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The 30 strands of an outer cable for the Superconductor Super Collider (SSC)

magnets were studied. For each strand at least one complete V-I measurement was made

at 5.6 tesla magnetic field and 4.2 K. The results then were analysed to determine Jc, and

n-values. The second derivative of the V(I) curves was also calculated to get an Ic

distribution within an individual strand. In order to get an accurate Jc for each strand, the

Cu/SC ratio was measured for all the strands. The result shows most of samples have a

Cu/SC ratio from 1.66 to 1.7.

The experimental results found no obvious relation between Jc and n* values.

N- values were plotted out as a function of both current, I, and voltage, V. The

n(V) curve is found to be a constant in the range between the measuring system

resolution limitation (0.3 microvolt) and 90 microvolts in this experiment when using

stainless steel barrels as sample holders.

The real current passing through the superconducting filaments can be obtained

using a correction method developed in chapter 3. By using this method with the four

different resistivity sample holders (fiber glass, stainless steel, brass and copper), the Ic

and n values were calculated. The results from the different sample holders agree within

the experimental error, in spite of a large range of current sharing with the sample holder.

The analysis of the V(I) using second derivative curves yields the distribution of

critical current along the composite. Comparison of the distribution with the n(I) curve

shows that the V(I) curve follows a power law in the current range lower than the peak of

the distribution, Ic,. In the current range above this peak value, the d2V/dI2 curves

sharply turn to zero. This result suggests there is a single point at which the curve

changes from the power law to a resistive line with a slope equal to the total resistance of



the sample and barrel. At the la 1 0-14 11-m), the analysis shows less than 10 % of the

filaments are actively in the flux flow state.

The experiment also shows that the stainless steel barrel is a good choice for lc

and n value measurements, while the brass barrel is a better choice for V(I) second

derivative analysis.
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CRITICAL CURRENT TRANSITION ANALYSIS OF COMPOSITE

SUPERCONDUCTORS

Chapter 1 INTRODUCTION

Up to the present time, the most important application of superconducting

materials has been in the construction of magnets. The principal advantage to be obtained

from using superconductivity is the elimination of ohmic loss because of zero resistance,

thereby reducing energy requirements and running costs by a large factor. An important

further benefit is the reduction in magnet size and weight. As a consequence of these

important advantages, superconducting magnet systems are now being used in many

areas. One of the applications in high energy physics is to build particle accelerators,

such as the Superconducting Super Collider (SSC).

Over the last 20 years, niobium titanium (Nb-Ti) alloys have come into general

use; they are ductile and may readily be co-processed with copper into a wide range of

composite conductors. Most of the large superconducting magnet systems constructed so

far have used Nb-Ti alloy. The SSC dipole magnets will also be made from Nb-Ti alloy.

The three operationally important parameters of superconductors are magnetic

field, temperature and current density. These are interrelated and must all be below

certain critical values, Hc2(tesla), Melvin), and Jc(ampereimm0 for the

superconducting state to exist. They define a three dimensional critical surface, shown in

figure 1.1, within which superconductivity exists.

The superconducting wires used in SSC magnets will operate at a defined

magnetic field (5.6 tesla for the outer coil, 7 tesla for the inner coil) at liquid helium

temperature, so the critical current density and total critical current of the wire at the

design magnetic field and liquid helium temperature becomes a most important factor.

The research in this thesis focuses on the critical current density distribution in an

individual superconducting composite wire and also in a finished cable to be used in SSC

magnets. The effort is made to find a reliable method to evaluate the variability of the

critical current density of wires and cables.

In the experiment, samples were held at a constant temperature (4.2 K) in a

magnetic field. The critical current is measured by passing an increasing current through

a wire sample and measuring the voltage across it. The current is increased and when a

voltage is measured, the critical current has been exceeded. An analysis software is used

to calculate Ic then to find the critical current density, Jc.
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Figure 1.1 A three dimensional critical surface of a superconductor. The
superconducting state is stable below this surface, while normal conductivity is stable
above the surface. Note the strong interdependance of the critical parameters on one
another.
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1.1 TYPE I AND II SUPERCONDUCTORS

Most elemental superconductors require a relatively large energy to make a

boundary between superconducting (S) and normal (N) phases. Thus they tend to be an

"all or nothing" situation in which the field is completely expelled from the sample

(Meissner effect) except for a thin penetration region of depth X. This is accomplished by

the presence of large diamagnetic supercurrents in the penetration region, which create an

internal field B = goM = gocH with c = -1, which completely cancels the external applied

magnetic field goH. This is known as "perfect diamagnetism". These materials are called

type I superconductors.

