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Abstract 

Tha ac captad hypothesis is that training 
quenches ara caused by haat generation when eon-
due tors move undar Lorentz fore*. Afterwards no 
conductor motion will occur until a higher fiald and 
greater Lorantz forea acta. If aupaclor haat trims-
far and/or greater temperature margin is provided by 
operating at lowar bath temperature, one might ax-
pact that tha heat generated by conductor notion 
will not causa a runaway temperature increase * or 
quench. To test this hypothesis, the central dlpole 
field Ln SSC aodel magnets was ramped at 1.8 K to 
7.1 tesla without tha Magnets' quenching. The bath 
was then ralred to 4.4 K and the magnets quenched at 
their short temple limits of a. a tesla or higher. 
Comparison with similar magnets trained in Ha I at 
4.4 X is rude ar.: the significance of the non-quench 
training on syateai operation is discussed. 

jn^roducfrion 

It is generally accepted that training in high 
current density magnets, such as the SSC guide field 
or "ring" dipoles, is caused by heat generation when 
conductors move rapidly under Lorentz force. The 
SSC dipoles use fine IfbTi filaments in a small wire 
strand, so those instabilities associated with flux 
motion are not considered to be a problem. After a 
training quench, no conductor motion will occur 
until a higher field is reached and greater Lorentz 
force aets on tha windings. 

The time and refrigeration capaeley required for 
recooling the coll after It has quenched are the 
major expense Items assoelated with tha training 
proeaas. A method is needed for testing/training 
colls in watch the various internal effects that 
cause a quench occur while the quench itself, and 
thus the expensive after-effacts, are avoided. If 
superior heat transfer and/or greater temperature 
margin it provided by operating at lowar bath tem­
perature, one might expect that tha haat generated 
by this conductor mot,'on will not causa a runaway 
temperature increasec or quench.1 

The precise natvre of the training behavior 
depends on conductor design, eoil prestress (which 
is dependent on the mechanical structural details), 
and the nature of friction at tha various surfaces 
that separata the magnet components. Friction l* 
important since rapid, "stick-slip" motion Is 
thought to be one possible source of small scale 
heating that Initiates the quenches. Friction also 
affects tha degree to which training Is retained 
(memory) or lost (amnesia) on temperature cycling 
between room and operating temperatures. Additional 
potentLai causes for training in some magnets ara 
the bonds, either glue or solder, between the vari­
ous components of the winding package, that can 
break undar tha Lorentz force. Training In colls of 
this type is thus associated with tfts breaking of 
stronger and stronger bonds at higher and higher 
currents/fields. If spotty bonds are broken. It 
would be a permanent change and tha magnet would be 

expected to have a good memory, on cycling to room 
temperature for exaaple. Because energy is de­
posited at the site of the broken bond, it is Likely 
that broken bonds between Insulation and conductor, 
or between two conductors, are the source of train­
ing. The bonds between two insulators are thermally 
isolated from the conductor and are thus not Likaly 
to be the culprit. As might be expected for a sub-
speciality with such broad implication for accelera­
tor commissioning and operation, there is a small 
but fiercely involved band of training aficionados 
with strong opinions as to the cause and prevention 
of quenches. 

Low-Temmerature Conditioning 

To minimize the materials in the magnet, and 
hence the cost, the dipoles that have been designed 
for the SSC have minimum possible size based on beam 
quality considerations (Inner coil tore la 4 cm dia­
meter) and maximum coll current density. For the 
specified «.i tesla central field, the peak field Is 
close to 7 tesla and the coil current density la 
some 4»,000 A ear 2 overall. The Lorantz forces 
are large, the ratio of stabilizing copper to super­
conductor is low (1.3) and at the operating teepera-
ture of 4.35 C, the temperature margin is only 
-0.3 K. Therefore, some training is usually 
observed, with 3 or 4 quenches to full field being 
typical for the developmental magnets produced so 
far. The best magnets have achieved full field on 
the first or second quench, and the worst have 
required aa many as eight quenches and started at 
951 of full field. 

Low tsemwrsture "conditioning" basically 
consists of two steps. First, the magnet La cooled 
in a helium bath to a temperature well below the 
operating temperature. Second, the current/field in 
the magnet Is rampad to above the nominal oparating 
values. Ideally, this current Is reached without a 
cr'cnch and, ipso faeto, it is conditioned. It will 
cvach the operating current/field when rewarmed to 
4.33 K without quenching. Obviously, it takes 
longer and costs more to cool to lowar and lower 
temperatures; thus, we would like to condition the 
magnets at a« high a temperature as possible. 

