
SUP~UCTING MAGNEI' SYSTEMS AT FERMIIAB* 
J. R. He:iln** 

TM-591. 
2750.00 
July, 1975 

The present state of superconducting nagnet technology at Fennilab is shown by examples of superconducting 
magnets being used as High Energy Physics exper:imental equipnent. A very large bubble chamber nagnet and sever­
al large dipole magnets have been built and all are being used as power savers. Simple economics justifies the 
construction of such magnets. Initial capital costs are about the same, but operational costs are not. Well­
designed supercoirlucting magnets cost much less to operate than conventional nagnets. Future superconducting 
magnet systems now being studied and develope:1 are also describej. 

I. INTROD~ION 

For many years the high-energy physics conmunity 
has recognized the potential of superconducting mag­
nets. In fact, to date the strongest single driving 
force pressing the developnent of superconducting mag­
nets can probably be attributed to members of this 
camrunity. High Energy Physicists are accustaned to 
dealing with new ideas and the develoµnent of whatever 
is needed to investigate their new ideas. 

Fenni National Accelerator Laboratory has been 
actively pursuing the application of superconducting 
magnets since the founding of the laboratory. During 
the early stages of accelerator design the possibility 
of using superconducting magnets as accelerator can­
ponents was studied and rejected. The art of building 
such magnets was not then sufficiently advanced for us 
to gamble on than. At that t:ilne it was decided to ad­
vance the developnent of superconducting magnet systems 
with the idea of introducing such magnets into our pro­
gram when the gambling odds were better identified. 

Since that time three independent efforts have 
been pursued. The first effort was the design and con­
struction of a large bubble chamber magnet using super­
con:iucting coils. Several papers describing design and 
oonstruction of this bubble chamber have been presented 
elsewhere. 1 I will describe the magnet briefly and 
nove on to operational perf onnance which has not been 
treated previously. 

The second effort is a continuing program2 to 
build large superconducting dipole magnets which are 
used as exper:imental equiµnent. These particle anal­
ysis magnets are much cheaper to operate than conven­
tional magnets and they are gaining popularity at 
Fennilab. The exper:imenter at Fennilab no lOP-ger feels 
that the success of his exper:iment is being gambled if 
a superconducting magnet is assigned to his exper:iment. 
The overall success of this program justifies detailed 
discussion about the engineering concept and operation-
al experience. -

The last effort is a canbination of two related 
projects. The long range goals of both efforts deal 
with increasing the energy output of our accelerator. 
The original carrmitment of our laboratory was to build 
a machine which i;..ould accelerate protons to 200 GeV. 
Accelerator design progressed with this conunitment as 
a short range goal only, wi.th plans to upgrade perfonn­
ance to higher energies as soon as possible. To date 
the accelerator has operated at energies greater than 
490 GeV and we will continue to press to higher ener­
gies. If we can build high field superconducting 
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magnets, energies of 1000 GeV can be achieved without 
increasing electrical power consumption. 

Progress in the developnent of pulsed super­
conducting magnets has been reported at conferences fur 
many years. 3 ,•, 5 Parallel developnent efforts at sev­
eral laboratories have advanced the technology, and 
prototype dipole and quadrupole magnets have been built 
and tested. These developnent results indicate that 
superconducting synchrotron accelerator magnets are 
"within reach" and we hope to use such magnets as soon 
as possible. The gambling odds are much rrore favorable 
today with rocist of the problems identified and solved. 
The few renaining problem areas which are not complete-
1 y understood should be resolved in the near future arrl 
a fourth acceleration stage will be added to the ma­
chine. The existing third stage is a ring of conven­
tional magnets one km in radius and the new fourth 
stage (energy doubler/saver) will be the same diameter 
located inside the existing third stage tunnel. The 
present developnent status of magnets and helium 
cooling system is reported. 

In conjunction with the energy doubler effort, we 
started the develoi;rnent of beam transport magnets. 
When we upgrade the accelerator to higher energies, we 
must also upgrade the magnet systems which transport 
beam from accelerator to experimental areas. These 
magnets will be s:ilnilar to energy doubler magnets in 
concept and differ only in aperture size and pulsing 
is not required. 

