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by

John Douglas Bannister

Submitted to the Department of Mechanical Engineering
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requirement for the degree of Doctor of Science.

ABSTRACT

A correlation between observable quantities in the

high magnetic field-low temperature and low magnetic field-

high temperature regions of superconductor performance was

found. This correlation provides a basis for the indirect

test of high field critical currents. The correlation is

empirical because of the present indequacy of the theory

when applied to commercial materials.

Based on a threshoVd criterion of lowest detectable
voltage (in this case 10 volts) the critical current dens-

ity data for commercial niobium-tin ribbon was formulated

in terms of the impressed transverse magnetic field through

the equation a/J = H + H*. The a parameter is a merit factor
which was found io be an exponential function of the temper-

ature span of the resistive transition in the earth's mag-

netic field and at low current density near the critical

temperature. A major qualification was that a temperature
span in excess of 0.65*K indicated mechanical damage to the

ribbon and a reduced value of a.

The applicability of the above equation confirms
previous work (28, 29, 30, 31, 32) that attributed high cri-

tical current densities at high magnetic fields in non-ideal

superconductors to the ability of microstructure defects to

stabilize the currents against the Lorentz force. The factor

a is apparently related to the density and/or intensity of

these defects.
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The correlation of a with the high temperature
resistive transitions provides the empirical link which

will allow an indirect test for non-ideal superconductors.

Thesis Supervisor: S. C. Collins

Title: Professor of Mechanical
Engineering
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NOMENCLATURE

a linear dimension

B magnetic induction

c speed of light in a vacuum

D demagnetization coefficient

e electronic charge

e base of natural logarithms

E electric field intensity

F(T) temperature function defined by equation 111-3

g specific Gibbs free energy

H magnetic field intensity

Hb magnetic field of highest intensity on the surface
of a superconductor with a finite demagnetization
coefficient

Hc thermodynamic critical field

H upper critical magnetic field for a non-ideal
1l superconductor

H magnetic field of first penetration for a negative-
2 surface-energy superconductor

He externally applied magnetic field

H i current induced magnetic field on the surface
Hi of a conductor

H 0 thermodynamic critical magnetic field
H0  at zero temperature

H+ parameter of the critical current density
equation VI-1

h connective heat transfer coefficient
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NOMENCLATURE (Continued)

Planckts constant

I current

J current density

K thermal conductivity

k parameter of the Ginsburg-Landau phenomenological
theory; defined by equation 111-31

L latent heat of transition

M magnetization

p pressure

P electrical power

r radial measurement

R resistance

Ro 0 residual resistance

s specific entropy

t thickness dimension

T temperature

Tc critical temperature at zero magnetic field

u specific internal energy

u, s surface energy per unit area

v specific volume

w width dimension

x concentration of ortho-hydrogen

a defect density parameter

surface energy parameter

xi



NOMENCLATURE (Continued)

v coherence length

vt pseudo coherence length

Y volume fraction of a conductor which is in the
superconducting state

.A parameter of the London equations 111-8-9

X London penetration depth; defined by equation 111-18

x? psuedo penetration depth

p electric charge density

p0  residual resistivity

a' electrical conductivity

magnetic permeability

Subscripts

c critical state

n normal state

o zero temperature (except R0 and p0 )

s superconducting state

As an engineer, the author apologizes for the units

used in this thesis but since the literature in the field

is dominated by physicists he concluded that readability

would not be improved by bucking the trend.
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I. INTRODUCTION

It is fitting to introduce a thesis involving super-

conductors with reference to Kamerlingh Onnes who dis-

covered the phenomenon of superconductivity in 1911. While

measuring the electrical resistance of mercury as a function

of temperature he found that the resistance dropped to an

undetectable quantity at about 40K. Kamerlingh Onnes dis-

covery led to a series of attempts-'to measure the resistance

of superconductors by various investigators including Pro-

fessor Collins. Professor Collins maintained a persistent

current in a lead ring for approximately two and one half

years and in the absence of any detectable decay in the cur-

rent estimated the maximum resistivity of the superconductor

at 10-21 ohm-cm. Quinn and Ittner(2) have since lowered

this maximum to 10-23 ohm-cm.

The discovery of superconductivity naturally led to

enthusiasm for the use of superconductors as engineering

tools. This enthusiasm was damped however, when it was

found, again by Kamerlingh Onnes , that the property of

superconductivity could be destroyed by rather modest mag-

(4)
netic fields. Silsbee postulated and was later confirmed

experimentally that a superconductor could carry an increasing



supercurrent only to that value which produced at its sur-

face the critical magnetic field. According to current under-

standing of the phenomenon the situation is not quite this

simple but it is sufficiently valid that workers in the

field were dissuaded from attempting to produce high magnetic

fields by means of superconducting coils.

The recent resurgence in applying superconductors to

engineering problems was prefaced in 1954 by Matthias, Geball&,

Geller and Corenzwit(5) who reported the high critical tem-

perature of 18.05 0K for the compound Nb Sn. In 1961 Kunzler,

(6)
Buehler, Hsu and Weruick reported that Nb Sn wires could

carry current' densities in excess of 105 amp/cm2 while

subjected to a magnetic field of 88 kilogauss. Almost simul-

taneously Berlincourt, Hake and Leslie reported similar

high current densities at high magnetic fields for some

niobium-zirconium alloys. These results gave substantial

impetus to those who were endeavouring to produce high mag-

netic fields by using superconducting coils. Indeed, Autler

had already produced a field of 4300 gauss with a supercon-

ducting niobium wire solenoid and was early in reporting

fields in excess of 28 kilogauss produced by superconduct-

ing Nb 3Sn coils. This brief history by no means does justice

to all the workers who contributed to the development of

high field superconductors but rather serves as an indica-

tion of the highlights.
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In the past five years the number of workers and the

effort expended towards the use of superconductors for pro-

ducing high magnetic fields have mushroomed considerably.

A report on all the results would comprise a thesis in itself.

Therefore it will suffice to state that magnetic fields in

excess of 100 kilogauss have been achieved by Nb Sn coils

while niobium zirconium coils consistently produce in excess

of 50 kilogauss and occasionally more than 70 kilogauss.

Two major problems confront the engineer who wishes

to design & superconducting coil. One of these problems is

the so-called coil effect whereby a superconductor proves

incapable of carrying the same current in the presence of

an equivalent magnetic field when wound in a coil as it can

when tested as a short sample. This problem has received

much attention but has not yet been solved to the point

where this effect is computable.

The other problem consists of a lack of a quality

test applicable to long lengths of superconductor. It is

relatively simple to test ten to twenty feet of supercon-

ducting ribbon or wire in a conventional Bitter magnet or

superconducting solenoid but high magnetic fields of suffi-

cient volume to test thousands of feet of superconductor

are not available. Further, the preparations necessary for

such a test are comparable to those for winding a solenoid

so that one might rather wind the solenoid and see how well

it performs. Unfortunately, this latter procedure just about

3



describes the state of the art of winding superconducting

solenoids. It is difficult to isolate the factor which

limits the performance of any given solenoid. Invariably,

a solenoid will not fulfill the promisb of tests on short

lengths of wire or ribbon which have been taken from the

ends of the length used to wind the solenoid. This result

may be attributed to non-homogeneity of quality, local stress-

ing, short circuits in the winding or the so-called coil

effect. Apparently, a valid quality test could eliminate

some of the guesswork. Since a direct quality test is not

practicable a means of indirect testing needs to be found.

If a correlation were available between the behaviour of

superconductors when subjected to high temperature and that

when subjected to high magnetic fields then an indirect

quality test might be possible. It is to this end that this

thesis was directed.

As there can be some confusion in terms when one

discusses superconductor it is appropriate to clarify the

terms which will be-used later by way of further introduc-

tion. The terms tideal, soft" "first kind or Type I,"

superconductors vis-a-vis "non-ideal, hard" or "second

kind or Type II" are commonly used to describe the two types

of superconductors which will henceforth be referred to as

ideal and non-ideal.

An ideal superconductor is characterized by perfect

electrical conductivity and perfect diamagnetism when in the

4
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superconducting state. The threshold magnetic field has

been found to follow approximately the following relation

with respect to temperature.

H H 1 - I-1

where Hc = threshold magnetic field at ToK.

If we combine equation I-1 with the Silsbee Rule for a

wire

I = 5r Hi 1-2

and add the current induced field to an external field parallel

to the wire

2 = iH2 +H 2 1-3

we get an equation for a threshold surface for an ideal

superconducting wire carrying a current in a parallel mag-

netic field

T, 2 2
(1- ( )J I c )2 +(H e)2

= 5rH) 2 (

This surface is sketched in Figire 1. It is apparent that

indirect testing would be possible for an ideal supercon-

ductor simply by measuring Ic at two temperatures near Tc to

5
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T

Figure 1 .

I-H-T Surface for an ideal superconductor in a
parallel magnetic field
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establish the surface parameters Tc and H .
Unfortunately, the superconductors of engineering

interest are of the non-ideal type. Aside from the fact

that they can carry high current densities in the presence

of high magnetic fields, non-ideal superconductors differ

from ideal superconductors by admitting magnetic flux into

their interiors while still maintaining zero electrical

resistance. This is known as an incomplete or partial

Meissner Effect, so called because Meissner and Ochsenfeld(lO)

in 1933 first discovered that the diamagnetism of ideal

superconduttors was independent of the order of cooling and

application of the magnetic field. Detailed discussion of

non-ideal superconductors is more properly done in Chapter

III. However, it should be noted that even "ideal" super-

conductors as found in practice only approach the concept

of an ideal superconductor.

With the help of some data on Nb Sn by Kunzler(11)

and Logue(12) the author has sketched in Figure 2 his

conception of the I-H-T surface for a non-ideal superconduc-

tor. The purpose of this thesis is to find a correlation

between the behaviour in the area marked I and that in the

area marked II of various samples of a non-ideal supercon-

ductor which have undergone differing manufacturing condi-

tions. The superconductor chosen for study is Nb 3Sn ribbon

manufactured by rolling tin on niobium and heat treating to

produce Nb Sn on a niobium strata. The predominant manufacturing

7
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c10 H

T

T

Figure 2.

I-H-T Surface for a non-ideal superconductor
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factors are purity of constituents and heat treatment time

and temperature. The expected variation in result is that

of effective cross-section of Nb Sn available to carry super-

currents.

As is apparent from the brief discussion of ideal

superconductors there is some reason to expect a correla-

tion between the two areas in question. Unfortunately, the

theory of non-ideal superconductors has not been developed

to the degree that one can formulate the surface sketched in

Figure 2 mathematically. Additional reasons for suspecting

a correlation will be discussed in Chapter III.