There is a second class of materials known as type II superconductors (e.g.,

alloys such as Nb-Ti, Nb3Sn and all high Tc ceramic materials) in which the boundary

energy between S and N regions is negative. These materials will show complete flux

expulsion only when the applied field H satisfies H < Hci where Hci is known as the

lower critical field. For fields higher than Hci and less than the upper critical field, Hc2,

an intimate coexistence of superconductivity and magnetic field occurs called the mixed

state. The magnetic field is confined to "flux tubes" each containing one quantum of flux,

4:130=hc/2e=2*10-7 G cm2.

When the applied field approaches Hc2, the size of the superconducting regions

shrinks continuously to zero and the sample makes a transition to the normal state. The

field Hc2 is larger than the thermodynamic critical field, Hc, and in some cases can be

very large (more than 10 T for Nb-Ti). For comparison, the typical critical field of type I

materials is usually no more than 0.1 T. Thus, type II materials are more useful than type

I for high magnetic field applications.

1.2 FLUX PINNING

In a type II superconductor, the critical current density will be determined by the

motion of the magnetic field within the superconductor. Flux lines in the mixed state of a

type II superconductor experience a Lorentz force FL = J X B ( per unit volume of

superconductor) , where J is the current density and B the flux density (= n(1)0 where n is

the number of flux lines per unit area). If there is no pinning force against the Lorentz

force, the flux lines will move in the direction of the Lorentz force, and induce an electric
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field E = V X B, where V is the velocity of the flux lines; the superconductor now

shows an induced resistance.

A definition of the critical current, then, is the current which just produces a

detectable voltage across the specimen; the current which first causes the flux lines to

move. If there is no pinning force to stop the motion of flux lines, then the critical current

above Hcl is zero and the superconductor is "reversible".

If the motion of flux lines is prevented by interaction with microstructural features

of the material, a pinning force, Fp, is exerted on the flux lines that opposes the Lorentz

force. The critical current density, Jc, of type II superconductors is determined by the

magnitude of the pinning force

Jc x B = -Fp(v) (per unit volume)

Or Jc x (Do = - Fp(1) (per unit length of

flux line)

Flux pinning is due to crystal lattice defects, such as dislocations, impurities, or

precipitation of a second phase. The critical current is not a property of a particular

composition, but of a particular sample of superconductor, and is strongly influenced by

the metallurgical history.

1.3 SUPERCONDUCTING WIRE FOR THE SSC

There are two classes of effects which combine to control the measured critical

current. "Intrinsic" effects are caused by the interactions between pinning centers and the

flux line. "Extrinsic" effects include macroscopic variations in the properties of the

superconducting filaments along their length that change the measured critical current, but

do not necessarily affect the intrinsic critical current density [1]. Examples of extrinsic

effects are filament size variations and gross chemical inhomogeneities.

It is clear that many commercially available superconducting composites have

critical currents that are not determined by the intrinsic interactions of the flux pinning,

but are limited by more macroscopic features of inhomogeneity in the wire [2 - 5].

The superconducting wires to be used in SSC magnets are multifilamentary

composites. For the SSC it is very important to increase the Jc of the wire, in order to

reduce the total amount of superconductor needed to carry the magnet current and thereby

reduce the construction cost. For these wires, the desire is to limit the effects of

sausaging (variation in cross section of the superconducting filaments along its length)
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and other extrinsic factors. Additionally, since the SSC will consist of over 8000 dipole

magnets, separate control of individual magnets is not possible due to cost constraints.

This requires each magnet to behave as identically as possible, so that they can be

operated in wire blocks, or strings. It is still not known how identical operating

properties can be achieved, but it is clear that differences in the critical currents of the

component wires must play a major role in determining magnet-to-magnet variations.

For these reasons, this work is being performed to establish how reproducible are

the properties of a series of wires made with identical processing. We have focused on

two variations - critical current variations between the 30 different wires assembled into a

magnet cable, and variations in the critical current along the length of individual wires. In

this case, to find a reliable evaluation method for determining how much each wire is

affected by extrinsic factors becomes very important.
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Chapter 2 EXPERIMENTAL TECHNIQUES

2.1 MEASUREMENT OF THE CRITICAL CURRENT

The measurement of the critical current is based on the measurement of the V-I

curve. The V-I curve is measured by using a standard four point method. An increasing

DC current is passed through the superconducting wire sample. The voltage across the

sample is simultaneously measured between two voltage taps soldered near the ends of

the sample. The sample is immersed in liquid helium in a 5.6 tesla applied magnetic field.

A block diagram of the electrical system used in the experiment is shown in figure 2.1.

The sample is cut to about 80 cm length and soldered along its length to the

sample holder which is a barrel machined with a spiral groove in order to help locate the

sample in place on the barrel (figure 2.2). With the barrel lowered into the center of the

superconducting solenoid , the entire sample is oriented perpendicular to the applied field

within 3.6 degrees.

