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1. XNTRODUCTION 

During the last few months serveral full size pro- 
totype dipole magnets for the Fermilab Energy Doubler 
have been successfully tested. This has been the 
result of several concurrent programs in conductor 
development as well as magnet construction, production 
and testing. We consider that our present magnets have 
achieved their design goal. Progress to this point has 
solved many pitfalls. We will describe our present 
technology as well as some of the decisions that led to 
our present design. 

II. CONDUCTOR DEVELOPMENT 

The configuration of the conductor has grown from 
a monolithic strip, 0.075 by 0.150 inch, to a 23 strand 
keystone shaped cable with nominal dimensions of 
0.050 by 0.300 inch. The need to use the cable was re- 
quired to reduce the ac losses as well as to move to 
another, easier to fabricate, alloy system. The pre- 
sent conductor is specified to perform at 52OOA at ST 
and in some instances has been delivered at specifi- 
cation. 

The Laboratory has engaged in a program to pur- 
chase large quantities of semi-finished components used 
in the manufacture of the finished strands. The moti- 
vation for this was to insure a more uniform-end pro- 
duct. hhile achieving this goal we have alsoxfound 
that the quality of the intermediate products has 
increased as a function of the scale of production. 
For example, the resistivity ratio of the delivered 
starting copper billets has risen from the specifica- 
tion of 18O:l to a mean of 26O:l. In addition the 
mechanical quality of the niobium alloy rod has 
improved. 

The recent purchase of over 9 million feet of 
0.027 inch diameter composite strands has resulted in 
a significant reduction in price while maintaining high 
cryogenic performance. It is hoped to extend this pro- 
gram to include the cabling and insulation of the final 
conductor. 

III. COIL CONSTRUCTION 

Most of our recent work has been on the E series 
of dipoles. The cross section of these two layer 
3 inch bore magnets is shown in Fig. 1. This geometry 
was chosen because it is easy to fabricate and has both 
a maximum transport current and inductance thar match 
vell with existing power supplies. 

The dipole coil package is formed as both a top 
and a bottom coil, each made of two layers forming 
saddle shaped coils. Xn double layer winding, the 
conductor is vound out from the center in a flat spiral 
on one layer. After a layer-to-layer transition is 
made at the center of this coil, the second level is 
wound out from the center in an opposite spiral. The 
leads end up conveniently on the outer edges of the 
coil and no internal splice is required; the entire 
double layer can be made of one length of conductor. 
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Fig. 1. Cross Section of Energy Doubler E SeriesDipole 

Thirty-four turns are wrapped Into the first layer and 
21 in the second. In the top pair the last half turn 
in the outer shell is omitted to form a lead at the 
back end of the coil. An additional cable is then 
placed Into the void and becomes a bus-conductor. The 
magnet thus has a lead #pair at each end. 

The required conductor placement which gives fields 
good to one part in lo4 at one inch from the center at 
the midplane is shown in Table I. 

TABLE I 
Conductor Placement Data 

0 0 I.D. 0-D. 
Coil Start Finish (in.) (in.) Turns/Coil 
Inner 0 73.1° 3.000 3.628 34 
Outer 0 37.7O 3.670 4.298 21 

We have found that the electrical insulation sys- 
tem is very important to the desired operation of the 
finished dipoles. The insulation system for the coils 
has several requirements. The conductors have to be 
isolated turn-to-turn to withstand voltages of the. 
order of 1OV. Extreme parts of the coils must witb- 
stand thousands of volts to either ground, companion 
top or bottom coils, or the bus conductor. For turn- 
to-turn protection, the conductor is covered in a 
spiral-wrapped overlapped 0.001 inch thick Mylar tape, 
Before this wrapping, the cable is ultrasonically 
cleaned in Freon solvent to remove fabrication-induced 
metallic slivers. No adhesive is used on the tape 
because of our experience that any adhesive bonded to 
the cable causes degraded coil characteristics: Over 
this Mylar taped cable is wrapped a 0.007 inch lightly 
epoxy-impregnated 0.25 inch wide glass rape. It ia 
wrapped like a barberpole with l/16 inch gaps to aid 
helium permeation. When the coil is formed in its mold 
there is just enough epoxy to hold the coil together 
but not enough to drip or seep into the cable itself. 

The insulation from inner to outer shells.is by 
intermediate banding. This epoxy-fmpregnated l/4 inch 
wide glass tape, 0.021 inch thick, spaced 318 inch 
apart, is applied in a herringbone pattern down the 
length of the inner layer or shell. The second shell 
is then wound on top of this spacer. The gaps form 
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helium convection passages to aid in cooling the outer 
thell. At the coil ends, the spacer is placed in a 
cbevrw pattern to support the coil wraparounds uni- 
fonmly. Upper-coil to lover-coil insulation is prwid- 
ad by an extra layer of 0.010 inch Rapton at the mid- 
plaae where they meet. Short-to-ground insulation is 
prowided by a 0.030 inch built-up mat of Dacron-Hylar- 
lkcrott sheet. 

