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Analysis of the general structure of the E-I
characteristic of high current superconductors
with particular reference to a Nb—Ti SRM wire
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In this Paper the compatability between a three parameter fit, which assumes a normal density
distribution of critical currents, and the familiar empirical two parameter law (V=a/") is
demonstrated by applying them both to the analysis of data obtained in the characterization
of a Nb-Ti standard reference material supplied by NBS. Data taken at temperatures of 4.24
and 2.21 K are used to illustrate that the three physical parameters obey general scaling laws
and to outline the physical interpretation which is derived for the empirical parameters. The
validity of flux flow in high current density materials being characterized by defect motion
with the flux line lattice is demonstrated.
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This Paper presents a comparison between the three
parameter fit (3-P-F) the authors have considered before!

E=R, J u —1)r(ﬂ(¥>> -dI; 8))

where:

E = electric field along the superconductor;
I = transport current;

f = normal density function;

/fc/# mean critical current;

k,L= interaction length resistance;

f = synchronization constant (a measure of the spread);
and

b = constant'

and the empirical 2-P law which can be written in the
form?~4}

E=al" )

(The parameters « and n are termed the alpha parameter
and the index.)

*Present address: Applied Superconductivity Centre, University of
Wisconsin-Madison, 917 Engineering Research Building, 1500
Johnson Drive, Madison, W1 53706, USA

tin Reference 1, the constant b in Equation (1) was taken to be equal
to zero since clearly negative currents (i.e. T; < 0) are non-physical.
However, in this work we shall take b = —co for mathematical
tractability, assuming that § and /, are such that the contribution to
the integral for /,< 0 is negligible. Physically this is equivalent to
assuming that over the £~/ range of interest, the effect due to the low
current tails of the distribution for /; < 0 can be ignored. For the data
presented it will be seen that this is indeed appropriate

1The £~/ forms for Equations (1) and (2) are used since these forms
explicitly demonstrate that for the purposes of comparison there is a
redundancy in the parameter: area of superconductor
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The first section addresses a brief physical interpret-
ation of the 3-P fit. It demonstrates the compatibility
between this functional form and the empirical law. The
limiting forms of the E-/ characteristic are derived in the
ranges of high, intermediate and low currents. The section
is completed with the derivation of simple relations
relating the empirical parameters of the 2-P law to the
physical parameters of the 3-P fit.

In the second section, data are presented on a Nb-Ti
wire which has been adopted by NBS? as their standard
reference material**. The analysis of data presented
previously, at 4.24 K is extended to include characteriz-
ation using the empirical law and the physical interpret-
ation of the empirical parameters explicitly outlined.
Additional data generated at 2.21 K are presented and are
again interpreted in terms of the 2-P and 3-P fits. The
scaling laws governing the three physical parameters
observed for Nb,Sn throughout its entire superconduct-
ing phase are shown to hold for this Nb-Ti.

Finally, the theoretical and experimental problems
associated with developing a more complete characteriz-
ation of superconducting materials is discussed.

Three parameter fit

A detailed derivation of the 3-P-F has been given
elsewhere®. The basic physical concepts are as follows.

It has long been appreciated that in defect-free systems,
an ohmic-type law characterizes the state of ﬂux flow of
the form

E=Ry(I—-1) 3)

**It should be noted that one of the samples of ~2.2m, commer-
cially available from NBS, was not used. Instead a longer length
(~6m) from the same batch of material was used
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where: R, = flux low length resistance; and I, = critical
current.

For highly inhomogeneous materials'!, onc must con-
sider the variation of I, along the length of the material. In
the simplest case, a distribution in critical currents is
considered and the resultant E-I characteristic is merely a
superposition of the ohmic-type relations given by Equ-
ation (3). Thus

!
E=R, J‘ (I = I 4
and
1 J*E
N= — _—_
fin R, oI (5)
where: I, = local critical current in a given region;and Ry

has been replaced by R, (=the interaction length re-
sistance) since, as will be shown, R, is not simply the flux
flow resistance.

The functional forms of Equations (4) and (5) have been
presented before. The function f(f) has been interpreted as
defining the interaction between flux flow and stationary
flux —a unique single value for 1, was assumed’. However,
in the present interpretation, this interaction is not
introduced. Following Jones et al.8, the superconducting
material is considered to be divided up into regions of
unique and different critical current. The junction f{I)
characterizes the distribution in critical currents.

