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ABSTRACT |

This report presents a method for calculating the Jc. Hc. Tc surfacg
for Type LI superconductors. The method requires that one knows Tc at zero
current and field, ch at zero current and temperature, and Jc at at least
one temperature and field. The theory presented in this report agrees with
c’ Tc surface
given the value of Jc versus H at one or two temperatures. This report

measured data quite wel) over virtually the entire Jc. H

presents calculated and measured values of Jc versus T and B for niobium
titanium, niobium zirconium, niobium tin, niobium titanium tin, niobium
tantalum tin, vanadium zirconfum hafnium, and vanadium gailium. Good
agreement of theory with measured data was obtained for commercial niobium

titanium and niobium tin.
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BACKGROUND

There is often the need to know the behavior of a commercial Type II
superconductor under conditions different from those measured by the
manufacturer. For example, one often knows the superconductor critical
current (critical current density, Jc) as a function of magnetic field (or
magnetic induction, B) at the boiling point of helium (T a 4.22 K) over a
1imited range of magnetic inductions (e.g., 2 T.to 8 T). Suppose, however,
one wants to know the critical current density over a wide range of magnetic
inductions (from O to 8:2) at a temperature of, e.g., 3.0 K. The measured
data are often unavajlable and costly to obtain. This report presents a
method by which one can calculate the critical surface for a commercial
syperconductor given only the upper critical field, ch, the crittcal
temperature, Tc’ and some values of the critical current versus magnetic
field at the boiling point of helium (or any other temperature).

The reduced critical state method is similar to the methods used to
calculate the thermodynamic properties of a fluid. The Jc. B, T surface
represents the phase change surface for a superconductor. The reduced
critical state method presented here uses reduced critical temperature,
reduced critical induction and reduced critical current density to calculate
the entire Jc. T, B surface for superconductors such as niobium titanium.

The value of this method is demonstrated when one needs to calculate the
effects of superconductor magnetization on the field in a dipole magnet (such
as the SSC dipole) over various accelerator operating temperatures. The
reduced state method was used to calculate the three dimensional Jeor By T

surface for niobium titanium shown in Figure 24 on page 60.



THE REDUCED-CRITICAL-STATE METHOD

The method used to calculate the critical surface for a commercial Type II

superconductor is based on the following assumptions:

1) The critical temperature, Tc' at zero field and the upper critical
field, ch. at zero temperature are functions only of the alloy or
chemical composition of the superconductor.

2) The critical current density, Jc‘ is a function of the metallurgical
treatment of the superconductor such as heat treatment and cold work,
where as Tc and ch are fndependent of the treatment of the
superconductor. (In most commercial materials this assumption is
reasonably valid.)

3) The critical current of the superconductor varies 1inearly with
temperature. (For commercial material, this is true above 3.5 K.)

4) Jc-versus-B is given at one temperature over a range of magnetic
fields.

5) In the absence of a complete Jc-versus—B curve (particularly at low
fields), the ratio of JC(T,B)IJC(T.S T) is identical for all
materials of the same alloy or chemical composition.

The assumptions given above are reasonably valid for commercial niobium

titanium®™® and commercial niobium tin.?+:7

If the above assumptions given are correct, one should be able to estimate
Jc anywhere on the superconductor critical surface 1f one knows: (1) Jc
versus magnetic induction, B, at a given temperature less than the Tc at
zero field and (2) Tc versus B at zero J.. A reduced-critical state-model

says that Tc as a function of magnetic field (or induction) at zero current
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can be determined provided one knows the zero-field value of critical tempera-
ture, Tc(O). and the zero-temperature value of the upper critical field

ch(O) [or upper critical induction BcZ(O)].
R ritical T r iti Fiel

The reduced critical temperature, TcR' and the reduced critical field,

HcR’ are defined as fo]lows:

T:(B)

- . (1
cR 7.0

T

when Jc is zero, and

HeR = RONE (2)

when Jc is zero. One can define upper critical induction (tesla) given

‘upper critical field (A m']) using the following relationship:

Boo = MoHcas (3)
where p_ 1s the permeability of air (4= x 107 Hm™ ). Thus, the
reduced critical induction, BcR' can be defined as follows:

B = B - (D - HeR (8)

cR Bc2(0) He2(0) ¢t -



4=

From Lubell,? BcR can be stated in terms of temperature TCR using
the following relationship:

N

B L] ] - (TCR) ¥ (5)

cR
where N is some number less than two. Lubell states that N = 1.7 fits

measured data for niobium titanium over a reasonable temperature range. The
fit, according to Lubell, 1s not very good below 3 K; thus he suggests that a
more complicated equation can be used. A look at niobium-titanium reduced-tem-

1,88 cuggests that N = 1.67 will give a somewhat better

perature data
fit but that an even-better fit can be achieved using a mixed quadratic and
linear equation. A fit of niobium-titanium data suggests the following

reduced forms:

Bg = 1 - 1.1762 (T )2 (6a)
for TcR < 0.613, and

Bp = 1.442-1.4427T (6b)
for T g 2 0.613.

Figure 1 shows that Eqs. (6a) and (6b) fit to a measured value of BcR
versus TcR for niobium titanium. Also included in Fig. 1 are commercial
samples of niobium titanium tantalum, niobium zirconium, niobium-tin ribbon,
and multifilamentary niobium tin in a bronze matrix. Tables 1}~7:°"1%
and 2 present the material parameters for the materials in Fig. 1. All of

these materials fit Eqs. (6a) and (6b) quite well.
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REDUCED UPPER CRITICAL FIELD VERSUS
REDUCED CRITICAL TEMPERATURE FOR
VARIOUS COMMERCIAL SUPERCONDUCTORS
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4 Conductor
\ 8 Conductor

‘\ Straight Line Extension 2 Conductor
N /_ a8 Conductor
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o ® vyosaw N

REDUCED UPPER CRITICAL FIELD Hc2(T)/Hc2(0)

@0
© Theoretical Model, ¢v3
Equation 6

-

=

o

S -
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= 1 1] T 1) I

0.0 0.2 0.4 0.8 0.8 1.0 1.2

REDUCED CRITICAL TEMPERATURE Tc(H)/Tc(0)
XBL 882-66¢6

Fug]re 1 Reduced critical field versus reduced critical temperature for
Nb-Ti, Nb-Zr, Nb-Ti-Ta and Nb3Sn (see Tables 1 and 2)
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Table 2. The Critical Temperature at Zero Field and the
Upper Critical Induction at Zero Temperature for
the Commercial Superconductors in Figure 1

