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Preparing for this talk has ~ an interesting experience. I have had 

a chance to go back and review =Y of our early data books, and it has be

care clear that in the last 5 years, while we have advanced frcrn making 1 ft. 

rnagnets to waking 22 ft. magnets, there are still many questions concerning 

superconducting rnagnet technology that remain unanswered. In sane areas such 

as systems, quality control, vacuum technology, and cryostat construction, we 

have made great strides. In other areas such as understanding why rnagnets 

train, we have made very little progress. The data I will use in this talk 

will nostly be taken fran Fermilab sources, and it involves the w:>rk of 

=Y people that have been in the program since its inception. Fran what I 

have seen and heard, similar data has been accunulated by w:>rkers at other 

laboratories. Now let's look at the data: 

Training 

Perhaps one of the nost unique features of superconducting rnagnets is 

the fact that they "train." Projection 1 shows the training curves of 4 dif

ferent rnagnets. By training, we mean the phenanena that as the current is 

ramped up in a new rnagnet, it will reach a point at which a section of the 

superconductor goes normal. At this point, sane means IlD.lSt be found to re

duce the current to zero or the conductor will melt. The next time the =
rent is run up, the rnagnet will go to a slightly higher field. A good ex

anple of this is shown for Magnet ElO-lA. A magnet such as this w:>uld not 

be suitable for use in an accelerator. The other 3 rnagnets shown in the pro

jection have sorrewhat better training characteristics. An exanple of a very 
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w=ll behaved magnet is shown in Projection 2, where it is clear that the mag-

net is essentially fully trained after the first quench. 'Ihe falling points 

• after the second quench is because the magnet was tested at a high B and 

should be disregarded for this part of our discussion. This particular mag-

net PAB-59 reached a current of 5,150 amps, which represents the short sample 

limit of the conductor used in the construction of the magnet. If a magnet 

quenches before it has reached the short sample limit, it necessarily follows 

that sare portion of the conductor w=nt normal during the ramp. This section 

of the talk will concern itself with the differences betw=en magnets like 

ElO-lA and PAB-59. 

Projection 3 shows a histogram of the mnnber of quenches necessary to 

reach 95 percent of I for a series of magnets that were constructed early 
max 

in the Fennilab program. It is seen fran this histogram that it is possible 

to build magnets that behave in a fashion suitable for use in an accelerator. 

Projection 4 displays an additional aspect of this data, narrely, it shows a 

histogram of the distribution of peak current in the magnet relative to the 

short sample limit of the wire of which the magnet was constructed. Projec-

tion 5 shews the histogram of the actual maximum quench current reached for 

the individual magnets. 

It is clear that this data represents a series of magnets that trained 

with relatively few quenches to a current that approached very close to the 

short sample limit of the wire. 

I would nCM like to address the question of what causes a rnagnet to 

quench before it reaches the short sample limit and why does a rnagnet train, 
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i.e., why does the current at which it quenches in=ease each time it is 

quenched? It is obvious that we v.uuld like to identify the mechanism for 

quenching and the ITEchanism for training. 

In Projection 6, I show a number of quantities that I have calculated 

for a FNAL magnet. The horizontal scale represents teiq:erature, and the 

vertical scale represents energy. 'fue curve labeled cable enthalpy repre

sents the total heat content of our 23 conductor wire as a function of tem

perature per centiITEter of length of cable. It is seen that at s° K the en

ergy content of the cable is less than a millijoule per centiITEter of length. 

The slope of this curve at the operating temperature of 4.2° K is about .2 mJ 

per degree K. The =itical temperature for niobium titanium is around 10° K, 

and henoe, it v.uuld take about 4 mJ of energy per centiITEter of cable in order 

to raise the ternperature to the point where it would no longer be supercon-

ducting. However, when the cable is in a magnetic field and carrying a cur

rent, a nruch smaller change in temperature will drive the cable nornial. For 

instance, if the cable is at 90 percent of the short sarrple limit, a change 

of a tenth of a degree K will change the cable f ran superconducting to nor

mal. The I
2

r loss in the cable is then high enough to drive a quench wave 

down the conductor. We will discuss this phenorrena in rrore detail later. 

Thus, when we see a newly constructed magnet quenching at lower currents 

than the short sarrple limit, we are forced to look at sources of heat avail

able for driving the wire normal and sources of cooling for absorbing such 

heat. 'fuere are two potential heat sinks available. 'fue first is the speci

fic heat of the matrix and any liquid helium contained around the wire. 'fue 

Fennilab cable has a certain arrount of open space available for helium 



100 

i.J 
...J -
ai >< a.. 
(.) ...J 

< e ~ 
u 1-

....... ~ 
CJ) -
i.J 
...J 
:;) 

0 .., 

10 

1.0 ,., 
'Q 

- 9 -

45 mj /cm 

HEAT OF VAPORIZATION 

OF ENTRAPPED He 

<<<< >>>>> 
1/2 Pf E 

ELASTIC ENERGY 
OF 

SUPPORT MATRIX 

He HEAT CAP 
Cp( .1°K) 

= .65 mj 

SLOPE - 0.2 mj / °K 

2 4 

FOR 95 °/o S. SAMPLE LIMIT 
8 T = .o~ °K 

6 8 10 12 

T °K 

Projection 6 



- 10 -

penetration. This amounts to about 10 percent of the cross section of the 

wire. I have shown on the curve the heat capacity of the captured liquid 

helium for a 1/10° change in temperature (this assumes no boiling) . It is 

equal to .65 mJ per centimeter of length of the wire. The ultinate heat capa

city frcrn this captured helium would be represented by the heat of vaporiza

tion, and that is shown by the arrow at the top of the graph, and it is 45 

mJ per centirneter of length. It is thus clear that the helium represents the 

major heat sink in the magnet. To give sore idea of the source of energy 

available for initiating a quench, I have shown 1/2 P
2 /E, which is the elastic 

energy stored in the matrix. Again, I have normalized this to the vclure of 

a oerrtim=ter length of the cable. The Youngs mcdulus used is E = 10
6 

and is 

representative of the Fennilab design. P
2 

is of the order of several tlx>u

sand pounds per square inch. It is clear that the energy stored elastically 

is much bigger than the energy needed to drive the wire normal when it is 

carrying a current close to the short sample limit. H~ver, I was surprised 

to see that this energy is not enornously large canpared to the energy re-

quired to initiate a quench nor is it very large cc:mpared to the heat sink 

available in the helium. 

