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ABSTRACT

The discovery of the high-critical-temperature superconductor is a very
important solid-state-physics event.! The popular press, and to a lesser
extent some of the scientific journals, has claimed wonderful things will
unfold because of the discovery of high-critical-temperature superconductors
(high-Tc). Many of the proposed uses for the h‘lgh-Tc superconductor
involve the creation of a magnetic field using superconducting coils. This
report will assess what is known about the high—Tc superconductors and take
a realistic look at their potential use in various kinds of superconducting
magnets.

Based on what is known about high-Tc superconductérs, one can make a
"wish 1ist" of things that will make such materials useful for magnets. Thén,
-the following question {s asked. If one had a h1gh—Tc superconductor with
the same properties as modern niobium-titanium superconductor, how would the
superconductor work 1n a magnet environment? Finally, this report will show
the potential impact of the ideal high-Tc superconductor on: 1) accelerator
dipole and quadrupole magnets, 2) superconducting magnets for use in space,

and 3) superconducting solenoids for magnetic resonance imaging.
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1. What Is Known about the H‘Igh-Tc Oxide Superconductor?

The high-Tc oxide superconductors are an extension of a group of
superconductors known as the perovskite class of superconductorsz that
includes materials such as WOjRe0;, SrT10;,” and Ba(PbB1)0,. The last
material has been known for some years, but it has a critical temperature of
only 10 K. Perovskites have been studied for some years since many people
thought that they might have some unusual superconducting or magnetic
properties.‘ The discovery of a perovskite-type superconductor with a
critical temperature above 35 K is considered to be a very important advance
in metallurgy and solid-state physics.

The h‘lgh-Tc oxide superconductors, which are not true perovskite
structures, are more complex than perovskites, yet they exhibit similar
properties. The high-Tc superconductors, at this time, appear to be divided
into two types--the lanthanum-strontium type and the barium-yttrium

® It might be argued that the two types are really subsets of a

type.
single type of metal/copper-oxide superconductor with oxygen as the most
important element. The superconductor that has recefved the greatest
attention has been the R8a,Cu30,_,, where R is yttrium or one of the
Lanthanide rare earths. (There have been unverified reports from China that

superconductivity can be obtained without the Lanthanide or yttr1um.)‘



a. Value of Tc

Superconductors of the lanthanum-strontium type have been reported to have
critical temperatures as high as 50 K (based on zero resistance); the
yttrium-bartum types have been reported to have critical temperatures as high
as 313 K.” The most consistent zero-resistance temperature measured by
numerous itnvestigators has been around 93 K for the yttrium-barium type
superconductor. Studies of YBa,Cu,0, . suggest that the superconductor may
consist of granules of superconductor with Tc well above 100 K.* These
granules appear to be connected by resistive regions. The ﬁroduction of a
superconductor that has zero resistance above 90 K requires that the conductor
be oxygenated’ during the processing. (Some of the highest—Tc
conductors have some of the oxygen replaced by fluorine. The zero-resistance
Tc of these conductors is not consistently the same value. Fresh samples
may exhibit a high-T& temperature, but as the sample ages and is thermal
cycled, the Tc drops to the ~90 K temperature measured by everyone

else.”)
b. Value of ch

There are many claims for high upper critical fields (ch) for the
oxide-type superconductors. These claims should be examined carefully; many
are based on measurements of the point at which the resistance of the
conductor just begins to change. Other investigators base their claim for a
particular value of ch on a definition of superconductivity based on zero

apparent resistivity. The latter definition is the only one important to the
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person considering the use of the h‘igh-Tc oxide superconductor for

generating a magnetic field. There have been few, if any, direct measurements
of ch at low temperatures (e.g., 4.2 K) for these materfals. The claims of
high values of ch are based on extrapolétions based on a measurement of
dchldT at or near Tc and on the experimental observations in other

materials that high Tc tfmplies that ch fs high also.

If one extrapolates dchldT for the onset of the drop in resistivity,
one might get “och at T « 0 K as high as 360 tesla, based on a linear
extrapolation model. (If one uses an extrapolation model that many
conventional superconductors follow,'® one gets a value of Bz =
260 tesla at T = 0.) On the other hand, if one extrapolates dchldT based
on measurements of zero resistance near Tc’ the value of poch at T =
0 K would be in the 14- to 20-tesla range, depending on the extrapolation
model. The rather low predicted value of zero-resistance poch at T =
0 K probably can be explained using a granular model, where regions of
high-ch superconductor are surrounded by regions of lou-ch

$:11 there is evidence that the zero-resistance

superconductor.
dchldT slope for one type (Y-Ba-Cu-0) makes a sharp change at about 60 K;
1.e., below 60 K the vaiue of ch increases more rapidly than it does above
60 K. If this were true for all types of Y-Ba-Cu-0, the estimated value for
fhe zero-resistance ch would be much higher. (The material that K. Noto
et al. examined might have a value of ch in the 55- to 80-tesla range
depending on the model used for the extrapolation.2?) It is expected that
the value of the superconductor ch is a function of crystal

orientation.®?



c. Hcl Measurements

Measurements of pOHc] by the National Bureau of Standards on
Y-Ba-Cu-O superconductor show two (or more) phases of the
superconductor.t* (H., is the lower critical field.) One phase has a
value of BoHey of 0.016 tesla to 0.035 tesla at T = 0 K, whereas the
other phase has a zero-temperature "o"cl of 0.0014 tesla to
0.0030 tesla. (The variation is based on the model used to extrapolate the
value of poHC1 at T = 0 K from measurements of dHc]IdT at or near
Tc.)' The measured value of Hc] should be compared to “o“cl -

0.014 tesla for Nb-THi, uOH = 0.018 tesla for Nb3Sn. and

cl

poﬂc] w 0.037 tesla for Vsca.

d. Critical-Current Density

The potential for high critical-current density (Jc) has been
demonstrated by IBM in samples of oriented multicrystal Y-Ba-Cu-0 on a
strontium titanate substrate.'® The IBM measured values were J (4.2 K,
0T «5x 10 An® and 3 (77K, 0 T) = 10° Aw™®. Bulk
samples of Y-Ba-Cu-0 have yielded much lower measured values for the critical
current. Measurements of critical current by direct voltage measurements of a
sample yield measured critical-current densities that are an order of
magnitude or more lower than those obtained by magnetization.'®**” (The
IBM oriented-fiim measurements were made using magnetization methods.)

Measurements of éritical current at fields above zero using voltage-drop

measurements show a sharp reduction in the critical-current density at 77 K
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(by more than one order of magnitude at fields as low as 0.1
tesla*”**®). One explanation for this could be that an increase in the
magnetic field inhibits Type II tunneling between granules in the bulk
superconductor; thus, there is a reduction of critical current in the sample
when the field is increased even a moderate amount. The critical-current
density does not decrease as rapidly with field when the temperature is 4.2 K.
It 1s clear that critical-current density in the bulk high—‘!‘c
superconductors is not well understood. Perhaps dramatic improvement in bulk
critical~current density can be expected as research on the h‘lgh-Tc
superconductors continues. On the other hand, large changes in
critical-current density may take a long time to achieve. (The A-15t? and
Chevrel Phase®® conventional superconductors have not developed as rapidly

as their potential suggested they would.)
e. Mechanical Properties

The mechanical properties of the high—Tc oxide superconductors have been
described as ranging from the consistency of chalk to the brittleness of
porcelain. Conventional A-15 superconductors such as Nb3Sn and V3Ga,
which can be produced in multifilamentary form 1n a ductile metal matrix, have
1imited usefulness because they are sensitive to strain. Nhssn starts to
lose current-carrying capacity irreversibly with strain rates as low as 0.8
percent. This depends on the state of pfecompression and on whether the

strain 1s compressive or tensile.?!

The high—Tc copper oxide materials
are probably more strain sensitive than the A-15 materials (Nb3Sn. V3Ga.

etc.). The h1gh-Tc superconductor can be expected to have only limited
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usefulness unless it is manufactured in a wind-and-react configuration. It
also appears that the hi-gh-Tc superconductors will have to be encapsulated

to prevent the diffusion of oxygen from them.
f. Usable Forms of the High-Tc Superconductor

At present, there is no form of high-Tc copper oxide superconductor that
can be used to make superconducting magnets, although there are a number of
experiments in progress that might yield a usable superconductor for magnets.
The éxperiments have taken two forms: 1) Metal tubes are fabricated with
powdered components within them. The tubes are drawn into wires and then are
reacted.?? 2) Thin films of superconductor are produced on a substrate.

The tube experiment has been tried with the components of Y-Ba-Cu-0
superconductor in copper and silver tubes. After being fabricated, drawn, and
reacted, the Y-Ba-Cu-0 superconductor in the copper matrix was not
superconducting at 77 K.?* When copper is heated to the 700- to 1000-K
reaction temperature, it pulls oxygen out of the reaction, which depletes the
superconductor of its oxygen. The material fabricated within the silver tube
was superconducting at 77 K, but 1ts properties were not as good as the bulk
superconductor annealed in an oxygen atmosphere.zz
l The IBM experiment 1s an example of the thin-film-on-a-substrate
technique. Films as thick as 400 um have been produced,® and the
thin-fiTm material may well become the first usable form of the high-T,
copper oxide superconductor. It is desirable, however, that this thin-film

material be combined with a metal matrix.



It is useful to look at the desirable properties of a superconductor for
use in superconducting magnets. The ideal magnet superconductor has the
following characteristics:

1) The superconductor should be divided into many fine filaments
transposed within a good conducting matfix material. The diameter of
the filaments is set by stability criteria. In most cases twisted
supercdnductor is suitable.