II. LARGE DIPOIE PRCX3RAM 

Background 

our small group entered into the superconducting 
magnet field in the late 1960's and the outlook was 
very opt:ilnistic. At that time it appeared that all of 
the big problems had been solved. Superconducting w.lre 
was available to meet whatever our needs might be. 
Wire manufacturers promised long lengths of super­
conducting wire with continuous NbTi filaments well 
bonded to the Cu matrix and twisted for stable perfomr 
ance. All that was left to the magnet builder was to 
wind the wire into a suitable coil shape and to arrarge 
for cooling the wire. We then asked ourselves the 
following questions: 

1. Why are so many people with experience in 
the field still finding.difficulty with unstable 
coil performance? 

2. Mlat are the differences between the types 
of coils that exhibit training and those that do 
not train? 

3. Mlat must we do to build a superconducting 
magnet that never quenches? 

4. Hov.r can we use existing knov.rledge to con-
tribute to our laboratoi;y in short order and fur­
ther superconductivity long range? 



5. Which type of magnet should we ooncentrate 
upon as a first effort? We wanted to force 
superconductivity out of the research lab and 
into the field as soon as possible to derronstrate 
that such magnets are useful. 

After I!Rlch searching and discussion with respect 
to the al:ove questions, we ooncluded the following: 

1. Coil stability is dominated by conductor 
tanperature. Most of the successful magnet pro­
jects used a ooil type construction with good 
oonductor to coolant heat transfer. 

2. If we maximize the coil conductor surface 
area in direct oontact with the helium coolant we 
should be able to build ooils that never quench. 
We made no attempt to solve the training problem: 
we by-passed the problem and accanplished stabil­
ity by overcooling the conductor. 

3. OUr first efforts \liOuld be to build full 
scale dipole and quadrupole magnets at 1. 8 Tesla 
which could be substituted for existing conven­
tional magnets. 

Within tw:> years we succeeded in accanplishing 
our goals. A 3 meter dipole with a 4 x 10 cm bore was 
built and operated without difficulty. A 3 meter 
quadrupole with a 10 cm b::>re diameter followed with 
similar results and we were pleased with the success 
of our first effort. Both ooils were \liOund with srrall 
diameter round wire with the oonductors spaced such 
that the helium coolant was in direct contact with the 
oooouctor surface. The coils were clamped directly to 
the field shaping iron with tie studs and the magnet 
assembly {coil and iron) was enclosed with a stainless 
steel helium vessel shell. 

This straightforward engineering approach pro­
vided superconducting substitutes for conventional 
d.c. beam transport magnets. we then proceeded to the 
logical second stage of identifying same length of 
beam transport system that was still on the drawing 
l:x:>ard where we could switch magnets. TO our disrray, 
we could not sell our replacement scheme to lalx>ratory 
management and a valuable lesson had been learned. 
Applied superconductivity was still looked upon as a 
new technology and as such it was considered a high 
risk gamble. Also, unsuccessful developnerit efforts 
of the past had given the technology a "long shot" 
reputation. If we were going to sell superconducting 
magnets we \\Uuld have to entice the user by pranising 
results far exceeding that which he oould achieve 
using the well established conventional teclmology. 

Fbllowing our first set-back, we re-aligned our 
thinking in preparation for a secooo attack. We asked 
ourselves, "What are the salient features of the de­
vices we have thus far developed· and how can we fur­
ther exploit them?". After sane thought we decided 
that our best strategy v.ould be to challenge conven­
tional magnets where we had the advantage. The orig­
inal electrical power consumption estimates for the 
Laboratory were based upon accelerator operation at 
200 GeV~ With accelerator output being pushed to 
400 GeV and higher, electrical power consumption was 
destined to become a serious problem. With this fore­
sight we then established a new goal of building 

' superoonducting power savers. We then set out to i-
1 dentify a group of conventional magnets that we might 
, convert to efficient superconducting magnets. 
I 

Program Goals 

We soon found an ideal caroidate to challenge. 
Many high-energy physics experiments use' large dipole 
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magnets as spectrometers downstream fran the target~ 
These magnets operate in the steady state d.c. condi­
tion consuming large arrounts of electrical power. 
Furthenrore, with higher beam energies available to 
the experimenter, even larger particle analysis mag­
nets v.ould be needed. Future particle analysis mag­
nets should becane efficient superconducting magnets. 

