
promising development areas and the 
prospects for achieving much higher 
magnetic fields. 

The coming availability of steady 
fields as high as 50 T has profound impli- 
cations for both science and technology. 
Many new and exciting experiments will 
be possible in this frontier region (1). 
High-field superconducting magnet tech- 
nology is already affecting other research 
fields-for example, biochemistry (nu- 
clear magnetic resonance in high fields) 
and fundamental particle physics (new 
high-field accelerators with 100 percent 
duty cycles). The new technology is al- 
so being applied to large electrical gen- 
erators, magnetic fusion reactors, and 
magnetohydrodynamic power systems. 

Summary. This article deals with superconducting materials which have zero elec- 
trical resistance while carrying high electrical current densities (around 106 amperes 
per square centimeter) in high magnetic fields (up to 50 teslas). The technological 
importance of these materials is due to their use in the windings of loss-free elec- 
tromagnets which generate high magnetic fields. Such magnets are the foundation for 
superconducting electrotechnology, a rapidly growing field whose applications in- 
clude advanced electrical machines and fusion reactors. The article focuses primarily 
on the materials aspects of this new techology. A brief overview is given of the phys- 
ical principles which underlie this special type of superconducting behavior, and some 
of the important basic parameters are examined. The technology required to adapt 
the materials to electromagnets is also discussed. A few concluding remarks concern 
future possibilities for materials that can be used in generating very high magnetic 
fields. 

Why are high Jc, type II materials im- 
portant? Quite simply, it is because they 
permit a major advance in electrotech- 
nology. Present-day electric power tech- 
nology is built around the copper-iron 
electromagnet, which dates back to the 
work of Volta, Oersted, and Faraday in 
the early years of the 19th century. Since 
the magnetic induction of iron saturates 
at about 20,000 gauss (- 2 T, where T is 
the tesla), this magnetic field level con- 
stitutes the practical upper limit for con- 
ventional power technology (Fig. 1). 
However, by using high Jc, type II su- 
perconductors to construct magnet 
windings, the 2-T barrier can be sur- 
passed in a dramatic fashion. Super- 
conducting magnets have already at- 
tained 18 T. It appears to be feasible to 
reach at least 50 T with known materials. 
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Although most of these devices are still 
in the early development stage, the era 
of superconducting electrotechnology 
seems to be dawning. 

In view of the materials emphasis of 
this article, it is not possible to describe 
the wide range of superconducting elec- 
trical equipment which is now under de- 
velopment. Fortunately, the electromag- 
net constitutes a common element for 
most of these devices. We will therefore 
focus our discussion on superconducting 
magnet materials. We begin with an 
overview of the scientific principles un- 
derlying high JC, type II superconducting 
behavior. This is followed by a descrip- 
tion of the type of material necessary for 
magnet conductors and the various tech- 
nologies required for conductor fabrica- 
tion. Finally, we treat some of the more 

General Principles 

Superconductivity was discovered by 
Kamerlingh Onnes in 1911 (2), but high 
JC, type II materials did not emerge 
clearly until 50 years later. A brief out- 
line of the intervening events may help to 
clarify the differences between various 
types of superconducting material. 

Onnes (2) observed the vanishing of 
resistance in pure metals at a critical 
temperature characteristic of each mate- 
rial-for example, mercury at 4.2 K, lead 
at 7.2 K, and so on. He later discovered 
that at a temperature well below Tc, the 
application of a magnetic field of a few 
hundred gauss would entirely quench su- 
perconductivity and restore the full nor- 
mal state resistance. In pure metals, this 
quenching phenomenon occurred quite 
suddenly at a well-defined critical mag- 
netic field (He). Such behavior is now 
classified as type I superconductivity. 