TCONDUCTOR T¢(0) Bc2(0)
NUMBER DESCRIPTION OF SUPERCONDUCTOR (K) (T)
1 Niobium-44.0 w% Titanium 9.22 14.03
2 Niocbium-46.5 w% Titanium 9.35 14.84
3 Niobium-53.0 w% Titanium 9.69 13.70
4 Niocbium-46.5 w% Titanium 9.35 14.85
5 Niobium-49.7 w% Titanium 9.52 14.40
6 Niobium-50.4 w% Titanium 9.54 14.35
7 Niobium-52.7 w% Titanium 9.69 13.90
8 Niobium-46.5 w% Titanium 9.40 14.70
9 Niobium-50.0 w% Titanium 9.53 14.00
10 Niobium-46.5 w% Titanium _ 8.35 14.80
11 Niobium-43.0 w% Titanium-25.0 w% Tantalum 8.60 16.80
12 Niobium-43.0 w% Titanium-25.0 w% Tantalum 8.60 16.00
13 Niobium-25.0 w% Zirconium 10.70 8.30
14 Niobium 3.0-Tin (A-15) 17.00 18.00
15 Niobium 3.0-Tin (A-15) 16.50 17.00
16 Niobium 3.0-Tin (A-15) 16.80 17.00
17 Niobium 3.0-Tin (A-15) 16.50 16.20
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Since a variety of commercial Nb-Ti, Nb-Zr and Nb3Sn materials fit Egs.
(6a) and (6b), and Eg. (5) when N = 1.67, a number of other superconductors
were investigated. Figure 2 shows BcR versus TcR for a variety of A-15
materials, Chevrel compounds, Laves-phase materials, and a few high-Tc
superconductors. Tables 3%72% and 4 present the material parameters for
the materials in Fig. 2.

Figure 2 shows that some materials fit the curve and others do not fit the
commercial superconductor curve. If one uses the general form suggested by
Lubell [see Eq. (5)], one can apply N = 1.2 to materials such as (Nb-Ta)3Sn.
and one can use N = 2.2 for material such as V3Ga and (V-Ta)3Ga. Most of

the other materials come quite close to the N = 1.7 line.

Selection of TCIQI and BcZLQl

Superconducting alloys such as Nb-Ti, Nb-Ti-Ta, and Nb-Zr generally have
set values of Tc(O). The upper critical induction Bcz(O) quoted in the
Titerature, often the value of surface-current critical induction B.3(®,

s generally a 11ttle high. The value of Bc2 where the bulk current density
Qoes to zero can be from 0.5 to 1.2 T lower than the highest value of Bc3.“'zz
The critical temperature TC(O) js often a set value when the filament diam-
eter is above ! um. HWith niobium titanium, the critical temperature is
depressed as the filament diameter drops below 0.2 um. (At 0.02-um diameter,
the value of Tc is reduced 2.4 K.2%) The value of B., is also reduced as

the filament diameter is reduced below 0.2 um. (The value of Bcz tn the di-

rection perpendicular to the filament is reduced more than the value of Bc2 in

the direction parallel to the filament.)



REDUCED UPPER CRITICAL FIELD VERSUS
REDUCED CRITICAL TEMPERATURE
FOR VARIOUS EXPERIMENTAL SUPERCONDUCTORS

1 0 Condyctor 18
8 Conductor 19
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© Conduyctor 21
7 ® Conductor 22
n = 2.2, Equation 5 ® Conductor 23
8 Conductor 24
*x Conductor 25
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v Conductor 27
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8 Conductor 30
® Conductor 31

n = 1.2, Equation §

n = 1.7, Equation §

REDUCED UPPER CRITICAL FIELD Hc2(T)/Hc2(0) -

0.0
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REDUCED CRITICAL TEMPERATURE Tc(H)/Tc(0)

XBL 882~-667

Figure 2 Reduced critical field versus reduced critical temperature for
various experimental superconductors (see Tables 3 and 4)
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Table 4. The Critical Temperature at Zero Field and the
Upper Critical Induction at Zero Temperature for
the Experimental Superconductors in Figure 2
TCONDUCTOR Tc(0) Bc2(0)
NUMBER DESCRIPTION OF SUPERCONDUCTOR (K) (T)
18 Niobium_3-Silicon (A-15) 17.7 15.8
19 {Nlobtum-Tantalum) 3-TrlA_-15) 17.0 30.0
20 Niobium 3-Germanium (A-15) 22.7 38.5
21 Niobium 3-Germanium (A-15) 20.7 35.8
22 Vanadium 3-Gallium (A-15) 155 21.8
23 Vanadium 3-Gallium (A-15) 14.3 21.0
24 Vanadium 0.735-Tantalum 0.015-Gallium 0.25 14.0 21.0
25 Niobium Nitride (B  (B-1) 16.0 28.7
26 Gdg 2-Pb-Mog-Sg (Chevrel Phase) 13.9 61.0
27 Va2 (Hf, 2r) 35 a% Zr {Caves Phase C-15) 9.4 25.4
28 Va (Hf, Zr) 45 2% Zr (Laves Phase C-15) 9.9 27.2
29 Vo (Hf, Zr) 50 a% Zr (Laves Phase C-15) 9.7 29.4
30 Las g5 Srp.15 Cu Og4.y (High Tc) 28.0a 27.3¢
31 Yo.4 Bag g Cu Oz 22 (High Tc) 61.0P 55.0d

aActual Tc = 35 K; this value is the effective value. (See Fig. 3)
bCalculated Bc2 based on d Be2/d T.
CActual Tc = 89 K; this value is the effective value. (See Fig. 3)
dCalculated Bc2 based on d Bc2/d T.
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The A-15 compounds and similar compounds do not have set values of Tc or

B The value of Tc is a function of how the compounds were formed.

c2°
Thus, Tc is a function of processing as well as the composition of the
superconductor. Values of Tc and Bcz can be a function of frradiation and

4

the formation of pinning sites.?* 1In addition, for a given Tc a thin-

film form of A-15 and B-1 conductors will have different values of Bcz

25,26 1¢ one defines

depending on the direction of the magnetic induction.
Bcz(O) as the point where bulk current carrying capacity ceases, one finds
the compounds can be characterized by an equation' similar to Eq. (5) or a
form of the WHH Theory.?7:2®