It has been shown experimentally that f(I) approxi-
mates well to a normal density function!. This is in
agreement with the central limit theorem which predicts
this functional form, since superconductors consist of a
large number of different sources of inhomogeneity®.
Similarly, this normal density function can be justified in
the limit of a great number of defects acting jointly on each
vortex and contributing additively to the total pinning
drag force!®, More recently, in a detailed deconvolution
of the E-I characteristic, the essentially Gaussian nature
of the distribution has been verified and some of the
deviations from the normal density function have been
measured!!,

The limiting functional forms of the E-I characteristic
are considered below. Equation (4) can be rewritten

! 1
E=R, J_ (I_Ii)w'%

A

Integrating by parts

o R'L{U T)J‘m(zlfzﬁ
“P[ s (7)) e
e ol )] o

HThis description of the material effectively defines the dominant
mechanism for loss due to viscous flux flow [i.e. Equation (2)].
Clearly, in general, other mechanisms such as flux creep will need to
be incorporated. However, it is demonstrated that the resuits derived
for this specific case are sufficient to explain the data presented in this
work

(YForI— + w0

This is the high voltage limit occurring in the high current
tails of the distribution function. The second term in
Equation (7) tends to zero. Substituting the normalization
condition

x 1,—T.\\?
[ o S o

we find

le E = R"_(l - 7.') (9)
J—++ 2

Q) For I =1,

This is the intermediate current limit where the greatest
proportion of regions are at criticality, changing from
regions of stationary flux to regions of flux flow.

If we consider the integral (S) in Equation (7) where

2
T. )) ] It (19

) I,—1, )
Then, by letting x = B(IT—)’ y= I‘L and using stan-

dard expansions

0 1 1
Lim S = — —— x2-
,Sﬂ f_ o exp 2 x¢-dx

(v— 18 1 {
+ ——-exp—= x3-d
L o TP EE

1 G- ] 1 2
=§+.[) (2—n)¥‘(1—‘§x +"')dx
3+ Gt /= 1)+ 00— 1)) (i

— Lim E= R.L{( c)[
=1,

e (i)]
*%'(zflz)*'[' —5(B(1 ’j >) ]

+0[(y — l)’]} (12)
Therefore
. T.
e £ = Fu g 43

2
» 1

(3) For x2'= |/3("7—T°)

This is the condition for the low voltage limit occurring
in the low current tails of the distribution function, which
can be considered as appropriate for I - 0.

Using an expansion for the integral S'? we find

Lim S = ! -ex —lx2 l+l 1
|X|1’Tl _Zziﬂ)* P 2 x X3 (14)
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Substituting into Equation (7)

E=R.L{u c)((z 7
1

I, 1 L f1=Te

* Bt """[’i (”( T. ))

Therefore

73
Lim E=R,,<{—2% . _
e ‘L{(l — 18 (2n)!

Y]

Thus we have the expressions for the [imiting functional
forms of the E-I characteristic assuming a normal density
function for the distribution in critical currents [Equ-
ations (9), (13) and (16)].

In Figures I and 2, general E-/ characteristics have
been plotted for two values of I, (150 and 300 A) for
different values of . Howeyver, the value of R, has been
left as a free parameter since it has been demonstrated for
Nb-Ti and Nb,Sn that R, is typically five orders of
magnitude less than the normal resistivity of the respec-
tive materials®. The figures explicitly demonstrate the
functional form of the E-I characteristics. In Figures 3and
4, the functional form of these E—I characteristics have
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Figure1 General £~/ characteristic onm a fog-tinear scale, assuming
a norma! density functlon for the critical currents, where R,_ is a free
parameter (Qm~'), /. = 150 Aand f (the synchronization constant)
is a variable
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Figure 2 General £~/ characteristic on a log-#g scale, assuming a
normal density function for the critical currents, where R, is a free
parameter (Qm '), /. = 300 A and § (the synchronization constant)
is a variable

been replotted on a log-log scale. It is clear that the 3-P
functional form predicts that the empirical law will hold
to a good approximation in the low current tail over a
number of decades of electric field'>.