In the 1920's it was discovered that 
metallic alloys did not exhibit the sharp 
magnetic quenching characteristic of 
pure metals. In particular, de Haas and 
Voogd (3) found that lead-bismuth alloys 
consisted of a mixture of superconduct- 
ing and normal material at fields from a 
few hundred gauss up to 20,000 gauss. 
The effect was regarded as a metallurgi- 
cal artifact caused by failure to achieve 
homogeneous samples; since these al- 
loys also quenched into the normal state 
at low current densities (- 102 A/cm2), 

no technological interest developed. 
Theoretical work (4, 5) in the Soviet 

Union after World War II led to an alter- 
native explanation for the broad "mixed 
state" transition of alloys. It was pro- 
posed that for alloy materials, the sur- 
face energy between the superconduct- 
ing and normal regions could be nega- 
tive, which would encourage the forma- 
tion of a mixture of superconducting and 
normal regions over a wide range of 
fields. This condition was characterized 
as superconductivity of the second kind, 
now more commonly labeled type II be- 
havior. 

During this same period, experimental 
work on transition metal compounds in 
the United States led to the discovery of 
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High-Field, High-Current 
Superconductors 
J. K. Hulm and B. T. Matthias 

Superconductors are electrical con- 
ductors in which electrical resistance 
vanishes and ohmic dissipation ceases 
below a critical temperature (Tc), which 
is typically a few degrees above absolute 
zero. This article is concerned with a 
special class of superconductors which 
have the unusual property of retaining 
their zero resistance state while simulta- 
neously passing a high electrical current 
density ( 106 amperes per square cen- 
timeter) and being subjected to a high 
magnetic field (up to 50 teslas). In the jar- 
gon of this subject, these materials are 
known as high Jc, type II materials. 
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the occurrence of high critical temper- 
atures in the A15 crystal structure, in 
particular V3Si (6) (Tc = 17 K) and 
Nb3Sn (7) (Tc = 18 K). In 1961, Nb3Sn 
(8) was found to be not only unquench- 
able at 88 kilogauss but also capable of 
simultaneously carrying a supercurrent 
density in excess of 105 A/cm2. 

The discovery of the remarkable prop- 
erties of Nb3Sn stimulated a great deal of 
work on type II superconducting behav- 
ior, from which the following picture has 
emerged. High magnetic field supercon- 
ductivity occurs for those high Tc super- 
conducting materials which are charac- 
terized by a relatively short coherence 
length in the superconducting state. The 
coherence length, e, is a measure of the 
maximum spatial rate of change of the 
superconducting order parameter. It is 
closely related to the size of the ground 
state wave functions in the superconduc- 
tor. Coherence lengths for typical high- 
field materials are of the order of 100 
angstroms or less, whereas considerably 
larger values are typical of pure metal su- 
perconductors such as In, Pb, or Sn. 

Another important parameter is the 
penetration depth, X, or the thickness of 
a surface layer carrying electric currents 
which prevent penetration of the mag- 
netic field into the interior of the super- 
conductor. For a high-field material, X is 

significantly greater than the coherence 
length, which gives rise to the negative 
interface energy between superconduct- 
ing and normal regions mentioned ear- 
lier. A direct result is that at a lower criti- 
cal field, HC1, it becomes energetically 
favorable for the material to enter the 
mixed state, exhibiting the magnetiza- 
tion curve shown in Fig. 2. 

Below Hc1, the material is a pure su- 
perconductor in the "Meissner state," in 
which, except for the penetration depth, 
the magnetic field is excluded from the 
interior of the material. Above HC, indi- 
vidual quantized flux bundles, each with 
a magnitude of 2 x 10-7 G-cm2, pene- 
trate the interior of the material. Each 
fluxoid is surrounded by a cylindrical su- 
percurrent vortex, which is associated 
with the decay of magnetic field from the 
center of the fluxoid to its boundary. 
With increasing field, more and more 
fluxoids enter the material, forming a 
periodic array or lattice. At very high 
fields, the fluxoids become quite closely 
packed (B in Fig. 2) so that there is hard- 
ly any decay of field in the region be- 
tween fluxoids. Thus, the material is 
almost completely penetrated by the 
field; the diamagnetic magnetization 
approaches zero, and at HC2 the super- 
current vortex structure collapses. The 
field HC2 is proportional to 1/s2 and can 
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become very large as the coherence 
length drops below 100 A. Values of HC2 
as high as 60 T have been reported (9). 