The high—Tc superconductors appear to behave more 1ike the various com-
pounds rather than the alloy conductors. The Tc of the high-—Tc super-
conductor depends on how it is defined.??**® The only significant value
in terms of a useful current-carrying superconductor is the value at which the
resistance goes to zero. When one looks at a plot of Tc versus BcZ’ one
sees that the value of Tc drops significantly for small changes of BcZ'
The Tc-versus—Bcz curve then goes onto another almost straight 1ine that
is much steeper than the line representing Tc versus B, at Tow values of
B.?? (For La; g5 Srg.15 CU O4_y. the zero-field T, is 35 K.) The
value at the intercept of the steep-line curve is 28 K. For YO.4 Bao.6 Cu
02.22 the curve has an intercept Tc of 61 K when the zero-resistance Tc
at zero field ts 89 K. The value of TC(O) that should be used for high-Tc
conductor in Eqs. (5) and (6) is the intercept of the steep part of the

Bcz-versus-Tc curve with the B = Q axis (see Fig. 3)
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CRITICAL INDUCTION VERSUS
~ CRITICAL TEMPERATURE FOR
Y,,Ba,,Cu O, ,,AND La,,Sr, ,CuO,,
HIGH Tc SUPERCONDUCTOR

Source of Data: K, Noto et al (1987)
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Figure 3 The change of slope of the Bea versus T curve for two high T¢
superconductors with zero resistivity at zero current
(see Figure 2 and see Reference 20)



-14-

The J . B. T Surface

Once the B.,-versus-T. curve has been determined at zero critical
current, a large part of the critical surface can be calculated, provided one
knows the critical current versus magnetic induction at a temperature that is
less than the c¢ritical temperature.

The current density in the superconductor at a given temperature T and a

magnétic induction B can be calculated using the following equation:

dJ

—=£
JC(T,B) = Jc(To'B) + g7 (T - To) ' N

where T0 is the temperature for which a known curve of J versus B is given

and where.
dJ:(B) J:(TQ.B) @
dT = To - T* =

When Eq. (5) is used to define B., versus T at zero J:

1
N
T* = (1 -8, T.(0. (9

When Eqs. (6a) and (6b) are used to define Bc2 at zero J versus T:

™ - (1 - 0.6935 BcR) T.€0), (10a)
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when BcR < 0.558, and
T = 0.9221 (1 - B_)%°3 T (0) (10b)
: cR c ’

when BcR > 0.558.

Equation (7) is valid only over the range of magnetic induction B for
which J(TO,B) is given. If the value of J(T,B) calculated using the Eq. (7)
is negative, then'J(T,B) ts zero. The key elements for calculating an
accurate value of J(T,B) are the values of B ,(0) and T.(0) used for the
material and the values of J(TO.B). Given values of J(TO.B) at more than
one temperature, one can improve the values of BcZ(O) and TC(O) used in

Egs. (5), (6) and (9).

THE TEMPERATURE DEPENDENCE OF H COHERENCE DISTANCE, AND PENETRATION DEPTH

cl’

The SCMAGO4 computer code calculates H_,, coherence distance, and pene-

¢l
tration depth as a function of temperature. From Eqs. (5) and (6) we can see
that the temperature dependence of ch js different from the temperature
dependence given for Type I superconductors given by London,?! which takes

the following general form from T = 0 to Tc:

2
Hei(T) = Hep(O) 1-({—) \ (1)

where Tc is the superconductor critical temperature when Jc =0 and H = 0;

HC](O) is the superconductor lower critical field at zero temperature; and
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Tc](T) is the calculated lower critical field at temperature T for Nb-Ti.
Bcl(O) is typically about 0.014 T [Bc](O) = U, Hc](O)]. Bcl for

Nb.Sn is about 0.018 T; for V3Ga. B., is about 0.037 T.

cl
The temperature dependence of penetration depth, given by Blaschki,*?

3

takes the following form:

M) = 2ol - |7 + A1, | (12)

where A(T) is the penetration depth at a temperature T; 2o and Al are
penetration-depth constants; T is the temperature; and Tc is the critical
temperature at zero field and current density. For Nb3Sn, a0 = 102 to
126 nm, M1 = -4 to -8 nm and Tc = 17.7 to 18.1 K. For Nb-46.5 Ti,
20 = 240 to 250 nm, A\ = -10 to -15 nm and Tc = 9,35 K. Equation
(11) is valid up to T/T, = 0.99 for Nb3Sn,32 but it may not be valid
up to this level for other materials.
The penetration depth for Type I material has exactly the same dependence

? The temperature dependence of coherence

as for Type II materials.’
distance has not appeared in the literature the author has searched. (It may
be there.) The author applied the same temperature dependence to super-
conductor coherence distance in the SCMAGO4 program as he did for the pene-

tration depth [see Eq. (12)], which takes the following form:

4‘]/2
T
E§M = E(0) ]_(T_') , , (13)
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where E{(0) is the coherence distance at T = 0, and £(T) is the coherence
distance at temperature T. Clearly there is an upper limit on the coherence
distance. This limit is probably dictated by the normai-state coherence
distance for the superconductor.

In most cases, the temperature dependence of X and £ is not of much
concern. These values only come into play when they are a significant frac-
tion of the superconducting filament radius (or the thickness of the layer of
superconductor for material reacted onto the surface of a filament). 1In gen-
eral, when X and £ approach the superconductor thickness other types of
effects come into play that make the use of A\ and £ of little practical
value. (In niobium titanium when the filament size approaches X or E,

there is a considerable change in Tc and Bcz.)

CRITICAL CURRENT DENSITY AS A FUNCTION OF TEMPERATURE AND MAGNETIC INDUCTION
FOR NIOBIUM TITANIUM

The calculation of the critical current density J (T.B) at induction B
and temperature T requires that one knows the JC(TO.B) where T is the
temperature at which critical current density is known [see Eq. (7)]. The
value of Jc ts often known at the boiling point of helium, 4.22 K. At a
magnetic inductton of about 1.0 tesla and above, the value of Jc is often
known. Below 1.0 T, there are almost no valid measured data of critical

current density except those taken using magnetization measurements.
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The JC Versus B at 4.2 K

The extension of measured data to high fields is usually quite easy. From
a magnetic induction of about 0.6 Bcz to Bc2 at the temperature for which
there are data, the current-density function is nearly tinear.?* The
following relationship can be used to estimate the critical current density

given JC(B) at a B greater than 0.7 BcZ:

Be2(T,) - B(T,)
B2(T) - B (T )

I1(TosB) = J.(Tq,Bo) (14)

where To is the temperature at which measured values, JC(B,TO) are

given; Bo is the highest magnetic induction at which the ¢ritical current
density is known; Bcz(To) is the critical magnetic induction at temper-
o and Jc(To‘Bo) 1s the critical current density at temperature

To and magnetic induction Bo.