This section concludes. using the equations derived, by
determining the relations between the empirical constants
a and n, and the physical parameters R, , /. and . In the
high current limit [i.e. llmxtft)] by equating Equation (9)
to Equation (2) it is conclided that Lim ¢ =R, and

-
Lim n = 1. In the low current limit [i.e. limit (3)], it is clear
-

from Figures 2 and 4 that the convex nature of the curves
implies Lim n— o, and the insensitivity of the index n

123 Y 7
with current that is mentloned@ implies le a—0.
x|« 1

In the intermediate current range [i.e. limit (2)] which is of
most interest in the analysis of the data presented, we have
from Equation (2)

T,
1 = + -—12
ﬂr{lE R,L{ﬁ(z fof 2 (1 ~T1)+ 0 ))} (18)

O 128 (1-1,
Lim 7 R.L{z aof ( . ) 0«7—1»2} (19)

Therefore

n\* .
Limn= ﬁ(—) (20)
I=~1, 2 v

This equation can be rewritten in terms of the standard




E-| characteristic of high current superconductors: D.P. Hampshire and H. Jones

10%R)
108,

R
10'%,
102R,,
1073,
107, \
107%R,,

|O.SR| L Z%

Electric field, £(vm™)

1078,
1078, ]

10°%,. 7.

10™%, l

16 1.7 18 1.9 20 2.1 2.2 23 24
Log,q current, (/) [Log,, (A)]
Figure 3 General £-/ characteristic on a log-log scale, assuming a
normal density function for the critical currents, where R,_ is a free
parameter (Qm~"'), /. = 150 A and f (the synchronization constant)
is a variable
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Figure 4 General £~/ characteristic on a log-log scale, assuming a
normal density function for the critical currents, where R, _is a free
parameter (Qm ™), /. = 300 A and § (the synchronization constant)
is a variable

deviation of the critical current distribution, o, where

1. 1, (=m\}
== 21
asle=l (2) 1)
From Equation (19) we have
0E 1
1 —_— = = n-1 2
h"{l o] =3 Ru=anl (22)
Therefore
. 1y} Ry )
i ‘(T> T ALED ®)

It is pertinent to note that Equation (22) may be rewritten

R, =2nE;_;, (/1. (24)

Thus, from Equations (20) and (23) we have the
empirical parameters in terms of the physical parameters.
This allows interpretation of the field and temperature de-
pendence of the index n and the alpha parameter. This will
be explicitly outlined using data from the SRM Nb-Ti
wire in the next section.

Data on the SRM Nb-Ti wire
Experimental procedure

The equipment and experimental techniques for generat-
ing the E-I data have been detailed by the authors in the
preceding paper on this material'*. The recommend-
ations outlined by NBS for measuring the electric field-
current transitions of this material have been closely
followed to obtain these data. At each fixed temperature, a
direct current was slowly increased through the super-
conducting specimen and the voltage generated across the
potential taps measured. The ramp rate for the sample
current was chosen so that within experimental accuracy,
the E-I transition was reversible for I increasing and |
decreasing. A hard copy was produced of the voltage
versus current.

The self-field effects, which are only significant below
3T were eliminated by taking two traces for opposite
direction of current flow. The mean value of current at
each voltage was used to define the zero self-field E-I
characteristic. No strain effects were observed.

During measurement the sample lay in intimate
thermal contact with the helium bath. The temperature
was stabilized by monitoring a manometer connected by a
static line to the pumped dewar. Standard vapour pres-
sure curves were used to calibrate the temperature at 4.24
and 2.21 K.

The hard copy E-I characteristics were digitized be-
tween 10 and 50 4V m™! at 5uV m™! intervals. Above
B_,(T) the resistance of the sample and sample holder was
measured and found to be field independent (the contri-
bution of the superconductor in the normal state is
negligible). At each voltage measured, the appropriate
current being shunted through this parallel ohmic path
was subtracted and the corrected current through the
superconductor alone obtained as a function of voltage.

A full analysis of the errors in measurements generated
using these techniques has been presented elsewhere!4.
This analysis suggests that the errors in the data can be
quoted in terms of uncertainty in temperature of +0.05 K.

Cryogenics 1987 Vol 27 November 611
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Results

The analysis of the corrected E-I characteristics in terms
of both the empirical 2-P law and the 3-P fit is considered
below. The universality of the pinning force in agreement
with the Fietz—-Webb!3 scaling law is demonstrated as
well as the universality of the synchronization constant
and the interaction resistance as has been found for
Nb,Sn®,

For mathematical tractability, the normal distribution
function intrinsic to the 3-P fit can be rewritten to a good
approximation over the range of the distribution that is
sampled by

I S R TSN
d’(”‘J‘w(zn)* T, °"p[’i<ﬂ<_ I, )) ] a
1 -1,
=5|:l+tanh(0.84[3( i ))] 25)

Thus the raw data was fitted to the following two
equations over the range 10-50 4V m™!

E=R, {(1 -1) % [1 + tanh(0.84/3(1 ; 7))]
1 T, 1 I-T\\?
e ()] e

and

E=al" 27)

These parameters are considered in turn below.