2) The matrix material should have a high thermal conductivity and a low
electrical resistivity. The required matrix electrical resistivity is
set by ac loss and quench-protection criteria.

3) The matrix matertal should have a high mass density so that the
integral of J% dt = F* is maximized between the operating

temperature (To ) and room temperature, as shown below:

P

300 -
F* - Car o 3°
[ S fa it
T, o

p

where C is the specific heat per unit volume, p is the electrical
resistivity, T is temperature, J is the matrix current density
(defined as the current divided by the matrix area without
superconductor), and t is time.

4) The superconductor and matrix material should be ductile and have
approximately the same hardness as the superconductor to permit them

to be co-drawn.
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' 5) The conductor should not lose its superconducting properties as it is
strained (say up to 1 percent strain). One should be able to bend it
over a small radius.

6) The superconductor/matrix should have high ultimate breaking stress

in tension (e.g., greater than 3 x 10* N m™2). The elastic
modulus of the conductor should be high (preferably greater than
5 x 10*% N m™2.)

Niobium titanium in a copper matrix has all of the above characteristics.
Multifilamentary Nb35n and V3Ga in a bronze matrix meets all of the above
criteria except No. 5. These conductors, however, cannot be bent in the
reacted state, and their stress and strain capabilities are limited.?’

It is unlikely that the high—Tc superconductor can be fabricated in ;
nice filamentary form that meets the criteria set out previously. At best, a
conductor similar td multifilamentary Nbasn and vaﬁa can be produced. In
order to produce 2 multifilamentary form of the high—Tc ceramic oxide
superconductor, many steps of processing will be required. Magnets built from
the conductor will probably be of the wind-and-react variety except, possibly,
for very large solenoid magnets.

The earliest and most 1ikely form of the high—Tc ceramic oxide
superconductor that could be used to fabricate superconducting magnets is a
thin-f11m of superconductor on a substrate. It may be possible to slit the
superconducting film along the length of the ribbon in order to subdivide the
ribbon. The need for such slitting is dependent on the anisotropic character
of the high—Tc oxide conductor. It is the author's opinion that the high
critical-current densities required for a usable magnet superconductor

(3, 210" A m~2) can only be obtained in the thin-film form.
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It may be possible to fabricate a thin-fiim ribbon form of the conductor
that can be ¢lad with copper or aluminum. A prereacted clad-ribbon conductor
may be possible, provided the high-Tc oxide superconductor is at the neutral
axis of bending for the conductor. (This is similar to the Nb3Sn ribbon
conductor.) A usable wind-and-react conductor with the matrix materfal built
in will be more difficulit to fabricate because the matrix materifal will tend
to act as a getter for oxygen. An aluminum-matrix conductor will be
especially difficult because the reaction temperature for the high-Tc
superconductor is above the melting temperature for aluminum.

A normal metal-clad-ribbon high—Tc oxide superconductor will probably
exhibit some of the following undesirable characteristics: 1) The stability
of the conductor will be a potential problem unless the flux lines are
parallel to the thin-film surface. 2) Winding will be limited by strain.
(There will be only one preferred winding direction.) 3) The clad high-Tc
oxide superconductor will probably have to be well cooled with the 1iquid
¢cryogen. For magnets more than ~10 cm in diameter, cryostability may be the
only option. The postulated clad high--Tc superconductor can be expected to
have characteristics similar to diffusion-process Nb35n ribbons in 1imited
use today.

One of the major research difficulties with the high-Tc oxide
superconductors s increasing the transport critical-current density. (This
1s even more difficult if one wants to use these materials at 1iquid-nitrogen
temperature and above.) Not only must the J. go up at zero field, but a
mechanism for tying the superconducting grains together must be found to
prevent the large fall off in Jo as the field is increased. (This is

particularly true for conductors to be used at 1iquid-nitrogen temperatures or
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above.) It is likely that high Jc will be demonstrated by magnetization
(the IBM oriented-fiim ribbon has demonstrated that acceptably high Jc is
possible), but the real problem will be getting a conductor capable of
carrying large transport currents. (This can be achieved by increasing the
transport current Jc and by increasing the fraction of superconductor in the
clad-ribbon conductor.)

If one Tooks at superconductor development from a historical perspective,
the achievement of a usable magnet superconductor will be long in coming. If
one is an optimist (most people involved with superconducting magnets are
optimists), one should ask the following questions (assuming that a ductile
fully transposed multifilamentary conductor in a copper matrix exists): Is it
desirable to use the high—Tc superconductor? What will the problem areas be
for superconducting magnets?

The next section of this report will discuss various aspects of magnet
design that assume the existence of a usable form of the high—Tc

superconductor.
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3) Factors HWhich Affect the Use of High—Tc Superconductors in Magnets

The usefulness of h‘lgh-Tc superconductors 1n magnets can be examined if

one assumes that the high-Tc superconductor has mechanical and current

carrying properties which are similar to present generation niobium titanium.

To determine the potential usefulness of the new material, the following

assumptions have been made:

1))

2)

3

4)

5)

The high-Tc oxide conductor can be fabricated in a transposed
multifilamentary form in pure-copper or pure-aluminum matrices.

The conductor filaments are fine enough to ensure both adiabatic and
dynamic stability.

The critical-current density in the h1gh-Tc superconducting

filament is at Teast 10*° A m™2 (10 000 A mm™?) at {ts

operating temperature and field. (A lower superconductor Jc would
be usable, but not 1f it's below ~10° A m™2.)

The superconductor will be operated in a bath of boiling cryogenic
working fluid. (High-current-density conductors could be indirectly
cooled from a bolling cryogenic working fluid. This section of this
report will consider whether c¢ryostability is needed.)

The multifilamentary high-Tc superconductor is ductile with an
ultimate stress comparable to multifilamentary Ni-T1.

The previous sections indicate that we are far from achieving the assumptions

pfeviously stated. The question is whether the high-Tc oxide superconductor

is useful for magnet fabrication even if it has ideal properties similar to

Nb-Tt.
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In order to determine the potential usefulness of the high-Tc oxide

superconductor, the following factors are examined:

n

2)

3)

4)

5)

6)

Five potential working fluids are evaluated for use with the high—Tc
oxide superconductors. They (and their 1-atm. boiling temperatures)
are helium (T = 4.2 K), hydrogen (T = 20.3 X), neon (T = 27.1 K),
nttrogen (T = 77.4 K) and refrigerant 14 (tetraflucromethane, T =
144.2 K). All of these working fluids could be used with high-Tc
superconductors with critical temperatures up to ~240 K. (Assuming
that a conductor with a reliable Te of 240 K exists.)

Refrigeration input power is evaluated for the five working fluids at
their 1-atm. boiling temperatures.

The critical filament diameters for adiabatic and dynamic stability
are calculated assuming isotropic properties and a critical-current
density of 10*° A m™2.

Longitudinal and transverse quench velocities are calculated for
high-Tc oxide conductors in copper and aluminum matrices. (The
matrix current density 1s assumed to be 3 x 10* A m™%.)

The burnout integral of J? dt is calculated for conductor in

copper and aluminum matrices at the 1-atm boiling temperatures of the
five working flutds. The maximum allowable hot-spot temperature is
set at 400 K. (The matrix current density is assumed to be
3x10°Am2)

The enthalpy change per unit volume is calculated for various conduc-
tors. The minimum quench propagation volume for a matrix current den-

sity of 3 x 10® A m™? 1s also calculated. From these factors,
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the quench energy is generated. The effect of putting the liquid
cryocgen in direct contact with the superconductor is also shown.

7) Cryostability criteria (based on the simple Stekly and Whetstone
model) are calculated for the high-Tc superconductors in pure
copper (RRR = 100 and RRR = 300) and pure aluminum (RRR = 1000)
matrices operating in the five boiling working fluids.

8) Magnetization effects are discussed.

These eight factors will yield a constructive picture of the potential

usefulness of the high-Tc oxide superconductors if they exist in an jdeal

form for constructing superconducting magnets.

a. The Five Working Fluids

Table 1 summarizes the most important properties of helium, hydrogen (para
hydrogen), neon, nitrogen, and tefraf]uoromethane (R-14). The properties
Tisted in Table 1 are boiling temperature at 1 atm, Tiquid density at the
boiling point, heat of vaporization at the boiling point, enthalpy change of
the fluid from the 1iquid state at the boiling point to gas at 300 K, the
usable design nucleate boiling heat flux at | atm, and several other
parameters. The first four gasses are the lowest-temperature cryogenic
fluids. The choice of R-14 was arbitrary. It is a commonly available, safe
refrigerant that has the lowest boiling temperature of the fluorocarbon
refrigerants.

Helium is the refrigerant of the conventional superconductor. It has good
heat-transport properties. Its heat of vaporization is low, but 1ts specific

heat is high. Its critical pressure and the density difference between 1iquid
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and gas are also low. Helium has two 1iquid states. The second liquid state
(Helium II), which occurs at 2.17 K or below, has some very 1ntefest1ng
properties that make it an ideal refrigerant for aerospace applications. In
addition, Helium II is finding increasing application as a coolant for
conventional superconductors. From a safety standpoint helium has many
outstanding properties. It is nontoxic and nonflammable, and because of its
low critical pressure it is a relatively safe crycgenic fluid as long as the
Dewar design pressure is high enough.