ature T

Most of the critical-current-density measurements are made using short-

~sample measurements. This technique has two serious flaws:

| 1) There is a size effect that comes into play. Large conductors will
generate self field, which 1imits the current-carrying capacity of the
conductor.®® At fields below this self field 1imit, the measurement
of Je by short-sample methods is invalid. One can reduce the self-
field 1imit only by reducing the size of the conductor. |

2) Short sample measurements do not necessarily reflect the true Jc of
the conductor. When the superconductor is well made, so that there is
1ittle or no “sausaging" of the filaments, the true Jc is quite close

to that measured by short-sample measurements.
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The use of magnetization data permits one to extend the measurement of
Jc down to low fields. With niobium-titanium filaments 10 ym in diameter,
one can calculate the value of Jc at magnetic inductions as Tow as 0.1 T.
The relationship between magnetization and Jc is as follows for a super-

conductor:*®

N A
_H(H) - 3'(r . )JC(H) df . (15

where M(H) is the magnetization as a function of H; r is the copper-to-super-
conductor ratio; df is the superconductor filament diameter; and JC(H) is

the critical current density. The sign of Jc is a function of the flux-
change history of the superconductor. Equation (15) is invalid unless the
superconductor has been penetrated fully by a change in magnetic flux. Since
Jc is a function of H, the magnetization given by Eq. (15) is based on the
average value of Jc in the conductor.

Using Eq. (15), one can see that magnetization is proportional to the
product of Jc and df. The 1imit to which magnetization can be used for
calculating Jc is controlled by the penetration field of the filament. To
calculate the critical current density, one has to use both sides of the
magnetization loop, whfch can be are skewed by Hcl and similar effects. If
_both sides of the lcop are used, the effects of the magnetization-loop skew

are eliminated. The calculation of JC(H) takes the following form:

- +
I = 3y, n[w—lf—w—l] . (16)
f
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where M | is the absolute value of the magnetization of the negative
side of the magnetization loop; [M*| is the absolute value of the
magnetization on the positive side of the magnetization loop; and r‘and df
have been previously defined.

To get values of JC at fields below 0.1 T, one has to reduce the
filament diameter.?’:** Measurements of magnetization have been done on
superconductors with filaments as small as 0.19 um. At this diameter, the
magnetization increases over the values measured at a filament diameter of 0°4
pm.37 An explanation for this increase is proximity.coupling between
filaments that are close together. Proximity coupling increases magnet{zation

39,49 1 superconductors with a good copper

without an increase in Jc.
matrix, the proximity coupling appears when the spacing between filament drops
below 0.8 uym. Copper-manganese and copper-nickel matrix superconductor will
not exhibit proximity coupling at filament spacings as low as 0.1 um.

Figure 4 shows measured values of critical-current density versus magnetic
induction for a modern superconductor (made in 1985). Two methods were used
to measure the critical current density in this superconductor. The solid
curve was based on short-sample measurements; the dashed curve was based on
magnetization measurements. One can see that there is a 7 to 10 percent
difference between the two curves. There is probably some sausaging in the
filaments of the superconductor, so the superconductor exhibits normal be-
havior before all of the filaments carry Jc‘ From Fig. 4 one can see that
the Jc at 0.1 T is over 7 times the Jc at 5 T.

A number of niobium titanium superconductors were examined to determine
the ratto of Tow-field Jc to the Jc at 5 tesla. Figure 5 shows the reduced

current density[J (8) divided by 3,(5T)]at 4.2 K. Table 5tiv4s Presents the
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Figure 4

CRITICAL CURRENT DENSITY VERSUS
MAGNETIC INDUCTION FOR A
NIOBIUM TITANIUM SUPERCONDUCTOR

See Reference 43

Source of Data: A. K. Ghosh (1986)
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Figure 5

REDUCED CRITICAL CURRENT DENSITY
VERSUS MAGNETIC INDUCTION
FOR VARIOUS SAMPLES OF NIOBIUM TITANIUM

See Table 5
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parameters of the superconductors given in Fig. 5. It is probable that prox-
imity coupling is not a factor with any of the data points shown in Fig. §.
Conductors A through G and I had Jc calculated from short-sample measure-
ments. Conductors H through Q had Jc calculated from magnetization. The
scatter in the data in Fig. 5 is as large as =16 percent. It is believed
that Jc at Hc! (about 0.011 T) is 12 to 15 times the Joat 5 T.

The superconductors in Fig. 5 and Table 5 include both old and new
conductors. Some samples of Fermilab doubler conductors are included*?;
several SSC conductors are included**’*®; and small-filament superconductors
are also included.®’*3%**% 1The superconductors included are, in general, good
superconductors with high values of k. (In the eariy stages of a transition,
the curve of voltage versus current can be expressed as V proportional to I to
the k power.") The higher the value of k, the better the superconductor.

(In a good superconductor, k can exceed 80 at 5 T.)

It is surprising that various samples of niobium titanium all behave as
they do in Fig. 5. The author has found that most of the earliest published
data on niobjum-titanium current density behave the same as the other niobium-
titanium samples shown in Fig. 5. Data from M. S. Lubel1*? in 1965 and A.

E1 Bindart in 1967*® behave just as the data shown in Fig. 5. The author
found only one early sample of niobium titanium*® that did not fit the data
in Fig. 5. That sample was one of the earliest samples of niobium titanium
tested (in 1961). The sample appears to have been neither heat treated nor
cold worked. The early data published in Ref. 49 probably contributed to

niobtum titanium not being used extensively in superconducting magnets before

1965.
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Calculation of J_ _for Qther Values of Temperature
1 c f

Figure 6 shows the calculated value of Jc as a function of B at various
temperatures for the superconductor used in the Hampshire et al. measure-

1,2

ments. The calculations were based on measurements at 4.22 K given

' The points shown in Fig. 6 are measured values. From

by M. Taylor.*
Fig. 6, one can see that the measured points agree with the calculated curves
within a few percent except at 1.9 and 2.2 K. (The theory is about 7 percent
high at 5 T and 1.9 K.)

