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HIGH Tc SUPERCONDUCTOR 
AND SUPERCONDUCTING MAGNETS 

Michael A. Green 
University of California 

Lawrence Berkeley Laboratory 
Mail Stop 90-2148, 1 Cyclotron Road 

Berkeley, CA. 94720 

ABSTRACT 

The last two years have seen the zero resistance 
critical temperature of superconductors increase from 
23 K to over 125 K. This paper compares the proper
ties of a Y-Ba-Cu-0 high Tc conductor <Tc • 93 Kl 
with niobium titanium <Tc • 9.4 K). If one assumes 
that the critical current density for the high Tc 
superconductor is the same as niobium titanium and 
they are both in a conducting matrix, one can make a 
direct comparison of the two types of .superconductor. 
The comparisons in the paper include: adiabatic and 
dynamic stability diameter, normal region propagation 
rates, the burnout integral of J2 dt, quench 
initiation energy, and matrix current d~nsity for 
cryogenic stability. From such a comparison, it is 
clear that high Tc superconductor may not be the 
superconductor of choice for many applications. An 
example of such an application is the use of high Tc 
conductors for accelerator magnets. 

BACKGROUND 

The discovery of the high critical temperature 
superconductor is a very important solid state physics 
event which has been publicized widely by the popular 
press (1). Many of the proposed uses for high Tc 
superconductors talked about in the popular press 
involve the generation of high magnetic fields. 
Speculation about the use of superconductivity to 
generate magnetic field is not new. There are 
references which date as early as 1913 (2,3) which 
talk about the use of superconductor for generating 
high magnetic fields. The second wave of such 
speculation of the uses of superconductors occurred 
shortly after discovery of Type II superconductors in 
1960 (4,5). 

The discovery of high current density Nb3 Sn, 
Nb-Zr and Nb-Ti in the early 1960's spurred the 
development of superconducting magnets. The concept 
cryogenic stability, developed in 1965 (6), made the 
construction of large reliable superconducting magnets 
possible (7). It wasn't until the concept of dynamic 
stability (8) and adiabatic stability (9,10) that 
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large high current density superconducting magnets 
became possible. 

PROPERTIES OF HIGH Tc SUPERCONDUCTORS 

The high Tc superconductors are an extension of 
a group of superconductors known as the perovskite 
class of superconductors (11). The perovskites have 
been studied for some years because many people felt 
they might have some unusual superconducting and · 
magnetic properties (12). The high Tc 
superconductors are not true perovskite structures. 
They are .more complex than perovskites, yet they 
appear to have similar properties. There are several 
types of high Tc superconductors which appear to be 
grouped according to the structure copper oxide planes 
within the material (13). The superconductor which 
has received the greatest attention has been the 
R 8a2 Cu3 07-x where R is yttrium or one of the 
Lanthanide rare earths (14). More recently, five 
component materials such as T~2 Ba2 Ca2 Cu3.01o 
have generated a lot of interest because the zero 
resistance critical temperature has been increased to 
over 120 K (15). 

Critical temperatures in high Tc superconductor 
have been reported as high as 500 K. It should be 
emphasized that this is not a zero resistivity 
temperature. There have been reports of zero 
resistivity superconductivity in a Y-Ba-Cu-F-0 with 
reported temperatures as high as 313 K (16). 
Unfortunately, the very high critical temperature 
measurements have not been repeatable, nor does the 
material remain in the very high Tc state. The most 
consistent zero resistance temperature measured by 
numerous investigators for the yttrium-barium type of 
superconductor is around 93 K. The newest five 
compQnent materials appear to have consistent critical 
temperatures which are above 110 K. Studies of 
Y Ba2 Cu3 07-~ suggest that the superconductor 
may consist of granules of superconductor with Tc 
well above 100 K (17). The production of a 
superconductor that has zero resistance above 90 K 
requires that the conductor be oxygenated during 
processing (18). 