It should be mentioned at this point that there are two prevalent the-

ories concerning the source of the energy to initiate a quench below the 

short sample limit. The first involves frictional notion of the conductor 

under Lorentz forces, and the second theory postulates that the support matrix 

cracks under the strain of the Lorentz forces, and the strain energy is ab-

scrbed by the conductor and drives it nonnal. That is why I sh~ on Pro-

jection 6 the elastic energy of the support matrix. I would like to stress 
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at this t:irre that v.e do not know enough arout our magnets to decide which 

rrechanism is the one that causes quenching, and it is this point that needs 

to be elucidated by much rrore research into their behavior. 

I will now show sare information that was accumulated while developing 

our magnet, and this evidence will show that, indeed, there MOre rrotions of 

the oonductor in the magnet, and these v.ere saretirres rather large. 

First look at the change in diameter of a magnet as it is magnetized. 

Projection 7 shows the radial distortion along the diameter perpendicular to 

the field as a function of magnet =rent. This change in diameter is pro

portional to the square of the current and is the behavior that MJuld be ex

i;ected from elastic displacem211t of the support structure by Lorentz forces. 

These rreasurerrents MOre made by inventing a caliper that was read out by use 

of a strain gauge. Projection 8 shows the change in outer diameter, and the 

difference betMOen these tMJ changes probably represents compaction of the 

winding under the large forces. Projection 9 shows the histogram of this 

outer radial rrotion for the sane series of magnets that MO have used before. 

In each case, the rrotion is very near 1 y elastic , i.e. , the rrotion for the =

rent in=easing and the current decreasing is essentially the same and is pro

portional to the square of the current. The value shown in Projection 9 is 

for 4 kA, which represents a field of arout 35 kG. The anvlitude of the rro

tion that v.e have been discussing fits v.ell with the calculated predictions 

for the elastic deflection of the collars under the magnetic forces. It 

should be said in passing that this type of rrotion, which in a synchrotron 

can be repeated many tines, can cause fatigue failure in the collars. Tests 
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on the collars in the FNl\L magnets originally shared that they would have 

failed after about 1 million cycles. The present collars sh:Jw a fatigue 

failure tirre of over 100 million cycles. This difference was achieved by 

operating the collars at a lower stress level and relieving the points at 

high stress by rreans of rounding the sharp corners. 

So far we have shown data on radial notion of the conductor. In addi

tion to this radial notion, there is an az:imuthal notion that causes carpa.c

tion of the coil. This notion is predaninently governed by the elastic rrod

ulus of the coil rratrix itself. Since the coil rratrix is not nearly as stiff 

as the collar, this notion can be considerably greater. Projection 10 shows 

the az:imuthal notion of the second conductor fran the end of the coil rela

tive to the collar. Again, in this particular magnet, the notion is well fit 

by a parabola and is proportional to r 2 . Also, there is very little hystere

sis in this notion as the arrows indicate on the curve. The instrument used 

to make these rreasurerrents has a wall correction due to the elliptical de

forrration of the collar, and this is shcmn in the dotted curve underneath the 

az:imuthal notion and should be subtracted from the top curve. This az:imuthal 

ccrnpaction was very difficult for us to learn lDI to oontrol. In sane of the 

early rragnets, the E shown would be nore than 30 mils or about 1/2 a conduc

tor width. Such large notion was no longer fit by a simple nodulus, and the 

nonlinear relationship gave rise to a very canplicated behavior of the de

flection. Furthernore, the curve for increasing current and decreasing =
rent could be very different, the notion sh::Jwing large anounts of hysteresis. 
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Projection 11 shows an attempt to display the effect of the amplitude 

of this notion on the training l:ehavior of the m'l.gnet. The vertical axis dis

plays the average arrount of this notion versus the number of quenches to 

fully train a magnet which is shCMn on the horizontal scale. To make the 

meaning of the points nore clear, I v.Duld like to explain that for instance 

the first point plotted at one quench consisted of averaging s
8 

for 14 ffi3.g

nets which ;.ere fully trained in one quench. The size of the e=or bars 

sham are the deviation of this average value in the set of 14 ffi3.gnets. As 

long as this notion is no nore than al:x:mt 5 mils, it is elastic and is ;.ell 

fit by a parabolic notion. When it becomes greater than 5 mils, in general 

it rreans that the clamping rrechanisn is failing, and the collar is no longer 

restraining the wire. Thus, the points at 15 quenches showing notions of 

20-25 mils represent unclarnped conductors. This curve v.Duld seem to indicate 

that as long as the conductor is rroving elastically, the size of the notion 

is not closely related to the number of quenches required to train the magnet, 

but that once the conductor is no longer clamped, the training is seriously 

affected. 

I v.Duld next like to show sare data that indicates that a fully trained 

ffi3.gnet really does quench at the expected point in the winding. Projection 

12 shows a view of one of the coils, both as a projection looking at the top 

and a cross section leaking at the end. Point No. 2 is the high field when 

the ffi'l.gnet is inserted inside of an iron yoke. The peak B at Point 2 is about 

10 percent higher than the B at the center of the magnet. On the other hand, 

when the magnet is tested without an iron yoke, the high field point rroves 
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to the inside turn at the end of the inner shell of the magnet, shown as 

Point l. The field at this point is about 20-22 peroent higher than the 

field on the axis of the coil. Projection 13 shows the relevant data for a 

22 ft. magnet tested without the iron yoke. The straight line represents 

the rraximum field point in the coil as a function of the current. The curved 

line represents the wire characteristics as determined in the short sarrg::ile 

test for the cable that was used in this magnet. The points along the magnet 

load line represent the individual quenches that took place as the magnet 

was trained. It is seen that the magnet gets to about 96 percent of its short 

sarrg::ile limit. This type of behavior is typical for the magnets that we have 

been talking about. I l'Kluld nCM like to deronstrate that for one of the 1 ft. 

rrodel rnagnets the quench did take place in the fully trained magnet at the 

expected high field point. In order to understand these measurements, we 

will have to investigate the subject of quench waves. 