Hydrogen is a very interesting fluid with extremely good refrigeration and
heat-transfer properties. It is characterized by its low'density, extremely
high specific heat, and the highest heat of vaporization of the five f1q1ds.
At 1ts Tow boiling temperature (20.3 K) pure copper and pure aluminum will
have a low resistivity. Hydrogen is nontoxic odorless and colorless but it
burns over a very wide range of concentrations in air. Therefore, special
safety precautions must be taken because of its extreme flammability.
(Hydrogen is Tighter than air and does not radiate much heat when it burns.)

Neon is an expensive substitute for hydrogen with a boiling temperature
7 K higher. It has the worst cryogenic properties of any of the five fluids.
(Only helium has a lower heat of vaporizat1oh, but helium has five times the
specific heat of neon.) The total available refrigeration in neon is the
second lowest of the five fluids. Because neon is expensive; a ground-based
system would have to have an extensive neon recovery system. Neon is
odorless, nontoxic, and nonflammable. Therefore, handling neon is only

slightly more hazardous than handling nitrogen.
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Nitrogen is the most commonly used cryogenic fluid and is widely available
in large quantities. Nitrogen has the second largest heat of Vaﬁorization of
the five fluids. The total available refrigeration, however, is not much
higher than that of 1iquid neon. Its most attractive feature is its wide
availability. The potential use of 1iquid nitrogen as a coolant is one of the
major reasons for the recent popular interest in high-Tc superconductors.
Nitrogen is colorless, odorless, nonflammable, and nontoxic and is relatively
safe to handle.

R-14, also known by the trade names of Freon 14 or Genitron 14, has the
lowest boiling point of the commercial refrigerants. It can easily be
incorporated in a conventional closed-cycle refrigeration plant and is
commonly available in large quantities. It has the lowest available
refrigeration and has a heat of vaporization comparable to nitrogen. Of the
five fluids it has the worst heat-transfer properties (except peak nucleate
boiling heat flux). R-14 has a slight odor and low toxicity (6 on the
Underwriters Scale), but it is heavier than afr.

The cryogenic properties of 1iquid helium, hydrogen, nitrogen, and neon
are found in Ref. 24. Properties of R-14 are found in Refs. 25 and 26. Peak
useful nucleate boiling heat flux for helium, hydrogen, and nitrogen are from
Refs. 27 and 28. A usable design nucleate boiling heat flux of about one
third of the peak heat flux can be used in all cases without specialized
surface preparation on the boiling heat transfer surface. No measured peak
nucleate boiling heat fluxes were found for neon or R-14. A method given by

Clechellt and Bonilla was used to calculate the peak heat flux, 2?0



=18~

b. Refrigeration Input Power

The primary advantage of high—Tc superconductors is the elimination of
11quid-helium refrigeration (and 1iquid helium). This, however, is a
double-edged sword. The elimination of 1iquid-helium temperatures could also
mean the elimination of the associated high vacuum, which helps insulate the
cryogen container and the refrigefation system. (A1l other gases are pumped
by a surface at liquid helium temperature.)

Increasing the operating temperature of the superconductor does
substantially reduce the input power to a refrigerator per unit output
refrigeration. For an ideal Carnot refrigerator.the ratio of input power %o

refrigeration generated is as follows®****:

Gt ReTcigeratton = 8 " TT a
where B is the refrigerator coefficient of performance; Tc is the
temperature from which the heat is pumped (the cold-end temperature); and TH
is the temperature of the sink to which the heat is pumped (in this case TH,
is the heat-rejection temperature, which is usually room temperature,
~300 K).

Table 2 presents the ratio of input power to refrigeration in a Carnot
refrigerator at the boiling temperature Th of the five working fluids from
Table 1. The ratio of input power to refrigeration given in Table 2 is based
on the assumption that the sink temperature TH is 300 X. From Table 2 one

can see that increasing the operating temperature from 4.2 K to 20.3 K reduces
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the ideal input power by a factor of 5. Increasing the operating temperature
to 77.3 K results in nearly a factor-of-25 reduction in the ratio of input
power to refrigeration compared with operation at liquid-helium temperatures.
A real refrigerator has only a fraction of the efficiency of an ideal
Carnot refrigerator, and the efficiency of a refrigerator n is often stated -
in terms of percent of Carnot. This efficiency n is a function of Ehe
output refrigeration and is only a very weak function of the refrigeration
temperature. For a real refrigerator, the ratio of input power to

refrigeration can be calculated using the following relationship:

Ty =T
—Input Power - 1 - H ¢ , . (2)
Output Refrigeration n8 n Tc

where @, TH. and Tc are previously defined, and n is the refrigerator
efficiency stated in terms of a percentage of Carnot. Strobridge®?
investigated a large number of cryogenic refrigerators and determined their
efficiency. A curve was generated of refrigeration efficiency (percent of
Carnot) as a function of output refrigeration. Using the Strobridge
calculation, Table 3 was generated. This table presents the projected ratio
of input power to output power as a function of refrigeration output for
refrigerators operating at the boiling temperatures of the five working fluids
from Table 1. The numbers presented in Table 3 have a 30- to 50-percent error
bar attached to them since there is considerable scatter in the refrigeration

efficiency data on the Strobridge curve.
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TABLE 2. INPUT POWER AT 300 K FOR A PERFECT
CARNOT REFRIGERATOR FOR FIVE BOILING FLUIDS

Th Input Power per Watt of Refrigeration
Fluid (X) (W
Helium 4,22 70.4
Hydrogen 20.3 13.7
Neon 27.1 10.1
Nitrogen 77.3 2.88
R-14 144.2 1.08

TABLE 3. THE INPUT POWER REQUIRED PER WATT OF REFRIGERATION
VERSUS WORKING FLUID AND REFRIGERATOR SIZE3?

Input Compressor Power
(W per W of Refrigeration)

Th 1-W 100-H 10000-K

Working Fluid (K) Refrigerator Refrigerator Refrigerator
Helium 4.22 ~ 3600 ~ 950 ~ 370
Hydrogen 20.3 ~ 1000 ~ 170 ~ 90
Neon 27.1 ~ 750 ~ 125 ~ 65
Nitrogen 77.3 ~ 140 ~ 26 ~ 12
R-14 144.2 ~ 50 ~ 12 ~ 5
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If one looks at the rated capacity of a Koch 1400 refrigerator’* at
4.6 K, one finds that the calculated ratio of input power to fefrigeration is
quite close to the measured value. For a 1-W refrigerator at 4.6 K, the ratio
is 3200; a 100-W refrigerator has a ratio of about 850. A Koch 1400 with one
25-kW compressor and no precooling is rated at 23-W (the ratio is 1087). HWith
two 25-kW compressors the refrigeration increases to 57-W (the ratio drops to
877). These numbers agree with Table 3.

Regarding refrigeration, it is useful to potnt out that there is a
tendency to reduce the quality of the insulatfon when the temperature goes
up. The heat leak into a 1iquid-nitrogen cryostat can easily be an order of
magnitude higher than for a 1iquid-helium cryostat. One should resist the
tendency to be sloppy with the insulation 1f one is really concerned about
reductions of refrigerator input power. In short, the savings of
refrigeration input power and refrigeration may not be as large as one might

initially think.
¢. Filament Diameters for Adiabatic and Dynamic Stability

For the high—Tc superconductor or any other superconductor to be used in
a high-current-density configuration, the superconducting filaments must be
small enough to ensure stability. Superconductors used in cryostable magnets
will perform better if the filament diameter is below the adiabatic and
dynamic stability limit.

The concept of adlabatic stability comes from the concept of the
crittcal-current model, which says that a superconductor in an electric field

must carry its critical current.?® (i.e., a superconductor has a
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resistivity that is proportional to the electric field.) The critical current
js a function of temperature and magnetic induction (B). The'energy stored
within a superconducting filament due to circulating currents (at
critical-current density) is proportional to filament diameter df squared

and critical-current density in the superconductor JC(B.T) squared. In
conventional Nb-Ti, flux-jump instability will occur when the shield magnetic
induction from the center to the edge of the filament is of the order of 0.25
tesla.?® According to the paper by Wilson et al.,*’ the

superconductor will be stable 1f the following conditions prevail:

/2
2 a3 _\"?
. -1 —C
dede < g Cse ¢ dT) , (3)

where df is the filament diameter, Jc js the critical current in the
superconductor, o is the permeability of air (po adex 100" HO ™Y,
Csc is the specific heat per unit volume of the superconductor (conservative

calculations would use Csc at the conductor operating temperature), and

-1
(J -1 _:_:;) -Ig (32)
. .

The specific heat of the superconductor is somewhat complicated to calculate

because it contains both a term for specific heat of the normal state and a

superconducting magnetization term. High—Tc superconductors have a

much smaller magnetization term relative to the specific heat of the normal



-23-

material, so it is reasonable to use the normal-state specific heat in
equations.

Witson®’ and Hart®® have both suggested that stability could be
increased by increasing Csc and by increasing Tc' A conductor that has 2
positive dJcIdT will be stable regardless of the filament diameter. The
high-Tc superconductor will have a larger dec product because both Tc
and Csc are larger. The adiabatic stabtlity for the high-Tc conductor is
expected to be enhanced.