'There have been many claims for very high 
critical inductions Bc2 for the oxide-type 
superconductors. Such claims should be looked at with 
skepticism. There have been few, if any, direct 
measurements of zero resistance Bc2 at low 
temperature (e.g. 4.2 K) for these materials. Claims 
of value of Bc2 as high as 360 Tare invalid for 
high T superconductors which have a true zero 
resist~vity. If one looks at the value of d Bc2/d T 
near the critical temperature of the bulk sintered 
Y-Ba-Cu-0 materials and one uses HHH theory (19), one 
comes up with a value of zero resistance Bc2 at zero 
field in the range of 15 to 20 T. There is evidence 
that the zero-resistance d Bc2/d T slope changes at 
a temperature below 60 K for some kinds of bulk 
sintered Y-Ba-Cu-0 conductors. If the change in slope 
observed by K. Nato et al. (20) is valid for all of 
the Y-Ba-Cu-0 materials, one might expect a value of 
zero resistance Bc2 at zero temperature to be in the 
range of 55 to 60 T based on the HHH model. In single 
crystal materials, the value of Bc2 can be above 120 
T depending on the crystal orientation (21). 

The potential for high critical current density 
<Jc> was demonstrated by IBM in samples of oriented 
multicrystal Y-Ba-Cu-0 on a strontium titanium 
substrate (22). The IBM measured values were Jc 
(4.2 K, 0 T) • 5 x 1010 A m-2 and Jc (77 K, 0 T) 
- 109 A m-2. (For comparison, modern niobium 
titanium has a value of Jc (4.2 K, 5 T) • 
3Xl09 A mr2.) The IBM measurements were made 
using magnetization techniques. Measurements of 
critical current by direct current and voltage 
measurements yield measured critical current densities 
that are one or more orders of magnitude lower than 
those obtained by magnetization (23,24). Direct 
critical current density measurements at 77 K show 
that the critical current density drops by more than 
an order of magnitude at fields as low as 0.1 T (25). 
An explanation of this could be that the presence of a 
magnetic field inhibits Type II tunneling between 
granules in the bulk sintered superconductor. The 
critical current does not decrease as rapidly with 
field when the temperature is 4.2 K. 

Table 1. Proper11es of Nb-TI and Y Ba2 Cu3 07-x 
Superconductors 

Nb-Tia Y-Ba-Cu-0 
T00 ·42K Too-nK 

Type of Material Metal Alloy Ceramic 

Critical Temperature (K) 9.4 93 

Density (kg m-3) 6700 6380b 

Specific Heat a! Top (J m-3 K·') 5.76. 103 1.0x1Q8 

ThermaiConductivrtyatT011 (Wm·1 K·1) 0.275 -13 

Thermal Contraction Coefficient a% 300 K -1Q-5 1.3. tQ-5 

Total Thermal Contraction Coefficient 300 K ·Top -2.0. 1Q-3 -2.3x1Q-3 

Elastic Modulus at T 011 (G Pa) 83 -110 

Ultimate Strength at T 011 (M Pa) -2200 Variable 

Ductility Ductile Brittle 

a For Nb-46.5 w'Y. TI. 

b Void-free sample. typical sintered samples are lower than this value. 
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It is clear that there is considerable room for 
improvement in the bulk current transport Jc in high 
Tc superconductors. In the last six months there 
has been considerable improvement in the bulk J 
measurements (26). Melted polycrystalline sampTes 
have achieved Jc as high as 8 x 107 A m-2 at 
77 K. At 1 T, Jc drops to 107 A m-2. Oriented 
superconductors are beginning to show promise for 
increased Jc (27). The fabrication of high Tc 
superconductor into usable form for building a 
superconducting magnet still has not been achieved. 
All this time, two approaches for building usable 
conductor are being investigated. They are: silver 
tubes containing the powered components are drawn and 
then are reacted (3,8), and the thin films on a 
substrate are formed and clad with a metal matrix. 

Tables 1 and 2 compare some general properties of 
Nb-Ti at 4.2 K with Y-Ba-Cu-0 at 77 K (29,30,31,32). 
The·mechanical properties of the high Tc oxide 
superconductors have been described as ranging from 
the consistency of chalk to the brittleness of 
porcelain. The brittle nature of the oxide 
superconductors is a large detriment to their use in 
superconducting devices such as superconducting 
magnets. As an example, the brittle nature of the 
conventional A-15 superconductor CNb3 Sn or V3 Ga> 
is so undesirable that there is a preference toward 
using niobium titanium, which is ductile, at 1.8 K 
rather than operate Nb3 Sn or V3Ga at 4.2 K (33). 