Mean critical current. In Figure 5, the mean value of the
critical current is presented as a function of field at 4.24
and 221 K. The difference between the mean critical
current and the critical current at 30 uVm~™! for this
particular Nb—Ti material is less than 1 A (i.c. less than the
size of the symbol in Figure 5). It is of interest to note that
the functional form of the pinning force and the character-
istic significant deviation from linearity in low field is
compatible with the model that predicts that the critical
current of Nb-Ti is determined by the shearing of defects
in the F-L-L past point pinning centres'S.

In Figure 6, the critical current data has been replotted
as the reduced pinning force versus the reduced magnetic
field. The universality of these data in agreement with the
Fietz—Webb Scaling Law is explicitly demonstrated.

300

200

Current, /, (A)

100

I 2 3 4 5 6 7 8 9 01l 1213
Field, 8(T)

Figure5 Mean value for the critical current distribution at 4.24 and
2.21 K as a function of field for the Nb-Ti SRM. @, 4.24 K; l. 2.21 K
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Figure 6 Reduced pinning force versus reduced magnetic field at: (_
@. 4.24K; and W, 2.21 K for the Nb-Ti SRM

Synchronjzation constant B/Index n. In Figure 7 the
synchronization constant # is plotted as a function of field
at4.24 and 2.21 K. The parameter f is the value obtained
from the full 3-P fit using Equation (23). The parameter f
is defined by

2\
Be— n(;) (28)

in accordance with Equation (20). In agreement with the
algebraic manipulations in the three parameter fit section,
we have

This equality has been observed experimentally by
Warnes and Larbalestier. Their data can be expressed by
Be=(1.210.2)8*.

The difference between S and B¢ that is observed in
Figure 7 occurs since the equality in Equation (29) only
holds rigorously at I... In practice, these parameters have
been determined by fits taken over a range about I.,.

It is shown in any elementary statistical text that!?

1 (-0
By G0

Thus we now have a physical interpretation of the index n
through the synchronization constant, f.

In Figure 8, the universality of the synchronization
constant that has been found for 1.5T<B<15T and

*The data in the paper referred to (Reference 12) has been presented
in terms of /(FWHM) where FWHM = full width half maximum.
Since

5/(FWHM) = 2g(log,4)"? 3 (37
From Equation (21)

; 1 172

C
— | —————— ] 38
o/, (FWHM) [(Ioge4)2n] (38)
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Figure 7 Synchronization constant as a function of field at 4.24
and 2.21 K for the Nb-Ti SRM. W, f¢(2.21K); @. Be(4.24K); 0T,
Be(2.21K); O. Br(4.24K)
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Figure8 Reduced synchronization constant versus reduced mag-
netic field at 4.24 and 2.21 K for the Nb-Ti SRM. Symbols as for
Figure 7

25K < T < T for Nb;Sn is demonstrated for this parti-
cular Nb-Ti wire. The reduced synchronization constant,
B*, is defined by

«_ BB, T)
B 30, T) (1)
where (0, 4.24 K)=39.5 and B(0, 2.21 K) =45.0. From
Equation (30) it can be seen that insofar as the synchroniz-
ation constant, or equivalently the index n, is independent
of reduced field (for b < 0.4) but is a function ot tempera-
ture, the different critical currents that characterize this

Nb-Ti material are given (within this range) by
I =[(T)g(b) (32)

This equation implies that the component regions of

different I, have the same reduced field dependence but
have different tempcrature dependences. More generally
it has been demonstrated that the universality of j
demonstrates that the component regions of the distri-
bution obey different scaling laws which are all of the
general Fietz-Webb type. The field and temperature
dependence of a material’s universal synchronization
curve characterizes the different functional forms of {(7T)
and g(h) that are found in these regions throughout the
material®.

Interaction length resistance/alpha parameter. In Figure
9 the interaction length resistance is plotted as a function
of field at 4.24 and 2.21 K. The salient feature of these data
is that to within experimental accuracy the interaction
length resistance is a linear function of field through the
origin at low fields as has been found for the high current
material Nb,Sn by the authors and for many defect-free
(low current) Type Il superconductors! 7-'8. The deviation
at the lowest field in the data (at 2 T) from the idealized
straight-line can be attributed to heating causing a
temperature increase of 0.05 K during the transition.