The barrel is made of several parts. The end caps are copper to which the sample

is well soldered. They are connected to rigid copper current leads long enough to center

the barrel in the superconducting test solenoid. Between the two ends caps is a collar

normally made of stainless steel. The collar acts as a parallel current path with the sample

above L. Several other collars were made from copper, brass and fiberglass in order to

test the effect of different parallel shunt paths for the transport current on the lc

measurement.

The voltage taps consist of four twisted wires. The taps are co-wound with the

samples to reduce inductive voltage loops. They are soldered to the sample, one per turn,

over the central 33 cm of the sample. The spacing between the taps is about 11 cm . All

the taps are far enough from the ends of the sample to eliminate current transfer voltages

[6].

The sample current is supplied by a DC power supply. Currents from 0 to 750 A

may be supplied to the sample. The sample current is measured by a precision shunt.

The voltage across the current shunt is measured on a Keithley 177 microvoltmeter, then

the scaled output voltage is sent to the Macintosh Ilci computer data acquisition system as

the current signal.

The sample is measured using the longest tap length possible (usually 33 cm).

This voltage is fed into a Keithley 155 microvolt null detector and is output as a difference

voltage. It is then sent to the Macintosh Ilci computer data acquisition system as the
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Figure 2.1 A block diagram of the electrical system used in the experiment.
The sample current is measured with a Keithley 177 voltmeter, and the sample voltage
measured with a Keithley 155 microvolt null detector. The magnetic field is measured
by the magnet current with a shunt and voltmeter.
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Figure 2.2 A sample holder. A barrel machined with a spiral groove in order to
help locate the sample in place on the barrel.
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voltage signal. Voltages between 0.1x10-6 V and several volts can be measured in this

way, with the lower limit determined by thermal noise at 4.2 K and data averaging.

The magnet system consists of a superconducting solenoid in a nitrogen shielded

helium cryostat. The magnet is made of Nb-Ti and has a 6 cm bore. It is powered by a

125 ampere DC power supply and can achieve about 6.5 tesla. The applied field is

known by measuring the magnet current and calculating from the known field/current

calibration.

A computer program written by using LabVIEW 2.0 software is used on the

Macintosh Ilci computer with a Lab-NB data acquisition board to control the experiment,

collect the raw data and then calculate the critical current, Ic, and current density, Jc, using

either a resistivity criterion (1.0X10-14 (1 -m) or a constant voltage criterion

(2X10-7 V/cm).

2.2 SAMPLES

The samples studied are outer strand for the SSC dipole magnets. The

specification of the samples is listed below:

SSC Outer Strand

Cu/SC 1.8+/- 0.1

Cu RRR > 70

D (mm) 0.648+/- 0.0025

Cu core (% area) 10 (maximum)

Niobium barrier 4% minimum

Twist pitch (mm) 13+/-1 (r.h. screw)

NbTi (w/o Ti) 47 +/- 1

d (gm) 6 (by design)

Ic (A) (5.61,4.2K) 286 (minimum)

n (1044 - 10- 13(1 -m)

(5.6T, 4.2K)

35 (minimum)

We were provided with an outer cable with the cable ID number SSC-OS-00015

and billet number 2071, manufactured by Supercon. The cable of 30 strands was cut

from the cabler and back threaded through the cabling machine. This permited us to



10

follow a given strand from the pre-cabled spool, through the turks-head die into the cable

itself, in order to directly assess the effect of cabling on the Ic of a strand.

Our samples, then, included 30 numbered, pre-cable strands, and a matching set

of 30 post-cable strands extracted from the cable and fully identifiable as to their source.

2.3 DATA ANALYSIS

2.3.1 Analysis of the n values

It is important to know whether the samples being studied have critical currents

determined by intrinsic flux pining processes or whether IC is lowered due to extrinsic

sausaging effects. One way to evaluate the degree of the sausaging is to do an analysis of

the resistive transition curve shape. In the early stage- of the resistive transition, the
n

curve can be well expressed by the power law (V 0< I ) [7]. The index, n, is a

measurement of the sharpness of the resistive transition; the sharper the transition, the

larger is n. In very badly sausaged composites, the n value at 5.6 T might be 10-30, and

the composite lc can be said to be extrinsically limited. The SSC outer strand requires n

values no smaller than 35 at 5.6 tesla.

A conventional way for determining the n-values is to do a linear fit of the ln(V)

vs. ln(I) curve. If the V(I) curve fits the power law over a certain range, ln(V) vs. ln(I)

must be a straight line with a slope equal to the n-value in this range. In this work, a

voltage range of 5 to 50 microvolts was used to determine an average n-value, denoted as

n*.