The first phase of the new program was to develop 
a superconducting magnet which wuuld be the equivalent 
of an existing particle analysis magnet. We decided 
to make the superconducting prototype the same size as 
the conventional magnet to avoid scaling problems. 
The primary goals of.the project were then defined as 
follows: 

COST - initial capital cost alx>ut the same as the 
conventional.version. 

RELIABILITY - no rrore "down time" than the con­
ventional magnet. 

EFFICIENCY - overall power consumption for con­
tinuous operation less than 10% of the conven­
tional magnet. 

The first tw:> goals reflect the general attitude 
of the project. We were not out to beat conventional. 
magnets with respect to cost and reliability. To 
match cost and reliability is ambitious enough and it 
can be done. HO\lever, we had a definite advantage 
with respect to operational cost and we were out to 
win. 

Engineering Concept 

TO achieve the alx>ve goals the concept evolved to 
the following design considerations: 

l. The daninant operating cost for rrost super-
conducting magnets is the power used to reliquify 
the boil-off helium coolant. Heat transfer into 
the liquid helium environment ImlSt be reduced to 
a minimum without sacrificing reliability or cost. 

2. The current path connecting the power 
supply to the coil is a major heat leak. This 
loss can be eliminated by operating the coil in 
persistent node with current leads rerroved or re­
duced to a low level by using a flux pump. 
However, both of these methods are rrore canpli -
cated than a vapor-cooled current lead system. 
Therefore, vapor-cooled leads were chosen for 
reliability but low currents are used to reduce 
current lead losses to an acceptable level. 

3. The roan temperature to low temperature 
support structure heat leak must be reduced to a 
minimum. Thermal isolation of the low temperature 
region is improved if the electranagnetic forces 
developed in the coil can be carried by the helium 
vessel. The support system design loads a.re then 
reduced to dead weight and unbalanced magnetic 
forces due to rnisaligrunent between coil and iron. 
For example, our support system contributes less 
thm 10% to the total heat leak. 

4. With good design and careful construction, 
heat leak through the insulating vacuum can be 
reduced to a low level. For example, efficient 
liquid helium storage dewars have been available 
for many years. The same teclmiques can be ap­
plied to the construction of supercoooucting mag­
net cryostats. 

5. If liquid helium consumption can be reduced 
to a low level, the helium vessel can be sized to 



- store enough liquid helium above the coil so that 
the time period retween liquid helium refills be­
caoos long. A pericxlic refill system of supply­
ing liquid helium to the magnet can then be used 
and the cost and ccmplication of including a he­
lium refrigerator as part of the magnet system is 
eliminated. 

6. The vapor-cooled current lead should be 
the only helium vessel outlet and all exiting va­
por flows through that outlet. Even during helium 
fill operations, the exiting vapor assures cw:rent 
lead cooling. 

7. With good welding, the cryopurnping capabil­
ity of the helium vessel walls should maintain 
insulating vacuum integrity indefinitely, i.e. , 
continuous pumping wi t.11. a vacuum pump is not re­
quired arrl system reliability is improved. 

8. A liquid nitrogen cooled radiation shield 
is used. The liquid nitrogen storage volume is 
sized so that the time pericxl between refills is 
the same as the helium eystem. 

COil Design and Construction 

Superconducting coil design criteria is by far 
the nost difficult series of decisions that the mag­
net builder must face. Carr.on terminology in the 
field such as: current density, copper to super­
COIXiuctor ratio, residual resistivity ratio, surface 

·heat transfer flux, training and various stability 
criteria are tossed about v."ith ease by the prototype­
oriented researcher. All o:: these terms have definite 
m:xming but the "trade off" between te.._'1!1S may not be so 
well understood when coil design decisions must be made. 
I feel that the research prototype decisions deal with 
"How adventurous do I feel" while the project engineer 
addresses the same decisions with "How adventurous IlllBt 
I be." 