Table 2. Tranapor1 Current Densities for Nb· Tl 
and Y Ba2 Cu3 07-• Superconductors 
(aa of June 1988) 

Transpon Critical Current Densityb 

~) y. atnK Magnetic Niobium 
Induction Titanium Buk Multi:=zstal 

(T) at4.2K Sintered Melt Cast Thin ilm 

0 30000 110 100 -10008 

1 10500 -3 30-50 -10008 

5 3750 -- -- .. 

10 280 -- -- --

a In single crystals, one can have current densities as high as 
100000 A mm-2, depending on the orientation of the field with respect 
to the Cu 0 planes. 

b For niobium titanium. the transpon and magnetization current densities 
are nearly equal. For Y-Ba-Cu-0, there can be one to two orders of 
magnitude difference. 

FACTORS WHICH AFFECT THE USE OF HIGH Tc 
SUPERCONDUCTORS IN MAGNETS 

The usefulness of high Tc superconductors in 
magnets can be examined if one assumes that the high 
Tc superconductor has mechanical and current 
carrying properties which are the same as modern 
niobium titanium. In order to make the comparison, 
the following assumptions are made: 1) The high Tc 
conductor can be fabricated in a transposed 
multifilamentary form in a pure copper matrix. 2) The 
filaments are fine enough to ensure both adiabatic and 
dynamic stability (8,9). 3) The Jc for both 
superconductors is 4 x 109 A mr2 (4000 A mrn-2). 
Modern Nb-Ti can operate at this current density at 
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Table 3. Properties of Niobium Titanium In Liquid Helium and a 93 K High 
T c Superconductor In Liquid Hydrogen and Liquid Nitrogen 

Nb-Ti in 
Helium 

Operating Temperature (K) . 4.22 

Critical Temperature (K) 9.35 

Adiabatic Stability Diameter (J.IIT1)a 53.7 

Dynamic Stability Diameter (J.Lm)a 56.0 

Longitudinal Quench Velocity (ms-1 )b.c 30.5 

Ratio of Transverse to Lon8itudinal 
Quench Velocity RRR .. 00 Cu Matrix 0.018 

Bumout Integral J2 d T RRR • 300 Cu Matrix 
Operating Temperature to 400 K (A2 m-4 s) 18.6x1Q16 

Enthalpy Change per Unit Volume to Quench 
without Cryogenc (Jm-3) 1.26 X 1Q3 

Enthalpy Change per Unit Volume to Quench 
with 10% Cryogen by Volumec (Jm-3) 5.73 X 1Q4 

Cryostability Matrix Current Density RRR -300 
Coooerd ·(A mm-2) -70 

a Jc • 4000 A mm-2 at low field, copper-to-superconductor ratio - 2 
b Matrix' J • 500 A mm-2 
c At 85% of Jc along the load line 
d For a RRR - 300 copper matrix cryostable conductor in boiling liquid 
e Maximum value based on a 6.8 K boiling temperature difference 

High Tc in 
Hvdrocien 

20.3 

-93 

539 

1220 

0.13 

0.020 

18.1 X 1Q16 

1.32 X 106 

2.31 X 106 

-240 

Table 4. Properties of Three Liquid Gases That 
Can Be Used to Cool Superconductor 

Helium Hvdroaen 

1 atm Boiling Temperature (K) 4.22 20.3 

Critical Temperature (K) 5.19 33.3 

1 atm Liquid Density (kg m-3) 125 70.8 

1 atm Heat of Vaporization (Jg-1) 20.8 4428 

Gas SpecifiC Heat (Jg-1 K-1) 5.19 14.6 

Available Refrigeration Liquid to 300 K (Jg-1) 1561 4629b 

Design Nucleate Boiling Heat Fluxe (W m-2) 2500 30000 

Desian Nucleate Boilinq 6 Tc (K) 0.5 1.7 

a para hydrogen 
b includes the para to ortho transition energy 
c about 30 percent of the maximum nucleate boiling heat flux 
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High Tcin 
Nitroaen 

77.4 

-93 

2156 

328 

0.16 

0.066 

10.1 X 1Q16 

5.17 X 106 

5.18 X 106 

-so 

Nitroaen 

77.4 

126.1 

811 

198 

1.03 

431 

60000 

6.8 



magnetic inductions of 3 to 4 T at 4.2 K. 4) The 
niobium titanium operates at 4.2 K. The high Tc 
superconductor has a Tc of 93 K, and it oper~•es in 
boiling hydrogen and nitrogen. It should be noted 
that the previous sections indicate that the high Tc 
oxide superconductor does not meet the conditions set 
forth in the assumptions given above. 