Materials which satisfy the type II 
condition, X/e < '/2, fall into two classes, 
intrinsic and impurity-dominated (10). 
A useful approximate criterion for in- 
trinsic type II behavior is that Tc ex- 
ceeds 8 K. In principle, any super- 
conductor can be converted to impurity- 
dominated type II behavior if, by the ad- 
dition of impurities or other "defects," 
the normal state resistivity can be raised 
to a sufficiently high value. 

It should be realized that high-field su- 
perconductors are a subgroup of type II 
superconductors in which HC2 happens 
to be particularly high. The origin of a 
high HC2 value may be intrinsic, impu- 
rity-dominated, or include both effects 
acting in unison. 

In addition to high Tc and HC2 values, 
other properties are essential for a good 
high-field magnet conductor. A carefully 
annealed homogeneous single crystal of 
high HC2 material is not useful as a mag- 
net material, primarily because the 
fluxoid structure of such a material is on- 
ly weakly tied to the crystal lattice. If a 
current is passed through such a material 
in the mixed state and a small threshold 
current density Jc (< 1 A/cm2) is ex- 
ceeded, the Lorentz force J x B be- 
tween the current and the fluxoids 
causes the latter to move through the lat- 
tice. Such flux flow produces observable 
resistance and power loss, which is be- 
lieved to be connected with the motion 
of the fluxoid cores (11). 

Fluxoid motion cannot be prevented 
above Jc, but Jc itself can be greatly in- 
creased through the deliberate introduc- 
tion of imperfections into the crystal lat- 
tice. Dislocations, precipitates, and grain 
boundaries all play a role in enhancing Jc 
by "pinning" fluxoids to the atomic lat- 
tice (12). Figure 3 shows typical values 
of Jc at various fields for the two most 
widely used magnet materials. 

That the levels of Jc indicated by Fig. 3 
are reasonable for magnet performance 
can be seen as follows. The internal field 
of a long solenoid is approximately fJt, 
where J is the conductor current density, 
t is the winding thickness, and f is the 
packing ratio, which allows for insula- 
tion, cooling, mechanical support, and 
other non-current-carrying features of 
the winding. Experience dictates maxi- 
mum f values around 0.1, so that for 
Jc = 105 A/cm2, it is possible to reach 10 
T with a solenoid of thickness 10 cm. 
Somewhat thicker windings can be en- 
dured at this field level, but costs and 
cryogenic requirements rapidly become 
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objectionable if t is increased above 1 
meter. 

It might appear at first sight that much 
higher values of Jc would be beneficial in 
enabling thinner solenoids to generate 
the same field strength. Unfortunately, 
some difficulties arise in magnets as Jc is 
increased. To illustrate this, we consider 
a typical magnetization curve for a high 
J0, type II material, as shown in Fig. 4. 

Characteristic of the behavior of high 
Jc material is the occurrence of an addi- 
tional hysteretic component of magnet- 
ization which is approximately equal to 
+ Jcr, where r is the sample radius. The 
sign is plus for increasing field and minus 
for decreasing field. The extra magneti- 
zation is due to the fact that for a high Jc 
material, the magnetic field induces 
large-scale circulating currents in the 
bulk of the mixed state, which oppose 
the change of field. These induced cur- 
rents rise to the critical value Jc; with 
further increase of magnetic field, dis- 
sipative flux flow occurs, the shielding 
currents collapse, and the magnetization 
moves toward the equilibrium type II 
value. 

A type II material carrying a current of 
density Jc is said to be in the critical state 
(13). Unfortunately, this is a rather un- 
stable state, primarily because any at- 
tempt to change H will cause dissipative 
flux motion and consequent heating. The 
rising temperature further depresses Jc 
locally, which causes more flux flow and 
more heating. This feedback mechanism 
can cause spontaneous collapse of the 
critical state magnetization (14), as illus- 
trated by the oscillations in Fig. 4. The 
magnetization collapses suddenly and 
then gradually builds back up again as H 
changes. This phenomenon is known as 
flux jumping. 