The decisions made wi t.'1 respect to our coil de­
sign oould best be describe::l as "Not very adventurous 
mt sound engineering". Our pr.imal:y goal was to build 
useful power savers as soon as possible and the coil 
IllUSt perfonn properly. 

The decision to use srr..all diameter round wire was 
based upon the following straightforward approach. If 
we assume that a fixed volizre of conductor of variable 
cross sectional area will be used to build a known size 
coil and the number of ampere turns is fixed, the heat 
generated due to electrical losses in the copper dur.ing 
the charge and discharge transients also retrains con-

. stant. To restate in straightforward engineering lan­
guage; if we neglect secondary effects, heat generatiOn 

· in the coil is independent of the conductor size. 
However, heat transfer bet ... 'een the conductor and 
coolant is a function of conductor size since it is 
directly related to the con:luctor surf ace area exposed 
to liquid helium. Therefore, we can express coil 
cooling capability with respect to conductor size as: 

Q l' 
CoOling capability= .coo mg= f 

Qheating 
I • 

i where Qcooling = coil surface cooling rate 

Oiieating = coil heat generation rate 

d = conductor cross-sectional dimension 
(diameter for round wire) 

n = number of coil turns 

This expression sh:Jws that .a coil construction 
which uses many turns of small wire to develop the 
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required number of ampere tw::ns has.good cooling capa­
bility. Also, current lead losses suggest that small 
wire w::iuld be a wise decision. For our application a 
large coil inductance was not a severe constraint with 
magnet charge ana discharge tim;! pericxls of several 
hours acceptable to the experimenter. An operating 
current of approximately 200 amps was chosen which led 
to a conductor size of less than 2 nm dianeter. 

Coil construction is shown in figure 1. Coils 

COMPLETED COIL 
ASSEMBLY 

TYPICAL CROSS SECTION 

Fig. 1 COil Construction 

are ~ on a saddle-shaped stainless steel frame 
using round wire and epoxy glass laminate layer 
spacing insulators which are located approximately 
5 an center to center. The insulators also serve as 
layer clamping members and remain as part of the coil 
assembly. In this manner, the wire remains tightly 
clamped as we progress from layer to layer. The coil 
assembly is saddle-shaped and rectangular in cross 
section with 3 tie studs clamping each stack of layer 
spacing insulators directly to the steel frame. After 
the coil is v.ound, stainless steel closure bars are 
installed arrl all tie studs are torqued. some of the 
advantages of this type of constrU<;:tion are_: 

1. Small diameter wire iS easy to wind. 

2. The coil structure is well defined and 
readily analyzed, i.e., the insulators are the 
load bearing members which transmit the electro­
magnetic forces through the coil structure. In­
dividual conductors are treated analytically as 
a continuous beam on multiple supports 

3. Liquid helium contacts all wire surfaces 
which enhances coil stability. 

4. layer to layer shorts are alnost impossfule 
with a spacing of 2 or 3 wire diameters between 
layers. Insulator thickness (layer spacing) is 
governed by the insulator stiffness required to 
keep the coil tightly clamped during winding. 



5. If the wire electrical insulation is dam­
aged, turn to turn shorts do not present a prob­
lem since the turn to turn voltage drop is so 
small. 

6. Coil to grourrl insulation is easily in-
stalled. 

7. The thernal contraction of the canposite 
coil assenbly may be designed to match the stain­
less steel frame and helium shell as closely as 
required. 

Shell Construction 

The helium vessel is made fran stainless steel 
plate and assembled around the coil as shown in 
figure 2. The coil is attachoo to the vessel wall 

liquid helium 
storage volume 

CROSS SECTION 

coil mounting stud 
a insulating tube 

HELIUM VESSEL ASSEMBLY 

Fig. 2 Helium Vessel 

with IOOUnting studs as shown. All rrounting studs are 
insulated fran the coil by cylindrical insulators 
which slip over the stud after the stud is threaded 
into the shell wall. The.coil to shell rrounting studs 
are then torquei and the coil closure bars are welded 
to the shell wall as shown. The remaining plates are 
then addro and the helium vessel welding is canpletro. 

