
training may have to be repeatsd.

If no cetraining ls required, and full fieid
pecformance is demonstcated on the Clrst excitation
on recooling to 4.4 K, we use ar. nthropomorphism
and sey that the magnet has a good memocy. Operas-
tionly, such a magnet is satlsfactory since it only
has to be trained once and can then be expected to
pecfocm propeciy et anocther piace and later time.
However, Lf the magnet requices cetraining after a
thermal cycle to ceech opecating field, it is un-
setisfactory eince one would have to retrein it
after wsrmups. One slso is concerned with long term
relaxetion dus to creep and traums associsted with
transportation shocks.

Two magnets exhibited perfect memory at 4.4 K
upon thermal ecyeling and one, assembled with low
prestcess, had its ficst quench S percent beiow its
praviously achieved short sasple valus. Qverall,
this class of magnets retained the training chat had
beent effected by the low tempecrature conditioning
procedure.

System Tmpljcations of Conditioning
and Relantion of Trsjning

The SSC will contain some 7600 dipoles In an
83 m circumfacence. Ten  refoigecstors will be
distriduted around the cing snd the helium cooling

circuits are emch about 4 km long. For safsty
reasons, when one magnet quenches, the other four
dipoles in the half cell are driven normal with
pulse heaters. Several wmaegejoules of stoced
magnetlc enecrgy are dumped into the helium and,
‘ of the s drops in the long feed
lines, timss of the order of an hour ace required
before the dipoies are cooled and ceady to cun
sgain. If there are ralatively few unexpected
quenches, there is no particular problem. But, if
many of the magnets requlred retraining in place, at
the opecating tempereture of 4.35 K, and they -
aged one or two quenches each, it might be isprac-
tical to train the entlre ring up to full field.
Low temperature conditioning (reconditioning in
thiscas would entail speciali suxiliacy
refrigeration units that couid subcool sections of
the ring in sequence, and thess shorter sections
could be conditioned as needed.

Without the low temperaturs conditioning option
available, the SSC prototype dipoles would have to
demonstrate acceptable cetention of memocy undec one
or more of the various lengthy and costly modes
mentioned in the section above.

Conclusions

Low temperature conditioning, oc non-quench
tresining, has been demonstrated in a mmber of high
current density, small bore, SSC sccelerator model
dipoies. This behavior suppocts the accepted
hypothesis that magnet training is associated with
rapid conductor wmovement as the Locentz force ex-
ceeds some frictional restraint. The exact nsture
of these frictional cestcaints ace not well under-
stood, but are intimstely rcelated to cetention of
training .

The advantages of quench training reduction or
elimlnstion ace 30 great from the system's stand-
point that consideration should be given to incor-
porating temperatur capability below 4.3 K in
sagnet test facilities.
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