In order to find a more reproducible and accurate way to get the n values, the n

values were measured over the entire current range for several samples using sample

holders made from different materials (fiber glass, stainless steel, brass and copper). The

n values at each data point were calculated from the local slope of ln(V) vs. ln(I) curve

and plots of both n(I) and n(V) were made.

2.3.2 Analysis of the critical current distribution

Another way to evaluate superconducting wires is to obtain the Ic distribution.

Baixeras and Fournet [8] described a simple series resistance model in 1967, further

developed by Warnes and Larbalestier [3, 9, 10]. They showed that the voltage across



the superconductor can be written as:

I

V(I) = A (I - I') f(I') dI', (2.1)

0

where A is a factor describing the details of flux flow or other dissipative current flow

processes and f(I) is the normalized distribution of currents in the superconducting

sample:

f f(I) dI = 1.

0

The distribution of Ic then can be written as

2
d V(I)

A f(I).
d I 2

(2.2)

(2.3)

11

In our analysis, differential smoothing techniques have been applied to the

experimental V(I) curves to directly examine the Ic distribution. The experimental V(I)

curves have been smoothed and differentiated twice to obtain the f(I) distribution. The

differential smoothing technique used is similar to that of Savitsky and Golay [11] and

Madden and Schreiner [12], but is not limited by their requirements for uniformly spaced

data points in the independent variable. For our analysis, the differential is obtained

simultaneously with a smoothing by setting the data point of interest at the center of a

group of 2m+1 points, called the comb. A second order polynomial fit is performed over

the points in the comb. The coefficients of the fit are used to determine the second

derivative at the central data point. This procedure is repeated for each data point in the

V(I) trace, providing a point wise derivative with very little differentiation noise.

A sample of this second derivative process is shown in figure 2.3. The resulting

distribution of critical currents can then be analysed to yield the distribution width

(FWHM), current at the maximum in the distribution (Icp), average critical current (<Ic>),

and the fraction of the wire for which I > Ic at any current (FD(I)).
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f(I)

Figure 2.3 A sample of a normalized second derivative of V(I) curve.
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Chapter 3 EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Jc AND THE N VALUE RELATIONS

The V(I) measurement was made for all 30 pre-cable wires of the SSC magnet

outer cable at 5.6 tesla magnetic field and 4.2 K on stainless steel (SS) barrels. For every

wire, at least two measurements were made, in order to make sure the results can be

repeated. Due to some thermal effects, only one measured result is shown for some

samples in Tables 3.1 and 3.2. After the measurement, the raw data was sorted and

analysed on the Machintosh Iki computer to get the Jc and the n* values. The Jc

calculations are based on the measured Cu/SC ratios and diameters of the strands. The

results show that most of strands have Cu/SC ratio from 1.66 to 1.7, instead of the

specification value of 1.8. The diameter of all strands is 0.6385 +/- 0.0002 mm. The n*

values are calculated over the range of 5 to 50 microvolts. All these results are listed in

Tables 3.1 and 3.2. The average values and standard deviations are also listed.

In order to check the uniformity of the cable strands, the distribution of Jc and the

distribution of the n*-value were plotted out in figures 3.1(b) and 3.2(b) for the 30 pre-

cabled strands. The Jc distribution is not quite symmetric and has a peak value at about

2650 A/mm2, the full width at half maximum is 220 A/mm2 which is about 8 % of the

peak value. The n*-value is symmetrically distributed with a peak at 42 and the width at

half maximum is 12 which is about 29 % of the peak value.

In figures 3.1(a) and 3.2 (a), the .1c and n* value versus number are plotted. No

obvious relation is found between a samples Jc and the measured n*-value.

3.2 SHAPE OF N(I) CURVE

The n value is an important parameter in evaluating the quality of superconducting

wires in industry. There are, however, several questions one can raise: 1) is the n value

really a constant over a large range of current or voltage? 2) If the n value is a constant,

is it a constant over the whole superconducting transition range or is it a constant only in

part of the range? 3) If it is only a constant in a part of the range, what is this range?