The liquid nitrogen vessels· and vessel supports 
are made of stainless steel plate and the remaining 
shell is made of thin copper sheets as shown in 
figure 3. The radiation shield is fabricated using 
threaded fasteners and then disassembled and reassem­
bled around the helium vessel. Coolant tubes are roft­
soldered to the Cu shield with all tubes sloping up 
toward the vessels. Nitrogen vapor generated inside 
the coolant tubes then flows up the coolant tube into 
the vessel ullage space. Poth liquid nitrogen storage 
vessels are vented by overflow tubes. 

The outennost shell (vacuum jacket) is made of 
I mild steel and/or stainless steel. The shell is made 
I up as several weld subassanblies which are then assen­
. bled around the nitrogen shield as shown in figure 4. 
~ of the support colU!lU1s 6 are also shown. All four 
colU11U1s use flexual hinges both top and.bottan to can­
pensate for differential contraction between the heli­
um vessel and outer shell. The radiation shield is 
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stainless steel J 
support stn1cture 

overflow and vent line 

Fig. 3 Radiation Shield 
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Fig. 4 Magnet Assembly 
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leads 

also supported by these support columns as shown. Four 
steel shipping columns are installed inside the support 
colUilU1S when the magnet is being transported. 

Magnet Assembly 

The complete magnet is shown in figure 4. Large 
blocks of iron are stacked around the cryostat and 
bolted together. The shipping columns are then re­
rroved and super insulation is inserted into the column 
cavities to decrease radiation losses. The column ac­
cess covers are then reinstalled and the insulating 
vacuum is "pumped down". The bolts securing the column 
access covers are then raroved and replaced with set 



screws. These access covers then function as blow off. 
covers and serve as a pressure relief system. 

Magnet Operation 

All magnets are designed to operate continuously 
with helium and nitrogen refills once per week. Magnet 
size and operating data range as shown below. 

field volune 
total weight 
stored energy 
full field 
operating current 
nitrogen storage 
nitrogen use rate 
helium storage 
helium use rate 

.4-1.6 
65-165 
300-2000 
1.8-2.0 
200 
170-250 
18-30 
500-600 
36-50 

Tesla meters cubed 
metric tons 
kilojoules 
Tesla 
amperes d.c. 
liquid liters 
liters per day 
liquid liters 
liters per day 

To date four of these magnets have been built and 
are presently being use::l in Fennilab experiments. All 
of these magnets operate reliably and efficiently with­
out special attention. Several irore are in the design. 
and construction stages and many more are planne::l for 
the future. 

Future Plans 

The concept described herein will be used to 
mild future magnets with engineering ref inernents lead­
ing to better efficiencies and further power savings. 
B.)T using supercorrlucting coils in place of conventional 
copper coils, operating costs can be reduced signifi­
cantly. For our application which uses large magnets 
operating in the steady state d.c. condition, operating 
cost reductions of rrore than 99% can be achieved. 

This gain in operating efficiency has been accan­
plishe::l without sacrificing initial capital cost. The 
total cost of superconducting magnet and magnet-related 
system is comparable to an equivalent conventional mag­
net system. With good design and careful construction, 
superconducting magnet systems can be built which op­
erate reliably and efficiently with no more "down time" 
than a conventional system. 

III. BUBBLE CHAMBER MAGNEl' 

Design Background 

The Fennilab bubble chamber magnet design was 
started in June, 1970. The primary design aim was to 
achieve the irost econanical design and construction 
without sacrificing safety, and reliability. Super­
corrlucting coils had been use::l in other bubble chambers 
and the same arguments hold for incoqx:irating super­
oonducting coils into our design. For large bubble 
chambers the initial capital cost of a superconducting 
magnet system is sanewhat less than the cost of an e­
quivalent conventional magnet system, but the real 
savings are associated with long tenn operation. For 
continuous operation, the overall power consumption of 
an efficient superconducting magnet is less than 1% of 
the electrical power demanded by a ccxnparable conven­
tional magnet. If our bubble chamber magnet had been 
built using conventional coils, the electrical power 
eonsumption would be about equal to the accelerator. 