9



II. LITERATURE

An extensive literature survey has revealed no pre-

vious work which could be applied directly to the problem

outlined in Chapter I. Research into superconductivity has

been motivated mostly by a need for understanding the phenome-

non rather than by a desire to use superconductors as tools.

An exception to this statement is probably the work by compu-

ter engineers on the use of cryotrons as memory elements.

Further, the correlation which we seek will be special in

nature and somewhat difficult to generalize because the mea-

surements of transport current capacity in a magnetic field

depend greatly on the geometry of the superconductor and its

attitude in the magnetic field. Hence, persons seeking a

generalized understanding of superconductivity are not moti-

vated to experiments of this kind.

There are many data available on the transport cur-

rent capacity of non-ideal superconductors(6, 7, 11, 13, 14, 15)

The references here indicated are not all-encompassing but

rather indicative of the type of data. These data do not

lend themselves to generalization because the performance

of the superconductors is strongly dependent on the manu-

factuiring process and the experimental set-up. This type

of data is generally reported by metallurgical researchers



P.-

who wish to indicate the quality of a particular set of

alloys or compounds. A typical set of this type of data

as extracted from reference 6 is shown in Figure 3. Although

many of the data on superconductors taken in this form were

presented as families of curves representing various manu-

facturing parameters, the author was unable to find instances

where corresponding data were taken near the critical tem-

perature which case would have allowed a test for the cor-

relation sought in this thesis.

The work of previous workers can be of qualitative

assistance in anticipating the effects of various perturba-

tions on the performance of superconductors. While studying

resistive transitions in tantalum wire Fink (10 found that

samples of various purities exhibited linear Ic vs T curves

of slopes increasing with purity and converging on a common

critical temperature. On the other hand Rinderer(17) was

able to displace the critical temperature for tin over the

range 3.27 0K to 3.720K by adding impurities. The discrepancy

between these results may stem from the fact that tantalum

behaves as a non-ideal superconductor while tin approximates

an ideal superconductor. Desorbo and Seriphim, Novick

and Budnick(19) report that dissolved gases lower the cri-

tical temperature of niobium and tantalum respectively, and

Desorbo also reports a decrease in the magnetic field of

first penetration into the superconductor with increased

quantities of dissolved gas.

11
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Simmons and Douglass(20) found that a superconduct-

ing tin film had a lowered critical temperature when in

intimate contact with a normal conductor.

Muller and Saur(21) were able to lower the tempera-

ture of resistance transitions in Nb Sn films on Nb wires

by as much as 2 0K by applying suitable stresses to the wires.

Kunzler (11) reported that an increased dislocation

density achieved by cold work greatly enhanced the supercur-

rent capacity of the niobium-zirconium alloy in high magnetic

fields. Kneip, Betterton, Easton and Scarbrough(22) showed

that essentially the same results could be achieved by pre-

cipitation induced defects.

In summary, reports of previous workers indicate

that many factors associated with a commercial manufactur-

ing process can cause variations in the supercurrent capa-

city at high magnetic fields and also variations in the

behaviour near the critical temperature at zero magnetic

field. Unfortunately, these workers have concentrated on

one or the other area and give no indication as to the

possible correlation between variations in the two areas.

13



III. THEORY

As mentioned in Chapter I the theory of non-ideal

superconductors has yet to be developed to the state where-

by we could extract a m&thematical expression which would

relate observable quantities in the high field-low tempera-

ture region to those in the high temperature-low field

region. About the most we can hope for is that a review

of the current theories will give us additional basis for

expecting the correlation which we seek and serve as a guide

for experimental work. The theory given below was extracted

largely from three books by London(23) , Shoenberg(24) and

Lynton(25) and is supplemented as indicated by later papers.

It will be necessary to develop the macroscopic theory in

an orderly manner but with as much abbreviation as possible

in order to eventually arrive at a guide to experiment.

Thermodynamics of the Phase Transition

As mentioned previously an ideal superconductor

behaves as follows

Normal State Superconducting State

H Hc(T) H <Hc(T)
H

B = H, p = 1, M = 0 B = 0, = , = -

a rn

14



It is important to note that both of the properties B = 0

and p = 0 are necessary to describe the superconducting

state since perfect conduction alone would result in a locked-

in magnetic flux if the superconductor were cooled into the

superconducting state while an external magnetic field was

impressed.

The transition between these states may be treated

thermodynamically as a phase transition as follows. We

write the Gibbs free energy function

g =u-T BH + pv III-1

We can neglect volume changes and rewrite III-1 in

H

g(H, T) = f(T) -

0

B(H) *dH

the form

111-2

If we perform the integration for both the superconducting

and normal states we get,

g5 (HT) = f(T)

gn(H,T) = f(T) 1 (H2 - Hc2)

Further, defining a temperature function

F(T) F f(T) + 1 H 2 (T) 111-3

15



we obtain

gS = F(T)

gn = F(T)

It is apparent that the free energies of both states are

equal at the phase boundary where H = HC. The specific

entropy is given by

S=(T 
H

and when applied to 111-4 and 111-5 proves to be discon-

tinuous at the phase boundary

S - 1
n s

a(HC2) 1 H
- 7T Hc

aH
0

aT 111-6

This means that there is a latent heat of transition

L = T(Sn - S )
8H

T= HC

which is absorbed by the superconductor as it goes from the

superconducting to the normal state because aHc/aT is a

negative factor. This latent heat increases from zero at

T = 0 through a maximum to zero at T = T0 where H= 0 and

hence is dependent on the presence of a magnetic field.

16
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This thermodynamic discussion is presented to illustrate

that there is a thermodynamically treatable phase transi-

tion involved and some of the results will be used later.

Electrodynamics of the Superconducting State

Attributing the diamagnetism to circulating super-

currents London (p 28) made the fundamental assumption that

the supercurrent is always determined by the local magnetic

field which takes the form

and

111-8c curl AJ = - H

( A J =Eat 111-9

He assumes superconductive and normal components to the cur-

rent density

j=J + J III-10

and that the normal component obeys Ohmis law

III-11

Combining 111-8, -9, -10, -11 we obtain

-c curl AJ_=H+ 'AH

17
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and

C) (A J) = E + 'AEI-

Using equations 111-12 and 13 and Maxwell's equ,.tions we

13

can successively eliminate the variables H, E,

4uTcurl curl H + A

J and p thus

+ + 2 -H = 12 0 111-14

curl curl

curl curl

4T

E + E E

j+ 4T

4T 0 00
p + 4rrap + p = 0 111-17

For steady fields Faradayls Law gives

0

cutl E H_
C

Then from 111-15 E = 0

which accounts for perfect conductivity.

In applying the above equations to particular shapes

of superconductors London (p 33) found that in all time-

independent cases the magnetic field was essentially zero

at a depth into the interior of the superconductor which was

greater than c .A/4Tr . Hence the bodies of dimensions

18
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much greater than c IA/4T London s equations account for

perfect diamagnetism. The quantity

X c A/47 11-18

has become known as the London penetration depth and is of

the order of 10-5 cm.

London (p 41-47) describes several experiments designed

to measure the penetration depth which has been found to be

temperature dependent approximately as follows

1
4 ~2

= - (T) 111-19

The Intermediate State

In the section on the thermodynamics of phase transi-

tion it was assumed that all points on the surface of the

superconductor were exposed to the same magnetic field inten-

sity. Such a condition is possible for a cylindrical super-

conductor in a parallel magnetic field. However, in a trans-

verse field a superconductor of dimensions greater than the

penetration depth, has a finite demagnetization coefficient.

Th6t is, the superconductor distorts the externally applied

field in a manner such that the field intensity at some point

on its surface is greater than the applied field as given by

He = Hb(1 - D) 111-20

19



Then in a transverse magnetic field a circularly cylindrical

superconductor has a demagnetization coefficient, D = 1/2

and will feel the critical field at its transverse diameter

when the external field is only 1/2 H0 . This configuration

is illustrated in Figure 4a.

The initial explanation of this type of transition

was that the flux penetrated the superconductor relieving

the flux concentration at the diameter. This explanation

led to a situation where the flux had been admitted to the

interior of the superconductor and remained there with the

superconductor being nowhere subjected to a critical field.

Such an explanation was unacceptable to London (p 98)

who postulated that when a superconductor felt a critical

magnetic field at any point on its surface, it immediately

broke up into a laminar structure of superconducting and

normal phases parallel to the magnetic field. This laminar

structure London called the intermediate state. In the

intermediate state the relative thicknesses of the super-

conducting and normal lamina are such as to maintain the

field intensity inside the normal lamina at Hc The situa-

tion is illustrated by plotting the midpoint field intensity

against the external field as shown in Figure 4b.

The laminar structure of the intermediate state has

been verified experimentally as is indicated by London (p 109)

and the lamina have been found to have thicknesses large

with respect to the penetration depth. London (p 111)

20
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develops a theoretical model for this intermediate state by

postulating that the boundaries between superconducting and

normal lamina are maintained by an equilibrium between

Maxwell stresses and Meissner stresses.

f() 2  =E) 1 H 2 111-22

The theory is developed to the point of predicting the form

of the transition curve of a wire carrying a current.

R

R = R 0 1 + 1-(Ic /1 III 2t11-23

It is apparent that for I = Ic, R = R0/2 which was qualita-

tively substantiated by Scott(26) for Indium wires.

Non-Ideal Superconductors

To this point we have discussed the theory of ideal

superconductors from which non-ideal superconductors differ

by an incomplete Meissner Effect and a supercurrent carrying

capability at much higher magnetic fields. Figure 5 shows

the critical fields at zero temperature of various supercon-

ductors plotted against critical temperature. Plotting

Nb Sn according to its critical temperature of 18.05 K in-

dicates that it should have a critical field at zero tempera-

ture of 5000 oersteds. Referring back to Figure 3 we see
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that Nb3 Sn is capable of carrying substantial supercurrents

at many times this field. For an explanation of this type

of behaviour we begin by considering the behaviour of super-

conductors which. are of dimensions comparable to the penetra-

tion depth.

For such a thin superconductor much of its interior

will be penetrated by magnetic flux and we can indicate the

degree of this penetration by an arbitrary factor m as follows

B =mH where O m 1 111-24

It can be seen that the free energy of the superconductor

in the superconducting state must be lowered because of this

flux penetration and equation 111-4 is modified as follows

9sH F(T) 2 c (mH)2

Since at the transition between the normal and superconduc-

ting phases the free energies must be equal we can equate

111-41 to 111-5 and designate this new critical field as

H
H c 111-25

clm

As flux penetration increases, m increases and hence H can

increase over Hc many times.