There is a supposition that the power law fits well for the range starting from near

zero current in a superconducting material. Practically, it is very difficult to measure a
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Table 3.1 Critical current of all the strands

sample T1 T2 T3 T4 average Ic(A) st. dev.(A)
3 295.0 296.0 295.5 0.7
4 298.0 299.8 302.7 300.2 2.4
5 297.9 306.7 302.3 6.2
6 294.3 295.6 298.5 295.0 295.9 1.8
7 298.7 298.7
8 299.7 304.1 301.9 3.1
9 299.4 304.7 302.0 3.7

10 304.9 305.4 308.1 306.1 1.7
11 298.3 298.3
12 304.5 306.4 305.4 1.3
13 298.3 299.1 298.7 0.6
14 306.1 305.3 305.7 0.6
15 301.4 302.2 301.8 0.6

16(1) 306.5 306.5
16(2) 310.3 309.3 309.8 0.7
17(1) 310.1 311.9 311.0 1.3
17(2) 302.2 302.9 302.5 0.5

18 307.5 310.0 308.8 1.8
19 300.4 300.4
20 302.0 302.0
21 306.3 306.3
22 307.1 307.1
23 305.3 305.3
24 289.4 291.3 290.4 1.3
25 305.6 303.9 304.7 1.2
26 315.7 312.7 317.0 315.1 2.2
27 292.0 295.4 293.7 2.4
28 384.4 384.5 384.4 0.1
29 303.7 300.5 302.1 2.3
30 302.9 303.2 303.0 0.2

Total average Ic 305.5 15.8

Total average Ic w/o #28 302.5
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Table 3.2 The n* values for all the strands from the test.

sample T1 T2 T3 T4 average st. dev.(An)
3 43.5 48.8 46.1 3.7
4 29.5 36.7 39.3 35.2 5.1
5 48.7 58.8 23.5 43.7 18.2
6 50.8 48.8 56.4 51.0 51.7 3.3
7 39.4 39.4
8 30.0 34.5 32.3 3.2
9 36.1 46.8 41.5 7.6

10 36.9 37.7 39.8 38.1 1.5
11 28.9 28.9
12 44.2 51.7 47.9 5.3
13 46.0 45.6 45.8 0.3
14 41.8 40.8 41.3 0.7
15 41.8 40.0 40.9 1.3

16(1) 47.8 47.8
16(2) 41.9 42.3 42.1 0.3
17(1) 34.8 39.0 36.9 3.0
17(2) 42.4 44.6 43.5 1.6

18 45.0 47.3 46.1 1.6
19 34.0 34.0
20 44.1 44.1
21 41.1 41.1
22 50.2 50.2
23 52.8 52.8
24 37.3 34.1 35.7 2.3
25 39.7 38.8 39.2 0.6
26 36.1 40.3 44.0 40.1 4.0
27 ? 40.5 40.5
28 39.5 47.8 43.6 5.9
29 39.7 39.5 39.6 0.1
30 42.2 43.2 42.7 0.7

Total average n* 41.8 5.6
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voltage across a sample when the current is far smaller than its critical current. Because

of thermal noise, measured voltages will vary in a range around an average of zero volt.

Typical n(I) and n(v) curves from our tests are shown in figures 3.3(a) and (b).

The n(I) curve seems to be a step function. At lower current it seems to be zero. At a

voltage near 0.3 microvolt, the n(I) reaches the lower edge of the plateau. Considering

the resolution of the measuring system, voltages lower than 0.3 microvolt can not be

accurately measured and will give an average of zero volts. The voltage measuring

resolution limits the ability to measure the shape of the V(I) curve in the lower current

range. Figure 3.3 (a) shows that for current well below the critical current, lc, the n

value is close or equal to zero. The sample shown here has Ic = 306 amperes. As the

current approaches L, the n value starts to rise. At about 290 amperes the voltages are

about 0.3 microvolt, the n value reaches the plateau. For currents greater than this

current the n value keeps to a constant in the measuring range. This constant should be

the n value which can be used to evaluate the quality of the wires and is equal to the n*

value calculated conventionally.

Figure 3.3 (b) shows an n(V) curve which is considered more general than the

n(I) curve, since for samples with different Ic the n(V) curves could be same due to the

same extrinsic feature of filament. The curve also shows that near 0.3 microvolt the n(V)

curve reaches the plateau. Figures 3.3 (a) and (b) show the value of the conventionally

determined n*. There is good agreement between the plateau value of the n(I) and n(V)

curve and the average value, n*. The experimental results show that for this experiment

the V(I) curve follows the power law for the range between 0.3 microvolts and 90

microvolts when using a stainless steel barrel.

In order to find out the effect of barrel resistance, Cu ,brass and fiber glass

barrels were used to test a single sample; strand #10. The sample on the fiber glass

barrel showed the sharpest transition, but also burned out during the test. It will not be

discussed below.

Figure 3.4 shows the 3 V(I) curves. The sample mounted on a stainless steel

(SS) barrel shows a very sharp transition curve, the one with a brass barrel has a wider

transition range, and the one with a copper barrel gives the widest transition curve in this

group.

The advantage of using Cu and brass barrels is that it is much easier to get the

whole second derivative curve than by using SS barrels. This will be discussed later in

this chapter. But one problem of using lower resistance barrels such as Cu and brass is

the current sharing changes the shape of the V(I) curves. These changes will cause both
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after the correction described in the text.
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the lc and n*-value to change dramatically. The k's and n-values determined from the

raw V(I) curves are shown in Table 3.3 in the column labled " uncorrected".