The theory given in this report can be applied at any temperature for
which measured data exist. Figure 7 shows the theory compared to the 1.9-K
data from M. Taylor. In this case, the theory underestimates Jc at the
higher temperatures, although the data fit surprisingly well over almost the
entire critical surface. The theory given by Eq. (7) is designed for the
entire field and temperature range, unlike the theory of G. Morgan,®°
which fits only the high-field part of the JC(H,T) surface. The Morgan
theory does fit the data very well over its intended range (about one percent,
from the graphs the author has seen). One should ask if the poor fit at low

temperatures relates to the Jc-versus-T function or if there is some fault

in the data given by M. Taylor.*?
wW=F1{ T
Before going on to the issue of temperature dependence at low tempera-

tures, 1t is useful to discuss the temperature dependence of magnetization

(which is proportional to e times the filament diameter) at Tow fields.
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CRITICAL CURRENT DENSITY VERSUS
TEMPERATURE AND MAGNETIC INDUCTION

A COMPARISON OF MEASURED DATA
AND THE THEORY FITTED AT 4.22 K
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Critical current density as a function of magnetic induction
and temperature for a Niobium -44.0 w% Titanium
superconductor fitted at 4.22K with a linear temperature

dependence (see References 1 and 2)
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CRITICAL CURRENT DENSITY VERSUS
TEMPERATURE AND MAGNETIC INDUCTION

A COMPARISON OF MEASURED DATA
AND THE THEORY FITTED AT 1.90 K
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Figure 7  Critical current density as a function of magnetic induction
and temperature for a Niobium -44.0% Titanium
superconductor fitted at 1.90 K with a linear temperature

dependence
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This is of particular importance to the SSC and the kinds of schemes that can
be used to correct out the magnetization-caused field errors.%i+%2:%3
Passive methods have been proposed for correcting the magnetization higher

54258 These include: 1) passive superconductor inside the

multipoles.
coil, 2) small pieces of Mu metal or some other ferromagnetic material inside
the coil, and 3) small pieces of oriented permanent-magnet material either

8.56.57 Only the passive superconductor

inside or outside the coil.
responds to temperature changes as the superconductor in the coil, Other
methods of passive correction do not have a temperature dependence.

The theory given in Eq. (7) permits one to calculate the temperature
dependence of the magnetization of niobium titanium. At 4.22 K the theory

calculates for Nb-46.5 Ti (Tc = 9.35, ch = 13.6 T) the following:

ClL:l
par] [

) -1

- =z 0.200 K,

Jc

at a magnetic induction of 0.3 T, where T* is nearly equal to Tc(O).
Measurements of the temperature dependence of the width of magnetization

& These

‘curves were made by Ghosh of Brookhaven National Laboratory.5
measurements consistently showed that dJcldT divided by Jc was consistently
0.2 to 0.22 K'] at magnetic inductions of 0.0 to 0.3 T. Magnet measurements
by W. B. Sampson et al.®® in 1978 indicate that the temperature dependence
at 4.0 K is such that d Jcld T divided by Jc fs from 0.200 to 0.208 K-]

at an injection magnetic induction of 0.375 T in the CBA magnets.
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The injection dJCIdT divided by the Jc measurement shows that the
simple theory given by Eq. (7) is good even at low magnetic inductions. The
measured data have all been taken at a temperature above 3.5 K, where the
theory given by Eq. (7) applies. Below 3.5 K the temperature dependence
appears to take a different form. This temperature dependence is discussed in

the next section.
The Paraboloid Tem re F Tem r low

A fit was tried with some data from a paper by J.V.A. Someroski, et al.??
that had J(T7,B) data at 4.24 K and 2.5 K with & modern niobium -46.5 w% titan-
jum superconductor [Jc(4.25 K, 5T) = 2814 A mm'zl. The theory given by
Eq. (7) showed a Jc at 2.5 K that was about 10 peréent higher than the meas-
ured value (see Fig. 8). Morgan of Brookhaven National Laboratory observed
similar departures in modern niobium titanium at temperatures in the 2.0 to
2.5 K range at magnetic inductions from 5 to 8 T. The Morgan data showed
linear temperature behavior from the critical temperature T* [see Eq. (9) or
(10)] down to a temperature T', which is between 3.5 K and 4.0 K. Below low
T', the J -versus-T dependence appears to be parabolic. This kind of be-
havior has also been observed to a limited extent with other superconductors.

A parabolic temperature dependence can be used to determine the Jc'
versus-T behavior below about 3.5 K. The parabola should have the property
that dJcIdT = 0 at T = 0, and dJcIdT must equal the linear dJcldT at
T = T'. The other boundary condition is that Jc-versus-T must be a

continuous function from T =« 0 to T = T* (see Fig. 9).
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CRITICAL CURRENT DENSITY VERSUS

TEMPERATURE AND MAGNETIC INDUCTION
LINEAR TEMPERATURE FIT AT 4.24 K
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Figure 8 Critical current density as a function of magnetic induction
and temperature for a modern Niobium -46.5 w% Titanium
fitted at 4.24K with a linear temperature dependence (see
Reference 22)
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Figure 9

LINEAR PLUS PARABOLIC TEMPERATURE
DEPENDENCE OF CRITICAL CURRENT DENSITY
IN NIOBIUM TITANIUM
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Let us look at the case where To is greater than T', and T is less than

T'. The following set of equations now applies (at least for niobium titan-

jum):

1T = AA - CCTS, a7
where

al. -,

Mo T (182)

and
dJ
cc <l —C (18b)

where T* is determined by Eq. (9) or (10), and dJc/dT {s determined by Eq. ‘
(8), because To is above T'. MWhen T is greater than T', and T0 is greater
than T', Eq. (7) is used as before. (See Figure 9 for a definition of AA, T',
T* and dJcIdT.)

Let us Took at the cases where To is less than T'. One can modify
Eq. (17) to obtain with an estimate of the linear temperature dependence

dJcIdT. This equation will take the following form:

g%ﬁ ) JC(TO;B) ’ 19
1 EQ... *
Zrar T
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when To < T'. Use Eq. (8) when T° > T'. For the case where T is also
less than T', one uses Eq. (17) with the value of dJcIdT calculated from
Eg. (19).

When To <T' and T>T', Eq. (19) is used to calculate the linear
dJc/dT, and the following equation is used to estimate J(T,B):

dJ
J(T.B) = ﬁ‘; (T-T% , (20)

where dJc/dT is defined by Eq. (19), and T* is defined by Egs. (9) and (10).

What value should be chosen for T'? The M. Taylor data®® suggest that
one use a value of T' = 3.4 K. However, the data of J. V. A. Someroski®?
suggest a value of T' = 3.8 K to 4.0 K. The Morgan data®® suggest a value
of T' in the 3.7-X range. If one does not have low-temperature data points to
fit to, it is appropriate to use a value of T' of 0.40 Tc(O). If one has
some Tow-temperature Jc data, one can fit the data to find the best value of
T'.