Projection 14 shows what happens to a conductor when a section of it 

goes noDTial. At the bottom of this projection we see a diagram of the tern-

perature along the axis of the wire when one section of it has gone noDTial 

and is carrying a high current. The I 2r loss in this part of the wire when 

it is carrying 5 ,000 arrg::is is about 25 watts per centimeter of length. This 

heat generation is so high that the helium in contact with the wire is not 

capable of keeping it in the superconducting state. Consequently, more of 

the wire is driven into the noDTial condition, and a quench wave propagates 

out from this region with a velocity v . The characteristics of these quench 
q 

waves were studied in the experiment shewn schematically at the top of the 

projection. A hairpin about 12 in. long of 23 conductor cable was :i.rrrrersed 
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in liquid helium. It had little dipole contacts labeled A, B, C, D, and E 

located along its length. The bottcrn part of the hairpin was embedded in a 

high field region, and the value of B in this region =uld be controlled 

separately. The hairpin carried a certain current I
0

, and a quench was ini

tiated in the conductor by means of a heater that could be pulsed. As the 

quench wave propagated do.vri the wire, it W'.:>uld becane normal, and the dipole 

pr:-obes connected to a chart re=rder showed the voltage drop across a centi

meter length of the conductor as a function of time. This is diagramred at 

the top right of the projection. By measuring the time of the appearance of 

the wave at various probes and knowing the distance between them, one could 

calculate the velocity of the quench wave and study this dependence upon B 

and I 0 • 

Projection 15 shows the results of sare of these rreasurerrents. The bare 

=ductor is shown as well as the conductor that was insulated with mylar in 

a fashion similar to the conductor used in the magnets. It is seen that 

quench waves do not propagate below a current of about 1,000 arrps and that 

their velocity, once they start, is several meters per second and is roughly 

linearly dependent upon the current being carried in the conductor. We also 

a:rnpare in this projection a single strand where we have multiplied by 23 the 

current in order to put it on the same horizontal scale. It is seen that the 

oooling of a single bare strand is somewhat better than that of the cable as 

a whole. Projection 16 shows the behavior of the quench velocity in a single 

strand as a function of the current through it and as a function of the mag

netic field in which the conductor is :irmersed. 
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Figure 17 sh™5 the results of using quench waves to lc~ate the position 

of a quench in a fully trained 1 ft. magnet. Multiple sets of dipole probes 

were located along the conductor on each side of the points labeled X and Y. 

These probes "'9re oonnected to a chart reccrder. The magnet was then pulsed 

slowly until it reached its high field limit and quenched. The high field 

point is represented by a cross about 1/2 way bet'M9en the points X and Y. 

There were enough probes located on the winding so that one oould determine 

both the velocity of the quench wave and the point where it started. The 

histogram at the bottom of the drawing shows the location of the point where 

the quench started. It is seen that within a few mill:ineters the ooil was 

quenching at its high field point. This exper:inent derronstrates that a fully 

trained magnet upon reaching its short sample limit, quenches at the point 

predicted by theory. 

There are other ways of derronstrating that a magnet is operating at its 

short sample limit. The data in Projection 18 was obtained by Bill Sampson 

at Brookhaven. This was a magnet that exhibited a fair anoi.mt of training. 

For these measurements, the temperature was varied. Since one knows the be

havior of the short sample limit of the oonductor as a function of tempera

ture and one knows where the high field point is located in the magnet, one 

can rrake a predicted curve of current versus temperature. The predicted 

curve is shown as a solid line and the measured points as circles slightly 

below this line. The feature that is interesting to observe is that at a 

tarq_Jerature of about 5.5°, the quench current no longer increases; it levels 

off. It was ooncluded that this magnet was no longer quenching at its short 
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sample limit due to the fact that the magnetic forces v.ere greater than the 

rrechanical forces of constraint and that the conductor was moving. It is 

thought that the conductor motion was causing premature quenching of the magnet. 

Figure 19 shows sare data obtained at LBL on sare ESCAR type magnets. 

This curve plots the variation in the quench field as a ftnction of the ramp 

rate. We will discuss this type of curve in rmre detail in a few minutes, 

but the ramp rate induces additional heating into the magnet through eddy 

current effects and causes the maximum B observed to decrease as a function 
Q 

of B. The data obtained in this case show the result of increased clamping 

of the conductors. The highest curve for the tightest clamping was at the 

short sample limit of the wire for the magnet. Again, v.e have a situation 

where notion of the conductor seems to cause premature quenching of the magnet. 

I would like to slllllTl3.rize this situation briefly at this point. I've 

sha.vn data on a large series of magnets that did not have serious training 

and v.ent close to the short sample limit. These magnets all displayed elas-

tic rmtion with little hysteresis. Onoe this rmtion becorres large due to 

lack of clamping, and there is resultant frictional notion of the conductor, 

then magnets may take many quenches to train and scxretimes may not even reach 

the short sample limit. This is indicated in the two exarrples shown of a 

magnet fran LBL and one fran Brookhaven. In addition, at Fennilab we have 

ooserved many times that the magnetic field shape changes during training as 

v.ell as the rrechanical dirrensions of the magnet. Afparently, the process of 

training results in pennanent shifts in the plaoerrent of the conductor. Once 

the conductor is in sare type of stable location, the training effects cease, 

and the magnet tends to go to its short sample limit. 
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Next let' s consider the subject of strain in the rnatrix and how it ef

fects the quenching and training of a magnet. It has been known for sane 

tima that epoxy in intimate contact with the conductor of a superconducting 

rnagnet will generate a situation in which an excessive arrount of 'training is 

displayed. Projection 20 shows an extrerre case in a rnagnet constructed at 

FNAL. The conductor for this magnet was the saire as it was in the series of 

magnets that sh~ rather little training. However, it was spray coated with 

a very thin film of epoxy before the magnet was constructed in an attempt to 

solve a tum-to-turn short problem that~ had at that time. This was a 1 ft. 

magnet, and magnets in this series could generally be expected to train in no 

rrore than 10 quenches. It is seen that this magnet trained slowly and that 

it never reached the short sample limit. The dips in the curve are caused 

by ramp rate tests and should be disregarded in this discussion. This experi

ment was repeated on several identical magnets with similar results. 