Most early high-field magnets experi- 
enced premature normalization diffi- 
culties (15). At an excitation current well 
below Jc, the self-field of the magnet in- 
duced flux jumps in the winding, releas- 
ing heat locally and causing a short 
length of conductor to enter the normal 
state. This normal zone then propagated 
through the entire winding, fed by the 
stored energy of the magnet. 

Since the critical state magnetization 
term is proportional to the radius of the 
superconducting specimen, the energy 
released per unit volume by collapse of 
this type of magnetization within a mag- 
net is also dependent on the radius of the 
superconducting wire. The flux jump 
problem can therefore be ameliorated by 
reducing the size of the superconductor 
(16). Magnet conductors are now con- 
structed from fine filamentary super- 
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conductors, separated from each other 
by normal metal, which serves to decel- 
erate the transition to the normal state. 
The filament diameter is usually less than 
50 micrometers. 

Summarizing the discussion up to this 
point, there are three primary require- 
ments which a high-field supercon- 
ducting magnet conductor must satisfy. 
First, the material should exhibit rela- 
tively high To and HC2 values, at least ex- 
ceeding 8 K and 10 T, respectively. Sec- 
ond, it must be susceptible to a method 
of preparation which results in a high 
concentration of defects, without appre- 
ciable reduction of Tc or Hc2. Third, but 
no less important, the preparation tech- 
nique must parallel the superconductor 
with a pure metal stabilizer such as cop- 
per; fine subdivision of the supercon- 
ductor is also desirable. 

In addition to these primary require- 
ments, there are other magnet design pa- 
rameters which affect the conductor de- 
sign. For example, the winding must 
withstand large mechanical stresses due 
to J x B forces. Thus, if possible, the 
conductor itself should be strong and its 
superconducting properties should not 
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Fig. 3. Critical cur- 
rent density as a func- 
tion of field, Nb38Ti62 
and Nb3Sn. 

be appreciably degraded by stress. It 
may be necessary to use other high- 
strength materials as bracing or packing 
elements in the winding, at the expense 
of lower f. These may also be in conflict 
with the basic need to expose the con- 
ductor to maximum cooling by liquid he- 
lium. It is no exaggeration to say that 
good magnet design requires the best 
skills and cooperation of mechanical, 
electrical, and heat transfer engineers, 
combined with special demands on mate- 
rials engineering for the conductor it- 
self. 

We will now turn our attention to ma- 
terials which either satisfy the three pri- 
mary conductor requirements or promise 
even more attractive properties in the fu- 
ture. 

High Tc 

All of the presently known high Tc su- 
perconductors were discovered exclu- 
sively by experimental investigation of 
the occurrence of superconductivity 
throughout the periodic system (Fig. 5). 
Niobium, at the center of the transition 
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Fig. 4. Magnetization 
versus field for a high 
Jc type II super- 
conductor. 
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metal group, exhibits the highest Tc val- 
ue for an element, 9.25 K. It should be 
noted that many elements become super- 
conducting at ultrahigh pressures, usual- 
ly by the formation of new phases. Most 
of these are not stable at atmospheric 
pressure and thus at present have little 
technological value. 

Studies of superconducting com- 
pounds were started before World War 
II by Meissner, Justi, and their co-work- 
ers (17, 18) who examined the carbides 
and nitrides of the transition metals. 
They managed to find several com- 
pounds with Tc above 10 K and in one 
case, NbN, just over 15 K. 

In 1950 we began an effort to deter- 
mine the critical conditions for the oc- 
currence of superconductivity and, in 
particular, high Tc values. Our experi- 
ments led to the formulation of a rather 
clear-cut criterion. For high Tc among 
materials based primarily on the transi- 
tion metals, the average electron concen- 
tration per atom, ela, is the primary pa- 
rameter. The definition of ela is very 
simple. Counting all electrons outside a 
filled shell will give ela for a single ele- 
ment, whereas for compounds the arith- 
metic average has to be taken. There are 
certain critical values of ela which favor 
high Tc-for example, 4.7 and 6.4. The 
rule is valid for elements, their mutual 
solid solutions, and compounds formed 
between them (19). This ela criterion is 
in general valid only for phases contain- 
ing one or two elements. 