Table 3.3 Critical current and n*-values for strand #10 tested on the three barrels.

barrel uncorrected

Rp

corrected with

0.9Rp 1.1Rp

Cu Ic(A) 322.2 306.3 306.8 308.6
n* 4.9 47.9 103.7 31.3

Brass Ic(A) 308.9 306.5 306.3 306.8
n* 16.7 45.4 55.3 39.3

SS Ic(A) 308.6 308.5 308.5 308.5
n* 39.8 43.7 44.2 43.4

The differences in the directly measured Ic and n*-values are caused by the lower

barrel resistances which offer a parallel current path, and thereby lower the slope of the

V(I) curves, resulting in a higher Ic and lower n* value. In order to correct the curves for

current sharing with the barrel, a model was developed.

This method is based on a parallel resistance model. Consider two resistances, Rs

and Rp, where Rs is the resistance due to flux flow in the superconducting filaments, and

Rp is the resistance of the composite matrix (made of copper) and the barrel. The total

resistance of these is R, where

1/R = 1/Rs + 1/Rp (3.1)

In figure 3.5, for a voltage V, there is a current Im on the curve measured during

the test. The slope of the V(I) curve at this point has a total resistance of R. A straight

tangent line drawn from this point with the slope R crosses the I axis at the effective

critical current I'. The corrected V(I) curve with a slope RS is also shown in figure 3.5.

From the figure, another two relations can be found:

Im = V/R + I' (3.2)

I = V/Rs + I' (3.3)

where I is the current passing only through the superconducting wire, and Im is

the current measured from the test.

From equation (3.1),

1/Rs = 1/R - 1/Rp,
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Figure 3.5 V(I) curve correction model. For a voltage V, there is a current Im on

the measured curve. After the correction, the current changes to the current I being

carried by the superconductor.
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and from equation (3.2),

I' = - V/R.

By substituting 1/R,, and I' into equation (3.3), the current I can be written as:

I = V*(1/R - 1/Rp) + Im - V/R

The final equation obtained is

I = Im - V/Rp (3.4)

This equation has an obvious physical meaning: the current difference between the

total measuring current, Im, and the current I carried by the superconductor equals the

current carried by the barrel and matrix of the superconducting composite, V/Rp, where

Rp is the total resistance of the barrel and the composite matrix.

Rp can be determined from a V(I) measurement by using the same technique as

the one used for the superconducting V(I) curve at just above the critical temperature of

the superconducting wire and in zero magnetic field. Rp was typically measured after the

superconducting V(I) curve measurement. First, the magnet power supply was shut

down, then the sample was lifted just above the surface of the liquid helium. A small

current was run through the sample until the voltage across the sample suddenly changed,

meaning the temperature of the sample is just above the critical temperature. The V(I)

curve measured shows a straight line with a slope equal to Rp. By using equation (3.4)

in an analysis program to correct the V(I) curves measured using SS, Cu and brass

barrels, the three corrected curves are obtained and shown in figure 3.4 (b). The Ic's and

n*-values derived from the corrected V(I) curves are shown in Table 3.3 in the column

labeled Rp and show substantial agreement.

Comparing the corrected and uncorrected values of SS in Table 3.4, the Ic only

changes by 0.1 ampere and the n*-value changes from 39.8 to 43.7, increasing by about

10%. These small differences are within the range of the measuring errors. This verifies

the validity of the correction model.

To determine the sensitivity of the correction to the Rp value used, the correction

was performed using values 10 % larger and smaller than Rp and the L and n* values for

brass and Cu barrels were recalculated. The results are also shown in Table 3.3 in the

columns labeled 0.9Rp and 1.1Rp.

These results show that 10 % changes in Rp affect the corrected critical current

value very little, but do affect the n*-values a lot. For instance, decreasing Rp by 10%
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for the Cu, the n*-value is doubled to 103.7 from the original value of 47.9. These

results show that an accurate Rp value is very important in the correction, especially for

lower resistance barrels such as Cu. In order to decrease this effect to n*-values, a

higher resistivity material barrel such as stainless steel which shows very little variation

with Rp, is highly recommended.

3.3 V(I) SECOND DERIVATIVE CURVE

The normalized second derivative of the V(I) curve gives the distribution of Ic

along the superconducting filaments in a composite superconducting wire as described in

section 2.3. In figure 3.6(a) and (b), two complete second derivative curves are shown

for strand sample #10, one using a Cu barrel, another using a brass barrel, both

uncorrected for current sharing. Figure 3.7 (a) and (b) shows the second derivative

curves after correction. The two curves are almost the same in all the features. In the

higher current side of the peak, both curves drop to zero very sharply. This feature

means that in this sharp transition region, the V(I) curve which follows a power law is

joined at a point with a straight line which has a slope equal to the total normal resistance.