In order to determine the potential usefulness of 
the high Tc oxide superconductor, the following 
factors are examined: 1) The critical filament 
diameters for adiabatic and dynamic stability are 
calculated assuming isotropic properties and a Jc of 
4000 A mm-2. 2) The longitudinal and transverse 
quench velocities are calculated when a matrix current 
density of 5 x 108 A m-Z (500 A mm-Z) is 
assumed. 3) The burnout integral of J2/dt is 
calculated for the conductor in an RRR • 300 copper 
matrix with the conductor operating at the beiJing 
temperatures of helium, hydrogen and nitrogen. 4) The 
enthalpy change per unit volume needed to induce a 
quench when the conductor carries a transport current 
at 85 percent of Jc along the load line is 
calculated for the conductors operating in boiling 
helium, hydrogen an nitrogen. The effect of putting 
the liquid cryogen in direct contact with the 
superconductor is also shown. 5) eryostability 
criteria (based on a simple Steckly model) (6) are 
calculated for the superconductors in pure copper 
(RRR • 300) matrix operating in boiling liquid helium, 
hydrogen and nitrogen. These factors will yield a 
constructive picture of the potential usefulness of 
the high Tc superconductors under the most 
optimistic of circumstances. 

Table 3 compares the properties of liquid heliwa, " 
hydrogen and nitrogen as cooling mediums for 
superconducting magnets (34,35). Helium has a low heat 
of vaporization ·wh11 e nitrogen and hydrogen have high 
heats of vaporization. On the other hand, the total 
refrigeration available is highest for hydrogen and 
lowest for nitrogen. Helium has about four times as 
much available refrigeration as does nitrogen. 
Hydrogen is the best fluid of all as a refrigerant. 
It would be ideal except for its flammability. 

Table 4 compares the properties of niobium 
titanium operating in liquid helium with a high Tc 
superconductor <Tc • 93 K> operating in liquid 
hydrogen and liquid nitrogen (31,32). Both 
superconductors have a Jc • 4000 A mm-2 and both 
are in an RRR • 300 copper matrix with an overall 
matrix current density of 500 A mm-2. The quench 
propagation velocity and the enthalpy change to quench 
are based on the superconductor operating at 
85 percent of its critical current along the load line. 

From Table 4 one can see that the high Tc 
superconductor is more stable than Nb-Ti. For a high 
Tc conductor, the adiabatic stability diameter goes 
up an order of magnitude for hydrogen temperature 
operation, and the diameter goes up a factor of 40 for 
liquid nitrogen temperature operation. The dynamic 
stability diameter behaves differently at liquid 
nitrogen temperature. The dynamic stability diameter 
at 77 K is only a factor of 2.8 larger than for 
Nb-Ti. The filament diameter chosen for a stable 
conductor should be the lower of the two diameters 
(36). The flux jump stability of the high Tc 
superconductor is expected to be roughly ten times 
that of Nb-Ti in liquid helium (32). 

The increased stability of the high Tc 
superconductor manifests 'itself in a reduced 
longitudinal quench velocity and the higher enthalpy 
change per unit volume to induce a quench. Unlike 
niobium titanium in helium, the addition of the 
cryogen to the superconductor has little effect on the 
stability of a high Tc superconductor. Training 
probably will not be a factor in the operation of high 
Tc magnets if they have a conductive metal matrix. 
W1thout a metal matrix, a high Tc superconductor 
with current densities equivalent to modern Nb-Ti is 
likely to be unstable (31,32,36). 

A high Tc superconductor operated at liquid 
hydrogen temperature will have a·volume quench 
propagation rate which is seven orders of magnitude 
lower than for niobium titanium. When the high Tc 
superconductor is operated at liquid nitrogen 
temperature, the volume quench propagation rate is 
only five and a half orders of magnitude lower. 
Quench protection could be a serious problem for high 
current density superconducting magnets using high 
T c supe.rconductors. The use of cryostabili ty may be 
essential when one builds a large magnet using high 
Tc superconductor. The maximum cryostability 
current density is a function of the resistivity of 
the matrix material, the heat transfer area and the 
maximum rate of stable heat transfer to the cryogen. 
High Tc superconductor operated in liquid hydrogen 
has the highest cryostable current density of the 
three conductors shown in Table 3. 