Our experiments led to the discovery 
of superconductivity in the A15 structure 
(6), which has since yielded four distinct 
compounds with Tc above 18 K, as listed 
in Table 1. High Tc values are also exhib- 
ited by certain pseudobinary A15's (20). 

The clear superiority of A15 com- 
pounds over all other contenders, at 
least as far as high Tc is concerned, has 
focused great attention on this structure. 
A test of the ela rule for the known su- 
perconducting A15's is illustrated in Fig. 
6, where the peaks mentioned above are 
apparent. The curves of Fig. 6 are essen- 
tially boundaries to the data. It seems 
that ela values of 4.7 and 6.4 favor, but, 
because of various side effects, do not 
ensure high Tc values. 

Most of the A15 superconductors with 
Tc values below about 19 K (Table 1) can 
be prepared by direct melting of the con- 
stituents. The materials with higher criti- 
cal temperatures all require special tech- 
niques of synthesis. For example, Tc for 
the unique compound Nb3Ge was 
brought up to 23 K by sputtering a thin 
film of the material onto a heated sub- 
strate (21). In the case of Nb3Ga, 
quenching is necessary to achieve high 
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Table 1. Superconducting binary and pseudo- 
binary compounds having the A15 crystal 
structure. 

Corn- T H(0) -(H T 
pound (K) (T) (K-)c 

Nb,Sn 18.0 29.6 2.4 
Nb3Al 18.7 32.7 2.5 
Nb3Ga 20.2 34.1 2.4 
Nb3Ge 23.2 37.1 2.4 
Nb3Al0.7GeO. 20.7 44.5 3.1 
Nb3Al0.5GaO.5 19.0 31.6 2.4 
V3Si 17.0 34.0 2.9 
V3Ga 14.8 34.9 3.4 

Tc (22). These various compounds are al- 
so susceptible to depression of Tc by dis- 
order or by deviations from stoichiome- 
try, which does not ease the problems of 
conductor fabrication. 

Future increases in Tc would appear to 
depend heavily on further advances 
within the A15 structure. The ela corre- 
lation suggests that other intermetallic 
compositions might exhibit high Tc val- 
ues if only they could by synthesized in 
the A15 structure. A good example is 
Nb3Si, which does not form an A15 
phase with conventional preparation 
(23). By explosive compression to mega- 
bar pressures, superconductivity has re- 
cently been reported in Nb3Si between 
18 and 19 K (24). Novel methods of prep- 
aration such as this may yield metastable 
forms of higher Tc material in binary or 
pseudobinary systems and are certainly 
to be encouraged. 

High HC2 

Upper critical field data for several im- 
portant high-field superconductors are 
plotted against temperature in Fig. 7. 
Both Nb38Ti62 and Nb3Sn have been 
available in filamentary composite form 
for some time and are widely used. The 
other materials in Fig. 7 have not yet 
been developed as filamentary conduc- 
tors, and consequently the highest field 
generated by a superconducting mag- 
net to date is about 18 T. In the face 
of the unexploited materials potential 
shown in Fig. 7, to advocate further ad- 
vances in Hc2 may seem to be gilding the 
lily. Nevertheless, the prospect of a 
megagauss material is extremely exciting 
and is by no means ruled out by present 
knowledge. 

We have already noted the subdivision 
of type II materials into two classes, the 
pure or intrinsic type and the impurity- 
dominated type. From Gorkov's work 
(10), it is found that HC2 (0) (that is, HC2 at 
T = 0) for intrinsic materials is propor- 
tional to (yTc)', where yT is the linear 

term in the normal state heat capacity at 
low temperatures. Similarly, HC2(0) for 
impurity-dominated material is propor- 
tional to pnyTc, where pn is the electrical 
resistivity in the normal state. With some 
approximations, the intrinsic and impu- 
rity regions can be separated by plotting 
Hc2(0) against yTc, as in Fig. 8. 