25



On the basis of this thermodynamic reasoning it is

theorized that non-ideal superconductors achieve their

enhanced current carrying capacity at high magnetic fields

by breaking down to a filamentary mesh in which the fila-

ments are of dimensions comparable to the penetration depth.

The efficiency of this theory has been demonstrated by Bean,
(27) 0

Doyle and Pincus (27) who pressed mercury into the 20 A pores

of vycor rod and found the resulting superconductor capable

of carrying greater than 103 amp/cm2 in fields of 6000

oersteds as compared to a thermodynamic critical field of

about 400 oersteds. This theory has been used to explain

how extensive cold working of alloys like niobium zirconium

can enhance the supercurrent capacity at high magnetic fields.

Lynton (p 46) gives a good survey of the Ginsburg

and Landau phenomenological theory which accounts for pene-

tration of the magnetic field and allows for the transition

from the normal to superconducting phase to take place over

a finite distance known as the coherence length. For a

cylindrical filament of radius r which is small with respect

to the coherence length their description for the critical

field in the absence of a transport current is

H = -0- H 111-26
c r C

or for the critical current density in the absence of an

external field for a thin film is
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, 2)3/2 H 111-27

An alternative theory for non-ideal superconductors

is based on the surface energy between the superconducting

and normal phases. London (p 125) pointed out that rather

than showing a Meissner Effect an ideal superconductor should

prefer to lower its free energy by admitting the magnetic

flux through formation -of lamina of superconducting material

and normal material. If the superconducting lamina were of

thickness comparable to X and the normal lamina were extreme-

ly thin then the free energy of the superconductor could be

lowered by the flux penetrating the superconducting lamina

while minimizing the contribution due to the normal lamina.

Consider a plate of thickness t which would then have t/A

superconducting lamina. To achieve a Meissner effect there

would have to be a positive surface energy per unit area to

offset this magnetic energy.

H2
2 tu H C 111-27

Thus the surface energy must be

H 2
c -1II-28

The behaviour of non-ideal superconductors has led

to the question of whether all superconductors have this
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positive surface energy or if indeed, some have a negative

surface energy.

The surface energy is related to the coherence length

and the penetration depth. Londont s electrodynamic theory

as described previously assumes that at the surface of a

superconductor the superconducting electron density changes

immediately from zero to the total value determined by the

temperature. Thus the magnetic field is excluded by circu-

lating currents of these electrons in the penetration layer.

Pippard (as described by Lynton p 39) found experimentally

that the penetration depth was greater than that predicted

by London s theory. To account for this he postulated a

coherence length which is the length over which the super-

conducting electron density increases from zero to the

temperature determined value. This coherence length is

directly related to the electronic mean free path. Thus

according to Pippard the shielding currents cannot exert

their full influence right at the surface and hence there is

greater field penetration than predicted by London. The

overlapping of coherence length and penetration depth is

illustrated schematically in Figure 6a.

Referring to the inequality 111-28 it is possible to

define a surface energy parameter

H 2

us c1T 111-29
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where 6 :P. Referring to Figure 6a we can imagine a

psuedo coherence length v which could be represented by

the distance from the surface at which the superconducting

electron density would change abruptly from zero to the

interior value and still maintain the actual superconducting

free energy. This would lead to a surface energy parameter

= VT . Similarly, we can imagine a psuedo penetration

depth Xt at which the external field would vanish and still

maintain the actual amount of penetrating flux. This would

lower the free energy by the penetration of the field and

must be subtracted from the surface energy due to the co-

herence distance. Thus we have

or

beV -X 11II-30

It is now apparent that the surface energy will be positive

for v P X and negative for v 4 X.

In the course of developing their phenomenological

theory Ginzburg and Landau define a parameter

2 2e 2  2 4k 22 c o111-31

which can be shown to be as follows

k 0.96 --2- 111-32
V
0
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Further, they develop the equation

H

l 2k 111-33
c

Then for the regime k > l/ /2, He exceeds H and the sur-
1

face energy is negative, (precisely according to the G-L

theory and roughly according to the above approximate theory).

Abrikoxov (again as described by Lynton) has extended

this theory for k > 1/;T and calls the state below H

the mixed state which extends down to a value of the field

given by

H2= (ln k + 0.08) k >> 1 111-34

below which normal phases are unstable and the non-ideal

superconductor behaves as an ideal superconductor. Figure

6b in which the dotted curve represents a superconductor

with a positive surface energy describes graphically the

Abrikosov theory.

Neither the filamentary model nor the negative sur-

face energy model have been developed to the point of account-

ing for a transport current in the presence of a magnetic

field.

Abrikosovts theory would require drastic modification

to be able to handle the presence of a transport current.

Indeed, Kamper(28) maintains that a superconductor following
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the negative surface energy model is incapable of carrying

a transport current in the presence of an external magnetic

field which is strong enough to produce the mixed state,

unless the superconductor contains enough structural defects

to stabilize the current against the Lorentz force. Kamper

holds that a structurally perfect non-ideal superconductor

should follow a modified Silsbee rule which allows that no

point on the surface of the superconductor can the magnetic

field exceed Hc , the field of first penetration. This
c2

Kamper Rule is given by

I He H 111-35
5r (1-D) = cI

He substantiates his argument experimentally by measuring

the current in a ead-indium ring in the presence of an axial

magnetic field and obtains the type of results indicated

in Figure 7(a). The current in the ring rises with applied

field and if equation 111-35 is valid the current should

peak and then follow the dotted line to become zero at

H = H c/2 for a cylindrical section ring, with demagnetization

coefficient 1/2.

Kamper's results are corroborated by Heaton and

Rose-Innes (29) Heaton and Rose-Innes investigated the

the behaviour of tantalum-niobium wire with respect to mag-

netization and supercurrent capacity in transverse magnetic

fields. Their results are shown in Figure 7(b) and indicate
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clearly that a high degree of structural perfection, asso-

ciated with a reversible magnetization curve yields a very

poor supercurrent capacity in the mixed state. Alternatively,

the supercurrent capacity at high magnetic fields is enhanced

by structural defects associated with the large amount of

flux trapping indicated by the irreversible magnetization

curve. Heaton and Rose-Innes also report that the "knee"

in the current density curve is independent of the amount

of annealing of the specimen and of whether the magnetic

field is applied transversely or longitudinally. Thus, it

seems that the magnetic field limit of the supercurrent

capacity is not affected by the Lorentz force.

Apparently, the filamentary model and the negative

surface energy model must be combined in order to explain

the high supercurrent capacity at high fields of non-ideal

superconductors. Accordingly, Bean(30) has postulated a

macroscopic model as follows: a filamentary structure

capable of sustaining a supercurrent up to a critical cur-

rent density J : this critical current density is a func-

tion of magnetic field, becoming zero at the critical field

of the filaments; however, this function of magnetic field

is assumed to be extremely weak until the critical field

of the filaments is approached; this means that at fields

much less than the critical field of the filaments, Jc can

be assumed independent of the field: the mesh is supported

in a matrix of ideal superconductor with a critical field
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H c: the magnetic field is shielded by the ideal supercon-

ductor up to a field H ; and then further shielding is

accomplished by currents circulating in the mesh; these

mesh currents flow at a value Jc to a depth necessary to

reduce the field to H c Bean computes magnetization curves

for a cylindrical model and obtains curves similar in form

to the Abrikosov model with the significant distinction

that the magnetization is dependent on the dimensions of the

sample. Bean goes on to verify experimentally that this

size dependence of magnetization is valid by measuring the

magnetizations of two sizes of Nb Sn cylinders. The crux

of Bean's theory is that the field penetration depth is very

strongly field dependent.

Kim, Hempstead and Strnad(31,32) have extended Beants

theory substantially. Where Bean assumed a constant criti-

cal current -density, K-H-S assume that the critical current

density is a linear function of the magnetic induction as

follows:

a/Jc = B0 + B 111-36

K-H-S also define a critical state wherein the local cur-

rent densities throughout a superconductor are all at the

critical value as determined by the local magnetic field.

It should be noted that for high magnetic fields B >> B

the critical current density is strongly influenced by the

Lorentz force; O C JcB. Experimentally, K-H-S are able
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to trace and retrace these critical states for cylindrical

tubes and by normalizing their data to the theory through

the constants & and B 0 are able to predict the form of the

critical states on a plot of the magnetic field inside the

tubes against the external field. They find that the criti-

cal current density is independent of size and hence that

total current is proportional to the cross sectional area

of the sample. The. data for Nb Sn seem to fit nicely for3

B= 5 kilogauss which in fortuitous agreement with the

thermodynamic critical field. K-H-S also determine a as

a function of reduced temperature, T/Tc, for powdered niobium

and niobium-zirconium tubes, as is shown in Figure 8.

Extrapolations of their data lead to a = 0 at T/Tc< 1

which implies the unacceptable consequence of zero super-

current capacity at T/Tc< 1. One would expect these curves

to fair into the abscissa in a non-linear manner.

One can expect a sort of thermodynamic cut-off point

for equation 111-36 associated with Hc1 of the Abrikosov

theory together with a functional modification corresponding

with the "knee" in the Heaton-Rose-Innes I -H curves. Other-c

wise, 111-36 implies an infinite critical field.

Heretofore in our discussion of non-ideal supercon-

ductors the supercurrents involved have been magnetically

induced. LeBlanc has considered the effect that an

electric field induced transport current has on the magne-

tization of non-ideal superconductors. LeBlanc finds that
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the magnetization is influenced by a transport current

roughly as follows,

M n=(I -(1 111-37

where the index n is a function of the sequence of applica-

tion of the current and the field and of the previous history

of the current. If the magnetization is measured with the

sample in a critical state, n = 2. LeBlanc corroborates

the K-H-S concept of the critical states and verifies that

the critical state is determined by a critical current den-

sity. A transport current reduces the shielding capability

by simultaneously reducing the superconducting electrons

available for shielding and by increasing the internal

magnetic induction.

Summary

The foregoing abridgement of the phenomenological

theory of superconductors will serve as a basis for discuss-

ing the experimental results later. It is apparent that

there is not available a quantitative basis from which we

can compute a theoretical result to verify experimentally.

Nonetheless, it is useful to summarize what is known about

non-ideal superconductors to attempt a qualitative predic-

tion.