The universality of this parameter is demonstrated in
Figure 10 where the interaction coefficient, a*, is plotted as
a function of reduced field. The interaction coefficient, o*,
is defined by

o= Ry (B, T) (33)

. ORy(B, T)
s (i 55 7)

which normalizes R, (B, T) using the idealized straight-
line through the origin.
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Figure 9 Interaction length resistance of the Nb-Ti SRM versus
magnetic field at 4.24 and 2.21 K. @, R (2.21K); @, Rjp (4.24K);
0. RL(2.21K); O, Ry (4.24K) .
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Figure 10 Interaction coefficient versus reduced magnetic field at
4.24 and 2.21 K for the Nb-Ti SRM. W 2 (2.21K); @. o (4.24K);
Q. «p(2.21K); O, ag(4.24K)

Thus Figure 10 shows

Ry(B, T) = Ry (0)-b- K(b)- L(T/T) (34
where:

b= B/B.,(T),

Lim K(b)=1;

B—0

Lim L{T/T)=1; and

T-0

R,.(0) = a constant characteristic length resistance of the
material in the flux flow state.

It is interesting to note that for this Nb-Ti, L(T)
= 1/(1 — T/T)"**23, By extrapolating to T=0

aIzlL(B’ 0)
0B

Or equivalently for this wire

R, (0) = B,(0) Lim =338uQm™!
B—0

. P )
£0) = B.,(0) Lim OB 1) _ 2.5 % 1074 uQcm
B=0 oB

where p, is the interaction resistivity. ]
A possible model of the interaction length resistance
can be made in terms of it being characteristic of random

514 Cryogenics 1987 Vol 27 Novembc_er'

distribution of inhomogeneities®. In this case the super-
current increases through the superconductor until critic-
ality just before flux flow is about to occur. Beyond
criticality, because of the superconductor’s high different-
ial resistivity, any further increase in currents is shunted
through the low resistivity copper matrix. [n this case Ry
becomes simply the matrix resistivity and the field
dependence is due merely to the magnetoresistance of the
high resistivity ratio copper necessary for stability in this
wire. However, this model is not appropriate here since
aithough it could be argued that the field dependence in
Figure 9 is the magnetoresistance of the copper matrix,
one would expect R, to be independent of temperature,
which is clearly not the case. The data on Nb;Sn
presented by the authors shows R, changing by an order
of magnitude at 2T between 2 and 10 K. The very low
value for the interaction resistivity found above demons-
trates that in the flux flow state when most of the
component regions in the normal density distribution of
critical currents are above criticality, only a small fraction
of the total fluxons present are in motion. This has been
interpreted by the authors as direct experimental evidence
that flux flow is characterized by the motion of defects
within the flux line lattice. This is analogous to the role of
defects in real crystals reducing the critical stress by many
orders of magnitude from that of the ideal crystal. In
conclusion: the function f describes the distribution in
critical currents associated with the different defects
within the flux line lattice; R, is a field and temperature
dependent length resistance, characterizing the super-
conductor when all the defects within the flux line lattice
are in motion.

In Figure 11 the length resistance of Nb-Ti (i.e. with the
matrix etched off) is plotted as a function of temperature.
The standard Kohler law predicts there is no intrinsic field
dependence of the normal state resistivity for this Nb-Ti.
This figure demonstrates that in the normal state above T,
the length resistance Ry, is given by

Ry =697Qm ' +01Qm™!
or equivalently
Pn=52pQcm+ 1 uQdcm

Theoretical and experimental analyses of defect-free Type
IT superconductors assert that above criticality, in the flux
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Figure 11 Length resistance of the Nb~Ti SRM as a function of
temperature
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flow state

Lim R (B, T) = (35)

B-0 B.,(0) R
where R, is defined in Equation (3).

Itis important to note that Equation (35) is derived fora
homogeneous system with randomly distributed point
scattering centres. Certainly the data here demonstrates
that the interaction resistance is some five orders of
magnitude less than the flow resistance, although the
linearity in fields common to both seems highly
significant,

It is certainly clear that more theoretical input is
required to generalize Equation (35) from its appropriate
idealized system to more complex systems such as Nb-Ti.
Equally, more measurements of the flux flow resistivity
and interaction resistivity are required to characterize the
functional form of, and relationship between, these two
parameters.

In Figures 9 and 10, the empirical derivation of the
interaction length resistance, R,g, , is also presented. The
3-P fits show that for this particular Nb-Ti material, /_ is
found at a voltage criterion of &30 uV m ™. If we use this
electric field criterion to arbitrarily define I, then either
using the alpha parameter directly through Equation (23)
or equivalently through Equation (24) we have

-1
Ryg, =2nE; ;. (TL) - 2n30uVm™ (36)
© Lim -/
; E=30uVm !