The effect of applying a low-temperature parabolic fit to the data given
by M. Taylor is illustrated in Fig. 10. (The break temperature T' used in
Fig. 10 was 3.4 K.) One can see that Fig. 10 is identical to Fig. 6 for
temperatures above 3.0 K. The parabolic temperature fit was also applied to
the data of Someroski (see Fig. 11). The theory used in Fig. 11 used a break
temperature T' of 4.0 K.

A fit of data given by C. R. Spencer et al.® is shown in Figs. 12 and
13. The value of T' used in the theory was 3.6 K for both figures. Figure 12
used the Spencer data for niobium 46.5 wi f1tanium; Fig. 13 used the Spencer
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CRITICAL CURRENT DENSITY VERSUS
TEMPERATURE AND MAGNETIC INDUCTION
LINEAR PLUS PARABOLIC TEMPERATURE FIT
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Figure 10 Critical current density as a function of magnetic induction
and temperature for Niocbium -44.0 w% Titanium fitted at
4.22K with a linear-parabolic temperature fit. (This is the
same as the conductor in Figure 6)
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CRITICAL CURRENT DENSITY VERSUS
TEMPERATURE AND MAGNETIC INDUCTION
LINEAR PLUS PARABOLIC TEMPERATURE FIT AT 4.24 K
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Figure 11 Critical current density as a function of magnetic induction
and temperature for Niobium -46.5 w% Titanium fitted at
4.24K with a linear-parabolic temperature fit. (This is the
same as the conductor in Figure 8)
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CRITICAL CURRENT DENSITY VERSUS
TEMPERATURE AND MAGNETIC INDUCTION
LINEAR PLUS PARABOLIC TEMPERATURE FIT
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Figure 12 Critical current density as a function of magnetic induction
and temperature for Niobium -46.5 w% Titanium fitted at 4.2K
with a linear parabolic temperature fit (see Reference 3)
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CRITICAL CURRENT DENSITY VERSUS
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data for niobium 52.7 w% titanium. From Figs. 12 and 13, one can see that the

data fit the theory very well. (Eq. (17) was used only for the 2.0-K line.)
The use of the parabolic temperature fit for the low-temperature data

permits one to calculate the critical current density for temperatures from

1.8 K to 7.0 K and magnetic inductions from O to about 9 T. . For inductions

above 9 T, a linear Jc function from 0.7 BcZ(T) to BcZ(T) can be applied

[see Eq. (14)]. Through most of the range, one can expect to fit the theory

to measurements of Jc in niobium titanium to of 2 or 3 percent.

The Eff f Strain on c in Niobium Titanium

Niobium titanium is relatively unaffected by stress and is ductile material
that retains its ductility at low temperatures. The modulus of elasticity of
usable niobfum-titanium alloys varies from 7.6 x 10]0 N m'2 for Nb-46.5 w¥

T to 7.0 x 100 N w2 for Nb-53.5 wi Ti at 300 K.%® Niobium titanium

1

is usually put in a copper matrix,®* which has an elastic modulus of about

11.6 x 10]0 N m'z. Niobium titanium has an ultimate stress of 0.78 x

I N m'z at 300 K. When the temperature goes down to 4.2 K, the ultimate

stress goes up to 1.3 x 107 N m2.

10
When the niobium titanium is put into

copper, the yield and ultimate stress are determined primarily by the niobium

titanium. *?

8 2

At stress levels of 6 x 10° N m °, the critical current density is
reduced to 96 percent of the critical current density at zero stress. The
relationship between reduction of critical current density and stress or
strain s approximately linear. After the load has been removed, the critical

current density returns to 99 percent of its original value." The
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relationship between stress, critical current density, and niobium titanium
takes the following form:

1 5 2n

JC(T.B.o) - JC(T.B.O) (1 - 6.7 x 107
where o is the stress in the niobfum titanium JC(T,B.O) is the critical
current density with no stress; and JC(T,B.a) is the critical current
density when the wire has been stressed to a stress level of o. Equation
(21) 1s good up to a stress in the niobium titanium of at least 8 «x 108 N

m'z.

CRITICAL CURRENT DENSITY AS A FUNCTION OF TEMPERATURE AND MAGNETIC INDUCTION
FOR A-15 SUPERCONDUCTORS AND OTHER SUPERCONDUCTORS

The critical current density of niobium titanium can be predicted as a
function of temperature and magnetic induction using the theory given in
Eqs. (7) and (17). This section of the report will examine the ability of the
theory to predict the critical current density versus temperature and magnetic
induction for niobium zirconium, niobium tin, and other, more exotic, super-
conductors.

Figure 5 shows the reduced critical current density versus magnetic
induction at 4.2 K for niobium titan1ﬁm. Figure 14 shows reduced critical
current density versus reduced magnetic induction [B/0.5 Bcz (4.2 X)) for
niobium titanium (various samples from Fig. 5), niobium zirconium (see
Ref. 6), nioblum-tin ribbon (see Ref. §), muitifilament niobium tin (see
Ref. 3), and muitifilament vanadium galljum (see Ref. 16). The niobium
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titanium data shown in Fig. 14 are the same as the data in Fig. 5 except that
the induction is reduced induction. From Fig. 14 one can see that the reduced
critical current density versus reduced induction for the other supercon-

ductors does not follow the data for niobium titanium.
Nighium i

The theory given by Eqs. (7) and (17) was fitted to the data published by
Aron and Ahlgren for an alloy of niobium 25 wi zirconium in 1967.% The
values of Tc and Bc2 used to fit the niobium zirconium data were 10.7 K
and 8.3 T. The temperature T' used was 2.8 K. The data shown in Fig. 15 were
fit to measurements of critical current density at 3.0 K.

Figure 15 shows that the fit of the niobium-zirconium data to the Jc
calculated by the theory is not as good as the fit of theory to the niobium-
titanium data shown in the last section. The fit of the data is better at low
field than at mid-range. At both 4.2 K and 5.2 K, there is a leveling off of
the Jc data between 2.0 T and 4.0 T. This does not agree with the theory,
which was fitted to the Jc data at 3.0 K.

Niohiym T

The theory given by Eqs. (7) and (17) was fitted to critical-current-
density data for an A-15 material such as niobtum-tin tape and multifila-
mentary niobium tin in a copper and bronze matrix. The niobtum-tin-tape data
were taken by Aron and Ahlgren in 1967.° The multifilamentary-niobium-tin
data were taken by S. R. Spencer et al.? in 1979 and P. A. Sanger et ai.®*
in 1981.
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The niobium-tin tape was manufactured by RCA using the vapor-deposition
process. This type of tape is rarely used today. The tape measured in 1967
was 2.48 mm wide with a layer of Hbssn 0.0086-mm thick on both sides of the
tape. The current density given in Fig. 16 1s the current density in the
niobium-tin layer only. The theory was fitted to the measured data at 4.2 K,
(see Fig. 16). The value of TC(O) used was 17.0 K; the value of Bcz(OJ
used was 16.8 T; and the value of T' used was 2.0 K. The measured data for
the niobium-tin tape fit the theory quite well (to about 3 percent) except for
the data at 10 K ;nd 13 K.