The drop to zero occurs, since a straight line has a zero second derivative value.

The width at half of the peak of the curves is no more than 2 amperes or about

0.6% of the IC. This means the major fraction of the filament starts to turn to the flux

flow state in this narrow range; the uniformity of the filament is good.

From the V(I) second derivative curve, several other important parameters can be

obtained. One can determine the volume fraction of superconductor with an Ic less than a

given current, I, by integrating the Ic distribution:
I CO

FD(I) = fo(d2V/ dI2 ) dI/ fo (d2V/ d I2 ) dI (3.5)

Icp is the current for which the L distribution has it's maximum value. As

mentioned before, for currents higher than this value, the V(I) curve no longer follows a

power law and the second derivative value rapidly goes to zero. <I c> is the average

critical current for the distribution and is defined as:

<L> = fi (d2V (iv ) dI / f (d2V / d ) dI
0 0

(3.5)

A numerical integration program was used to calculate FD(I), <I c> and to find Icp
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from the corrected strand #10 V(I) second derivative curves using both brass and Cu

barrels. The results are as shown below:

<Ic>(amp) Icp(amp) FD(I) FD(Icp) FD(<I>)

Brass 320.1 323.5 0.06 0.63 0.22

Cu 317.9 323.2 0.09 0.82 0.23

From these results, it can be seen that when the current reaches L (defined by

10-14 Si-m resistivity criterion) less than 10% of the superconducting filaments are in the

flux flow state, while more than 90 % of the filament is still in the flux pinning state.

When the current reaches <I >, just over 20 % of the filament is in the dissipative state.

When the current is over the peak, the fraction of the filament in the dissipative state

increases to more than 60 % and the Cu matrix in the composite and the barrels start to

carry a large fraction of the additional current. That is why the V(I) curve starts to deviate

from the power law after this point.

3.4 THE EFFECTS OF COMB SIZE AND SIZE OF CURRENT STEP

In the experimental data, the voltages measured are in the microvolt or sub-

microvolt range. In this case, the thermal noise and some possible environmental

electrical noise could disturb the measurement. In order to smooth out the thermal and

electrical noise, a smoothing is performed as part of the analysis program. The smoothing

routine uses a moving comb over which the data is averaged. An optimum comb size is

one which removes most of the noise without broadening the underlying data.

First it has to be clear that there is not any unexpected effect from the analysis

program. To check this, a symmetric artificial Ic distribution curve was integrated twice

then analysed using the smoothing program. Figure 3.8 shows that after the second

derivative analysis the distribution is very little different from the original distribution

curve which means that the program is working properly, and that the asymetric

distributions described in section 3.3 above are not due to analysis errors.

In the experiment, the current passed through the sample was increased

discontinuously in steps. In the current range much lower than the critical current, the

current step was 10 to 15 amperes. When the current reached about 80 % of the critical

current, the step size was then decreased to 4 amperes. At about 95 % of the critical

current, the step was decreased again to lor 2 amperes. The reason for changing the

current steps is that a small step will take much more time to finish a complete run and

results in possible voltage base line shifts. A large step will affect the accuracy of
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Figure 3.8 The comparison between original curve and processed curve. The
original distribution curve compares with it's twice integration then twice differentiation
curve in the analysis program.
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numerical analysis, especially in the transition range. A better choice is to use a large

current step in the early stage and smaller steps in the range near the critical current and

above.

In order to determine the effects of comb size and the size of the current step on

the shape of second derivative curve, two artificial curves were built and then run through

the second derivative data analysis program. The first artificial curve contains equally

spaced steps with the current step equal to 1. In the range of current from 0 to 30 it is a

straight line, in the range from 30 to 81 it is a curve which follows the power law,

V=KIlo, where K is a constant, V and I are voltage and current respectively. From 81 to

110, it is a straight line again. Both these straight lines are connected to the curve

V=KIlowith a slope equal to the the tangent at the end points. The second artificial curve

basically is the same as the first one, except over the range of 70 to 81 the current steps

are decreased to 0.2. Two runs were made for each curve with the comb size equal to 11

and 21.

The results from the numerical analysis program compared with the exact second

derivative curve are shown in figure 3.9 (a) to (d). In figure 3.9 (a) and (b), the second

derivative of the uniformly spaced curve shows that both sides of the peak are equal to

zero, while the central part looks more like a Gaussian distribution, with a lower peak

value and wider distribution range for the larger comb size. This effect is caused by

averaging the data over a relatively wide current range with the larger comb. The peak

value is lowered by averaging with points for currents larger than 81 which have second

derivative equal to zero. Points near the peak are averaged with the peak values and

therefore show some increase. This result tells us that a better fit should use a smaller

comb size and smaller current steps to decrease the current range to be averaged.