Muttifilamentary conductors are not flux-jump stable un]ess the filaments
are transposed within the superconductor. Up to a certain size a simple twist
is sufficient to ensure that the conductor is stable against circulating
currents from filament to filament. The twist pitch required for stable
operation of a multifilamentary conductor is a function of the matrix material
resistivity and the rate of magnet flux change that the conductor sees. (The
minimum twist pitch is about 5 times the mean diameter of the conductor
matrix.) In general, a higher-resistivity matrix matertal will result in a

more-stable conductor for given rate of magnetic flux change. For a typical

multifilamentary conductor the twist pitch !tp should be
/2
1/2 i
bp < 3"13c"f(1) LTS )
B r+1 ds+df

where gtp 1s the critical twist pitch that causes doubling of the
superconductor ac loss in a magnetic induction changing at the rate
B=dB/dt, P is the matrix resistivity, Jc is the superconductor critical-
current dehs1ty, r is the normal metal-to-superconductor ratto, df is the

filament diameter, and ds is the average distance between filaments.
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Twisting does not ensure stability against self-field effects,*® but
self field is usually not a problem if the magnhetic induction difference from
one side of a conductor to the other is less than about 0.5 tesla. There are
several criteria that govern seif-field instabitiity if the induction
difference from side to side is greater than 0.5 tesla. The conductor will
nearly always be stable against self-field effects if the minimum conductor
dimension is about 2 mm or less*' and the filament diameter is smaller
than indicated by Eq. (3). The larger the matrix the smaller the filaments
should be. Increasing the matrix-to-superconductor ratio enhances self-field
stability.

The last form of stability that is important on the superconductor level
is dynamic stability. The principle behind dynamic stability is that the
thermal diffusivity of matrix material must be much greater than the thermal
diffusivity of the superconductor. On the other hand, the magnetic
diffusivity of the superconductor must be much larger than the magnetic
diffusivity of the matrix material.*?*** For effective dynamic
stability, the filaments of superconductor must be relatively small, and the
matrix material should have a high thermal conductivity (and a low electrical

resistivity). According to the dynamic-stability criteria given by Wilson

et al.’’:
A 1/2
-1
ddo s |3 s ” (Jc“ ;‘T’_c) and (5)
P

=1
(J-l ?j_g = I_qz; (5a)
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where Jc is the superconductor critical-current density, is the

d
filament diameter, ksc is the thermal conductivity of the :uperconductor.

Py is the resistivity of the matrix material, and r is the ratio of matrix
material to superconductor.

Equation (5) takes a form very similar to Eq. (3). When the matrix
material is made from pure copper, the product of chf will decrease as
the operating temperature rises (ksc is almost constant except at the Towest
temperatures) because the matrix resistivity increases. The dynamic stability
diameter (1ike the adiabatic stability diameter) increases with Tes but it
decreases as one increases the operating temperature because of the matrix
resistivity term.

Table 4 presents estimates for the adtabatic and dynamic stability
diameters based on calculations made using Eqs. (3) and (5). The specific
heat used was the superconductor specific heat at the operating temperature.
If Tc is much higher than the operating temperature, this assumption will
yield a conservative result in most cases. There is a great deal of
uncertainty in the value of the critical dynamic stability diameter since the
thermal conductivity of the superconductor is not known. An estimate of the
thermal conductivity was made using the thermal conductivity of various
rare-earth salts,** whose thermal conductivities vary over a wide range.

The value chosen was an approximate midpoint value, and there is a factor of
two to three uncertainty in the dynamic stability diameter for the high-Tc
oxtde superconductor. Table 4 uses Nb-Ti, Nb,Sn, and three high-Tc
superconductors for comparison: High TC-1, one of the lanthanum-strontium

superconductors, with a Tc of 40 K; High TC-2, a yttrium-barium
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superconductor, with a Tc of 93 K; and High TC-3, one of the postulated (as
yet nonexistent) near-room-temperature superconductors, with a T? of 240 K.
Table 4 shows a general trend. The higher the Tc' and operating
temperature, of the superconductor the larger the adiabatic stability critical
diameter, but the dynamic stability critical diameter decreases with
increasing operating temperature. In general, the high-Tc superconductor
should be more stable with respect to thermal excursions caused by flux jumps,
conductor motion, and pulses of external heat. The increased stability of the
conductor is both a blessing and a curse since a very stable superconductor

does not propagate quenches well.
d. Longitudinal and Transverse Quench Propagation Velocity

The usefulness of a high-Tc oxide superconductor in a
high-current-density superconducting magnet without good cooling (a magnet
that is not cryostable) depends on the rate of quench propagation and the
integral of matrix current density squared with time before burnout. This
subsection deals with quench propagation velocity. The next subsection deals
with burnout integral.

The method used to calculate quench propagation velocities is one
‘suggested by Cherry and Gittleman*® that was modified s1ightly by Eberhard
et al.*® in 1977. This method does not calculate quench propagation
velocity accurately, but it can be used to compare the order of magnitude of
the quench velocities in high-Tc superconductors. The longitudinal quench

propagation velocity can be calculated using an equation of the following form:
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1
Pl /2

where Jo is the superconductor/matrix current density, Py is the
electrical resistivity of the matrix material at T, « 1s the thermal
diffusivity of the matrix in the longitudinal direction at Tc, and AH is
the enthalpy change in the conductor (per unit volume) needed to raise the
conductor temperature from the operating temperature to the critical
temperature T, (H, D).

The ratio of the transverse quench velocity VT (the normal-region
propagation from turn to turn or layer to layer) to longitudinal quench

velocity VL (along the wire) ts given as follows:

v /2
v-ﬁ s(;{) . (7)

where ar is the thermal diffusivity in the transverse direction at Tc'
and @ js the thermal diffusivity in the longitudinal direction at Tc;

@y and @ are given as follows:

and (73)

=L

(7b)

=5
®
S
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where kM is the matrix-material thermal conductivity at Tc' and Cy is
the matrix-material volume specific heat at Tc; kT is the transverse
thermal conductivity at Tc’ and CT is the volume specific heat at Tc for

the matrix and insulation; Ky and C; can be estimated using the following

relationships:
X X
kJT- e i + kJi- and (7¢)
cT = cM xM + c1 x1 . : (7d)

where X, 1s the thickness fraction of the matrix metal in the transverse
direction, and X, 1s the thickness fraction of the insulation, ky and Kk,
are the thermal conductivity of the matrix material and the insulation
material, and C" and C1 are the volume specific heats of the matrix
material and the insulation material at T..

If one assumes that CH - Ci. that the insulation is relatively thin
compared to the matrix material (X, < 0.25), and that the k, <<k,
one gets the following simplified expression for the transverse quench-velocity

ratio:

ke \¥/
vs(—1—) ' (8)
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Equations (7) and (8) ignore the superconductor. Both equations are
independent of the ratio of normal metal to superconductor. The rationale for
this is that superconductor in the normal state is a poor conductor of heat
and electricity. Therefore, the superconductor plays almost no role in
transporting either form of energy. The specific heat of the superconductor,
however, does count, and this component is allowed for, in part, by using the
total J for the superconductor/matrix.

Table 5 contains specific-heat, thermal-conductivity, and resistivity data
for RRR = 100 copper, RRR = 1000 aluminum, and a General Electric TSV vinyl

7 Table 6 shows calculated quench

modified phenolic varnish insulation.*
velocittes and quench-velocity ratios (transverse quench velocity to
longitudinal quench velocity) v for Nb-Ti, Nb3Sn. and the three high-Tc
superconductors from Table 4. These calculations were made with these
superconductors in a RRR = 100 copper matrix and in a RRR = 1000 aluminum
matrix. The velocities were calculated at zero field with a
superconductor/matrix current density J) = 3 x 10° A m2. The
velocity-ratio calculation assumes that the TSV varnish has one-tenth of the
thickness of the total package (X1 = 0.1).

The calculated longitudinal quench propagation velocity given for Nb-Ti in
Table 6 is somewhat higher than the 4-6 m s~* measured for Nb-Ti in a
copper matrix at near zero field with a matrix plus superconductor current
density of 3 x 10° A m™2,4%+47+3%:81  Massurements of quench veloc-
ity in multifilamentary Nb3Sn conductor indicate that its quench velocity is
a factor of 2.5 to 4 lower than for multifilamentary Nb-Ti.%?-%%
Measurements of Nb-Ti in an aluminum matrix indicate a faster quench
propagation velocity for a given matrix current density.®®*** The

discrepancy between measurement and the calcutations given in Table 6 for
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TABLE 5. PROPERTIES OF COPPER, ALUMINUM, AND TSV
(GENERAL ELECTRIC VINYL MODIFIED PHENOLIC VARNISH) AS A FUNCTION OF T 2

Volume Thermal Etectrical
Temperature Specific Heat Conductivity a Resistivity
(x> (J m3 K1) (W @} K=1) (m2 s~1) {Q m
Copper Matrix RRR = 100
9.4 6.7 x 10? 1300 G.195 1.5 x 10-10
18 6.2 x 104 2200 0.049 1.8 x 19-190
40 5.3 x 108 1300 2.45 x 10-3 3.5 x 10—10
93 2.2 x 108 480 2.18 x 10~¢ 3.5 x10"?
240 3.3 x 10¢ 400 1.21 x 10-4 1.3 x 108
Aluminum Matrix RRR = 10Q0
9.4 3.2 x 103 7900 2.46 2.5 x 1~12
18 1.7 x 104 7200 0.423 2.5 x 10—t
40 2.1 x 10¢ 2400 0.0 2.7 x 10-10
93 1.2 x 108 330 2.75 x 10~¢ 4.5 x 10-9
240 2.3 x 10¢ 240 1.05 x 10~4 2.2 x 10~8
By
9.4 2.9 x 104 0.08 2.8 x fo-s -
18 7.8 x 104 0.10 1.3 x 10~¢ -
40 2.7 x 108 0.16 6.0 x 107 —
93 7.5 x 108 0.24 3.2 x 107 -
240 1.6 x 10¢ 0.35 2.2 x 107 -

aSources for the properties data are in Refs. 24 and 47.
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TABLE 6. CALCULATED VALUES OF LONGITUDINAL QUENCH VELOCITY AND QUENCH-VELOCITY
RATIOS FOR VARIOUS SUPERCONDUCTORS AT VARIOUS OPERATING TEMPERATURES AT A
CURRENT DENSITY OF 3 x 10% A m2 ‘