With the help of the insulstion system the coils 
art wlded to their final dimensions in a fixture after 
tiding, but they vi11 not stay that vay vithout some 
filler to complete the circular arch. We have designed 
these fillers or keys into the coil-clamp-collar coil 
supports to be discussed below. At the half-circular 
ends of the coils, the coil-clamp collars cannot per- 
form this function. Machined 610 keys with matched 
coefficient of 'thermal expansion fill the gap. They 
&no house the guide and support slot for the layer-to- 
ltytr transition. 

IV. EI ISTORTAHD PURPOSJZ~WTXElTSTPROGRAH 

IO July 1973, an extensive test program of tvo- 
&us11 magnets was started at Fermilab. During this 
program we have tested seven 1 foot D series magnets, 
three 10 foot D series magnets, nineteen 1 foot I? 
atrfee magnets, two 5 foot I? series magnets, four 10 
foot E series magnets and four 22 foot E series magnets. 

The D serges magnets had an Inner 2.5 inch bore 
and were made vLth 17 strand superconducting wire with 
individusl strands 25 mils in diameter. The success of 
this program led to the start of the E series magnets, 
vkich had a 3 Inch bore diameter and were constructed 
of 23 strand vire with a diameter of 27 nils. 

The object of this extensive magnet-test program 
vas to find out how the structure of the magnet affects 
its performance. The structttre of the magnet was 
varied in many vays, such as changing the method of 
insulating the wire, changing the mechanical support 
of the wire, and changing the cooling. Performance 
wae ussoured by running test curves on the magnet after 
ir bad been constructed. 

In addition to the above ve studied the extraction 
of energy from a magnet vhen it quenched. A 22 foot 
wgntt at full field stores approximately 0.5 MJ, which 
mast be extracted in a tfne sufficiently short that the 
tire does not heat excessively, At the smae time, the 
insulation of the magnet must be sufficient to with- 
stand the voltages that are developed during a quench. 

This test program has been exceedingly fruitful. 
It bss taught us a considerable amount about the 
.auppart structure, about how magnets quench, and most 
important it has led to the successful developxcent of 
the 22 foot magiret. It was not at all obvious at the 
atart of ‘this program that vhat was learned from a 
1 foot magnet could be successfully applied to the 
construction of 22 foot magnets. This result must be 
vieved es one of the major achievements of this program. 

Se evidence seems to indicate that magnets train 
because the support structure is allcving the wires to 
slightly move and shift at the high-field point. The 
frfctionrl forces accompanying this motion punp enough 
heat into the superconducting vire to make it go normal. 
If ve sssum that thts analysis is correct, then we can 
anderatand the major features that ve observe. First, 
mgnets do remember 9SX of their training, even over 
periods of months provided the basic support structure 
hss clot been disturbed. If the banding around a magnet 
ti changed. for instance,. then the magnet seems to 
train ns though it were a newly constructed coil. On 
the otber hand, if the magnet is temperature-cycled or 
left nitting around the Laboratory at rooa temperature 
for long periods of tlmc, It seems to remember its 

previous trnining history. 
The magnets as constructed at present are gener- 

slly fully trained in approximately 10 to'15 quenches. 
It is planned that each magnet would be tested before 
It is installed in the tunnel. During this test,vacum 
meesurenents would be made, the coil vould be trained, 
it vould be verified that It Is magnetically accurate 
and survey marks vould be placed on the cryostat to 
indicate where the coil is located inside. The few 
quenches that it takes to train a magnet are considered 
a minor part of this overall test routine. Figure 2 
shovs the comparison in training of a 1 foot and 10 foot 
long magnet and Fig. 3 shows the comparison between a 
10 and 20 foot long magnet. This has led us to the 
conclusion that the training is magnet length indepen- 
dent and occurs in the ends. 

a t 
SOI- TRAINING CURVE 

OUENCH NUMBEf? 

Fig. 2. Trafning curves of 1-ft and lo-ft magnets. 

WENCH NUMBER 

Fig. 3, Training curves for IO-ft and 22-ft msgnets. 