Figure 21 shows an attempt to understand whether or not the cracks in 

the support matrix of a 22 ft. long magnet ~e actually associated with its 

training. The horizontal axis is the current through the magnet on any given 

cycle. The vertical along each curve shows the noise pulses as detected by 

a microphone connected to the magnet structure. For instance, the first 

curve shar;s noise pulses up to a current of about 2 ,500 amps at which point 

the magnet quenched. The next cycle shows that the noise pulses ~ absent 

until the current of the first training cycle was exceeded, at which point 

noise again appeared. This could be interpreted as the support rnatrix cracking 

and failing as higher and higher force levels in the rnagnet are reached. 
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Finally, on the 30th quench, the magnet was fully trained, and it is seen that 

the noise pulses have completely disappeared. This type of experiment is 

suggestive that cracks in the support matrix are contributing to the training 

process but as a definitive experiment, it leaves sarething to be desired. 

There is yet another parameter that can influence the quenching of a 

a:iil. This situation arises when a correction coil is placed inside of a 

dipole or quadrupole magnet or when several a:i=ection coils are YiOund together 

on one mandril. A coil then finds itself imrersed in the field of a second 

coil. Thus, the maximun B of the coil is not detennined by the =ent through 

the coil itself but by the current through the coil plus the applied external 

field. Projection 22 shows the results of measurerrents nad.e at Fennilab on 

a dipole co=ection coil intended to be used inside of one of the quadrupoles. 

These elements are used for trimning the orbit and canpensating for e=rs 

in the main bending dipoles. The curve across the top of the figure repre

sents a short sample limit of the wire. The vertical axis is the =ent 

through the coil, and the horizontal axis is the magnetic field at the high 

field point. The various curves that have shifted parallel to each other re

presents the effect of an applied external field. Projection 23 shows the 

training curve of this co=ection coil. It was first started off with zero 

applied external field and trained up to about 140 amps. An external field 

was then applied at Quench No. 20, and it was necessary to again train the 

l!E.gnet. These results will be presented in rrore detail in the co=ection 

a:iil session. I want to mention them here because it represents a difficult 

training problem that must be solved whenever the external field in which a 

coil is irrmersed is changed. This action may require retraining the coil. 
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The problem can be enhanced if the relative directions of the fields can re-

verse because of the desired correction. It w:mld be very useful if - could 

learn how to construct a coil for this type of awlication with a rninirrrum 

arrount of training. The fact that the training recorrmences when the forces 

are redistributed \o.\'.Juld suggest that in each case the wire is finding a new 

equilibriun position. 

So far - have been discussing quenches observed when the magnetic field 

is changing very slowly. H::Mever, a synchrotron involves a rapidly pulsing 

magnetic field. The pulsing of the field can induce eddy currents in the 

roil and cause heating. This heating can cause the coil to quench at a lower 

• current than is observed when the I is very slow. We look briefly at the 

theory of this process. 

Projection 24 shows why a pulsing magnet heats up. First of all, there 

are persistent currents that flow in the volurre of the superconductor itself. 

This generates a magnetization M per unit volurre, and this magnetization is 

an open loop. The first curve shows such a loop of magnetization as a function 

of B, and it is observed that the energy loss per cycle is proportional B . 
max 

Eddy currents can also exist in the matrix. In this case, - find that 

• 
the EMF is proportional B and as the bottan of the figure shows, the Joules 

• • per cycle in this case are proportional to 1inax tunes B. Projection 25 shows 

• the behavior of the Joules per cycle as a function of Bmax holding B fix and 

• as a function of B hold B fixed. By measuring these curves individually, 
max 
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~ can separate out the hysteresis loss from the eddy =rent losses. Pro-

jection 26 shCMS the actual quench dependence of two different magnets as a 

• function of B. The 22 ft. magnet shows a much bigger effect of pulsing than 

the 1 ft. magnet did. This effect is not understood, but these curves amply 

derronstrate the behavior of superconducting magnets under pulsed field condi

tions. Both of these magnets WBre fully trained. 

Our early magnets w=re constructed of a cable where the 23 strands WBre 

individually covered with Stabrite, which is a silver tin alloy. The con-

ductors ~re in rather intimate contact with each other, and the eddy =rent 

losses in this matrix ~re quite high. In fact, the losses ~re so high that 

steps had to be taken to reduce them. w= investigated coating every other 

strand in the cable with an insulating covering. This insulation consisted 

of ebcmol, which is a copper oxide coating applied to the outer copper jacket 

of the strand. Projection 27 shows a canparison be~ two 22 ft. magnets, 

one of which was constructed with Stabrite coated cable, and the second used 

a cable which ~ call zebra conductor where every alternate strand is coated 

with ebcmol. 
. . . 

It is seen that lll each case at fixed B, the losses are propor-

tional to Bmax' and that zebra type conductor has considerably smaller losses . 

• Projection 28 shavs the behavior of these losses at fixed B at varying B . 

• The intercept at zero B represents the hysteresis loss in the conductor and 

should be the same in the two magnets. It is seen that the eddy =rent losses 

in the Stabrite are large, and that the zebra conductor virtually eliminates 

this source of energy loss. One might expect a considerably different depen-

dence of the quench =rent on the ramp rate be~ these two types of mag-

nets. However, Projection 29 shows essentially the same behavior for these 
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two cases in spite of the considerably different levels of power generated 

in the winding during ramping. 

Questions to J:::e An~ed 

Fran the preceding discussion, it should be clear that the J:::ehavior ex-

hibited by superconducting magnets is not 1-.1211 understood. We have sare emperi-

cal anS1-.12rs that are enabling us to produce successful magnets, but a science 

has not yet emerged from an art. I list sane questions that must J:::e an~ed 

by future research (P=jections 30 and 31) : 

1. Where do quenches oc= during: 

a. Training 

• b. High B 

It would J:::e great to have an a:i:paratus that would localize quenches 

spacially. As far as I'm aware, the measurements that I displayed 

an the l ft. magnet are the only ones that have pinpointed exactly 

the source of single quenches in a trained magnet. We VBre unable 

to apply this technique to a magnet during training. The quenches 

did not take place at the high field point. 