T, T, « AH vLa Velocity
Superconductor (K) (X) (m?2 s-1) (J m3) (m s%) Ratio v»
Copper Matrix RRR = 100
Nb-T 9.4 4.2 0.194 0.017 x 106 7.4 0.025
Nb3Sn 18 4.2 0.049 0.176 x 108 1.2 0.02
High TC-1 40 20 2.45 x 10~3 5.12 x 106 0.074 0.035
High TC-2 93 20 2.18 x 10~4 70.3 x 106 0.019 0.071
High TC-2 93 77 2.18 x 104 12.5 x 108 0.044 0.071
High TC-3 240 77 1.21 x 10~ 454 x 108 0.011 0.094
High TC-3 240 144 1.21 x 10-# 310 x 106 0.013 0.094
Aluninym Matrix RRR = 1000 |
Nb-T1 9.4 4.2 2.46 0.008 x 108 15.8 0.010
Nb3Sh 18 4.2 0.423 0.107 x 106 1.8 0.012
High TC-1 40 20 0.011 1.05 x 108 0.30 0.026
High TC-2 93 20 2.75 x 10-*  35.6 x 106 0.034 0.085
High TC-2 93 77 2.75 x 10~ 11.3 x 108 0.059 0.085
High TC-3 240 77 1.04 x 10~ 289 x 108 0.016 0.121
High TC-3 260 144 1.04 x 104 201 x 10§ 0.019 0.121

dThe current density in the superconductor/matrix material is 3 x 10% A m—2
(300 A mm~2), See Table 5 for the electrical resistivity. Insulation thickness is
0.1 of the total thickness.
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1,""’ which was

Nb-Ti is caused by the high specific heat of Nb-T
fgnored in the calculation, and by the presence of insulation and cryogen,
which also tend to reduce longitudinal quench propagation velocity.

The calculated quench propagation velocity ratios given in Table 6 reflect
the fact that matrix resistivity does have an effect on the quench velocity
from turn to turn. (To first order, matrix resistivity has no effect on the
quench velocity along the wire because @ increases as py decreases so
that the product of P and @ ts nearly constant.)

From Table 6 it 1s clear that a multifilamentary h1gh-Tc superconductor
will propagate quenches at a substantially lower rate than does Nb-Ti. A
Tc = 93 K superconductor being operated at 77 K will have a normal-region
volume growth rate that is between five and six orders of magnitude smaller
than for Nb-Ti at 4.2 K. In some cases, this has sertous implications for the

design of high-current-density magnets and their quehch-protect1on systems.
e. The Integral of Current Density Squared at the Hot Spot

The second factor that affects the usefulness of h1gh-Tc superconductors
in a high-current-density magnet coil is the integral of current density in
the matrix squared with time. This is the same integral used to size

electronic components used in pulsed service. This concept was developed for

superconductors by Cherry and Gittleman,*® and Mattock and James®
applied the concept to quench protection of superconducting magnets.
The maximum allowable integral of current density in the

superconductor/matrix squared can be calculated as follows:
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D o
[sap] rs+1l 2
F* .f o 9T =5 f I dt - (9
T° 0 ‘

where T is temperature, TO is the operating temperature, TD is the maximum
allowable design hot-spot temperature (usually TD = 300-400 K), C“(T) is
the matrix-material volume specific heat (as a function of temperature),
PM(T) fs the matrix-material electrical resistivity (also as a function of
temperature), r is the metal-to-superconductor ratio, Jo(t) is the current
density across the superconductor plus matrix cross section (which is a
function of time), and t is time.

F* in Eq. (9) is a figure of merit that determines the time needed to dump
the current from a superconductor before its hot-spot temperature reaches the
design hot-spot temperature TD' The temperature TD may be determined by
stress or by the temperature at which the 1nsulat10h starts to degrade.
Equation (9) is conservative in that the contribution of the insulation 1s not
included in the specific heat.

Table 7 shows the value of F* for various superconductor operating
temperatures and design hot-spot temperatures in matrices of RRR = 100 copper,
RRR = 300 copper, and RRR « 1000 aluminum. The operating temperatures chosen
are 4.2 K, 20.2 K, 77.3 K, and 144 K. From Table 7 one can see that the
higher operating temperatures associated with the high—Tc superconductor
will reduce the value of F* to the maximum allowable temperature Tj,.
Consequently, the high—Tc superconductors suffer a double penalty in a
quench situation. Not only is the volume growth of the normal zone five to
six orders of magnitude smaller, but also the margin of safety is smaller than

for Nb-Ti or Nb3Sn at liquid-helium temperature.
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TABLE 7. THE VALUE OF F* (THE INTEGRAL QF J2 dt) AS A
FUNCTION OF DESIGN MAXIMUM TEMPERATURE Tp, OPERATING
TEMPERATURE Ty, AND THE MATRIX MATERIAL

Fi
(A2 m~4 s)
To
(K) Tp = 300 K Tp = 400 K
Copper Matrix RRR = 100

4,2 14.9 x 1016 16.6 x 101¢
20.2 14.5 x 101¢ 16.2 x 1016
77.3 8.7 x 101¢ 10.0 x 1016
144 4.0 x 1016 5.7 x 101¢

er R =

4.2 16.9 x 1016 18.6 x 1016
20.2 16.3 x 1016 18.0 x 101¢
77.3 8.8 x 101¢ 10.1 x 101¢
144 4.0 x 1016 5.7 x 101¢

_ .

4.2 6.0 x 101¢ 6.8 x 1016
20.2 5.7 x 101¢ 6.5 x 1038
77.3 3.0 x 101¢ 3.8 x 1016
144 1.5 x 101¢ 2.3 x 1016
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Quench-protection systems for high-Tc superconductors used in
high-current-density magnets will have to be much more sophisticated than
those used on today's high-current-density superconducting magnets. A

53,54 cuch as used

completely passive fatl-safe quench protection system,
today with some types of Ni-T{ magnets, may not be possible. If one ts to
build high-stored-energy high-current-density magnets from high—Tc
superconductor, the quench-protection system will have to be integrated with
the magnet design. There are probably many instances when quench protection

{s not practical.
f. Energy Required to Initiate a Quench and the Minimum Propagation Zone

From the previous sections, one can see that quenches do not propagate
rapidly in the high Tc superconductor. Also, the margin to burnout is
smaller with the high Tc superconductor. Since the specific heat of the
conductor 1s higher at the higher operating temperatures of the high Tc
superconductors, the energy to initiate the quench should be much higher for
these superconductors.

Two factors affect the energy needed to initiate a quench in a
superconductor. They are; 1) the enthalpy change needed to drive the
conductor normal, and 2) the minimum quench propagation zone volume. The
product of the enthalpy change to quench and the minimum propagation zone

volume yfelds the quench energy needed to initiate the quench in a magnet and

keep 1t propagating.
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The enthalpy change to quench has been defined differently by different
authors. Some define this enthalpy change as the enthalpy change needed to
compietely turn the superconductor normal so that it carries no current in the
superconducting state. (To do this one must increase the temperature from the
operating temperature to the critical temperature Tc)' Another definition
of the quench enthalpy change is to define it as the enthalpy changes needed
to just turn the superconductor normal. The second definition which is the
conservative one will be used here.

_The enthalpy change to initiate a quench Aﬂi is defined as follows

T*
aHY = Cy(THdT . 10)

where Cy(T) is the volume specific heat a function of temperature of the
matrix material; Aﬂa is the quench initiation enthalpy change per unit
volume in the matrix material; T, !s the operating temperature; and T* is the

quench initiation temperature T* is defined using the following equation

T™eT +02(T. -T) . (10a)
where Tc is the zero field, zero current density critical temperature.

The definition of T* given by equation 10a is typical for superconductor
in a magnet which operates at 83 to 87 percent of critical current along the
load line for conventional niobium-titanium and niobium-tin superconductor.
(The operation of a superconducting magnet at 85 percent of its critical

current along the load line is a reasonable engineering design goal. Most
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_successful superconducting magnets operate at currents less than 85 percent of
critical current along the load line.)

Table 8 shows calculations of the energy per unit volume which must be
added to initiate a quench where AT is defined as 0.2 (Tc - To). From Table 8
one can see that conventional superconductors have rather low quench initiation
energies (around 1000 J m~* for Nb-Ti and around 5000 J m~? for Nb_Sn).

Conventional superconducting magnets benefit from having the cryogens in
direct contact with the windings. The equation for quench initiation energy

when the cryogen is in the winding is given as follows

AH? = Xy AH; + (1 - XY Cf(T*-TO) an

where To’ T* and AHﬁ are defined as they were for Equation 10; Xnis the
volume fraction of the metal; and Cf is the volume specific heat for the
1iquid cryogen. (For helium Cf = 5.6 x 10° 3 ™ K™, for hydrogen

Ce = 7.0 x 10° J w™* K™*, and for nitrogen C, = 16.5x10° K.