Ramp-Rate Sensitivfty 

+Ihen a superconducting virc is placed in a tiw- 
varying field, there are ac losses that generate heat 
insid; of the conductor. Here ve are meialy fntrrested 
in their effect on the maxfmum field that can be 
obtained in a magnet. Suppose the current Is increased 
very slovly. Then the peak field at which the magnet 
quenches can be close to the short sample limit. On 
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.m& other hand Fig. 4 shovs a plot of B-quench ver$us B 
for magnets El-1SB and El-17. It is seen that as B 
increases, the magnet quenches at smaller and smaller 
values of field. %y increasing the pitch of the heli- 
cally vrapped fiberglass Insulation, magnets have been 
constructed vhich exhibit virtually no ramp rate depen- 
dence up to (10 kC/sec. (A rate 8 times higher than 
planned for the Doubler.) In fact, it is clear that it 
vi11 probably be the rf parer and refrigeration and.not 
the superconducting magnets that limit the maximum B of 
the Energy Doubler. 
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Fig. 4. Dependence of peak field on ramp rate for 1-ft 
aagncts. 

Lmperature Dependence 

The critical current of the superconducting wire 
is a function of te~-r=c**- r ------ -, 2ecrec.sfr.g a3 T increases 
Ue have investigated this in detail on several magnets. 
It has been found that the peak field decreases by 
about 15% per K, which represents a linear decrease 
dovn to the critical temperature near 10K. 

Vire Comparison 

Magnets El-17. El-18. El-19, and El-20 were con- 
structed to be Identical except for the tiire, which vas 

.made by four different manufacturers. Figures 5 
through 7 show the results obtained with these four 
magnets for training, ramp-rate sensitivity at two 
temperatures V and temperature dependence of B-quench. 
Notice that the shape of the ramp-rate sensitivity 
curve remains unchanged as T is varied. 

Support Structure 

The original support structure, which consisted 
of internal titanium or procelain rings and external 
spiral banding, has been abandoned for a new structure 
consistLng of an external stainless steel collar sup- 
port system. 

The original system had to be abandoned for tvo 
reasons. First, the two layers of spiral banding were 
not in torsional equilibrium within each layer and, as 
the magnet trained, it also tvisted as these tvo layers 
of banding equalized their tension. Secondly, the rings 
tere not strong enough to keep the magnet from deform- 
n8. Nevertheless, a series of these spiral-banded 

magnets taught us a considerable amount about the role 
of the support structure and hov it affects training. 
Figure 8 shovs a remarkable curve that vas obtained 
on El-?, a banded dipole. In this test strain gauges 

were placed on the internal support rings for the 
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Fig. 5. Training of four identically constructad 
magnets. 
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Fig. 6. Ramp-rate sensitivity of four identically 
consttucted magnets. 



HELIUM BATH TEMPERNURE AT QUENCH (K) 

Fig. 7. Uaximum field at quench for four identically 
constructed magnets. 
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fig. 8. Strain and quench training in a banded magnet. 

magnet. The curve shows the strain gauge readings at 
tvo points on the ring separated by 90' and the regular 
training curve of I-quench versus number of quenches. 
It Is seen that as the magnet trains, its shape is 
permanently altered. The distortions observed are as 
much as 25 mils on the radius and are much too large 
if we are to naintain the accuracy of our conductor 
placement. 

These data led us to the design of the external 
stainless-steel support collars. These collars are 
stiff enough so that the displacement as measured by 
strain gauges is only 4 mils on the radius. Megnetic 
measurements on some real magnets in their cryostat are 
being made to see if this dfsplacement is enough to 
generate a sextupole moment that is too large to be 
tolerable. It is thought that this will not be the 
case and preliminary measurements on ES1 do not 
‘ndlcate a signfficsnt sextupole moment that is a non- 

llnear function cf currents The calculatfon of the 
sextupoie moment is difficult because all the exact 
displacements involved are not known. 

Conductor-Placement Accuracy 

One more problem investigated during the 1 foot 
model program has been the accuracy of the conductor 
placement. The 1 foot magnets are too short to lend 
themselves to accurate magnetic measurements, which is 
the ultimate way to invesiigate the question of whether 
or not the conductors are placed with sufficient 
accuracy. On the other hand, we have cut a number of 
the magnets in half after they have been tested and 
measured optically the position of the individual con- 
ductors. A program has'been written that allows the 
field to be calculated from these measurements. This 
has taught us how to position the conductors with high 
accuracy in a magnet. The ultimate test of this will 
be uhen we make magnetic measurements on A 22 foot 
magnet in a cryostat. Parallel to this program, we 
are constructing a series of 5 foot magnets with the 
most accurate techniques that we have. These 5 foot 
magnets will be placed in a small reusable cryostat and 
measured magnetically. A 5 foot magnet is long enough 
so that the end configuration can be studied indepen- 
dently of the two-dimensional field in the center of 
the magnet. his p:ogram is just now starting with 
33-l. From the measurements made so far there is no 
indication that a magnet with sufficient accuracy 
should be unduly difficult to construct, 

V. CONCLUSIONS 

We have constructed prototype dipoles that are 
acceptable with respect to mechanical structure, 
-cooling and operation. Several tests are now underway 
to measure the exact magnetic field. 
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