The first sample of multifilamentary niobium tin consists of 2865 fila-
ments in a bronze matrix. The section of bronze is within a copper matrix.
The strand diameter is 0.69 mm. The diameter of the filaments is about
4 um. The approximate thickness of the Nb3Sn layer on the filaments 1s
about 1.2 um. The ratio of normal metal to superconductor was about 9.3 in
the multifilamentary niobium tin measured by Spencer et al.? (The super-
conductor is considered to be the whole filament, which includes unreacted
niobium.) Two-thirds of the normal metal is copper. Figure 17 compares
theory, which was fit at 4.2 K, with measured data at various temperatures.
The value of T.(0) = 16.5 K; the value B_,(0) = 16.8 T and the value of
T' = 1.8 K. The measured data shown in Fig. 17 fit the theory very well, even
at 12 X. From the data given in Figs. 16 and 17, it appears that it is rea-
sonable to apply Eqs. (7) and (17) to niobium tin as well as niobium titanium.

The second sample of multifilamentary niobium tin is almost the same as the
sample used to generate the measured data in Fig. 17. The nicbium-tin sampile

was made by the same manufacturer as the conductor shown in Fig. 17. The
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difference, besides being made almost two years later, was that the second
sample was optimized for high-field operation. The second AIRCO sample®*
also has 2865 filaments about 4 um in diameter. The ratio of normal metal
to superconductor ratio is also 9.3, and two-thirds of the normal metal is
copper.

Figure 18 shows the critical current density versus magnetic induction and
temperature for the second AIRCO sample, which was optimized for high-field
operation. The measured data in Fig. 18 agree fairly well with theory except
for the highest-field data. The values of BcZ(O). TC(O). and T' are the
same as for the previous sample. The value of BcZ(O) used cuts off the
Iow—Jc tail, which is typically found with niobium tin and other A-15
materials, and, to a lessor extent, with niobium titanium.)

Niobium tin is far more sensitive to stress and strain than is niobium
titanium. The critical current density in niobium tin is sensitive to both
compressive and tensile strain. When multifilamentary niobium tin is made,
the niobium tin is put into compression. The compressive prestrain from the
processing is typically 0.3 percent, but the exact amount of strain varies
from manufacturer, to manufacturer depending on their proprietary processes.
Unlike niobfum titanium, which has an almost linear dependence of critical
current density with strain, niobium tin has almost a quadratic dependence on
strain. An approximate formula for the multifilamentary-nicbium-tin critical
current density with strain takes the following form, from J. Ekin's 1979

paper®®:

2
Bea(e ) - B
Lelo”
JC(T.B,BO) = JC(T,B.O) Bcz(o) - B ’ (22)
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where JC(T,B,aO) is the critical current density at temperature T, mag-
netic induction B, and intrinsic strain €y JC(T,B,O) is the critical
current density for the specimen, which has no intrinsic strain. Bcz(eo)
is the zero-temperature, zero-.]c upper critical induction with an intrinsic
strain €y Bcz(O) is the T = 0, Jc = 0 upper critical induction with

no intrinsic strain. The intrinsic strain €y is defined as follows:

e = £+ €., (23a)

where €n is the compressive prestrain, which has a negative sign (em
can vary from -0.0015 to -0.005, depending on the conductor processing®®),
and ¢ is the strain put onto the wire. The value of Bcz(eo) can be
calculated as a function of Bcz(O) using the following approximate expres-

sion:

Bcz(eg)

2
= | - 4000 ¢ . (23b)
BCZ(O) 0

‘thch appiies up to absolute values of strain to about 0.012. At this level
of strain, the conductor will lose its current-carrying capacity irreversibly.
Strains as 1ittle as 0.8 percent will result in a permanent loss of current-
carrying capacity. A niobium-tin multifilament conductor will undergo plastic
deformation at strains of 0.3 to 0.4 percent.®’

J. Ekin, in his 1981 paper." presented a more-general form of the

equation for the strain effects on critical current density, as follows:
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B3 () \k-p [, B/B*, (c) \a

7 - , 248
J.(T.B,e,) = J.(T,B,0) Boam 1 - B/B_5,

where JC(T.T.co) and JC(T.B,O) have been previously defined, and where

B_.2 (e)
L L -aeeY . - (24a)
8.2m °

The values of kK, p, q, u, and a are defined for niobium titanium, niobium tin,
and vanadium gallium in Table 6. Note: The value of a depends on the sign of

the strain (a minus strain is compressive; a plus strain is tensile).
Qther Superconductors

The author looked at five other superconductors. Three are characterized
by their not fitting Eq. (6) for the value of reduced magnetic field versus
reduced temperature. Equation (5) was used to calculate BcR as a function
of TcR' Each of these three conductors has a different value of N.

Niobium titanium tin is a slightly impure form of niobium tin that consists
of one atomic percent of titanium alloyed with niobium, which is then reacted
with tin to form an A-15 compound. Data between 8 T and 15 T by S. Murase et
al.%? were fit to the theory given by Eqs. (7) and (17). The value of N =
1.7 was used to obtain the reduced critical field versus the reduced temper-
ature. The values T (0) = 17.3 K, Bcz(O) =19.3T7, and T' = 1.7 K were
used in the theory. Figure 19 was fitted to the measured data at 4.22 K. The
experimental data at 2.13, 2.99, and 3.50 K fit the theory quite well over
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Table 6. The Values of the Exponents k, p, g, and u and Values
of aand B.o, for Various Superconductorsa
Nb-Ti NbaSn VaGa
k 4.0 1.0 1.4
p 0.66 0.56 0.42
q 0.69 2.0 1.0
u 1.7 1.7 1.7
a
en<0 - 900 450
a
e0>0 23 1250 650
Beom 105T Q20T 2127
at4.2K

aSee Egs. (24) and (24a) and Ref. 66.
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the range shown in Fig. 19. The reduction of Jc with strain for nicbium
titanium tin is similar to that of niobium tin.