2. What is the source of energy to start a quench? 

a. Is it wire friction? 

b. Is it cracking of the support matrix? 

I would like to make a carment on the question of the support matrix. 

The elastic energy stored is equal to: 

2 2 P.E. = 1/2 Ellx = P /2E 
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where P is the pressure and is a fimction of B for a perfect coil 

and &. is the arrount of elastic strain that must be placed in the 

coil in order to collar it. If we had perfect coils, it is seen 

fran the first version of this equation that the potential energy 

would be decreased by increasing the Yoimgs m::xl.ule of the support 

matrix. H<JV.iever, for nonperfect coils, the {:;I{ is the more pertinent 

variable because the collar determines the coil size, and the dis

placerrent lx is determined by the ac=acy of the construction of 

the imcollared coil. If the coil is not a=ately made, lx may 

be much larger than that necessary to provide the forces for conduc

tor constraint. In this case, the second version of the equation 

shows that the elastic energy is increased by in=easing the Yoimgs 

m::xl.ul us . 

3 . Cooling - how does it affect the quenches and the training? 

A coil that is near 4.2° K has very high heat conductivity due to 

the copper in the cable. However, the heat capacity is proportional 

to T3 and is very small. This means that the relaxation times lo

cally observed will be exceedingly short. The dynamic transfer of 

heat from the wire to the cooling medium could be instrurrental in 

changing the nature of the training. The work that has been done 

on using HeII at one atnosphere pressure as a cooling fluid at 

Saclay and at Berkeley is suggestive of interesting effects that can 

be observed at these lower temperatures. It could be that regard

less of the material that future coils are made out of, it would be 

advantageous to cool them with HeII. 
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4. What is the effect of the support matrix and what role does mylar 

around the cable play in the training pr=esses for a magnet? 

Epoxy has been observed to be very bad in certain cases. In other 

cases, it seems to be good. We need to understand the effect of 

plastics that are in contact with the superconductor. 

5. The effect of external fields upon the training of coils. 

6. We need research on controlling eddy =rent losses within the 

winding. At Fennilab, ~have care up with an ernperical solution 

involving ebonol and Stabrite. Our investigation of magnets oon

structed of pure ebonol insulated cable indicated that the =rent 

sharing arrong the strands was inhibited by this much insulation, and 

sore of the all-ebonol magnets perfomed very poorly, reaching per

haps only 80 percent of the short sample limit. On the other hand, 

sore of the magnets performed very ~11. Why does ebonol scnetimes 

...:irk and sometimes not? It was observed also during this series of 

tests that a layer of Kapton down the center of the Rutherford cable 

reduced the hysteresis losses. The hysteresis losses in these ITEa

sursnents include not only the real hysteresis of the conductor, but 

also the effect of any frictional forces inside of the magnet or 

oonductor. Perhaps Kapton was reducing these frictional losses. 

Additional research on this subject oould lead to a significant 

savings in refrigeration. 
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7. Finally, a subject on which I have not spent any tirre and which is 

very linportant to understand in rrore detail is the question of radia-

tion from the nachine inducing quenches in the winding. SanE data 

has been accrnrulated on the subject at Brookhaven and at Fermi.lab. 

Magnet Quality and Construction Techniques 

Projection 32 and 33 show the equations that determine the nagnetic field 

in tenns of the current distribution in the winding for a current shell. The 

vector potential has only a Z ccmponent, and inside radius r = a has tenns 

that are proportional to rn. The coefficients l\n are determined by the =
rent distribution. M = l is the dipole field and involves the integral of the 

two curves sha-m along the right hand side of the figure. The quadrupole is 

equal to zero by syrnretry. The sextupole can be made to vanish by stoi;ping 

the winding at the 60° point. The octapole is zero by symrretry, and in the 

case of the Fe.rrnilab nagnet, the dectapole can be made to equal zero by bal-

ancing the inside coil angle versus the outside coil angle. Projection 34 

shows the quadrupole field at the top and the skew quadrupole field at the 

bottom. These fields will be generated by errors in the winding that cause 

a lack of syrnretry. Projection 35 shows the results of an exact calculation 

by Stan Sn~on for the ) Bdl through the Fe.rrnilab nagnets. Out to l in., 

the field integral is constant to about one part in 10
4 

for a perfectly con-

structed nagnet. Hov:ever, it is very linportant to recognize that the magnets 

that we are dealing with are different than the ones that have been used in 

the past. The field in each nagnet is uniquely detennined by the current 

distribution in that nagnet and not by the shape of an iron conductor that 
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can be replicated easily by means of precision stampings. A little calcula

tion sh<MS that in general the conductors ItnlSt be positioned to an ac=acy 

of the order of 1/1000 of an inch. It should also be clear that the ac=acy 

of the envelope is determined by the collaring structure that supports the 

coil. We are thus faced with a new problem in magnet construction, narrel y, 

""' can get a given field provided ""' can hold the placement of the oonductor 

to a sufficiently srrall tolerance. The first impulse is to try the solution 

shown in Projection 36. I call this approach the Old W'.:lrld Craftsnanship 

approach. Each coil is constructed with very high precision and very careful 

control. Maxwell's equations then guarantee that we will have the proper 

field. However, I feel that this is an analog canputer for solving these 

equations, and it does not represent a viable solution for mass producing 

superconducting magnets for use in high energy machines. Rather, ""' need to 

apply m::Jdem control techniques to this problem. Figure 37 sh<MS a block 

diagram of the new type of approach. In this case, there is a factory whose 

basic function is to take in all of the raw materials and produce a finished 

coil in a fairly reproducible fashion. We then measure the output of this 

factory using a warm bore magnet testing technique and feed the e=rs back 

into the factory in order to cancel out the noise. This is the system that 

has been developed at Fermilab. At present the feedback loop is not closed 

on an individual magnet. The test is made at the point when the coil is ool

lared when about 1/3 of the oost has been invested in the magnet. If a coil 

is out of tolerance, te roan tarrp=rature test will indicate the trouble, and 

the collars can be removed and the ooil recollared. H~ver, at present ""' 

are trying very hard to close the feedback loop with zero delay. The theory 

of this is explained in Projection 38. 
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I v.DU!d like to canrnent a little bit on the philosophy that has been 

evolved for ooil oonstruction. Rather than controlling with great ac=acy 

the shape of a ooil, we have put a great deal of effort into building a ma

chine that will make coils in a fairly reproducible manner. It does not mat

ter if the coil is exactly round or if it is elliptical. Any nearby magnet 

shape will have an expansion in field harrronics of the type shown in Projec

tion 32. The high hanronics will be mainly determined by the oorners of the 

coil blocks. The magnet constructor has very little oontrol over these things. 