A pure homogeneous non-ideal superconductor will have

a negative normal-to-superconducting interface energy which

will allow it to admit magnetic flux while in the supercon-

ducting state. As a consequence of this flux admission, such

a superconductor can lower its free energy and maintain the

superconducting state to magnetic fields higher than the

thermodynamic critical field. In a pure form with a perfect

microstructure this type of superconductor cannot maintain

a net current in a transverse magnetic field which pene-

trates to the interior because the current would, in effect,

be "blown out" by the Lorentz force.

In a negative surface energy superconductor a mesh

of defects in the microstructure can play a dual role. In

accordance with the Bean model this mesh can act as a net-

work to support currents against the Lorentz force. This

mesh can also form a network of localities where the normal

to superconducting surface energy is in varying degrees,

more negative than that of the pure structure. This would

allow superconducting regions to exist in the material to

fields greater than H associated with the pure material

as is exemplified by the curves of Heaton and Rose-Innes

shown in Figure 7(b). One can then postulate the behaviour

of a current carrying superconductor in a transverse mag-

netic field as follows: At fields below H extremely high
2

supercurrents are possible because the interior of the super-

conductor is shielded from the magnetic field. As the applied
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field exceeds H , the flux begins to penetrate And both
2

the induced currents and the transport current near the

surface require support from the defect mesh and are deter-

mined by the local magnetic field. When the flux permeates

the interior completely the critical current density approa-

ches linearity in terms of field and transverses the so-

called plateau on the JC-H plot. This linearity persists

until the field reaches Hc corresponding to the pure materi-

al. From this point the critical current density depends

both on the ability of the defect mesh to withstand the

Lorentz forces but also on its ability to sustain regions of

superconducting material. In other words, the superconduct-

ing network begins to shrink in density at H (pure) until

it is totally quenched at H ' (impure). Further, data by

Heaton and Rose-Innes shown in Figure 9 indicate that the

value of a which governs the supercurrent capacity at mod-

erately high fields has a correspondence with H ' (impure)

implicitly through the defect density. One could consider

a as a defect density parameter.

The question with which this thesis is concerned is

the possibility of obtaining a measure of the defect density

parameter at low currents in the earth's magnetic field and

at temperatures approaching the critical temperature. Bud-

nick(34) has reported on a decrease in critical temperature

corresponding to an increase in residual resistance for
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tantalum wire of variable purity. The increase in residual

resistance could be expected to relate to a defect density.

Such a result would imply a crossover on plots of a against

temperature whereby high a at low temperature would corres-

pond to low a at high temperature. Reference to Figure 8(a)

indicates that such a crossover is indeed possible. Accord-

ing to Lynton (p 132) the depression of Tc goes linearly

with the reciprocal electronic mean free path which means

that a high defect density (high a) would decrease the aver-

age mean free path and result in a greatly depressed T c

From the results of Budnick depressions in critical tem-

perature are not of the order to correspond to linear extra-

polations of the curves in Figure 8(a). Nonetheless, it is

an effect such as described above which was sought in the

experiments to be described subsequently.
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IV. EXPERIMENTAL METHOD

The Superconductor

The superconductor used in this study was chosen

mostly for its availability. It is a composite ribbon of

tin, Nb 3Sn, niobium, Nb Sn and tin and is manufactured by

the National Research Corporation by rolling tin-clad nio-

bium and reacting in an oven. In some instances the reac-

tion consumes all the tin resulting in a Nb Sn clad niobium

ribbon. The ribbon used in these experiments was of two

widths, 1/16 inch and 1/8 inch and varied in thickness from

0.001 inch to 0.002 in. In order to obtain as wide a range

of quality as possible, samples were selected from pilot

runs of the manufacturing process for which accurate process

data were not available. However, process data is not neces-

sary for the purposes of this thesis.

At high temperatures and high magnetic fields the

supercurrent carrier was the two layers of Nb Sn. The quality

variables are essentially the thickness of these layers in

proportion to the thickness of the entire ribbon and the

homogeneity and purity of these Nb 3Sn layers.

The samples are designated by their N.R.C. process

numbers plus a suffix which indicates its position in this

sequence of tests. For example, a sample designated 2BH8-T32
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refers to N.R.C. batch 2BH8, the third sample from this batch

which was used in the temperature test project and the second

temperature test of this sample. If the last digit in the

suffix is a zero, it refers to the magnetic field test of

the same sample (eg. 2BH8-T30).

Current contacts were made to the samples by copper

plating the ends of the samples over a length of about four

inches and then soft soldering to copper leads. The copper

plating process is given in Appendix A. In the magnet tests

the contacts were sufficiently removed from the main magnetic

field that flux trapping by the lead in the soft solder con-

tacts was not a problem. Otherwise, tin-indium solder would

have been used since neither tin nor indium are supercon-

ducting at 4.2 0K. In some of the early temperature tests

the contacts were made by ultrasonic soldering with tin-

indium solder on the bare ribbon but this type of contact

was judged no better than the soft solder technique consider-

ing the complexity of the ultrasonic soldering process.

Voltage contacts were made by taping the voltage

leads to the sample and using silver paint to facilitate

electrical contact.

Apparatus

The experiments were carried out in two phases: the

high temperature phase with magnetic field fixed (i.e., the
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earth's magnetic field) and temperature and current as

variables and the high magnetic field phase with temperature

fixed (i.e., the normal boiling point of helium) and magnetic

field and current as variables. The high temperature appar-

atus is pictured in Plate 1 while the high field apparatus

is pictured in Plate 2.

The two sets of experiments had a common component

which was the low voltage current source for the supercon-

ducting samples. The current source was a six volt automo-

tive type wet cell battery. Current control was achieved

by controlling the bias on four watercooled 60 ampere power

transistors which were connected in parallel. The circuit

diagram from which the current control was constructed is

given in Appendix B. On short circuit the current could be

controlled from a minimum of 0.5 milliamperes to a maximum

of 200 amperes. In use with a superconducting sample plus

the leads. maximum current obtainable was 140-160 amperes

depending on the condition of the battery. In general, the

current could be controlled within tolerances less than

could be read on a three figure ammeter. The battery charge

was maintained by a commercial automotive trickle charger.

The high temperature test apparatus is shown schemat-

ically in Figure 10. The essential part of the apparatus

was the copper temperature control body which through inti-

mate thermal contact with the portion of the superconductor

under test provided the means whereby the temperature of the
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test sample was controlled and measured. The temperature

of this control body was controlled in three ways. The

apparatus was lowered into the 3.5 inch diameter neck of a

special 25 liter liquid helium dewar and the relative posi-

tions of the control body in the neck and the liquid level

in the dewar provided a coarse adjustment on the temperature

of the control body. The outside of the control body was

wrapped with a coil of 1/8 inch thin wall copper tubing.

The coil was bonded to the body by soft solder. One end of

the coil was connected to a cupro-nickel tube which extended

down to the bottom of the dewar below the liquid helium

level. The other end of the coil was connected to another

cupro-nickel tube which lead out of the neck of the dewar

and was connected through a needle valve to the laboratory's

135 cfm vacuum pump. Once the position of the control body

was fixed additional refrigeration could be supplied to it

by controlled pumping of two-phase helium through this coil

system. Outside of the refrigeration coil was wrapped a

layer of 0.005 inch aluminum foil, a layer of 0.0005 inch

Mylar and a coil of 24 gage nichrome heating wire which had

a total resistance of 10 ohms. By supplying alternating cur-

rent via a Variac through this heater coil the temperature

of the control body could be raised above its equilibrium

temperature corresponding to the position in the neck of the

dewar.
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For the purposes of this experiment the control body

was assumed isothermal. The normal heat leak into the dewar

with the apparatus removed and micarta baffle stack in the

neck resulted in a liquid helium boil-off of 0.12 liters/hr.

The liquid helium boil-off averaged over the period of an

experiment was 0.2 liters/hr. If all the additional heat

leak was assumed to flow through the control body which is

unlikely in view of the refrigeration necessary to cool the

apparatus and the increased connection paths available, the

resultant temperature gradient in the control body would be

0.0020K/cm. Hence, the assumption of an isothermal body is

reasonable.

The superconducting sample was mounted on a micarta

holder as shown in Plate 3. The sample was bent on a 0.5

inch diameter over the head of the holder and current con-

tacts made at the lower end. Voltage contacts were'made at

the head end of the holder so that the 0.75 cm of the sample

over head of the holder was the section of the sample actually

under test. The head of the sample holder was clamped into

the interior of the control body while the lower end extended

down to the bottom of the dewar to hold the current contacts

below the liquid helium level. By means of a clamping arrange-

ment of two micarta wedges and a nylon draw rod which was

designed to tighten as it was cooled, the head of the sample

holder and hence the sample test section was held in inti-

mate thermal contact with the temperature control body.
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The effectiveness of the clamping arrangement was

tested in the following manner. At positions on the sample

holder head where the voltage contacts were to be made, two

gold wires were embedded laterally and filed smooth until

the exposed surface was flush with the head of the sample

holder. Thus the gold wires presented two electrical con-

tacts transverse to the ribbon and a circuit could be com-

pleted from one gold wire through the ribbon to the other

gold wire when the sample holder was clamped tightly against

the control body. Several clamping arrangemetts were tried

before it was found that the one described above would main-

tain the electrical circuit at test temperatures. A strip

of 0.0005Amylar was used to electrically isolate the sample

from the control body.

In the control body wasa5,5 cubic centimeter cavity

which was connected through a valve to a high pressure cylin-

der filled with helium gas. Assuming a constant pressure

of 100 atomspheres this device provided the control body

with a thermal inertia ranging from 4.6 calories/0K at 20'K

to 18.2 calories/0K at 5 K.

Also in the temperature control body were hydrogen

and helium bulbs of volumes 11.6 cubic centimeters and 0.756

cubic centimeters respectively. These temperature sensing

bulbs were connected in series with two room temperature

reservoirs (9.4 liters for hydrogen and 5.44 liters for

helium) to two mercury manometers. The filling pressure
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was 816 IvM Hg., and room temperature volume of the hydrogen

vapor pressure thermometer were selected so that the bulb

would begin to fill with liquid hydrogen at 20 0K and would

0
be full at 15 K. Similarly, the helium vapor pressure

thermometer bulb was designed to begin filling at 4.260K

by charging to a pressure of 840 MM Hg.

The purity of the gases filling the vapor pressure

thermometers was assured by successive purging .of the systems

after they had been pumped to 107 MM Hg pressure for an

extended period. The filling gases were introduced through

a ttap filled with activated charcoal-and refrigerated to

77 0K by liquid nitrogen.