From Table 8, one can see that the addition of 10 percent liquid helium to
the superconductor will dramatically increase the quench initiation energy for
per unit volume superconductors operating in liquid helium. (For Nb-Ti the
increase is about a factor of 50; for Nb'Sn the increase is closer to a
factor of 35.) The addition of 10 percent liquid hydrogen to a high Tc
superconductor will increase the quench initiation energy per unit volume by a
factor of 1.7 to 3.3 depending on the superconductor Tc and the matrix
material. When one operates the high Tc conductors at nitrogen temperature,
there is almost nothing gained from adding the cryogen to the conductor
package. Table 8 shows that, in general, increasing Tc and increasing the

operating temperature T§ both tend to increase the energy per unit volume
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TABLE 8. QUENCH INITIATION ENTHALPY AS A FUNCTION T,
OPERATING TEMPERATURE AND MATRIX MATERIAL

Quench
Initiation
Enthalpy
(I m3)
Operating
Superconductor Te Temp AT Copper Aluminium
(X) (K) (K) matrix matrix
Superconductor Alone
Niobium titanium 9.4 4.2 1.04 1.26x102 0.97x103
Niobium tin 18 4.2 2.76 4.37x10? 4.78x102
High TC-1 40 20 4.0  3.20x105  1.29x10%
High TC-2 93 20 14.6 1.32x108  0.99x10S
High TC-2 93 77 3.2 5.17x108 2.81x10¢
High TC-3 240 77 32,6  7.00x107 3.96x107
High TC-3 240 144 19.2 5.30x107 3.38x107
Superconductor Plus the Cryogen
90% Nb-Ti, 10% He 9.4 4.2 1.04 5.73x104 5.70x104
90% NbySn, 10% He 18 4.2 2.76 1.53x108 1.53x10%
90% HighTC-1, 10%H, 40 20 4.0 5.96x10%  4.24x10%
90% HighTC-2, 10%H, 93 20 14.6 2.31x10¢ 2.02x10%
90% HighTC-2, 10%N, 93 77 3.2 5.18x10¢ 3.06x10¢
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needed to initiate a quench. Table 8 suggests that increased operating
temperature will result increased resistance to quench initiation. One should
be careful with this conclusion until one has looked at the volume of a
minimum quench propagation zone.

The minimum propagation zone length MPZ length is defined as the minimum
length of superconductor which has to be driven normal in order for the quench
to grow. If the length of superconductor driven normal is less than the
minimum propagation length the resistive heating will be drawn away by
conduction and the superconductor will return to the superconducting
state.%®*%% The equation for the minimum propagation length in the
superconductor alone 1. along the conductor suggested by Wilson®’ takes

the following form;

1/2
oA T T (12)
sC J2
¢ Psc

where ksc is the thermal conductivity of the superconductor; Psc the
normal state resistivity of the superconductor; T* is the critical temperature
defined by Equation 10a; T° 1s the operating temperature and Jc is the
critical current density for the superconductor.
A typical normal state resistivity for niobium titanium is about 6.5 x 1077 om

and the thermal conductivity of niobium titanium is about 0.1 Wm' K™'. Using

these values and and T"-To = 1.04 K and a Jc of about 2 x 10 A m™%, one get min-

imum propagation lengths of about 2.8 x 10°7 m. If one applies Equation 12 to
Y-Ba-Cu-O superconductor with ps2 x 107° om,** k.. = 1.0 W ot 443 =10 %,

and T"'-To = 14.6 K, one gets a minimum propigation length of about
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1.2 x 1077 m. The energy required to initiate a quench in Y-Ba-Cu-O alone
is greater than that of Nb-Ti. It is clear that Y-Ba-Cu-0 like niobium
titanium must be put into a good conducting metal matrix such as copper or
aluminum.

1f one puts the niobium titanium superconductor into copper (which has
Ky = 650 W m* K™ and py = 1.6 x 1071° om), the minimum propagation length
goes up to the order of 10"2 m when the overall matrix current density JO
is 3 x 10® A m~%. An approximate equation for the minimum propagation length

for a superconductor in a metal matrix takes the following form;

1/2
I
Ty = 74l

2 ky (T* =T )
u 57— (13)

Jo Py

where r is the matrix to superconductor ratio; kM is the matrix thermal conduc-
tivity, Py is the matrix resistivity; and T* and To are defined as before.

Table 9 shows the parameters needed to calculate the minimum propagation
Tength along a superconductor fn a RRR = 100 copper matrix and an RRR « 1000
aluminum matrix. From Table 9, one can see that the MPZ length increases with
temperature up to temperatures of 20 to 30 K. Above 30 K the MPZ length goés
.down for a given value of T* - To because the matrix resistivity goes up and
the matrix thermal conductivity goes down. The RRR = 1000 aluminum matrix has a
longer MPZ length than does the RRR = 100 copper matrix at temperature below
about 50 K. It 1s interesting to note that the MPZ lengths shorter for the high
Tc superconductors at nitrogen temperature than the same conductors at liquid
hydrogen temperatures. From a quench initiation standpoint, a high Tc
superconductor at a 1iquid nitrogen temperature is better in a copper matrix

than in an aluminum matrix.
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MINIMUM PROPAGATION LENGTH FOR VARIOUS SUPERCONDUCTORS

IN A RRR = 100 COPPER AND RRR = 1000 ALUMINUM MATRIX

r Operating
temp AT kM PM MPZ Tlength
®  ® K)  (Wark-1)  om (m)*
RR = 1 r
Niocbium-titanium 9.4 4.2 1.04 850 1.57x10~10 0.0098
Niobium=tin 18 4.2 2.76 800 1.57x10-10 0.0177
High TC-1 40 20 4.0 2200 1.75x10—10 0.0334
High TC-2 93 20 14.6 1400 2.00x10—-10 0.0477
High TC-2 93 77 3.2 570 2.20x10- 0.0043
KHigh TC-3 240 77 32.6 400 3.00x10-* 0.0098
High TC-3 240 144 19.2 420 7.20x10~9 0.0650
RRR = 1 p ]
Niobium-titanium 9.4 4.2 1.04 4300 2.43x10-12 0.0640
Niobium=tin 18 4.2 2.76 5000 2.43x10-12 0.1123
High TC-1 40 20 4.0 6500 3.60x10-12 0.1267
High TC-2 93 20 14.6 3200 5.20x10-11 0.1427
High TC-2 93 77 3.2 410 3.00x10-* 0.0031
High TC-3 240 77 32.6 250 4.50x10-* 0.0063
High TC-3 240 144 19.2 260 1.20x10-8 0.0030
* ;ET = 1 and Jo =3 x 10°A m™?
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The minimum propagation zone (MPZ) length which is given by Equation 13
applies only in the direction of current flow in the conductor. The minimum
propagation zone is an reality three dimensional the minimum propagation
length in a direction perpendicular to the conductor direction takes the

following form when heat flow is blocked along the conductor;

11/2

2k, (T*-T))
1y = L 1 0 (18)
MLt r+l X 2

[ Voo d 0y J

where r, T*, T Jo. and p, are previously defined. Ky is the

oi
therma) conductivity of the insulation between turns and X4 is the
fraction of the conductor thickness which is insulation. Equation 14 can be

restated using Equation 8. This restatement takes the following form;
IMl =v 1y (15)

where v s the transverse quench velocity ratio defined by Equation 8.
The minimum propagation zone volume can approximately be stated using the

following relationship

nltpz x 8 v 1; (16)
veiume

where ]M is the minimum propagation length along the conductor defined by
Equation 13. The quench initfation energy for the superconductor can be

stated as follows
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quench MPZ a7
initiation = A Hi volume
energy

where AHﬁ is defined by Equations 10 or 11 and the MPZ volume is defined by
Equation 16. The quench initiation energy calculated by Equation 17 should be
regarded as a figure of merit for comparing various superconductor matrix
combinations.

Table 10 shows the estimated MPZ volume and quench initiation energy for
superconductor with RRR = 100 copper and RRR = 1000 aluminum stabilizers with
and without cryogen in the windings. Table 10 shows that the high T
superconductors will require much more energy to initiate a quench than does
conventional niobium titanium or niobium tin superconductors. The high Tc
superconductor will have substantially higher quench initiation energies when
they are operated with 1iquid hydrogen as coolant. At temperatures below 40
to 50 K, the use of a RRR = 1000 aluminum stabilizer will result in higher
quench initiation energy than the use of a RRR = 100 copper stabilizer.
Finally, the high Tc superconductors require the use of a low electrical
resistivity stabilizer Just as much as the conventional superconductors do.

While the high Tc superéonductors will be substantially more stable than
conventional superconductors when they are in a conducting matrix. There is a
duest1on whether they are stable enough to be operated at high current
densities without quench protection. Since the high Tc superconductors are
more stable, they propagate quenches poorly (see the previous subsection d).
In addition, higher operating temperatures will result in loss integral of
current density squared with time to burnout. (See the previous subsection e).

Therefore it can be argued that really reliable high Tc superconducting
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magnets will need to be cryostable. The cryostability of high Tc

superconductors in a metal matrix is delt with in the next subsection.
g. Cryostability of High-—TC Superconductors in a Metal Matrix

The use of high-Tc superconductors in high-current-density magnéts is
characterized by substantially reduced quench propagation rates and reduced
values of F*. As a result, cryostability will be extremely important. This
subsection compares the characteristics of cryostability for superconductors
that operate in the five boiling working fluids--helium, hydrogen, neon,
nitrogen, and R-14.

There are many definitions of cryostabiiity ranging from transient
cryostability*®**? to fully cryostable®® with superconductor
filaments that have a diameter less than the adiabatic or the dynamic
stability critical diameter, whichever is less. The definition of
cryostability used in this subsection is a conservative one. The conductor
assumed for these studies has the following characteristics:

1) The filaments are smal) enough to be both adiabatically and

dynamically stable.