The bottom curve of Fig. 8 denotes the 
intrinsic type II case, which seems to be 
well represented by pure Nb3Sn (25). 
Each dashed curve in Fig. 8, labeled ac- 
cording to a specific level of normal re- 
sistivity in microhm-centimeters, repre- 
sents the sum of the intrinsic and impu- 
rity components for that level of resistiv- 
ity. The numbers in parentheses are the 
actual normal resistivities for the materi- 
als. A higher resistivity sample of Nb3Sn 
is compared with the pure material. The 
increase in HC2 caused by impurities is 
small because of the downward shift of 
yTc. It is well known that Nb38Ti62 is im- 
purity-dominated, and PbMo6S8 is prob- 
ably of the same type. Thus, the record 
high HC2 value of this Chevrel phase 
compound is primarily due to its unusu- 
ally high electrical resistivity (26), which 
overcomes the handicap of a Tc value 
somewhat below that of the A15 com- 
pounds. 

The model on which Fig. 8 is based ig- 
nores other possible difficulties in the 
search for higher critical fields. The most 
famous of these is the paramagnetic limit 
(27, 28), which suggests that type II be- 
havior will not be energetically favored 
above a field, Hp, such that the magne- 
tization energy associated with the spins 
of conduction electrons in the normal 
state exceeds the superconducting con- 
densation energy. Experience has shown 
that there is, indeed, an appreciable 
paramagnetic lowering of Hc2(0) in su- 
perconductors formed from elements in 
the first long period, such as Ti and V. 
However, the effect is less noticeable in 
materials formed predominantly from 
elements in the second and third long pe- 
riods, such as Nb and Mo. This is usually 
attributed to the effect of spin-orbit scat- 
tering, which causes spin depairing in the 
superconducting ground state and thus 
tends to equalize the spin magnetization 
energy terms between the supercon- 
ducting and normal states. Spin-orbit 
scattering is known to increase with in- 
creasing atomic mass, which is consist- 
ent with the experimental data men- 
tioned above. 

As Fig. 8 indicates, there is consid- 
erable scope for further advances in 

HC2(0), provided ways can be found to in- 
crease Tc, y, or pn. The normal resistivity 
offers perhaps the easiest line of attack 
on this problem. 
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High Jc Composites 

Shortly after it was realized that con- 
ductors for magnets could be stabilized 
against flux jumping by means of fine fil- 
amentary construction, successful con- 
ductors of this type were produced from 
the Nb-Ti alloy system. This material is 
extremely ductile, which greatly facili- 
tates the manufacturing process. 

To produce this type of conductor, 
rods of Nb-Ti alloy are inserted into 
holes drilled in a large pure copper billet. 
The billet is then hot-extruded down to 
a size suitable for wiredrawing, which 
usually involves a reduction of about 50 
to 1. Cold drawing is then carried out, 
with perhaps a few intermediate anneals, 
until the Nb-Ti filaments reach the de- 
sired size, usually less than 50 /m. The 

process ends with a long anneal at 375?C, 
which causes a second phase precipi- 
tation accompanied by a rearrangement 
of the dislocation cell structure. This re- 
suits in a substantial increase of Je, to 
levels around those shown in Fig. 3. 

A monolithic, multifilamentary Nb-Ti 
conductor is shown in Fig. 9 (top con- 
ductor). This material contains about 
1000 superconductor filaments 50 /m in 
diameter which have been exposed by 
etching away the copper matrix. The 
current-carrying capacity of this small 
conductor at 4.2 K and 5 T is about 
10,000 A, which is comparable with the 
capacity of the larger bar of plain copper 
(bottom conductor in Fig. 9) at room 
temperature and 2 T in the field coil of a 
large generator. 