The lower harrronics are detennined by slow variations in the coil =npaction. 

Figure 38 shCMS a perfect coil as a rectangular block and an actual oonductor 

distribution that might be obtained out of such a production machine. The 

short term wiggles in this curve only couple into the high harrronics in a 

rather insignificant fashion. However, the gross variation couples into the 

lower 5 field harrronics and causes these coefficients to fluctuate. In fact, 

experience has taught us that the quadrupole , the sextupole, and octapole 

terms are the place where one has the main problems with field quality. How

ever, the integrals that detennine these coefficients are not only detennined 

by the distribution of current over the block but also by the angle at which 

it is tenninated. If one could measure these lower harrronics and then shim 

the individual ooil blocks to have individually determined angles, one could 

correct the lower harrronics of the coil for any inac=acy within the body 

of the winding. The Fermilab coils have just this feature. First of all, 

we use the rcx:m temperature measurement to emperically detennine the distri

bution of wire in the body of the coil, and, seoondly, we can control the 
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field by inserting sh:ims as is shown in Projection 39 at the keys of the ool

lar. There are 8 points where sh:ims can be inserted and, consequently, there 

are 8 harrronics that can be corrected in the coil. At present, v.e are oon

structing a temp::irary collaring apparatus that will allow us tc measure the 

ncnnal and skew, quad and sextupole rrarents of the winding. This process 

will only take an hour or so and then individual shims can be placed in the 

rragnet at the points indicated in order tc individually co=ect a coil. When 

this system is in operation, it is anticipated that v.e will control the field 

tc a few parts in 10 4. 

There is a systerratic source of field errors other than just errors in 

the winding. As rrenticned previously, the forces in a coil are very large. 

These forces cause conductcr rrotion and so a coil, even with perfectly placed 

conductcrs, would have a field that is dependent upon current. Projection 40 

shows the forces on individual conductors in one of the Fennilab magnets. 

In addition to the forces shown in cross section, there is an axial force of 

16,000 lbs. which lengthens the coil by about .07 in. during pulsing. 

Projection 41 shows the azinruthal force as a frnction of conductcr num

ber for the inner and outer winding of our rragnets. It is seen that the 

force is alrrost linear with oonductcr number. The force is largest at the 

high field near the top key of the inner winding. Let us now calculate the 

effect of this force on the oonduct=. To do this to the ac=acy required 

at this point, does not involve using a big computer and a "finite elerrent" 

stress analysis program. We can get a good feeling for the problem by the 

following sirrple model. 



-SHIM 

0 COIL 

-

- 61 -

ADJUST SHIMS TO GET PROPER FIELD 

IN PRODUCTION MAGNET 

Projection 39 

COLLAR 



42 
WIRES 

68 WIRES 

- 62 -

/49kg 

Or 
115# 

25 40# 

,, / 80 
\ "::> / 
"/ 

/ 
/ 

CJ 11-#' 

45 kg 

2950*' 

NET /ouARTER 

FORCES AND FIELDS IN .A 

SERIES E MAGNET 

Axial Force =i(1 L1 2
) 

a~ 2 

= 16000 # 

Projection 40 



- 63 -

Projection 42 shows the winding as a series of springs. The one end is 

at the key and is fixed, and the other end is the centerline or the midplane 

of the magnet winding and is fixed by syrrmetry. The forces shCMn as Pi are 

linear azilmthal forces shCMn in the last figure, and the spring constant 

represents the combined elastic constant of the cable plus the insulation 

matrix. We can linearize the problem and treat the springs as though they 

had a fixed constant k. We will treat Pi as proportional to i, the conductor 

number. The difference equation can be solved, and it gives a displacement 

L\xi as a cubic fmction of the conductor number. The ltl3.Ximum displacement 

=s a little bit past the center of the winding. 

lbwever, the main point for solving this problem is to find out the pre

load necessary in the spring in order to keep the end of the coil near the 

key in contact with the key when the coil is magnetized. This force for our 

magnet turns out to be about 1500 per linear inch of length of conductor. 

The resulting m:::Jtion for a Ymmgs rrodulus of the matrix of about 10 
6 

lbs ./an 

is about 2-1/2 mils ltl3.Ximum and is shown at the top of Projection 43. 

In addition to this elastic m:::Jtion of the winding, there is also an 

elastic m:::Jtion of the coil collars. This is shCMn in the bottom of Projec-

tion 43. The circular collars distort into a slightly elliptical shape. The 

diagram shown is llR.lch exaggerated. The point at 45 does not change in ra-

dius but m:::JVes in azillR.lth. The points at the pole and the equator do not 

m:::Jve in azilmth but m:::Jve in a radial direction. We thus have altogether three 

m:::Jtions of the wire that cCitlbined to make field e=rs. These rrotions all 

are proportional to B
2 

in their magnitude. The amplitude of th.em at 40 kG 
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is shown in Projection 44. o:e and Er are due to the =llar notion. The 

direction of these curves can be understood as follows: Ee cx:impacts the 

winding more to the equator and, hence, rrakes the field stronger as one goes 

toward the winding. Er rroves the winding away fran the axis and, hence, causes 

the field to fall off. The detailed mechanics of the collars =nnect E 
r 

and Ee. If the collar was a unifonn ring, Er v.Duld be twice Ee. The sum of 

the above te:r:ms is shown in the bottan of a figure and for a =nparison, the 

arrount of sextupole necessary for cl:=roticity correction, if it w=re distri

buted uniformly throughout the dip:iles, is shown as a dotted curve. This is 

only shown to give one sane feeling for the magnitude of the error fields 

involved. 