A CASE STUDY: SSe DIPOLE MAGNETS 

Accelerator magnets represent one class of 
superconducting magnets for which much research and 
development money has been spent. The Superconducting 
Super eollider <SSe> magnets represent at least one 
form of modern accelerator magnet design (37). The 
sse dipole magnet is 17m long with a coil insi~e 
diameter of 40 mm. (Figure 1 shows a quarter cross 
section of an SSe dipole.) This dipole, which . 
generates a 6.6 T central induction, is characterized 
by high current density windings (the design curren~ 
density for the superconductor/matrix is 5.5 x 
108 A mr2 for the inner coil and 6.5 x 
108 A mr2 for the outer coil). Even with Nb-Tf, 
which is a ductile conductor at liquid helium 
temperature, the performance of the superconducting 
magnet is limited by strain in the coil. High Tc 

. magnets are likely to be quite stable if the condu£tor 
has a metal matrix; but the propagation of a quench 
within the coil will be a serious problem for high 
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Tc accelerator magnets with current densities in the 
conductor substantially above the cryostable limit. 

The high current density requirements of the SSe 
dipoles and other accelerator dipoles are dictated by 
the amount of superconductor needed to produce a 
particular field in a particular volume. A reduction 
of the current density by a factor of two increases 
the volume and mass of the superconductor by~ than 
a factor of two. This effect is worse when the magnet 
aperture is small. An increase in the magnetic field 
will require the superconductor to be operated at an 
even higher current density than required by most 
present accelerator magnet designs. As the field 
increases, the magnetic forces increase as the square 
of the field. Even if the high Tc superconductor 
has very high critical fields, the central field in an 
accelerator dipole fs unlikely to increase much above 
10 to 12 T proposed for the LHe accelerator (33). 
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High current density-and cryostability are not, in 
most cases, compatible. In accelerators, a low 
current density high Tc superconducting magnet is 
not likely to be cost competitive with a high current 
density Nb-Ti magnet. 

The factors that favor the use of· high Tc 
supercond~ctor in accelerators are savings in the 
capital cost of the refrigeration plant and in the 
cost of electric power needed to operate the 
refrigeration plant over the life of the machine 
(38). In the SSC machine, the refrigeration plant 
represents about 3 percent of the machine cost. The 
use of high Tc superconductor can potentially save 
refrigeration and refrigeration power, but this 
savings is not as large as one might think. For 
example, most of the heat leak into the sse magnet 
cryostats is already intercepted at higher 
temperatures, where the ratio of input power to 
refrigeration is at least an order of magnitude 
lower. The heat leak per unit length can be expected 
to go up because the cryostat vacuum is unlikely to be 
as good as it is in a liquid helium cryostat. The use 
of high Tc superconductor will cause major 
accelerator vacuum problems for colliding-beam 
machines such as the sse because liquid helium 
provides cryopumping over the full length of the 
magnet for the accelerator vacuum. Replacing the cold 
bore helium vacuum with a conventional vacuum system 
will cost more than the potential savings in 
refrigeration for a machine like the sse even if a 
ductile high current density, high Tc superconductor 
did exist. · 
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CONCLUDING COMMENTS 

This paper presents a realistic evaluation of the 
prospects for the use of high Tc superconductors for 
the generation of magnetic fields. It is clear that 
scientific or commercial projects which use 
superconducting magnets should not be delayed while 
waiting for the high Tc superconductors to be 
developed. Many of the projected uses of high Tc 
superconductors for high Tc superconductor in 
magnets (e.g., levitated trains, superconducting 
motors, and generators and accelerators> are not 
likely to materialize unless an extremely stable, high 
current density ductile conductor is developed. 

High T~ superconductors have brought much 
excitement 1nto the field of superconductivity and 
solid state physics. The work on the material has 
only begun; it is not realistic to believe that_the 
high Tc superconductor will have a real commerc1al 
use in magnets for many years (39). Like conventional 
superconductor technology, the use of high Tc 
superconductor will be dictated by_economics as well 
as the state of the technology. 
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