The temperature control body was provided with two

vertical holes with transverse set screws at a level adja-

cent to the test section of the superconductor. The set

screws were used to clamp one lead of each of two Ohmite

carbon resistors to the control body to assure electrical

and thermal contact. Either of the carbon resistors were

connected to form one arm of a Wheatstone Bridge circuit

in which the temperature control body was live.

The vapor pressure connecting tubes were used to

suspend the temperature control body in the neck of the

dewar. A brass plate which could be bolted to a 6 bolt-

hole flange on the top of the dewar was the suspension point.

An 0-ring between the plate and the flange provided the means

to seal the dewar once the apparatus was in place. A valve

I



connected through the plate to the inside of the dewar

allowed the dewar to be vented when necessary and could be

closed to prevent the entrance of air. All electrical con-

nections were detachable at the mounting plate. The gas and

vapor conduit connections were made sufficiently flexible

that the apparatus could be lifted from the dewar to change

samples without disconnecting them.

The high magnetic field test apparatus is shown

schematically in Figure 11. The magnetic field was pro-

duced by either of two Magnion superconducting solenoids

with niobium-zirconium wire windings. One had a 0.5 inch

bore and was capable of producing in excess of 30 kilogauss

with some coaxing. The other had a one inch bore and was

capable of 40 kilogauss with coaxing. The 0.5 inch bore

solenoid would accept 0.375 inch diameter sample holders

on which the samples were mounted in a groove over the end

as shown in Plate 4. It was necessary to immobilize the

the samples against Lorentz forces during the magnet tests

yet it was also necessary to avoid stressing them at the same

time. Motion due deflecting under Lorentz forces could cause

premature quenching due to Joule heating by eddy currents in

the normal part of the conductor. By the same token exces-

sive stressing of the sample could degrade its performance.

Voltage contacts were attached so that the same 0.75 centi-

meter of each sample which was temperature tested was mbni-

tored while subjected to the transverse magnetic field. The
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one inch bore magnet would accept 0.75 inch diameter probes

and approximately half of the samples were tested in each

magnet.

To power the solenoids & low voltage current source

was constructed from essentially the same circuit diagram

as given in Appendix A. However, a single air-cooled 60

ampere power transistor was used in lieu of the four water

cooled transistors. Because of the inferior cooling, the

transistor was derated by fifty per cent which gave the cur-

rent source a maximum output of 30 amperes which was com-

fortably in excess of the solenoid. requirements. Since less

fine current control was required for this purpose a three

turn helipot was substituted for the ten turn helipot.

The superconducting solenoid was mounted in the same

25 liter helium dewar as was used for the temperature tests.

Instrumentation and Calibrations

In both the temperature and magnet tests the voltage

across the test section of the sample was sensed by a

Hewlett-Packard Model 425A micro-volt-ammeter. The most

sensitive scale of this instrument was ten microvolts full

scale. The quoted accuracy of this meter was 3 per cent of

full scale which was reflected very well in that repeatable

data could be obtained by taking 1.0 microvolts as the gate

between the superconducting state and the normal conducting

state.
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In the low current temperature tests the current was

monitored by a Weston Model 931 milliammeter which had a

quoted accuracy of 1 per cent. In the higher current, tem-

perature tests and in the magnet tests the current was moni-

tored by a Weston multirange millivoltmeter in conjunction

with a 3 ampere, a 15 ampere and a 200 ampere 50 millivolt

shunts. The quoted accuracy of the millivoltmeter was 0.5

per cent and of the shunts 1.0 per cent.

The superconducting solenoids were calibrated against

the ammeter on the current control. In actuality, the manu-

facturer's calibrations were used. These calibrations were

checked at several points by means of a Sensitive Instruments

Flux meter Model FM of quoted accuracy 0.5 per cent in con-

junction with a 16 turn pull coil with an average cross sec-

tional area of 0.67 square centimeters. The Fluxmeter equa-

tion was as follows.

Kilogauss = ,10 x DeflectionTurns x Cross sectional Area

The calibrations with the check points indicated are given

in Appendix C.

The mercury levots in the vapor pressure manometers

were measured by a Society Genevoise Model CA 250 A catheto-

meter to an accuracy of 0.02 millimeters. For the helium

vapor pressure to temperature calibration the values tabu-

lated on page 104 of White(32) for the range 800-760 mm Hg

were used.
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For the hydrogen vapor pressure to temperature cali-

bration the following equation for normal liquid hydrogen

was used.

4.66687 - T4*9569 + 0.020537T IV-2

This equation was taken from Scott(36) page 298 and cor-

responds to normal hydrogen (i.e., 75 per cent ortho-hydro-

gen). The constants in equation IV-2 vary with the concen-

tration of ortho-hydrogen in the liquid which becomes 0.21

per cent in its equilibrium state at 20.40K. Soctt (p 290)

gives the uncatylized conversion rate of ortho-hydrogen as

- dx= 0.0114 x2 1 iv-3

If one assumes that the uncatylized conversion takes place

over the duration of a 5 hour experiment the resulting tem-

perature error at 18.000K is less than 0.001 0K which is less

than the tolerance of these experiments. Further, the hydro-

gen liquid was not completely condensed in the bulb over the

full time of the experiment so that the assumption that

equation IV-2 is valid is justified for these experiments.

Equation IV-2 was put on a computor and tabulated at inter-

vals of 0.050 0K which allowed a linear interpolation. This

tabulation is given in Appendix D.

Interpolation between vapor pressure readings was

achieved by measuring the resistance of a 500 ohm carbon

2
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resistor which was mounted as described previously and con-

nected as one arm of a Wheatstone Bridge. The Bridge cir-

cuit is given in Appendix E and was designed so that power

dissipation in the temperature sensing resistor was less than

10~ watts. There was no detectable drift of the Bridge

reading with respect to vapor pressure readings so that power

dissipation in the sensing resistor was adequat.ly low. The

null sensing device of the Bridge circuit was a Rubicon

galvonometer Model 3412 with a quoted sensitivity of 0.009

microamperes per millimeter deflection.

In some of the early experiments data were taken at

temperatures less than 140K in which cases the following

equation taken from White (p 127), was used for interpola-

tion between vapor pressure measurements.

log10 R + k/log 1 0 R = A + B/T IV-4

The constants were evaluated at two temperatures in the hy-

drogen vapor pressure range (14-200K) and at one temperature

in the helium range (about 4.260K).

Most of the experiments were conducted in the hydro-

gen vapor pressure range in which cases graphical interpo-

latioft was made between several vapor pressure readings to

obtain a curve of resistance against temperature for the car-

bon resistor. The resistor was calibrated for each experiment

because the calibration would not hold if the resistor was

cycled to room temperature and back to operating temperature.
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Procedure

As a prerequisite to the temperature tests of the

superconductors it was necessary to make the coarse adjust-

ment of the temperature of the control body. By ttial and

error the temperature control body was located at a position

in the neck of the dewar such that with the liquid. helium

level at the base of the neck, thewcontrol body came to

equilibrium at about 12 0K and with the dewar almost empty

of liquid helium the equilibrium temperature was about 160K.

With the dewar full to the neck with liquid helium it was

possible through using the refrigeration system to its cap-

acity, to lower the temperature of the control body to about

4.2 0K

When the apparatus was lowered into the dewar and before

commencing an experiment, the apparatus had to be allowed to

come to thermal equilibrium with its surroundings. After

equilibrium was attained, judicious application of the heat-

er or refrigeration could change the temperature of the

63

This variation in calibration is illustrated by some typical

calibrations in Figure,12.

The Wheatstone Bridge carbon resistor combination

was the limiting factor in the sensitivity of the tempera-

ture measurements. In practice temperature measurements

were made to a sensitivity of 0.0030K which was deemed ade-

quate for these experiments.
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control body to a desired value. Temperature control was

somewhat capricious when high currents ( > 20 amperes) were

run through the superconductor. The high currents dissi-

pated considerable joule heat in the normal conductors

below the liquid helium level and the liberated helium vapor

applied sporadic refrigeration to the control body as the

currents were applied. Under these circumstances the appar-

atus required two operators. One operator applied the mea-

suring current and the heater current simultaneously while

the other operator monitored the resistance thermometer via

the Wheatstone Bridge.

If data were to be taken below the hydrogen vapor

pressure range the following procedure was followed. The

apparatus was allowed to reach equilibrium with the valve to

the high pressure helium bottle closed. With the high pres-

sure helium thermal ballast excluded from the control body,

refrigeration was applied until a calibration point could be

taken for the carbon resistor in the helium vapor pressure

range. Then the thermal ballast was admitted to the control

body and two calibration points for the carbon resistor were

taken in the hydrogen vapor pressure range. Following the

resistor calibration the data could be taken while the tem-

perature was monitored via the Wheatstone Bridge.

If data were to be taken only in the hydrogen vapor

pressure range resistor calibration points were inter-

spersed among the superconductor data.
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Precise point control of temperature was not feasible

in terms of the time required to stabilize the temperature

of the control body at a predetermined value. It was much

easier to set the temperature of the control body in a slow

drift (about 1.00K/hr) upwards from a point at the low end

of the temperature range involved. If the low point was

below the hydrogen range, in the absence of applied refrig-

eration the temperature of the control body would drift

slowly to the equilibrium value. Above the equilibrium tem-

perature a stepwise application of the heater, would result

in a stepwise drift of temperature with the control body

approaching each new higher temperature .asymptotically.

The carbon resistor reflected the various heat inputs very

faithfully as did the vapor pressure thermometer, during the

slow temperature changes. However, some lag was detected

in the vapor pressure thermometers under rapid temperature

changes. Hence, as an added precaution, resistor calibration

points were taken as the control body apprched each new

equilibrium temperature.

If critical currents were to be measured, the tem-

perature drift was initiated from the lowest temperature

desired and the current was applied to a value necessary to

cause an electrical resistance in the superconductor. The

current was reduced by a desired amount and the temperature

monitored until the resistance reappeared. This procedure

was continued until the critical temperature of the super-

conductor was exceeded. The equiva.lence of this manner of
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taking a critical current curve to the procedure whereby the

temperature is set and the current raised to its critical

value is demonstrated in Figure 13.

The temperature drift allowed resistive transitions

at constant current to be measured with facility by moni-

toring the voltage as the temperature increased.

Measurements in a magnetic field were relatively

straightforward. The superconducting solenoids operated at

the normal boiling point of liquid helium. Magnetic field

data were taken for the samples at the same temperature.