The point I v.Duld like to rrake here is that there are many reasons that 

correction =ils are necessary in a superconducting machine. The persistent 

currents must be corrected, and their major canp:inent is a sextupole tenn. 

In addition, as we have just seen, conductor rrotion causes a distortion of 

the winding during pulsing, and finally, the residual of the iron yoke must 

be corrected, and a chrorroticity tenn must be added. They must also provide 

=rrection fields over the whole range of magnet operation. This indicates 

that the correction ci=uit problem needs much rrore attention in a supercon

ducting machine than it has received in past machines. 

I v.Duld n<:M like to address a problem that has caused and is causing an 

eno:rm::ius arrount of difficulty. This has to do with the subject of preload. 

Whatever schsne is used for confining the coil, the mechanical forces must 

exceed the magnetic forces or the coil will rrove away fran the support fonn. 

Once this happens, the quality of the magnetic field deteriorates rapidly. 
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In addition, we have seen in the first part of the discussion that the situ

ation c,an lead to excessive training or the cxiil not reaching its short sam

ple limit. However, there is a nasty reality that must be faced here. The 

cxiil when it is cold shrinks away fran the collars. Thus, the stress in the 

cxiil at room terrp=rature is much bigger than it is when it is oold. Projec

tion 45 sh=s a typical situation that we have enoountered at Fermilab. The 

ooil size is shown along the horizontal axis, and the force applied is shown 

along the vertical axis. The open loops represent the stress strain diagram 

for the coil rratrix. When the ooil is cooled, it shrinks relative to the 

cxillar and winds up at the point indicated on the drawing as "preload." This 

preload IllllSt be greater than the rragnetic forces or the conductor will l!Dve 

<May fran the confining collar. Thus, one can see that the !!Dre coil shrinks 

relative to the oollar, the !!Dre it must be carpressed at roan terrp=rature 

in order that the proper preload will exist when it is cxild. The details are 

shown in Projection 46. There doesn't have to be a solution to this problem 

if the coil shrinks too much relative to the collar. It oould easily happen 

that the rratrix crushes before a sufficient preload at room terrp=rature cxiuld 

be applied. We do not know how to control the mechanical properties of the 

insulation rratrix, and research needs to be done on this subject. 

Projection 4 7 and 48 sha.v sane of the areas that we need to investigate. 

Fatigue Stability 

1. Coil support. w= do not know how to build a satisfactory support 

structure for a 10 Tesla coil. Much work needs to be done on this 

subject. 

2. The mechanical properties of the insulation and its aging under 

many rragnetic cycles is not understood. 
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3. The cryostat is also subjected to both thenral stress and rnagnetic 

stress. W:Jrk needs to be done on this subject. 

4. It is not known whether stainless steel at high stress, low tempera

tures, and high fields is stable. 

Matrix 

5. At Fermilab the support rnatrix has sane of the properties of styro

foam, narrely, it crushes inelastically after a certain force is 

applied to it. It behaves elastically around the permanently de

fo:oned position. This leads to easy assenbly of the coils. This 

solution is probably not applicable at the 10 Tesla level. 

6. One can irragine strengthening the support matrix by impregnating 

the epoxy with aluminum oxide or glass. We tried this as an experi

rrent once, and it leads to an exceedingly stiff coil. Glass may be 

necessary if one goes to Nb3Sn conductor. 

7. In addition to supplying support, the matrix has to provide adequate 

insulation and guarantee that there are no tum-to-turn shorts. 

This represents a wide area that needs study. 

Cryostat 

8. Cryostats need rrore research on them. The mechanical support that 

the cryostat must provide is such that the magnet vertical axis needs 

to be stable to a mrad, and the X and Y position of the quadrupoles 

stable to 20 mils or better. This, in spite of rather large rrechani

cal defonrations. The Fennilab magnets shrink about 3/4 in. between 

room temperature and liquid helii.nn temperatures. The behavior of 

superinsulation in a large cryogenic system needs to be studied. 

How stable is the infrared reflection coefficient of superinsulation? 
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9. How does one counter the thennal stresses in a cryostat? 

10. And how does one find leaks in a large system? 

11. Ha.v does one rapidly warm up a system and change a magnet? 

12. And the question of high current leads needs to be studied rrore. 

Quality Control 

13. Finally, the question of quality control needs to be studied in nruch 

rrore detail. W: have made treirendous strides in this field, but ~ 

have consistently underestimated the care that nrust be exercised to 

build a superconducting magnet. 

Systems 

How does a large system of magnets behave? At Fennilab, ~ have three 

areas where the behavior of strings of superconducting magnets is being studied. 

The first is the program at Bl2 which is above ground and involves a string 

of 16 magnets and their associated quadrupoles. It represents as closely as 

possible the conditions that will be found in a string of magnets in the tun

nel. Quench protection techniques are being studied. Failure rrodes of sys

tems of magnets will also eventually be studied i.'1 this area. So far the 

string has been pulsed to about 3,000 amps and quenched safely. The pressure 

rise in the cryostats under quench conditions and the behavior of the cooling 

system for the magnet string is also being in"'°'stigated. 

There are also b.D strings of magnets installed in the tunnel. One has 

been cooled for rrore than a year, and the second one is just now starting to 

cool d=i. What problems can arise in a system of magnets? 

First of all, each one of our magnets stores about 350 kJ. If a magnet 

quenches, its tenninals are shorted by an SCR, and an internal heater is 

fired in order to drive the magnet normal as fast as possible. The energy 
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from the nonquenching magnets is extracted and dissipated in an external 

resistor. Brookhaven and Fennilab have evolved tWJ different schemes for 

protecting their magnets. In each case, the full energy within a magnet is 

dissipated in the conductor. 