Figure 3.9 (c) and (d) shows the second derivative of the second curve, with

discontinuous step size. They look much closer to the exact curve, especially for the

curve with the smaller comb size in figure 3.9 (c). A distortion can be seen at a current

equal to 70 in figure 3.9 (c) and (d), which is caused by the changing of the current step

size. The similar distortion was found in figure 3.7 (a) and (b) and is similarly related to

the step size change during the measurement. This distortion can be greatly decreased in

the experiment by changing the step size at an earlier stage when the curvature of the V(I)

curve is still very small.

The results in this section shows that the second derivative program works well

and does not introduce any unusual features into the distributions.
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Figure 3.9 (b) Second derivative of first artificial curve with comb size equal to
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Figure 3.9 (c) Second derivative of second artificial curve with comb size equal
to 11.
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3.5 POWER DISSIPATION IN SAMPLE HOLDERS

By comparing the V(I) curves in figure 3.4, an obvious difference in the

uncorrected curves can be seen. The data taken by using SS or brass barrels looks much

less variable than the data taken from using the Cu barrel, especially for voltages higher

than 30 microvolts, where the curve taken from the Cu barrel looks very noisy. This

noise distribution especially affects the second derivative analysis. Figure 3.10 shows

the power dissipation from SS, brass and Cu barrels. The Cu barrel dissipates 6 times

the power as the SS one, while the brass barrel is only 2 times. One possible

explaination is that the noise comes from the power dissipation of the Cu barrel, which

causes the local temperature to become unstable. Heat transfer calculations show that in

order to increase 0.1 K in temperature for the barrels in liquid helium boiling at 4.2 K,

the barrel must at least dissipate 374 mW of power. Figure 3.10 shows that the curve

broadening is obvious at only 4 mW power dissipation. This suggests that the noise is

not caused by the entire barrel changing temperature . It may be caused by local

temperature and flux pinning force variation. Generally, the pinning force decreases

when the local temperature increases. The Cu barrel is a better thermal conductor, it can

remove a local power dissipation more rapidly than both brass and stainless steel barrel

and keep the local temperature low enough, so that some pinning centers could trap part

of flowing flux lines again which finally causes a small voltage drop and broadens the

curve.

To avoid this kind of noise, a brass barrel is suggested in taking the V(I)

measurement for second derivative analysis.
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Figure 3.10 Power dissipation for Cu, brass and SS barrels during testing of
sample #10.
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Chapter 4 CONCLUSION

The 30 strands of an outer cable for the Superconductor Super Collider (SSC)

magnets were studied. For each strand at least one complete V-I measurement was made

at 5.6 tesla magnetic field and 4.2 K. The results then were analysed to determine Jc, and

n-values. The second derivative of the V(I) curves was also calculated to get an Ic

distribution within an individual strand. In order to get an accurate Jc for each strand, the

Cu/SC ratio was measured for all the strands. The result shows most of samples have a

Cu/SC ratio from 1.66 to 1.7.

The experimental results found no obvious relation between Jc and n* values.

N- values were plotted out as a function of both current, I, and voltage, V. The

n(V) curve is found to be a constant in the range between the measuring system

resolution limitation (0.3 microvolt) and 90 microvolts in this experiment when using

stainless steel barrels as sample holders.

The real current passing through the superconducting filaments can be obtained

using a correction method developed in chapter 3. By using this method with the four

different resistivity sample holders (fiber glass, stainless steel, brass and copper), the Ic

and n values were calculated. The results from the different sample holders agree within

the experimental error, in spite of a large range of current sharing with the sample holder.

The analysis of the V(I) using second derivative curves yields the distribution of

critical current along the composite. Comparison of the distribution with the n(I) curve

shows that the V(I) curve follows a power law in the current range lower than the peak of

the distribution, I. In the current range above this peak value, the d2V/dI2 curves

sharply turn to zero. This result suggests there is a single point at which the curve

changes from the power law to a resistive line with a slope equal to the total resistance of

the sample and barrel. At the Ic(10-1411-m), the analysis shows less than 10 % of the

filaments are actively in the flux flow state. The narrow Ic distribution indicates the high

quality of this wire -- it is about as homogeneous as we could expect. However, the

performance of the strand is still determined by the weakest 10% of the filaments.

The experiment also shows that the stainless steel barrel is a good choice for lc

and n value measurement, while the brass barrel is a better choice for V(I) second

derivative analysis.
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