With the sample holder located so that the head was at the

axial midpoint of the solenoid, current was applied to the

solenoid gradually and with pauses to allow for the dissi-

pation of Joule heat generated by eddy currents in the normal

portions of the windings. The 30 kilogauss solenoid be-

haved best if the applied voltage was not allowed to exceed

0.1 volt. 'With each cooling it was necessary to train this

30 kilogauss solenoid up to its maximum field by raising

the current and then removing it in successively increasing

steps. Once the solenoid had reached the maximum field, the

current could be removed and brought up again smoothly so

long as the temperature of the solenoid was maintained at

4.20K. The 40 kilogauss solenoid was not so sensitive in

this regard.

When the 30 kilogauss solenoid was set at a given

field there was a small amount of drift about the set field.
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This drift was not excessive and could be accounted for

while taking voltage and current readings. The 40 kilogauss

solenoid was fitted with a persistent current loop and was

perfectly stable on a field setting when the activating

current was flowing through the persistent current loop and

the current source disconnected.

The sequence for taking magnetic field data was as

follows. The magnetic field was set at the highest value

and then the current through the sample was raised smoothly

until a voltage was detected. Then the current was increased

in a stepwise manner with current and voltage measurements

being taken at regular intervals until the sample was quenched

of all superconductivity and the current and voltage went

through a sharp discontinuity. The field was then lowered

to the next value and the voltage and current readings re-

peated. The 30 kilogauss solenoid was prone to quenching

when the sample quenched which meant that the field had to

be raised to the next value from zero. However, the consis-

tent pattern was to work from the high fields to the lower

fields so that complete data could be obtained before the

sample burned out at the high currents possible in low fields,

if this were the case.
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V. EXPERIMENTAL RESULTS

Preliminary Tests

The first tests conducted with the temperature test

apparatus were aimed at learning of the characteristics

of the apparatus and at determining the form of critical

current curve at high temperatures. In Figure 14 is shown

the critical current against temperature for a typical

superconducting sample. The criterion for the threshold

between the superconducting state and the normal state was

taken as the full quench of all superconductivity as indi-

cated by an abrupt fall in current due to the inability of

the applied voltage to sustain the current in a resistive

ribbon. The scatter of the data at currents above 50 amperes

indicates the difficulty in making accurate measurements when

Joule heating of the current leads in the liquid helium cre-

ated substantial refrigeration to the temperature control

body which had to be offset by the heater. The shape of the

critical current curve at high temperatures appears to be

similar to that expected at high magnetic fields as shown

in Figure 7b. Further, an extrapolation of the curve above

10 amperes would intersect the temperature axis at less than

the critical temperature as is implied by the K-lH-S results

(See Figure 8) for the defect density factor a.
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The single critical current curve as shown in Figure

14 is deceptive because it implies an abrupt transition

through an infinitesmally narrow threshold between the two

states. This is in fact not the case. In Figure 15 it is

seen that there is a band of an intermediate state which

divides the superconducting from the normal state. If the

sample were an ideal superconductor this intermediate state

could be explained in terms of London's theory as given in

Chapter III. However, in a non-ideal superconductor pene-

tration of the magnetic flux due to the transport current

simply implies that the mesh must take up the shielding

load. On the other hand, -one could attribute this interme-

diate state to the appearance of small discontinuities in

the superconducting mesh which gradually grow in size and

number until the Joule heating in the discontinuities drives

whole mesh into the normal state.

At high currents it is evident that the Joule heat

accelerates the transition and the intermediate band is rela-

tively narrow. At low currents the Joule heat is not as

significant and the transition zone is expanded until near

the critical temperature the transition is smooth and the

onset of full resistance is not detectable by a current dis-

continuity.

If one wishes to define the transition by a line

there is a certain amount of arbitrariness involved. Figure

16 illustrates two threshold criteria. The criterion of
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7

one microvolt depends on the current and does not neces-

sarily represent a state of the superconductor. The 200

micro-ohm criterion was chosen because it represented the

smallest resistance detectable at the lowest current. Using

a resistance threshold criterion has the virtue of repre-

senting to an extent the state of the superconductor. The

two sets of points defining the 200 micro-ohm curve indicate

the worst case as far as repeatability of these data is con-

cerned.

Using the 200 micro-ohm threshold criterion data were

taken on three samples and compared to magnetic field data.

These data are shown in Figures 17 and 18 and indicate a

correspondence similar to the one expected from the discus-

sion in Chapter III. Using the magnetic field data to deter-

mine the constants a and B 0 in equation 111-36 the results

were compared to the critical currents at 17.9 0K and the

critical temperature for a test current of 100 milliamperes.

The comparison is shown in Table I.

Table I

Preliminary Test Comparison

Sample 2BH8-T5 3AC7C-Tl 3AC7B-T1

- er x 10-3 2.34 2.09 1.895

a - Oer-Amp x 10-6 15.0 13.5 11.2

Ic (17.90K)-ma. 30 800 920

Tc (I=100ma)- 0 K 17.788 17.894 17.898
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For a truly favorable correspondence, one would have

preferred the & and B0 values for the 3AC7C-Tl and 3AC7B-Tl

samples to be almost identical. However, there was enough

scatter in the magnetic field data to accomplish this effect.

Also the data were not reduced in terms of current densities,

although the samples were of approximately the same dimen-

sions. Nevertheless, the results of this set of tests were

sufficiently good to encourage pursuing the problem further.

Referring back to Figure 17, it can be seen that cri-

tical current curves could take forms such that it would be

impossible to correlate critical currents in terms of a sin-

gle temperature. One would then have to correlate critical

temperatures in terms of a single current. Since these

critical temperatures would correspond to an arbitrarily

chosen resistance, it was decided to take the temperature

data in the form of resistance transition curves taken at a

given current density. The current dependence of the resis-

tance curves is shown in Figure 19.

Temperature Transitions

The test current density for the temperature transi-

tions was chosen partly for experimental expediency. The

current was sufficiently low so that Joule heating would

not accelerate the transition excessively and make it impos-

sible to maintain the current constant throughout the transition.
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Given the range of dimensions of the samples the current

density of 80 amperes/cm2 allowed all current readings to be

taken on the same 0-150 milliampere meter.

Further, the correlation sought could hopefully be

applied to a long length of ribbon coiled on a spool and

immersed in a temperature controlled bath. A simple calcu-

lation on a coil of 5000 feet of 0.0015 inch thick ribbon

wound on a spool of one inch inner diameter gives the stress

in the inner turn as

Stress f 20 12 psi V-1

if the inner turn is unsupported radially. Muller and Sour(21)

found that resistive transitions could be depressed about

0.1 0K by tensile stresses of the order of 30,000 psi. Ref-

erence to equation V-1 indicates that for currents less than

one ampere there is a safety factor of more than 100 in this

regard.

A plot of voltage against temperature for a typical

resistive transition is shown in Figure 20. The linear rise

in voltage at the upper end of the transition was apparently

due to the fact that the voltage contact covers a finite

length of the ribbon. While superconductivity persisted the

voltage contact was on an equipotential surface and the con-

tact picked up only the voltage between its inner boundaries.

As the final loss of superconductivity occurred the contact

then picked up the residual resistance along its length.

The residual resistance was evaluated at the intersection

80
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of the S-curve and the linear offshoot. The data were nor-

malized in terms of this residual resistance and the result-

ing temperature transitions are given in Figures 21-40.

Magnetic Field Transitions

In Figure 41 is shown the form in which magnetic

field transitions were measured. Full quench of the super-

cond.ucting phase is indicated by the points with lateral

arrows. One is again faced with choosing a threshold cri-

terion to determine a critical current. As will be seen

from the data presented later, the choice of threshold cri-

terion can govern the rank of performance of the various sam-

ples. Because of this effect, the author chose three cri-

teria for consideration.

The first criterion was that of 1.0 microvolt voltage

rise across the sample. This voltage was the lowest that

could be reliably measured. As a threshold criterion it

has the fault that the single microvolt represents various

rates of power dissipation from the sample depending on the

current at which it is sensed. The various rates of power

dissipation in turn imply various temperatures of the sam-

ples with respect to the environment temperature.

The second criterion was one of equal power dissi-

pation per unit width of ribbon. Assuming that the power

was dissipated from equal lengths of ribbon and that the

82
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heat transfer coefficient was the same for all samples, the

power dissipation criterion implied equal temperatures.

The third criterion chosen was that of full quench

of the superconducting phase. Here again a temperature

variation was implied because the quenching took place at

various power rates in the samples. If one assumes that the

heat is converted uniformly from the entire surface of the

test sample a power ratinr of p/w = .1 watt/cm corresponds

to a temperature rise of 0.160K in the sample. If one fur-

ther assumes that the critical current at constant magnetic

field has the following temperature dependence;

Jc/A = (Tc - T)2  V-2

one can compute a factor to correct a critical current at

p/w - 0.1 watt/cm to a value corresponding to p/w - 0.001

watt/cm. The resulting factor is

J(P- =0.001 w-)w cm = 1,01 V-3
J(P = 0.1 cm

The above factor indicated that the power dissipa-

tion errors were within the experimental scatter of the data

and in view of the gross assumptions by which it was derived

it was felt that the computation involved in applying the

correction was not warranted.

Two sets of data of about fifteen samples each were

taken with the two superconducting solenoids. To be accomo-

dated in the 30 kilogauss solenoid the samples had to be



bent on a radius of about 0.48 cm. The 40 kilogauss sole-

noid required a bend. on a radius of 0.96 cm.

Figure 42 gives critical currents for samples on

0.48 bm radius using 1.0 microvolt as a decision level.

Figure 43 shows critical currents for samples on the same

radius and with a threshold criterion of p/w = 0.040 watt/cm

power dissipation factor.

Figures 44, 45, 46 are for samples on a 0.96 cm

radius. The threshold criteria are respectively 1.0 micro-

volt, p/w = 0.001 watt/cm and full quench.
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VI. CORRELATION AND DISCUSSION

Critical Current Formulation

The first step towards relating the temperature

transitions to the critical currents at high magnetic fields

was to attempt a formulation of the critical current data.

For this purpose equation 111-36 was used in the form,

J (H + Hik) = a VI-1

Taking combinations of two points of the critical current

data the parameters a and H* were computed for the various

samples and threshold criteria. For the threshold criterion

of 1.0 microvolt voltage rise the computed values of Ho

ranged from -1.910 x 103 to 13.95 x 103 with many values

near 5 x 10 3 It was recalled that Kim, Hempstead and

Strnad(31) obtained their formulation for critical persis-

tent currents in Nb 3Sn by assuming a value of 5 x 103 oersteds

for H". Assuming this value for H* the average a was com-

puted for each sample and a reasonably good fit to the cri-

tical current curves was obtained. Some typical formula-

tions of the critical current data are shown in Figure 47.