To un:ierstand hc:M this oorks, consider Projection 49. Here we shc:M a 

piece of the conductor going normal and generating a quantity of energy given 

2 
by I rdt. If we neglect the helium oooling, this heat has to result in a 

temperature rise to the material which is equal to odT. We can rewrite the 

equation as shown in the second line. The heat capacity and the resistance 

as a function of temperature are knc:Mn, henoe, the right side of the equation 

can be nurrerically integrated and is only a function of the final terrperature. 

Thus, for a given final ternperature, there is a fixed [ I
2
dt the conductor 

can tolerate. we have made detailed measurements of this property of the 

=nductor and find that at high currents the helium cooling can indeed be 

neglected, and the curve sh= in Projection 50 for the temperature as a func

tion of J r 2
dt is quite ac=ate. One can check this by exposing the con

ductor to a given J r 2
dt that should take it to the melting point of either 

Stabrite or Mylar. These too substances give a calibration point at about 

0 
600 K. 

The magnet protection system must always keep the J r2dt below sare value 

set by the designer. Since the conductor has to absorb all of the energy in 

the magnet, one can lower the average by driving all of the conductor in the 

magnet normal at once. BNL does this by causing the quench to propagate by 

thenral =nduction over a large number of turns in the magnet. At Fennilab, 

we apply an active quench protection systen, and we actually activate a 
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!Eater in contact with the turns in order to spread the quench over a large 

region of the magnet. Once enough conductor turns normal, the resistance 

teccmes large, and the tirre constant to discharge becomes short. 

J r 2
at is limited. The Fennilab magnet protection scherre holds 

Thus, the 

the J I 2
dt 

6 2 
to about 5 x 10 amps I sec. It should be noted that as Projection 49 shows, 

Tmax varies like an exponential of J r 2dt, so this quantity must be carefully 

oontrolled. 

When a magnet quenches , abnormal voltages appear across the turns. In 

order for the magnet to survive is the voltage between turns must not beccnE 

large enough to cause breakdown. Helium is not a very gopd insulator in its 

gaseous form. Projection 51 shows sare emperical breakdown data for the 

Fermilab type conductor as measured at various temperatures in heliun. Addi-

tional data that has been measured is shown in Projection 52. It is safest 

to disregard the properties of helium as an insulator and insure that the 

oonductor is adequately insulated by SOJre material such an mylar in order to 

guarantee that there will not be shorts when the magnet quenches. 

Another problem that will be encountered in large systems is the radia-

tion quenching of the magnets by any beam that manages to hit them. Sare 

ireasureirents have been made on Fennilab magnets , and these appear in the 

Tevatron Design Report. I show two exan;iles in Projection 52. Two cases 

were studied: 

1. A fast beam loss, such as that ....:Juld be encountered in slow extrac-

tion. 

2. A slow beam loss, as would be encountered in slow extraction of the 

beam, for example for use in the Meson Lab. 
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Ho.v well we can control these loss mechanisms will control how close 

we can or:erate the machine to the short sample limit. A great deal of work 

needs to be done in this area yet. 

Let m= sunmarize here sc:me of the systans problems that we are going to 

have to core with. I have already mentioned the quench protection systems 

are passive at BNL and active at Fennilab. I think a question rerrains of how 

active the system should be. In the Fennilab case, a rni=oprocessor is rroni

toring the magnet behavior. The next level of sophistication above protecting 

the magnets would involve rronitoring the cryogenic part of the system and 

minimizing the r:erturbation to the refrigeration. 

The cooling system is unique because a synchrotron is spread out over 

a large area and is very canplicated with many parallel paths. The system 

needs to be brought under ccnputer control. There are sane special problems 

that arise because when the system is pulsed, a large heat load is added 

through the eddy current and hysteresis loss in the magnets. In the Fennilab 

case, this results in a large evolution of gas which must be handled by the 

refrigeration system. 

We desr:erately need new leak detection systems and ways to isolate leaks 

in the =nplicated =YQstats that house the magnets. We need to study ho.v 

to get fast access to the magnets in order to change then if one is damaged. 

We need to understand for the future the behavior of superfluid helium in 

large systems. 

Po.ver suwlies will need additional developrent. The long spills that 

are possible with the superconducting system can change the proton econcniy. 
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Lang spill times mean that the secondary beams will become major users of 

protons. In the past, the counting rate has set a l:iJnit to the number of 

protons that could be utilized in these beams. Long spills involve very 

stable p::iwer SUPPly systems. 

Correction coils will demand much more carplicated programs and more 

sophisticated p::iwer systems in order to correct the field dynamically. In 

the past, the main burden of good field has been placed upon the dipole mag

nets, and this good field has been determined by iron stampings. This is no 

longer true, and indeed, in the future it could becx:lrre very expensive to place 

the main burden for good field on the dipoles. The correction coils must be 

considered as part of the econanic equation. It may well be less expensive 

to =icentrate more on the correction circuit and less on the quality of the 

dipoles. 

Finally, as I have mentioned, we need much rrore work on understanding 

the interaction of radiation on the rragnet system. 

Conclusion 

I would like to conclude this talk by surmarizing shortly our situation. 

We have not made very much scientific progress in understanding training and 

the quenching phencmena that take place in our magnets . In order to take the 

next step and go to a 10 Tesla magnet, much work needs to be done. The sup

port matrix must be urrlerstood in detail, and the black magic turned into a 

science. We need to understand the action of HeII on the cooling system, and 

in order to go to higher field magnets, we may well have to develop new tech

niques to form Nb Sn in situ. We have made great strides in understanding the 

role of quality control in the construction of magnets and understanding the 
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manufacturing process that will econcrnically construct useful magnets. We 

are on the verge of obtaining much information about systems of magnets and 

ho.v to control them, and I feel we are making great strides in this field. 

It seems inconceivable to me that only five years ago we were still building 

1 ft. rrodel magnets at Ferrnilab. Ho.vever, it is still true that rrany inter

esting and vexing questions still remain. 

Many of rey colleagues at Ferrnilab were involved in collecting the infor

mation I have discussed. Their narres can be found in the appended Bibliography. 

Finally, the great influence of Dr. R. R. Wilson can be seen throughout 

the FNAL work. 
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