Niobium tantalum tin is an alloy of niobium 7.5 w% tantalum that has been
reacted with tin to form an A-15 compound. Data between 6 and 16 T by
D. P. Hampshire et al.!? were fit to the theory given by Eqs. (7) and
(17). The value of N = 1.2 was used to generate the curve of reduced critical
field versus the reduced critical temperature. TC(O) = 15.8 K, Bcz(O) -

24.0 T, and T' = 3.7 were used to generate the theoretical values of critical
current density. The theory and measured data are shown in Fig. 20. The
theory fits the measured data quite well except for the 10-K data. It is
interesting to note that the stated value of Bcz(O) is 30 T. This value
does not apply except out on the tail of the Jc-versus-B data. The theo-
retical curves shown in Fig. 20 are probably not valid at the highest tem-
‘peratures or fields. The reduction of Jc with strain for niobium tantalum
tin is similar to that of niobium tin.

A Laves-phase C-15 structure compound was fit to the theory. The
vanadium/zirconium-45-atomic-percent hafnium [VZ(Zr-Hf)] material has an
upper critical induction of 27.2 T, were the value of Tc is scarcely higher
than that of niobium titanium (T (0) = 9.9 T with B ,(0) = 27.2 T). The

19 was used with a value of N = 1.7 to

data published by K. Inoue et al.,
get a value of reduced critical field versus reduced critical temperature.

The theory given by Eqs. (7) and (17) used T' = 1.7 K to fit the data. Figure
21 shows a fit of theory and measured data for T = 1.8 K, 3.1 K, and 4.2 K
over a range of inductions from 4.0 T to 20.0 T. The fit of theory to measured
data was quite good at the reduced temperature, up to an induction of 12 T.

The calculated and estimated Jc values were quite close (within 10 percent)

even at 20 T. The Laves-phase C-15 compounds are quite brittle, similar to
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the A-15 compounds. The response to stress of the C-15 compounds is iike
niobium titanium up to strain levels of 0.4 percent. At these Tevels of
strain, vanadiumliirconium—hafnium starts to break. The Jc goes dowp
irreversibly.”®

An attempt to fit the theory to vanadium gallium was made. There are a
number of papers that give J -versus-8 data at 4.2 K,14:16,71,72,73,74,78
but none gives data over a range of temperatures. Another problem is that the
¢ritical current density is often given over the V3Ga-p1us—v cross section.
This can yield a value an order of magnitude or more lower for the JC than
for data that are given for just the V3Ga. Vanadium gallium can have cr%t-
ical current densities as high as 10°Amm% at 4.2Kand 2 T. At 13 T,
the critical current density in such samples drops an order of magnitude. The
highest-critical-current-density samples of vanadium gallium are characterized
by thin layers of material, long reaction times, and rather low reaction tem-
peratures (thus, they also have fine grain structure that enhances flux pinning
in the material). One attempted fit for vanadium gallium'® is presented
in Fig. 22. The fitting parameters used are N = 2.2, TC(O) = 15.5 K,
Bcz(O) =21.8T, and T' = 3.7 (T' is not a factor in the calculation), and
the data fitted were at 11 K. The fit is not very good because virtually all
of the data are in the nonlinear tail for V3Ga. A much-better fit for
vanadium gallium” is shown in Fig. 23. The sample used the same values
of N, TC(O). and T' as the previous case, but the value of BcZ(O) used was
22.6 T. The fit occurred for 4.2 X in a range of magnetic inductions from 16
T to 21 T.

Niobium silicon from the data of C. L. H. Thieme et al.”*® was fitted
to the theory given by Eq. (7). Values of Bcz(O) - 26.2 T, TC(OJ = 17.7
K, and N = 1.6 were used to fit data from B = 18.3 t0 22.9 Tand T = 2.5 to
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CRITICAL CURRENT DENSITY VERSUS
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Figure 23 Critical Current density as a function of magnetic induction
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4.2 K, based on the measured values of Jc at T = 4.2 K. The results were
disappointing because the fit was off as much as 28 percent. These data are

not presented graphically.
CONCLUDING COMMENTS

Many superconducting materials are well behaved in terms of the prediction
of their Jc as a function of T and B given TC(O). BcZ(O)' and some meas-
ured data points at some temperature To (e.g., 4.2 K). A relatively simple
T1inear theory can be used to predict Jc for temperatures above 4.2 K for
both niobium titanium and niobium tin given Jc-versus-B data at 4.2 X,

TC(O), and Bcz(O). Below some temperature T', which is about 3.7 K for
niobium titanium and 1.7 K for niobium tin, the fitting theory is a littile
more complicated in that a parabolic temperature fit is required below T'.

The theory works very well for both niobium titanium and niobium tin.
Since both superconductors are important for use in magnets, the temperature-
fitting equations have been incorporated in computer codes that use the Jc
of the superconductor. It has been observed that the current density of
.niobium titanium at 4.2 X divided by the current density at 5.0 T and 4.2 K as
a function of magnetic induction lies along a line (see Fig. 5). The scatter
of measured data about this line is no more than 15 percent. (There appears
to be a similar relationship for niobium-tin Jc data, which the author is
still collecting.) This observation suggests that if one knows the critical
current density at one temperature and one magnetic induction, one knows the

critical current density over the entire Jc. Hc' Tc surface.
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An illustration of the reduced-equation-of-state theory used for calcu-
lating Jc in a superconductor is shown in Fig. 24, 25, and 26. Figure 24 is
a three-dimensional plot of the value of Jc versus B and T for a modern
niobium 46.5 wX titanium superconductor, which has a Jc at 4.2 Kand 5.0 T
of 3000 A mm'z. The entire three dimensional surface was created from this
single data point by the computer. The critical current density generated is
probably accurate to + 10 percent except at the extremes of temperature and
maghetic induction. To generate the Jc values shown in Fig. 24, the
following fit parameters were used: TC(O) = 9.35 K, Bcz(O) = 13.65 T, and
T' = 3.7 K. The reduced critical field as a function of reduced critical
temperature was created using Eqs. (6a) and (6b). A value of Jc = 3000 A mm'2
at 4.2 K and 5.0 T was used along with the data fit line in Fig. 5. A contour
plot of the three-dimensional surface in Fig. 24 is shown in Fig. 25. A

conventtional Jc-vs.-B plot is shown in Fig. 26.
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-62-

CRITICAL CURRENT DENSITY AS A FUNCTION

OF MAGNETIC INDUCTION AND TEMPERATURE

10.0

8.6
"

—T =180 K

/—T-3.00K

—T = 4,22 K

6.0
P

T =500K
L-Je(5T,4.22K) Fit Point

oz e

A%
\\
N

CRITICAL CURRENT DENSITY (KA/MM**2)

2.0

AN

NN NN

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
MAGNETIC INDUCTION (TESLA)

0.0

XBL 882-691
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