The value of 5 x 103 oersteds for H* turns out to be conven-

iently the thermodynamic critical field for Nb 3Sn.

To obtain similar formulations for the critical cur-

rents of threshold criteria P/w = 1.0 milliwatt/cm, P/w = 40
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milliwatts/cm and full quench do not lev%. themselves to this

type of formulation.

Referring back to Figures 42-46 it can be seen that

the relative qualities of the various samples change with

the threshold criterion which decided the critical state.

The full quench criterion in particular, is a function of

the environment of the sample. Cherry and Gittleman(37)

have done a detailed analysis of the propagation velocity of

a normal-to-superconducting interface in a superconductor

carrying a current and find that the initiation of a finite

velocity requires that;

2 T C- TB VI-2
2rr2ha3 ( 1) + 1 a

The left hand side of inequality VI-2 represents the tempera-

ture difference between the conductor and the environment

which is necessary to allow dissipation of the power generated

in the normal portion. Clearly, the heat conduction from a

superconductor in the interior of a coil would be less than

that from a sample surrounded by liquid helium and hence

the quenching current for the latter would have a nebulous

relation to the quenching current for the former.

In terms of coil performance of a superconductor the

P/w criteria are probably most valid. However, to use such

criteria with confidence would require a knowledge of the

magnetic field distribution in the coil upon which Tc depends,

as well as the heat transfer parameters.
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Thus the conservative threshold criterion of the

smallest detectable voltage which in this case is 1.0 micro-

volt, is probably the most easily useable one for estimating

coil performance.

Correlation with Temperature Transitions

The defect density parameter computed previously was

compared with various characteristics of the temperature

transitions namely the temperature for R/R0 = 0.5, the tem-

perature for initial resistance, the slope of the transition

at R/R0 = 0.5, the value of final resistivity based on an

assumed sample length of 0.75 cm and the width of the transi-

tion on the temperature scale. The only property of the

transition which showed an ordered pattern with respect to

a was the width of the temperature transition. The correla-

tion results are tabulated in Table II and plotted in Figure

48.

There is enough scatter to the points to allow con-

siderable leeway in drawing the line shown. However, the

points indicate that the defect density parameter a is an

exponential function of the temperature transition width and

the curve shown has been formulated as follows,

a - 5.0 e(1211AT - 4.4) VI-3



Table II

Correlation Results

Sample t pO r a AT

cm cm pLA-cm cm oer-AmP 0K

18 cm 2

2AA9B-T1 0.159 0.0036 6.06 0.48 3.67 0.765
2AA9B-T2 0.159 0.0036 6.37 0.96 26.3 0.612
2BAl-B-T1 0.159 0.0051 10.88 0.96 16.03 0.555
2BA8-T1 0.159 0.0041 4.71 0.96 5.61 0.356
2BC2-T1 0.318 0.0033 4.50 0.48 6.12 0.392
2BC2-T2 0.318 0.0036 4.55 0.96 11.57 0.469
2BE12C-Tl 0.159 0.0036 4.66 0.48 7.31 0.408
2BE12C-T2 0.159 0.0036 4.66 0.96 20.5 0.250
2BH8-T14 0.159 0.0036 3.25 0.96 4.99 0.330
2CD4B-Tl 0.318 0.0030 7.50 0.48 8.25 0.400
2CD4B-T2 0.318 0.0033 6.87 0.96 6.92 0.412
3A07B-T1 0.159 0.0036 3.36 0.48 16.95 0.543
3AC7C-T2 0.159 0.0030 3.73 0.96 3.07 0.340
4BAl-T1 0.318 0.0064 5.46 0.48 10.43 0.510
4BAl-T2 0.318 0.0048 3.30 0.96 0.005 2.56
4BA3-T1 0.318 0.0043 3.63 0.48 15.13 0.497
4BA3-T2 0.318 0.0048 4.77 0.96 6.60 0.380
4BA7-T1 0.159 0.0038 3.03 0.48 22.6 0.547
4BA9D-T1 0.159 0.0038 2.68 0.96 22.1 0.585
4BA9E-T5 0.159 0.0041 4.06 0.48 2.64 0.461
4BA9E-T6 0.159 0.0038 3.25 0.96 4.60 0.350
4BAll-Tl 0.318 0.0041 3.20 0.48 3.39 0.357
4BA11-T2 0.318 0.0036 3.18 0.96 7.96 0.448
4BB3B-T1 0.318 0.0056 4.39 0.48 10.63 0.487
4BB3B-T2 0.318 0.0048 3.01 0.96 2.66 0.317
4BB7A-T1 0.159 0.0046 3.40 0.48 0.34 0.333
4DA12A-II-Tl 0.159 0.0064 7.45 0.48 4.40 0.377.
4DA12A-II-T2 0.159 0.0058 4.70 0.96 4.35 0.500
4DA12A-III-Tl 0.159 0.0061 4.67 0.48 1.97 0.430
4DA12A-III-T2 0.159 0.0061 3.82 0.96 2.16 0.454
4DBl-B-T1 0.318 0.0048 4.74 0.48 8.66 0.409
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The lonely point in the upper left hand side of the

plot corresponds to sample 2BE12C-T2 and indicates that the

temperature test of this sample was not valid. Possibly the

thermal contact between the temperature control body and the

sample was poor and the transition was delayed together with

the toe being obscurred through poor voltage contacts.

The four points in the lower midplot correspond to

samples 4BB3B-T2, 4DA12-II-T2, 4DA12A-III-Tl, 4DA12A-III-T2

which together with 4BB7A-Tl which is off the plot to the

bottom, represent some of the thicker samples. These thick-

er samples are apparently more susceptible to damage in the

transfer from the temperature sample holder to the magnet

sample holder due to the brittle nature of the Nb Sn com-

pound. The author suspects that the inferior magnet per-

formance of these points is due to such damage in transfer.

The point to the extreme right of the plot corres-

ponds to sample 2AA9B-Tl which together with sample 4BAl-T2

off the plot to the right, represent cases of mechanical

defect. The form of the temperature transition for mechani-

cally deformed Nb Sn-coated Nb wires has been studied by

Saur and Wurm(38 and has the same characteristics of ex-

treme width and shallow slope at R/R0 = 0.5 as the transi-

tions of these samples. Apparently, undesireable mechanical

defects are so indicated by the transition while desireable

chemical defects and small mechanical defects are indicated
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by a transition with a relatively steep slope at R/R0 = 0-5

and a long toe. In this case of Nb 3Sn the chemical defects

as well as impurities in the components can be intermediate

phases NbSna and Nb2Sn3 which are not superconductive at

the temperatures of these tests. Van Ooijen, Van Vucht and

Druyvesteyn(39 give the critical temperature of NbSn2 at

2.600K while Enstrom, Pearsall and Wulff (40) give the criti-

cal temperature of Nb2Sn3 as less than 3 .4 0K.

It is significant that there seems to be no width

dependence on the performance of the various samples as

indicated by the nearly uniform scatter of the results for

each width about the line in Figure 48. This result would

lead one to assume a uniform current density across the super-

conduttor.

Consideration of the composition of the supercon-

ductors under test explainos to some extent why only the

extremes of either the temperature transitions or magnetic

field transitions can be related. The superconductor as

described previously consists of two layers of Nb Sn on a

strata of niobium and may or may not have a superposed layer

of unreacted tin. It is only the initiation of resistive

inclusions or the final quenching of superconductive inclu-

sions which are entirely dependent on the structure of the

Nb Sn layers. In the intermediate state the current might

be bypassing the resistive Nb3Sn inclusions through the tin

or niobium layers and hence the shape of the transition
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would depend in part on the size and condition of these

layers. In a homogeneous superconductor one would expect

the defect density to be reflected by the normal state resis-

tivity. Reference to Table II confirms that there was no

systematic correspondence between a and p 0 for the supercon-

ductors under test.

As an engineering tool the relationship described by

equation VI-3 and shown in Figure 48 is somewhat of a disap-

pointment. If one were to measure the temperature transi-

tion of a long length of a similar superconductor the width

of the transition would be a measure of the best performance

of the total length rather than the worst performance which

one would wish to know to set a lower performance limit on

the length. If one could run the long length through a con-

trolled temperature zone while carrying a small current, a

pair of closely spaced voltage contacts could detect a loss

of resistance at a temperature where a limiting performance

criterion would dictate that the toe of the transition should

exist. Such a scheme would have the advantage over a mag-

netic field scanner in that Lorentz forces would be avoided.

Also, to use low test currents a magnetic field scanner would

require quite high magnetic fields.

Conclusions

The formulation of the magnetic field test data by

use of equation VI-1 confirms that high current densities
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at high magnetic fields in non-ideal superconductors are

dependent on the ability of structural defects to stabilize

the current against the Lorentz force.

The density and/or intensity of the structural defects

can be measured in terms of the width on the temperature

scale of the resistive transition at low current density in

the earthts magnetic field and near the critical temperature.

The high field performance at 4.2 0K is found to vary exponen-

tially with this transition width with the qualification that

the transition width must not exceed a limit of about 0.65 0K

Transition widths in excess of this limit are liable to indi-

cate mechanical damage and impaired performance at high mag-

netic fields.

120



VII. FUTURE WORK

In order to refine the relationship indicated in this

thesis the author would suggest two efforts which are both

dependent on improved sensitivity of voltage measurements.

First, the fit of the critical current curves can

probably be improved by both increased voltage sensitivity

and an increase of data per sample.

Second, precision in measuring the toe of the resis-

tive transitions could be improved with increased voltage

sensitivity. Alternatively, the precision in measuring the

resistive transition toe might be improved through investi-

gating the effect of various test current densities.

In addition, the author would suggest that the sample

holders be designed for use in both temperature and magnetic

field tests so that the risk of damage through demounting

and remounting between tests would be avoided.
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APPENDIX A

Process for Copper Plating Niobium-Tin Ribbon

Solutions:

Procedure:

(a) Cleaning

Sodium Hydroxide 300 grams

Water 400 grams

Use at 95 + 50Q

(b) Plating

Copper cyanide 26 grams/liter

Sodium cyanide 35 grams/liter

Sodium carbonate 30 grams/liter

Rochelle salts 45 grams/liter

pH 12-12.6 (adjust with NaOH if necessary)

Use at 65 + 5 0C

Clean ribbon in acetone to remove grease.