The good agreement between R,g, and R, can be seen
in these two figures. It is interesting to note that for two
high current samples, Nb;Sn and Nb-Ti, /. has been
found at a fixed electric field criterion throughout the field
temperature range (~50 and ~30 uV m™’, respectively).
However, more data will be required to decide whether
Equation (22) can be generally used as a technical tool to
obtain an order of magnitude estimate of the interaction
length resistance using the empirical 2-P law without
having to embark on the significant input involved in the
full 3-P fit. :

More complete unaracterization of
superconducting materials

In this final section, the theoretical and experimental
problems associated with developing a more complete
characterization of superconducting materials and in
particular the field and temperature dependence of their
distribution function is discussed.

Consider an idealized case consisting of a highly
stoichiometric material which has a normal density
function distribution of critical currents. [t is clear that the
first three regions of the E-I characteristic can be
described as follows: 1, an initial low voltage region
where there is very little flux flow and the conductivity is
essentially infinite; 2, an intermediate region of high
curvature in the characteristic occurring over a range 1_/f
(flux flow is just beginning in many regions); and 3, a linear
“high voltage region where dE/@] = R, and where this
linearity extrapolates through I.. (At higher transport
currents there are other regions characterized, for
example, by the motion of all unpinned fluxons or the
bulk motion of all fluxons.) Necessarily, in order to

uniquely associate the function derived in deconvolution
with the distribution of critical currents intrinsic to the
sample [using Equation (5)], it is clear that the ohmic-type
relation [Equation (3)] must hold in all regions where I, is
less than I, It has been shown that this linear relation will
break down at large currents and electric fields since: [; is
not independent of transport current at high currents and
in particular!® Lim J,=0; and for very high current
I—x

density materials at very high electric fields there is
significant power dissipation which will increase R;.
These inevitable non-linear effects will cause a non-zero
value of 02E/3I* beyond the linear region which is not
attributable to the intrinsic distribution in critical curr-
ents. Physically this argument can be seen as follows: the
E-I characteristic can be seen to be a superposition of
‘ohmic-type’ characteristics defined by Equation (3). It is
not possible when deconvoluting the E-/ characteristic to
distinguish non-linearity in this equation from intrinsic
variations in the distribution function unless the non-
linear terms can either be corrected for or shown to be
insignificant.

If we now consider a more extreme case, where non-
linearity has started to occur before all regions are above
their local critical current, it is clear that there will be no
linear region in the E-I characteristic. One of the
fundamental difficulties in the analysis of these systems
will be due to the impossibility of proving a priori, from
the E-I characteristic alone, when non-linearity becomes
significant.

Certainly to address these questions comprehensively
accurate measurement of the double-dilferential of the
E-J characteristic will be required. Recently Warnes and
Larbalestier have been addressing this. It would be of
interest to complement their approach by measuring this
quantity (and hence the distribution function) directly
using, for example, a pair of coupled circuits, most
importantly to test for the non-reversibility of the distri-
bution function (which is to be expected to at least some
degree since critical current density is not a fundamental
thermodynamic function), to reduce the time of analysis,
and in order to investigate the non-linear effects discussed
above.

Conclusions

1 Data has been generated characterizing a Nb-Ti SRM
at 4.24 and 2.21 K.

2 The compatibility between the 2-P empirical law and
the 3-P fit has been demonstrated.

3 The universality of R,., the interaction length re-
sistance, and 8, the synchronization constant, has been
demonstrated for this particular Nb-Ti.

4 Theinteraction length resistance is a field and temper-
ature dependent parameter characteristic of the super-
conductor. The E-I characteristic is characteristic of
the bulk superconductor and not due to damaged
regions along its length. )

5 The universality of the f constant demands that the
component regions of the superconductor obey differ- .
ent scaling laws which are all of the Fietz—-Webb
functional form.

6 A physical interpretation of the empirical index, n, has
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been given through the equation

4
n
=gl~ 20
=1(2) ()
or equivalently
I. 1. (=\}
=—<="c(Z 21
=52 (3) @

An estimate of the interaction length resistivity can be
made through the equation

Ry =2nE, 1. (—_1—) (24)

The magnitude of this parameter demonstrates that
the mechanism for flux flow is characterized by defect
motion within the flux line lattice.

An outline of the more exacting measurements re-
quired for a more comprehensive understanding of
high current superconductors and some of the as-
sociated analytical problems have been discussed.
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