Conductors based on Nb-Ti are gener- 

ally excellent for applications up to 
about 8 T, but the Te and He perform- 
ance of these alloys (Figs. 3 and 7) is 
quite limited. Regrettably, we know of 
no other ductile alloy systems which ex- 
hibit appreciably better critical super- 
conducting parameters at present. The 
Nb-Ti lies close to the 4.7 ea peak (29) 
and has a Pn of about 60 Aohm-cm (30). 
There are ductile alloys near the 6.4 ela 
peak, such as Mo-Re, but here the nor- 
mal resistivity is much lower and gives 
rise to a disappointingly low Hc2. There 
seems to be a basic conflict between duc- 
tility and high Tc or He2. 

To build magnets for fields apprecia- 
bly above 8 T, intermetallic compounds 
must be used. Intermetallic supercon- 
ductors cannot be drawn directly into 
wire, because of their extreme brit- 
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Fig. 5. The periodic system of superconductors. 
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tleness. Thus early efforts to produce 
conductors were focused on Nb3Sn tapes 
produced either by directly reacting Nb 
with molten Sn or by depositing both 
components at high temperatures from 
metal halide vapors (chemical vapor dep- 
osition). Such tapes are useful for small 
working volume, high-field magnets; in 
larger systems the superconductor needs 
to be subdivided for stability. 

Useful subdivided composites of V3Ga 
and Nb3Sn were first achieved by an in- 
genious diffusion process (31, 32). In this 
technique, fine filaments of Nb metal are 
embedded within a bronze (Cu-Sn) ma- 
trix, in a manner analogous to that al- 
ready described for Nb-Ti filaments in 
copper. After drawing is completed, a 
high-temperature heat treatment causes 
tin to migrate out of the bronze into the 
niobium filament, forming an Nb3Sn lay- 
er with an Nb core. One drawback for 
stabilization is that the residual copper 
matrix is not highly conducting because 
of its tin impurities. However, this can 
be partly corrected by including pure 
copper regions in the parent matrix, seg- 
regated from the bronze by means of a 
tantalum barrier. The Je-H data for 

Fig. 7. Upper critical 
field versus temper- 
ature for high-field 
superconductors; sol- 
id curve, steady field 
data; dashed curve, 
pulsed field data. 

Fig. 8. Upper critical 
field as a function of 
yT, for high-field su- 
perconductors. 
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Fig. 9. Multifilamentary Nb-Ti composite 
conductor; beneath it is a copper bar. 

Nb3Sn in Fig. 3 were obtained for a dif- 
fusion-reacted composite of this type. 

Multifilamentary composite conduc- 
tors of both Nb3Sn and V3Ga are now 
commercially available. Unfortunately, 
the process requires special features in 
the phase diagram of the A15 compound 
which are not present in the case of the 
other high-field A15 binary and pseudo- 
binary systems of Table 1. Some other 
method must be found to achieve a suit- 
able fabrication technique for these com- 
pounds. 

One approach is to abandon the linear 
filament process and to attempt, instead, 
to produce a three-dimensional network 
of superconducting material with its in- 
terstices filled with stabilizing material 
(33). Several concepts have been tried to 
produce such a network-for example, 
straight powder metallurgy, liquid infil- 
tration into a partially sintered niobium 
rod, and the so-called in situ process. 
The last method depends on the fact that 
niobium and copper are completely sol- 
uble in each other in the liquid phase, 
but have negligible mutual solubility in 
the solid phase, with no intermediate 
phases. If a suitable liquid mixture is 
cooled down, niobium is first precipi- 
tated out, followed by a nearly pure cop- 
per matrix. Tin can be added to the melt 
or infiltrated later, with a final high-tem- 
perature heat treatment to produce the 
A15 network. This fabrication technique 
has already yielded Nb3Sn composites 
which have overall Jc values comparable 
to those obtained with the diffusion pro- 
cess. However, it is likely to have the 
same limitations as the diffusion process 
with respect to the types of A15 com- 
pound that can be handled. Powder met- 
allurgy or liquid infiltration seems to pro- 
vide the best hope for obtaining com- 
posites for the A15 compounds with 
higher He2 values. 