2) Heat transfer to the cryogenic fluid 1s by nucleate boiling at the

conductor surface. There is no conduction along the conductor.

3) The assumed nucleate boiling heat-transfer rate is the usable design

nucleate boiling heat flux in Table 1 (about one-third of the maximum
nucleate boiling heat flux). This heat flux is suitable for use with

narrow channels.
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4) The difference between the operating temperature and the critical
temperature of the superconductor when it is at design magnetic field
and design current is at least 1.5 times the difference between the
nucleate boiling temperature and the bath temperature.®’

5) For the case calculated here, the superconductor/matrix area is set
arbitrarily to 107* m® (1 cm?). The bolling heat-transfer
area is 1072 m? per meter of superconductor length (1 cm?
per centimeter of Eonductor-length). Heat transfer to the bath can
only occur across the boiling heat-transfer area.

-6) Full Stekly stability is assumed such that when the superconductor is
completely normal, the heat generated in the matrix by the current is
carried across the boiling heat-transfer surface to the cryogen bath.

The above criteria are conservative and will serve very well to calculate a
figure of merit for estimating cryostability of superconductors in various
boiling cryogenic fluids.

The cryostability criterion defined by Stekly®® and Whetstone®®

tékes the following form:
: f]
€= IR , 8)
Ardg

where I is the current in the conductor, R 1s the resistance of the conductor
per unit length, AT fs the heat-transfer area of the conductor per unit
length, and ¢p is usable design nucleate boiling heat flux (about

one~-third of the maximum nucleate boiling heat flux). The resistance per unit

length is defined as follows:
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.
R = —:—1 , (18a)

gt

where r i{s the ratio of normal metal to superconductor, PM is the
matrix-material resistivity, and Ac is the cross-sectional area of the
superconductor/matrix. For our study we will assume that r is large so that
(r + 1)/r approaches 1,

Using the Stekly stability criterion, the conductor is stable when « is
less than, or equal to, 1. When « is greater than 1, the conductor is
unstable. The 1imit of stability occurs when heat generation (the numerator
of the right side of Eq. (18)) equals heat transfer (the denominator of the
right side of Eq. (18)). The cryostable current density in the superconductor
plus matrix JS can be determined by the following relationship:

. Av p
Jg = (—T—— ;I -8 : (19)

The stable current density Js ts in fact the figure of merit that one is
looking for in comparing cryostability in various working fluids at various
temperatures.

Table 11 presents Js as a function of working fluid and matrix
material. Three matrix materials are assumed: RRR = 100 copper, RRR = 300
copper, and RRR = 1000 aluminum. The resistivity Py given in Table 11 is
based on conditions with no field. (Magnetoresistance is less important at
high temperatures than at low temperatures.) Table 11 is based on the
assumption that the heat-transfer area per unit length AT - 107% m?

per meter and that the conductor cross-sectional area Ac - 1074 m2.
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STABLE CONDUCTOR CURRENT DENSITY AS A FUNCTION
OF MATRIX MATERIAL AND CRYOGENIC WORKING FLUID.

Temperature ¢ oM b
Fluid (K) (W m—2) (Q m (A m?)
Copper Matrix RRR = 100
He 4.2 2 700 1.57 x 1010 4.15 x 107
R, 20.3 35 000 1,65 x 1010 1.46 x 108
Ne 27.1 50 000 2.00 x 10-10 1.58 x 108
N, 77.4 60 000 2.00 x 10—? 5.48 x 107
R-14 144.2 70 000 7.00 x 10—* 3.16 x 107
Copper Matrix RRR = 300
He 4.2 2 700 5.18 x 10—11 7.22 x 107
H, 20.3 35 000 5.98 x 10-11 2.42 x 10°®
Ne 27.1 50 000 9.00 x 1011 2.36 x 108
N, 77.4 60 000 1.90 x 10—* 5.62 x 107
R-14 144.2 70 000 7.00 x 10—? 3.16 x 107
Aluminum Matrix RRR = 1000
He 4.2 2 700 2.43 x 1011 1.05 x 108
H, 20.3 35 000 3.05 x 10—12 3.39 x 108
Ne 27.1 50 000 5.00 x 1011 3.16 x 108
N, 77.4 60 000 2.70 x 10~ .71 x 107
R-14 144.2 70 000 1.10 x 10-¢ 2.52 x 107

dResistivity at zero induction, magnetoresistance is ignored in the

calculations.

bAT/Ac = 100, and r >> 1.
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Thus the factor ATIAc = 100. The usable design boiling heat flux ¢B
in Table 11 comes from Table 1: Py is the matrix resistivity as a function

of temperature. The ratio r of normai metal to superconductor is large, so
that r/(r + 1) = 1.

From Table 11 one can see that the stable current density for the fully
stabilized high-Tc superconductor is about the same in nitrogen or helium.
Significant improvements can be made in cryostability (as can be seen from the
Js calculation) if the h1gh-Tc superconductor is operated in liquid
hydrogen or neon. The RRR « 1000 aluminum makes an excellent stabilizer.
However, RRR = 1000 aluminum has very poor mechanical properties." $O
there is no advantage in the use of very pure afuminum in Tiquid nitrogen or

R-14. The use of R-14 is not at all justified from a cryogenic stability
standpoint.

h. Magnetization and AC Loss

To first order, the magnetization of a superconductor is a function of its

7

critical current density and the filament diameter.®” For a given product

of filament diameter times critical current density, the magnetization in the
conductor should be the same per unit superconductor volume. The ac loss
should also be the same.

With conventional superconductors one can measure the true critical
current density using transport current methods (except at low flelds). The
critical current density measured this way can be applied to magnetization
calculations, provided the conventional superconductor is of good quality.
The high-Tc superconductors may turn out to be quite different. The

measured transport current density is an order of magnitude (or more) lower
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than the current density measured by magnetization." This is probably
related to the granular structure of the high-Tc oxide '
superconductors.®**?

Magnets with quantities of high-Tc superconductor adequate to carry the
required transport current may have much larger magnetization (and the field
errors associated with magnetization) and ac loss than similar magnets built
with conventional superconductors. Ffilament size and the magnetization
associated with it will still be very important in accelerator magnets. There
fs a 1imit, however, to how much one can reduce the magnetization by reducing
the filament size. One eventually runs into prqxinity coupling and the effect
of Hc].""’ Since H,, for high-T. oxide superconductors is
probably larger than for Nb-Ti, the lower 1imit of magnetization-induced field

errors can be expected to be larger than for a similar magnet built with Nb-Ti.

4. HKWhat Are the Potential Impacts of High-Tcioxide Superconductors on Magnets

s a E ALy 1S ¥, |11 S Mayll x *sHI-\d

This section deals with the use of high—Tc superconductors in the
generation of a magnetic fieid with a superconducting magnet. Three types of
‘ superconducting magnets are considered: high~current-density small-bore
(%40~ to 60-mm cofl diameter) accelerator dipoles and quadrupoles, a large
two-coil solenoid or toroid (about 2 m In diameter) for astrophysics detectors
in space (for up to 2 years), and medium-sized (about 1-m warm-bore diameter)

solenoids for magnetic-resonance imaging.
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a. Dipoles and Quadrupoles for Accelerators

Accelerator magnets represent one class of superconducting magnets for
which much research and development money has been spent. The superconducting
super collider (SSC) magnets represent at least one form of modern accélerator
magnet design.®? The SSC dipole magnet will be 17 m long and will have a
cotl inside diameter of 40 mm. This dipole, which will generate a 6.6-tesia
central induction, is characterized by high-current-density windings (the
destgn current density for the superconductor/matrix is 5.5 x 10° A m?
for the inner cofl and 6.5 x 10* A m 2 for the outer coil). The
high-current-density coils with their support collars are put into a circular
iron shield with a 112-mm bore.

Because the SSC is a storage ring, the required field uniformity at a
radius of 10 mm is about 1 part in 10 000. The magnetic fields produced by
superconductor magnetization are a serious problem at the injection induction
of 0.33 tesla.®?*** Even with a Nb-T% superconductor, the performance
of the prototype SSC dipoles has been 1imited by stress and strain in the coil
package. The propagation of a quench In a magnet coil is an important
consideration for accelerators such as the SSC. |

The factors that favor the use of h‘igh-Tc superconductor 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 1ife of the
machine.*®

The high-currentfdensity requirements of the SSC 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
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density by a factor of two increases the volume and mass of the superconductor
by more than a factor of two. This effect is worse when the magnet aperture
is small. An increase in the magnetic'fieId 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 stresses 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 is unlikely to
increase much above 10 to 12 tesla.**

Quench protection becomes a serious problem in high-current-density
dipoles or quadrupoles using a high-Tc superconductor since cryostability
and the use of pure aluminum RRR « 1000 are precluded in accelerator magnets
such as the SSC magnets because the current density achievable in the matrix
is not high enough. (Very pure aluminum also has very poor mechanical
properties.*”)

If high-'rc superconducting dipoles and quadrupolies can be built, it is
1ikely that they can only be built using a wind-and-react technique; the
brittleness of the high—Tc superconductor will be the 1imiting factor. An
aluminum matrix probably cannot be used in a wind-and-react dipole because the
reaction temperature is above the melting temperature of the aluminum.
Wind-and-react dipoies are difficult to build even with conventional
superconductors such as multifilamentary Nbasn. Therefore, it is reasonable
to expect h1gh-Tc superconductors to be even more difficuit to fabricate.