Argonne National Ii:iboratory agreed to design and 
~abricate the large solenoid coils and shells based 
Uix>n their previous experience with the Argonne 12-foot 
hUbble chamber. All of the design decisions were based 
l.lpon a minimum amount of develoµnent testing with 
proven design and construction methods to be used as 
much as possible. We feel that our design represents a 
good ca:npranise of what could be learned fran other 
bubble chamber magnet builders plus additional 
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engineering refinements based upon recent develoµnents 
in superconducting magnet technology. The magnet de­
sign data is shown in Table 1. 

TABLE 1 

Magnet Parameters 

Winding inside diameter 
Winding outside diameter 
Spacing between coils 
Length of bottom coil 
Length of top coil 
No. of pancakes bottom coil 
No. of pancakes top coil 
No. of turns per pancake (average) 
Total number of turns 
Length of conductor per pancake (average) 
Total length of conductor 
Weight of conductor 
Weight. of stainless steel strip 
Operating current 
Ampere turns 
Current density in conductor 
Average current density 
Central field 
M3ximum axial field 
Maximum radial field 
Self-inductance 
Stored energy 

Construction and Operation 

4.27 m 
5.08 m 

99 an 
97 an 
93 an 
22 
21 
65 

2860 
950 m 

40.8 km 
50 Tons 

23.6 Tons 
5000 A 
14.3 x 106 
3700 A/an2 
1885 A/cm2 
3.01 T 
5.14 T 
4.01 T 
31. 7 H 
396 MJ 

The magnet was final assanbled at the bubble cham­
ber facility, but independent of chamber construction. 
The ccnpleted magnet was then rroved as a single unit to 
the chamber construction area, placed into final posi­
tion and prepared for operation. The magnet/bubble 
chamber cross section is shown in figure 5. 

Liquid 
Hydrogen 
Vessel 

Bottom Coil 

Fig. 5 Magnet/Bubble Chamber Cross Section 

The particle beam enters the 30,000 liter liquid hydro­
gen volume through the snout at the left. 

The first magnet cool down was acca:nplished with 
minor "first time" problems only and the coils were 
energized for the first time in August 1972 just 26 
IIDnths after start of design. Magnet operation can 
best be described as most successful. The magnet was 
charged to full field within 24 hours without difficul­
ty. The operational helium boil-off of 55 liquid liteIB 
of helium per hour was in good agreement with the cal­
culated heat leak. 



; To date the magnet has been operated for approxi-
mately 10,000 hours with no major problens. The 
charge and discharge time period is 5 hours with week­
ly charge and discharge performed for.nonnal mainte­
nance. OUr operational experience thus far can be 
sunmarized as follows: 

l. A well designed superconducting magnet sys,.. 
tern is much irore reliable than some of the other 
bubble chamber sub-systems. 

2. The advantages of an iron-free magnet out-
weigh the disadvantages. The overall design is 
much sinq?ler and easy access to the chamber de­
creases maintenance arrl repair time. With proper 
planning, stray fields do not present a serious 
problem. Ivbst of the equipnent seriously affecta:l 
by magnetic fields can be located outside the 
stray field area and th:Jse which must be within 
the high field region can be shielded. 

3. Ivbst magnet system problens are coolant 
system related with liquifier expansion engine 
seals being the weakest link. 

4. Coolant system reliability inq?roves with 
operational experience but the learning time 
pericxi may be longer than expected. 

5. Contaminated helium may cause refrigerator 
problems on start up but the coolant "cleans up" 
with extended operation. 

6. A helium liquifier system that uses a 
large storage dewar to supply liquid helium to 
the magnet is a good method of limiting magnet 
system "down time". The larger the dewar the 
longer the time perioos available for liquifier 
maintenance and repairs. 