Because there is little quantitative data on the 
energy re Leases that lead to training. It la not 
possible to predict the highest effective condition­
ing temperature. 

Two factors are snown to be important in the 
ability of a conductor/coil to resist quenching. 
These are the temperature or enthalpy margin and the 
dynamic heat removal capability of the fraction of 
the helium bath in immediate eontaet with the con­
ductor. The margin of the conductor is e monoto-
nically Increasing function as the temperature 
decreases. However, as the specific heat is pro-
port lonaL to T 3, the enthalpy available between 
the t«st temperature and quench temperature of say 
4.a K will double as the temperature is decreased 
from 4.35 to 4 r, will increase to 3 times the 
original value by 3.5 £, and finally at about 2 K 
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rift. 1. Low Temperature Conditioning of D-12C-S 

Inereait to 4 times tha original value. Tranalant 
haat transfer of halluai has been studied extenslve-
ly , but It l« not d e a r that geometries ralavant to 
tha SSC dipole windings hav* been considered. From 
the general data on subcooled ha Hum at atmospheric 
pressure, one concludes that, quantitatively, haat 
transfar changes only s l ight ly (decreases) between 
4.3 K and 2.16 K t7 K ) and then r i ses sharply to 
a peak near l .S K. This result Is a Mjor reason 
for choosing 1.8 K as tha operating point for these 
t e s t s . 

Zxamplo of 1.8 X Conditioning 
Diooles P-12C-8 and P-12C-7 

Since magnet training usually la thought of as 
quenches at successively higher currents, we suggest 
the tern "low-temperature conditioning" to refer to 
non-quench training. Figure 1 i l lus trates the pro­
cess and results achieved. The SSC nodal dipole 
met net D-12C-8 was f i r s t cooled to 1.8 X and then 
the current was cycled to 7200 A, some 101 above the 
expected 4.4 x quench current of etOO A. The magnet 
did not quench at the 7200 A level because the c r i ­
t i c a l current i s raised well abo-re this value at 
1.8 X and t.ie superior heat tranyter of superfluld 
helium at 1.8 K carries away hent associated with 
email conductor motions under Lorentx force loading 
more quickly than does normal helium at 4.33 K. 
Since the loading at 7200 A operation i s greater 
than that at the »*00 A level at 4.4 K. we expect 
that there w i l l be no quench inducing conductor 
motions when at 4.4 K the magnet i s subsequently 
charged to 6*00 A. Figure 1 shows that this Is 
indeed the case. An identical model magnet, 
D-12C-7. was trained in He I at 4.4 K and Ita 
behavior i s compared with the low temperature 
conditioned D-12C-8 in Fig. 2. 

Further E x — l e - HP-3 

The low temperature conditioning should work 
even for a magnet with poor Inherent training 
behavior if the energy re lease in the motion Is 
smell enough, tesulte of tests of • matched pair of 
dipolas with underclamped ends are shown In Fig. 3. 
MO-2 waa trained at 4.4 K; its first quench was at a 
current 1-3% below its plateau value, which took 
twenty quenches to reach. Its twin, HD-3, which was 
conditioned at 1.8 X, was within 3% of It? plateau 
on ita first 4.4 X quench. Two percent Is within 
the usual scatter for plateau quench values. 
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Fig. 3. Training of MD-2; Conditioning of HO-3 

Trminins Kesults for LBL-SSC Pivole tU.net. 

Twelve one meter long dipole models have been 
tested in the past year and their training results 
are shown in Fig. 4. Five amgnets were trained in 
He I at 4.4 K and seven were low-temperature condi­
tioned to 7200 A. Model dipole 0-148-5 is the only 
conditioned magnet that did not reach its abort 
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TRAINING LBL-SSC DIPOLE MODELS 
(Tests in Hel at 4.4 K) 
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PlS. 4. Training of 12 L»L-S$C Olpole Models 

saaple Halt on Its First 4.4 K quench, and it did 
roach it on its second. 

First Quench Currant »t Various To—oraturos 

As dlscusiad above, six nsgnets that wars 
eonditionad by cyellng the currant to 7200 A between 
1.9 X and 2.0 K aehlavad short saaple performance at 
thair first excitation in Ha I at 4.4 K. A natural 
question ariiaa as to whether a diffarant low taa-
paratura, and a diffarant eyela current, sight ba as 
•ffactive and yat Mora convenient than those used to 
data. Since each test prasuaebly requires a new 
untrained xat.net, a tost of the two variables in­
dependently would not ba a slapla process. To shad 
aora light on the process, however* wa tested four 
of the conditioned aagneta for thair first quench 
currants at fevers1 teaperatures during • second 
cooldown from 4.4 t to 1.9 K, i.e., after testing at 
4.4 K. One expects that, on cooling, the quench 
current should follow the short sample curves until, 
at son* lower temperature, the short saastla value Is 
above the '200 A conditioning value. For higher 
currants, the magnet Is not conditioned and say re­
quire a training series of quenches to reach its 
short saaple limit. He asks only one quench at aaeh 
of several Intermediate teaperatures ind than con­
tinue to lower the teaperature toward the target 
l.f K, These data ire shown in Fig. S and suggest Fig. 5. Seduced Teaperature Conditioning 