The use of high—Tc superconductor can potentially save refrigeration,
but this savings is not as large as one might think. For example, most of the
heat leak into the SSC 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
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up because the cryostat vacuum is unlikely to be as good as it is in a
1iquid-helium cryostat. |

In addition, the use of high-Tc superconductor will cause major
accelerator vacuum problems for coltliding-beam machines such as the SSC
because 1iquid helium provides cryopumping over the full length of the magnet
for the accelerator vacuum. Replacing the cold-bore vacuum system with a
conventional vacuum system is difficult (if it can be done at all), and it may
cost more than the savings in refrigeration capital cost and electric-power

cost.®’
b. Superconducting Magnet Coils for the ASTROMAG Experiment

The ASTROMAG experiment would have a superconducting magnet that produces
the magnetic field needed to analyze charged particles from deep space."
Since ASTROMAG is a space experiment, reduction of the experiment mass is
critical. The requirement of minimum mass can be met using
high-current-density superconducting coils since the mass of the coils is
directly proportional to their stored energy" (for quench protection and
stress reasons). The mass of the cryogen storage vessel is also proportional
to the stored energy, and, to first order, the masses of the stored cryogen
énd the magnet vacuum vessel are also directly proportional to stored energy.

The ASTROMAG superconducting magnet with a conventional Nb-Ti
superconducting coil would be cooled with superfluid helium (helium II) at
1.8 X. The advantages of helium II over helium I (helium above the lamda
point temperature of 2.17 K) are as follows. 1) Helium II can be circulated
through the coils using a thermal mechanical pump, which has no moving

parts.”’?*7! A magnet cooled with helium I would require efther a
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continuously operating mechanical pump, or the coils must be in the helfum I
bath. 2) Helium II can be separated from helium gas through a porous plug.
This is important because phase separation is a problem with any cryogenic
fluid being used in space. If liquid is fed into the shields instead of gas,
the mass consumption of cryogen goes up. 3) Helium II permits one to operate
a Nb-Ti magnet with a large critical-current margin. This makes the magnet
less 11kely to quench.

Table 1 compares the properties of various cryogens. The most important
figure of merit is the total refrigeration available in the cryogen per unit
mass. The fluid with the largest available refrigeration is 1iquid hydrogen,
and hydrogen is an ideal cryogen for cooling space-based cryostats (a
hydrogen-cooled ASTROMAG magnet might require 240 kg of hydrogen in place of
the 700 kg of helium proposed for a two-year 1ifetime in space).
Unfortunately, under current NASA safety regulations, 1iquid hydrogen cannot
be used on the shuttie or the space station. Helium has much more available
refrigeration than neon, nitrogen, or R-14. The mass of these gases needed to
cool the ASTROMAG magnet for two years is neon, 2900 kg; nitrogen, 2500 kg;
and R-14, 3800 kg. (These estimates do not include the extra heat leak
associated with the increased area of the cold-mass supports needed to carry
the extra mass of cryogen.) |

A superconductor with a combined aluminum and copper matrix material could
be used for the ASTROMAG magnet coils if they operate in either boiling
hydrogen or neon. The mass of these coils would be dictated by considerations
of stored energy per’unit mass. Unfortunately hydrogen is not an allowable
working fluid for space, and neon has too 1ittle available refrigeration per
unit mass. Reliable liquid-nitrogen refrigerators, expected to be available

for use in space in the next few years," would eliminate the need for
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2500 kg of liquid nitrogen. Magnets of high—Tc superconductor will probably
have to operate as cryostable conductors in boiling nitrogen. The nucleate
boiling heat-transfer coefficient to boiling nitrogen in space is probably
lower than it would be under "normal® gravity. (The difference in density
between gas and liquid ensures good flow of nitrogen at the boiling surface.)
Even under the best of circumstances the mass of a nitrogen-cooled
aluminum-matrix conductor would be more than for a coil made with conventional
Nb-Ti superconductor (2800 kg versus 1500 kg)., The coil mass in a cryostable
coil scales as total current instead of total current squared.

The high-Tc superconductor might be potentially attractive for use in
space provided one can operate the magnet with 1iquid hydrogen as the qgolant
or a reliable 1iquid-neon refrigerator can be built. The larger the
superconducting magnet and the larger its stored energy, the larger the
potential attractiveness of the high—Tc superconductor--provided 1iquid

hydrogen is the coolant.
¢. Solenoids for Magnet Resonance Imaging

Magnets for magnetic resonance imaging (MRI)’® for the human body have
a warm bore about 1 m in diameter. The fields generated by such magnets must
be accurate to better than 2 parts in 10*, before correction. After
correction, the field must be accurate to between 1 part in 10® and 1 part
in 107 (depending on the type of imaging done and whether spectroscopy is
done). The useful field region of such a magnet is nearly spherical, with a
radius between 100 and 150 mm. In the 0.5-tesla and 1.5-tesla magnets being
produced today, the current density in the coils 1s not important. As the

central field of an imaging magnet rises, however, current density may become
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more important, but a requirement for cryostability probabiy doesn't have a
large effect on the magnet.

The brittleness of the superconductor is a factor. Whether a prereacted
superconductor could be used is not known. A bend radius of 0.5 m is near a
lower 1imit for multifilament Nb3Sn. so one would expect the h1gh-Tc
conductor to be difficult to wind in the prereacted state.

The elimination of purchased 1iquid helium would be desirable. Replacing
the 1iquid helium with 1iquid hydrogen would not be desirable in a hospital
setting, however, because of hydrogen's flammability. Liquid nitrogen is
heaiy. and large masses would be needed, compared with liquid helium. Because
of 1iquid nitrogen's low cost (about $0.25 per kilogram in large quantities),
its use is desirable. The use of a 1iquid-nitrogen refrigerator uouldralso be
very attractive.

Three other potential negative factors, beside the present unavailability
of a usable high—Tc suéerconductor. in any form, are the following. 1) It
will probably be difficult to make truly persistent joints in a high-Tc

superconductor.’*

(One might argue that a liquid-nitrogen-cooled MRI

magnet does not have to operate in the persistent mode, but heat leak is not
the only factor that favors the operation of MRI magnets in the persistent
mode. The stability of the field also favors persistent operation.) 2) The
.expected increase in superconductor magnetization could have a very
detrimental effect on the quality of the magnetic field within the imaging
volume.”® 3) A persistent switch may be more difficult to build with the
'high-Tc materials. A greater mass of the material would be required, and
the total heat needed to open the switch would be about four orders of

magnitude higher than for a conventional persistent switch made from Nb-TH.
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5. Concluding Comments

This report presents a realistic evaluation of the prospects for the use
of high--Tc superconductors for the generation of magnetic fields. It seems
clear that to delay scientific projects using superconducting magnets until
the new superconductors are available is not warranted, based on the technical
knowledge available today. Furthermore, many of the projected uses for
high—Tc superconductor in magnets (e.g., levitated trains, superconducting
motors and generators) reported in the popular press are not likely to
materialize unless a ductile form of the material is found that is so stable
that one never has to worry about quenches.

If the high-Tc superconductor is not attractive for use in the three
types of magnets described in this report, what, in the author's view, are the
potential uses for the high—Tc oxide superconductor?

1) Very large cryostable superconducting magnets that must run with low
current densities in the matrix may become possible if a usable form
of the superconductor can be found.

2) The high-Tc superconductors could be useful in the current leads for
conventional superconducting magnets between liquid helium and room
temperature. Currents leads using this technology would require less
refrigeration.

3) Superconducting electronic applications using thin films of high-Tc
superconductor night be possible. The use of squids is often dictated
by noise considerations. A nitrogen temperature squid will be noisier
than a 1iquid helium temperature squid. Some people might argue that
high Tc superconducting electronics will be useful but others might

argue against this view. It mdy be too early to tell.
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4) The high--Tc superconductor might be usable for high-voltage dc
superconducting transmission 1ines operating at either tiquid-hydrogen
or liquid-nitrogen temperatures. The use of high Tc superconductor
in A.C transmission lines appears to be less likely at this time.

5) The high-Tc superconductors may well be used in specialized_magnets
that can operate within the limitations of the material. For example,
small low-current-density, low-stored-energy magnets may become
possible. For small experiments the use of liquid nitrogen as a
coolent is very desirable.

6) There may be possible uses for high-Tc superconductors that have not
been conceived. If the research on high Tc superconddctors. is not
done, these uses for the material are not likely to appear. -

High Tc superconductors have brought much excitement into the field of
superconductivity and solid state physics. The work has only begun; it is not
realistic to believe that high Tc superconductors will have a real
commercial use for many years. There is a great deal of fundamental research
that must be done in order to understand the basic properties of the new
matertals. Frém this research, the first practical appiications for high—Tc

superconductor will come.

Some Additional Notes
This report was originally written in September of 1987. Since that time,

there have been reports of hints of high Tc superconductivity at
temperatures as high as 500 X. It should be emphasized that this is not a
zero resistivity temperature. There is a new five cdmponent copper oxide

material which has consistent Tc of around 120_K.7‘
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The critical current density of various samples has gone up.’’ Bulk
melted polycrystalline samples have achieved critical current densities as
high as 8 x 107 A m™® at zero field and 77 K. At 1 Tesla J_ drops
to about 107 A m~2. Oriented superconductors are beginning to show
some promise. These conductors have Jc values approaching single crystal
values. The J. is two orders of magnitude higher in the direction
perpendicular to the copper oxide planes in the superconductor than in a
direction parallel to the copper oxide planes.”® The increase in 3, in
the last 6 months has been quite promising. The fabrication of the

superconductor into usable form for magnets still has not been achieved.
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