IV. ENERGY DOOBLER/SAVER MA.GNETS 

The Fermilab energy doubler program was initiated 
in 1972 as an "all out" effort. The initial thrust of 
the project was divided into two primary efforts 
(l) the developnent of a helium coolant system and 
(2) the study and developnent of high field (approxi-

. mately 4. 5 Tesla) pulsed superconducting magnets. The 
coolant system developnent results are documented 
elsewhere. 7 We do not anticipate serious difficulty 
in cooling over 6 km of superconducting magnets. 
Prototype performance test results indicate that the 
superconducting filaments can be maintained at temper­
atures less than 5°K. The.helium circulation system 
is shown schematically in figure 6. A helium liquifier 
sui;>plies liquid helium to a large storage dewar. A 
circulation pump, located in the bottcm of the dewar, 
drives the subcooled liquid through some length of masr 
nets (120 m minimum) . The helium coolant then flows 
through the coil structure absorbing heat generated by 
the coils. The coolant exits the coils as subcooled 
liquid and flows to the end of the line where an ex­
pansion valve reduces the coolant temperature and pres­
sure to saturation. The coolant then flows back down 
the line.around the outside of the coil vessel shells 
as two phase helium and returns to the storage dewar. 
The radiation and support structure heat load is inter­
cepted by the return flow. 

The magnet developnent effort started off with 
much enthusiasm and success did not seem too far dis­
tant. Similar efforts at other laboratories had been 
fairly successful and we wanterl to supplement their 
developnents with new ideas directerl toward mass pro­
duction of many identical magnets. The following 
ground rules were then establisherl: 
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Fig. 6 Helium Circulation System 

1. Doubler cycle time will be about one minute. 

2. The magnet cryostats will serve as coolant 
transfer lines, i.e., no external liquid helium 
transfer lines will be requirerl. 

3. · The magnets will have a cold beam tube. 

4. The magnet enhancement iron will be at roan 
tanperature and non-saturating. These criteria 
will provide magnets whose fields are linear with 
excitation and small in cross sectional area. The 
small thermal mass reduces the cool down time 
period and the arrount of refrigeration neerled. 

5. The superconducting material will be NbTi. 

6. The current in the conductor will be consist­
ent with utilization of existing main accelerator 
power supplies. 

To date, the coil design has evolved to a dduble 
shell type construction. A typical cross-section is. 
shown in figure 7. The shell pairs are surface coolerl 

Fig. 7 Dipole Cross Section With 
7. 5 cm. Diameter Bore 

with approximately 40% of the conductor surface area ex­
poserl to liquid helium. 

The dominant problem which has not yet been re­
sol verl is the problem of premature quenching. Many 
prototype coils have been built and testerl with sane 
insight gainerl about the nature of training. However, 
the detailerl mechanism is not yet fully understood. 



The cause of this undesirable effect (training) 
has been studied by a m.nnber of investigators with the 
following conclusions: 

1. Training is due to an unidentified mechan-
ical loss. 

2. The source of this mechanical loss may be 
friction heating associated with relative motion 
between adjacent conductors or displacements of 
coil relative to boundaries. 

3. The source of this mechanical loss may be 
the strlden release of strain energy associated 
with fracture of the borrling material (epoxy or 
equivalent} used to .impregnate the coil. 8 

4. The source of this mechanical loss may be 
inelastic behavior of the Nl:fl'i 9 or the copper 
matrix1 0 used to stabilize the supercorrluctor. 

All three of these theories have merit and the 
. final analysis may show that all contribute with the 
dani.nant one related to the type of coil structure 
ch:>sen. Further studies of the mechanical losses that 
cause unstable superconducting coil perfo:rmance should 
lead to a better understanding of how to build super­
conducting coils. With this new knowledge, stable 
coils will be built and the energy doubler/saver pro­
gram will move on toward carpletion. 

V. CXJNCUJSION 

Superconducting magnet systems have found appli­
cation at Fennilab and a look to the future shows IrnlCh 

broader application. Tl..u projects have successfully 
shown that significant p::iwer savings can be gained by 
using superconducting coils in place of conventional 
copper coils. For large magnets operating in the 
steady state d.c. condition, operating cost reductions 
of m:ire than 99% can be achieved. 

The energy doubler/saver program has also inves­
tigated the electrical power savings potential of 
superoorrlucting magnets. If superconducting magnets 
oould be used in conjunction with our present main 
ring magnets, we could operate at 400 GeV and reduce 
accelerator p::iwer consumption by nore than 50% 

This p::iwer saving potential of superconducting 
magnets justifies additional developnent at Fennilab 
and elsewhere. 

1. 

2. 

3~ 

4. 
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