Whichever form of composite is con- 
sidered, the superconductor Jc must ap- 
proach 105 A/cm2 for practical magnet 
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construction. Nb-Ti alloys achieve this 
level by a combination of cold work and 
heat treatment; the fluxoids are pinned 
by dislocation clusters. For A15 com- 
pounds, the fluxoids are probably pinned 
by grain boundaries; it is fortunate that 
most of the processing techniques dis- 
cussed above can be manipulated to 
yield small grain sizes and adequate Jc 
levels. It is not clear that this natural dis- 
pensation will extend to other materials 
of interest for use at very high fields; in- 
deed, preliminary work on the Chevrel 
phases (34) has yielded poor Jc levels so 
far. 

At present, the majority of super- 
conducting magnets in use or under de- 
velopment utilize some form of Nb-Ti 
multifilamentary composite. A15 tapes 
are utilized in a few high-field research 
magnets. A very large magnet, using an 
Nb3Sn filamentary composite, is cur- 
rently being developed by Westinghouse 
and Airco for Oak Ridge National Labo- 
ratory. This magnet is part of an experi- 
mental prototype system for a future 
tokamak fusion test reactor. It will offer 
a severe test of the viability of A15 com- 
posites. 

Future Possibilities 

Major efforts are now in progress to 
build large magnets in the range 5 to 12 T 
for application to fusion systems, high- 
energy particle accelerators, magneto- 
hydrodynamic power ducts, electrical 
generators, and other large electrical 
power devices. By large, we mean a 
working volume of at least 1 cubic meter 
or a stored energy in excess of 1 mega- 
joule, or both. Considerably less effort- 
indeed, hardly any at all-is being de- 
voted to pushing into the unexplored 
zone above about 18 T. It must be admit- 
ted that much of the magnet technology 
which is being developed for the lower- 
field range will be extremely useful 
above 18 T. Unfortunately, this will not 
in itself be sufficient to open up the fron- 
tier. 

Specific development work is needed 
on superconducting composite con- 

ductors suitable for use above 18 T. 
There are several promising candidates 
for this purpose, including the A15 com- 
pounds Nb3Ge and Nb3Al0.7Ge0.3 and 
Chevrel phase compounds such as 
PbMo5.iS6. The requirements include flux- 
oid pinning strength sufficient to yield 
Jc values above 105 A/cm2, pure metal 
cladding or bonding to the conductor, 
and, if possible, fine subdivision of the 
superconductor. This program seems to 
present an exciting challenge to materi- 
als scientists and engineers. 

Behind the conductor development 
program lies the more fundamental ques- 
tion of improving the basic supercon- 
ducting parameters, particularly Tc and 
HC2. We have indicated some of the pos- 
sible directions of attack in this area. 
The possibility of forming new com- 
pounds in the transition metal region of 
the periodic system is by no means ex- 
hausted, particularly in view of the grow- 
ing spectrum of new techniques of syn- 
thesis which have appeared in recent 
years. In particular, the field of true ter- 
nary compounds is in its infancy, not yet 
a decade old, but is already very promis- 
ing. 

In the case of Tc, past progress has de- 
pended entirely on experimental explo- 
ration for new materials. Theory has had 
very little to contribute, mainly offering 
explanations after the event rather than 
predictions beforehand. We see no rea- 
son for a change in this situation. 

As regards H,2, early experimental 
studies of low He2 alloys (35) provided 
the basis for Abrikosov's remarkable 
theory of type II behavior. However, the 
discovery of high-field, high-current su- 
perconductors was made independently 
of theory and came about primarily from 
materials exploration. The Abrikosov- 
Gorkov theory has certainly provided 
excellent guidelines for further work in 
this area. 

We have noted that high-field, high- 
current superconductors have opened up 
a new regime of electric power tech- 
nology (Fig. 1). This regime will be fur- 
ther advanced if better materials can be 
found. In our view, there is a reasonably 
good prospect for a 30 K superconductor 

and a 1-megagauss superconductor in the 
future, either separately or perhaps to- 
gether in the same material. It would 
seem to be of value to both science and 
technology to pursue these goals. 
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