Training LsL-SSC Dipolc Models 
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that the conditioning teapcratura, for 7200 A, could 
ba raised to batmen 3.0 X and 3.5 X, and perhaps 
simplify the cryogenic problems aa compared with 
1.8 X. A reasonable conjecture is that if any 
conditioning temperature had been chosen, the first 
quench current would be that shown in Fig. 5. Than, 
at a given temperature, any conditioning current 
below the first quench current could ba used for 
non-queneh training- Once the final structure for 
the SSC dipoles has been decided upon, these 
experiments should be repeated to determine the best 
conditioning parameters. Of course, identical 
magnets will not all be truly identical; thus, some 
additional temperature or current margin must be 
included to accommodate the extreme variations. 

Retention of Training. Memory,and Amnesia 

Ue have discussed the mechanical movements of 
the superconductors responsible for the phenomenon 
of training. Implicit In the magnet's quenching it 
successively higher current levels is that suffi­
cient friction is present to prevent the conductor, 
which has moved, from returning to its previous 
location when the currant end Lorentz force are 
reduced. Usually, the conductors stay in their 
trained location if the magnet is kept at liquid 
helium temperature; but when the magnet ie warmed to 
room temperature, the various magnet components 
expand at different rates and amounts. Internal 
stresses and frlctlonal forces may be reduced enough 
to allow some superconductors to recede from their 
final trained positions, cn<t some or all of the 
training may have to be repeated. 

If no retraining is required, and full field 
performance is demonstrated on the first excitation 
on reeooling to 4,4 K,' we use at. anthropomorphism 
and say that the magnet has a good memory. Opera-
tionly. such a magnet is satisfactory since it only 
has to be trained once and can then be expected to 
perform properly at another place and later time. 
However, If the magnet requires retraining after a 
thermal cycle to reach operating field, it la un­
satisfactory since ona would have to retrain It 
after waraups. One also la concerned with long term 
relaxation due to creep and trauma associated with 
transportation shocks. 

Two magnets exhibited perfect memory at 4.4 X 
upon thermal cycling and one, assembled with low 
prestreis, had its first quench 5 percent below its 
previously achieved short sample value. Overall, 
this class of magnets retained the training chat had 
been effected by the low temperature conditioning 
procedure. 

System Implication* of Conditioning 
and Retention of Training 

The SSC will contain some 7(00 di^oles in an 
93 km circumference. Ten refrigerators will be 
distributed around the ring and the helium coaling 

circuits are each about 4 km Long. For safety 
reasons, when ona magnet quenches, the other four 
dipoles in the half cell are driven normal with 
pulse heaters. several aegajoules of stored 
•agnatic energy are dumped into the helium and, 
because of the pressure drops in the long feed 
lines, times of the order of an hour are required 
before the dipoles are cooled and ready to run 
again. If there are relatively few unexpected 
quenches, there is no particular problem. But, if 
many of the magnets required retraining in place, at 
the operating temperature of 4.35 X, end they aver­
aged one or two quenches each, it might be imprac­
tical to train the entire ring up to full field. 
Low temperature conditioning (reconditioning in 
thiicase) would entail special auxiliary 
refrigeration units that could subcool sections of 
the ring in sequence, and these shorter sections 
could be conditioned as needed. 

Without the low temperature conditioning option 
available, the SSC prototype dipoles would have to 
demonstrate acceptable retention of memory under one 
or more of the various lengthy and costly modes 
mentioned in the section above. 

Conclusions 

Low temperature conditioning, or non-quench 
training, has been demonstrated in a number of high 
current density, small bore, SSC accelerator model 
dipoles. This behavior supports the accepted 
hypothesis that magnet training is associated with 
rapid conductor movement as the Lorentz force ex­
ceeds some frict ional restraint. The exact nature 
of thesa frictlonal restraints are not well under­
stood, but are intimately related to retention of 
training. 

The edvantages of quench training reduction or 
elimination are so great from the system's stand­
point that consideration should be given to incor­
porating temperature capability below 4.3 X in 
magnet teat facilities. 
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