Clean in caustic for two minutes using a plati-

num wire as anode and applying a surface current

density of 160 Ma/in2 . Rinse in clean water

when this step is completed and avoid prolonged

exposure to air when transferring to the plating

bath.

Plate for five minutes using copper as

anode and applying a surface current density of

320 Ma/in2 . Rinse in clean water and dry.
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Results: This procedure results in a uniform layer of copper

about 0.00015 in thick over the surface of the

Nb Sn ribbon. The copper plated. ribbon may be

soldered with lead-tin solder using a mild rosin

flux.
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Appendix B

Current Control Circuit Diagram
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APPENDIX C

Superconducting Solenoid Calibrations
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7

APPENDIX D

Tabulation of Temperatures for Normal

Hydrogen Vapor Pressures

Equation from Scott page 298

log pY, Hg = 4.66687 - 44.9569 + 0.020537T
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(D2)

TI(!EGREES K) LnGL() P ( MM-HG)) P (MM-HG)

i A.3000000E0L 1.A756219EQ0 2.989102E 01
1 .30500 00 .499047K00 3. *08 961J4E .9
1.3100000E A1 1.5040803E_-0 3.192I2-80EL.....-1
1.3150000E 01 1. 5181559E 00 1.2972805 EoIL.
1.320 .0.0 E 01 1.5321326E 00 3.4 OM2I4E L
i.3250000E 01 1.5460117E-00 1.5i5699EI_1
A.3300000E 01 .5597941E-0 . 996E_01
.33 5000OE_01 . .5i73489EQ 3.4525 1E 0 1
1.3400000E 0l 1.5870733E-00 3.8-.643219E-01
1.3450000E1O _ .60O5722_00.204 L4
.3500000E_ 01 L.613988E.A 4. L296_S 0_ .
1.3550000E -01.6272940E 00 4.2392985E.01

___1.3600000E 01 . 1.6405188E-00 __ 4.-3703760E_01
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1.3700000E 01- -1.6667014E-00 4.6419601E__1
1.3750000E 01 ___1.6796610E 00 4.7825663E-0_L
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40950000E 01 ,7556355E 00 5968594E 0
.4060i00O -1L76800 E 60 5.t6B045 01

_ 1.4150000E 01- 1.7803025E-00 6.0297943E 01
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(D4)

T(DEGREES K) LG(10 PMM)LO(0 -HG) PMM-HG)

1. 8000000E_01 2.5389304E 00 3.4588394E 02
1.8050000E 01 2. 5468759E 00 3.5227019E 02
1.8100000E 01 _ 2_.5547831E .00_ _._58-4 22E_-
1.8150000E 01 ___2.5626524E 00_ 3-.653_0229E 02
ZI 200000E 01 2..5 704841E 00 3

.1-9F.)6Q 0240-.
1.8250000E 01 2.5782785E 00- 3_78.535E-0 Q .
1.8300000E-1__ _ 2.5860359E 00_ 355022E02
L.8350000EO-l 2.59 37566F 00 3.924249_4E 02
1.8400000E 01 2.60 L4t410E 00 - .930?9E2 02
'.8450000E 01 2.609('893E 00 _ _4.0652691E 02
1.8500000E 01 2.61671F O0. 4...1371 1 02

.1.8550000E 01 2.6241788F 00 -. 4.2099680E 02-_
1.8600000E 01 2.6318?06E 00 4.837153E 02
1.8650000E 01 2.6391274f 00 4.3584031E 02
1.8700000E 01 2.6467996f 00 _ _ 4.4340399E. 02.
1.8750000E 01 2.654;374E 00 4.5106320E 02
1.8800000E 01 . 2.66L641fE 00 4.5881869E 02 L-'
1.8850000E 01 2.6690110E 00 4.6667120E 02
1.8900000E 01 2.6763473C 00 4.7462138E 02
1.8950000E_01 2.6836504E 00 4.8267010E_02_____

- 1.9000000E 01 2.6909204E 00 ______ 4.9081791E 02
1. 9050000E 01 ~2.6981576E 00 4..9906556E02A
1.-9Q0-0-0 01 -2-.-0_5-36-23-E 0 5.074 U83E02
1..9150000E- L 2.7125348E-00 5.58635-0-E-0 2
1.. 9200000E01 2.-7196752E- 00 r325-_4151f-02?&0-
1.92500-00-E 01 2.J72?6-7839F 00 5.3306958FE 2
1.9300000E 0l 2.7338610E 00-. 4 .4182745E-07
.. 935000E 0L 2.7409069E 00 ___5.5068963E-0__
1.9400000 E 1 2.74792 18FE 0 5.6568?2E-Q 2j
1.9450000E 01 - -2.7549059E 00-- -- 5.6872969E 02
1.9500000E-0L.. 2.7618594E- 00 -- 5.7790892E_02
1..95 5000 0E-0 1 .2-768 78 7E 00 5 - 8-1-9-547EP 0L2

-_1.9600000-01--- 2.7756758E 00 __ 5.9658977EL02J L
1.9650000E OL..- - 2.7825391E 00 -,-- 6.0609276E. 02-
1-97000OOE-01 . 8-93-7?8F 00 6.1 570517F 02
1.9750000E-01 2.7961770 00 &-.5A2754E-0-2
1.9800000E..OL ___ -2.8029521E 00. 6.-3526086E_0-2
1.9-85000lE-0l - .8096982E 00 6.4520-5_1E0?2

.- 1.9900000E-0L2 2.8164156E 00 6.5526293E-02____
.1.9950000E.01 -2.8231045E.00- 6.65-43325E 02

L 2.000000O.E_01 Z.,_8297650F00 6.75L724E_ 2 9
.2.0050000E--02. 8363974E 00 _0_0, _6.8611577E_02___2
2.0 100000E_01_______ 2.8430020E 00 6.9662972E__02__E0
?.8495789E 00 7.0725968E 02
2.0200000E-01 2.8561283E,00 7.1800637E_02
2,0250000E0.1 2.8626504E 00 7.2887054E_02____
2.030000.0E01_ 2.8691455E 00 7.3985310E 02
2.0350000E01 -2.8756137E00 7.5095463E_02

, 2.0400000E-01- 2.8820552E 00 7.6217588E 02
2._4L50000 01 2.8884702E 00 7.7351760E 02



(D5)

E(PCGE-L S K) OG(10) (P (MM-HG) P)AMM-IG

K 2.0500000E 01..- 2.8948590E 00 7.849804E0
2.0550000E 0 .2.901??17E_00 7.9656588E 02
2.0600000Ei01 2.9075584E. 00- 8.08.27361E .?2.0650000E 01 2.9138695E 00 8.201050IE 2O

HZ.0700000 E_0 L.2..92015.50E_0.0 ._3.2sz668E o?2.0750000E-..OL .2.9264152E.0.0 .j8.4L440E- 02.2.0800000E 01 .--- 2.9326502E-.00 ___ 8.5634783E-0 I
2.00850000 E 0 --7.2.9388602E-..0.0 .68A60i8.5E02.

-- 2.0900000E 0L. - 2.,94504.55E 00 8.8114118E 02-..
-2.0950000E 01 2.9512061E 00 ' -- 8.9372951E 02

?.100000QE-01 2.9513.422E0.0 9...0.6_4655E02.
2.1050000E 01 2.9634541E 00 - - 9.1929331E 02
2.1100000E 01 2.9695419E 00 9.3227041E .02 E .2.11500 00E-01 2.9756058- 00.- 9453.7.86E 02
2.1200000E 01- 2.9816459E CO 9.5861871E 02
2.1250000E 01 2.9876624E 00 9.7199135E02
2.1300000E-01.----2.993655E _ 

0 9.8-9-.4AE0_2
--- 2.1350000E 01 2.9996;53E CO 9.9913759E02

2.1400000E 01, 3.0055721E CO 1.-0129129E-03___
2.1450000 E0.1 -, 3.0114959F CO ______.0268_2.37E 03
2.1500000E 01 3.017399E CO -1.0408710E03.
2.1550000E 0 3.0232753E0 CO .. 0550555E 03
2.1600000E_1_ _ 3.02913 12E .00--- I09 39E o3____
2.1650000E.OL 3.03496-49E 00 .-.- 1.0838393E03___
2.1700000E01L.. 3..0A07764E 00- 1.0984402E.-03
2.17 5000 OE-01 3.-04 6.565 8.E.00 LL3IE0 O32.1800000E .0 L 3.0523335E 00 A.1280634E_03
2.1850000E 01 3.0580794E 00 ___1.1430873E_03___
2.1900000 01 3._0 63.803.8E-0 0- 1 . 15-&25_40E-0-3-
2.1950000E 01 - 3.0695068E- 00..-. .1.1735641E_03_
2.2000000E 01... 3.0751885E-00 I.1890182E_03..g
2. .2 05 00 0E_01 3.0-849 2-E-00 1.20466E 03
2. 2100000E-01 3.0864888E.00 I..2203623E-03
2.2150000E 01 - 3.0921077E 00 ... 1L.2362540E-03
2.220000.0E 0.l 3,. 09.7.7.058.E 00 1.2522926_ .. Z
2.2250000E01 3.1032834E--.00- L.26847-93E-03
2.2300000E01 .3.1088406E 00 .. 1.2848150E_03
Z.-23-5 0-0-0.0E 0 L.3-.AlA3f7_5QEoQ 1.30Q2E_03
2.2400000E 01 __ 3.1198943E 00.-___ 1.-3179359E .03
2.2450000E01 3.1253911E 00 1.3347229E 03
L22500000E_L 3._1308681E 00 1.3516620E 03
2.2550000E_0l_ __ 3. 1363252E.00 _ .-3687534E 03 .

__2.2600000E_01 3.1417628E 00 1.3859986E 03
2.2650000E 01 3.1471810E 00 1.4033985E 03
2.2700000E _0 1--- 3.1525797E 00 -1.4209530E 03

-2.2750000E 01 ____ 3.1579593E 00 1.4386637E 03.
Z2_80 0_OO0E 01 3.1633197E 00 1.4565309E 03
2.2-850000E 01 3.. 1686612E_00_ 1.4745558E 03
2..2900000F01 _.3.1739839E 00 1.4927391E 03 /^n-
2.2950000E 01 3.1792878E 00 1.5110812E 0
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Appendix E

Wheatstone Bridge Circuit

Temperature
Sensing
Resistor
50011nominal

R=-1OK
14-xincr.

-1.5v. A=20..

1 K

B=50.Ct

.vanometer
is .=.009a/mm.
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