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o . : Abstract
L : - e C .
We have examined the macroscopic behaviour of wires and ribbons

- . Y s

. of irréversible t&pe II suﬁerconductors in longitudinal geoﬁetry In
' thlS situation, the conductlon current I flows along (or agalnst) the )
externally applled magnetic field Hy/ Whlch is directed along the length
of the spec1men ‘Three remarkable phenomena are eneountered in this
errangement, (i) the erificai current.I‘ is appreeiably enhanced (ii)
the A.C. losses W are- dramatlcally reduced and (iii) the ax1al~magnét1c

C o

1nduct10n <B > rlses to a max1mum at I where it s1gn1f1cant1y exceeds

H/Y' Further the locus of <B > and the concomitant varlatlon of the

azimuthal magnetic induction <Be> as I is cycled have been measured and

. (‘h provide impoitant.infofmation on the confij
~——;‘;:::3eCtion and electrical currénts.
We develop a simple phenomenolegical model which adequately re-

- produces our own extensive measurements as well as the observations of .

»

many .other researchers on a variety of materials of different geometry. -

: e
These results 1nc1ude our data on wires of V and VTi and ribbons of

NbTa and‘that of Bel ger (1968), Taylor (1967), Sugahara and Kato (1971)

and Bussiere (1976) on™wires of NbZr, NbTi, NbT3 and Nb. The latter

samples were hollow cylinders. n

The model exploits the well established‘cdﬁE;bt that the driving

Lorentz force density FL =3 x ¥ is in equilibrium with the pinning

force density Fp(B)/uo‘which eaxisfactorily describes_the spatial varia-

tion of the magnefic flux density B in highly irreversible materials.

" under slow changes of the external field Hs when Hs is orthogonal to I g

I . Ve

-
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(trangverse geometry). The model, called the vortex rotation model, .
introducés a supplementary .critical state equation to describe, in tan-
dem with the above, the spatial variation of the orientation of the

flux lines. 'This empirical prescription'has the simple form

DL oo ey peb ORI

¢ [
1

7 ) .
wEEEE)J isythe angle of the flux lines’ with the axis and y is a tempera- '

ture dependeht parameter of the material. i®

* We take f(¢) = cosz-¢. This chq}ﬁe, besides improving the quan-
titative fit with much of the data is important because it accounts for
the observed expulsion of flux when (i) I is initially impressed with

Y L] '

p the sample previously magnetized paramagnetically along its length and'

(ii) I reverses polérity during the cycle of the alternating current.
We pﬁrsue, in the ‘context of cylindrical geometry, the proposal

of Campbell énd EVQFFS fhat flux lines undergo pure radial displace-
menEs‘as.they migrate intq. the specimeﬂ. &e compare the predicéions of
this modeldwith the pertinent data and show that the observations of
Bussiére on tﬂe flux density in hollow Nb cylindgrs at ic are in funda-
mental Qisagreemeﬁt wit& this-model.

We also_investigagz in detail the predictiohs of the model of

.s;raight current‘flowl The curves'of W vs H// for different émplitudgs-
and of IC vs ﬁ// generated by|th{§ fodel enable us to-assess t?e'impor-
tance of helical configurations adopted by the cénduction current in
longitudinal géometry.

‘» We exploit two competing criteria to determine the critical

]

kurrent IC. Either the éonductioh current fills the cross section of

-
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the specimen or the line tension Bg/r.reaches equilibrium'ﬁith the
_pinning force density FP(B). The firSt to come into effect establishes

Ic. This approach &ields striking agreement with observations.

oy .



Chapter 1

Chapter 2

I.
I1.
8
b
c)
I11.

Chapter 3

a)
b)

‘Chapter 4

a)

b)

" Table of Content

ACKNOWLEDGEMENTS | . .
ABSTRACT.
TABLE OF'quTENTS
INTRODUCTION '
EXPERIMENTAL PROCEDURE.
Introducg&o? T
Sampie Arrangement
Experimental Procedure
-
Temperature Considerations
Detection of Sample Magnetization N
Supefconducting Magnet . .
Sta:Eard Magnetization Curves
STRAIGHT CURRENT FLOW MODEL.
Introduction
f’ﬁpeveiOpment of éhe Model ,
Application éﬁ the Model and Conclusions ‘.
Ic Vs ?/}:Curves
Hysteresisifﬂnc.] Losédes
'CAMPBELL AND EVETTS MODEL (Pure radial displace-
' ments. of voitices) '
Introduction -
Development of the Model -
Evolution of the Field profiles

Criteria for Ic

Page _
i
ii
v
1-7 1
2- 1
2- 4
2- 6
2- .6
2- 8
2- 13
2- 13
3- 01
3- 4
3- 7
"3- 7
3- 9
4- 1
4- 5
4- 5
4- 20



o

Chapter 5

II.

III.

W

ii)

1)

ii)

_Case (a) R0 <R,

vi .

‘Application of the Model and Conclusions

' CRITICAL VORTEX ROTATION MODEL (Full cylinder)

Introduction .
Statement of the Model

Development of the Model

I, vs'H// and-Ev?luFion of <4mM_> with I

Effect of Previous Magnetic History on Ic and
. ‘? - .
the‘Evolution'of.<4nMé>

Diamagnetic History

Paramagnetic History

1

Case (b) Rl <'Ri

. "o on 1 = R!
Stage 1: R1 Ro < R1 R0

Stage 2: R, < Rl,

General Remérks on Observations of Cyclic

.
-4

Phenomena

Cycling I (Half Wave)
PQ Segment (IM + Q) -
QP Segment (0 + I)

A Remark on the critical Nature of ¢ Profiles

~ during Half Wave Cycles

Cycling I (Full Wave)
Introduction

Stage 1: R;"= Rg'(Eigure 5-33)

Stage 2: RT"

| A

Rg' f_RY' (Figure 5-34)

:

5- 15

5- 18

5- 25

5- 27

5- 30
5- 35-
5- 37
5- 40

5~ 43

5- 59

5- 69

5- 72,

5- 79

5- 87



- Stage 3: R;'< RN <'R¥" (Figure 5-35)

Stage 4: Ry < R < R, (Figure 5-36)

Application of the Model

HYSTERESIS LOSSES AND OTHER RELATED.PHENOMENA
Intro&uction

Application of the Critical Vortex Rotation Model
Hystefesis (A.C;) Losses - '
Corregpondence between Charécteristics of <B_>
an& <Bg> Loops ' = R

Variation of Characteristics of <BB> Loops with

IM and H//

HOLLOW CYLINDER .

Introduction
Experimental Arrangement

Applica;ioﬂ of the Vortex Rotation Model

Case (a): Ri = R?
Case (b): Ri = Rg . -

. RIBBON SAMPLE (Infinite Slab Geometry)

Introduction

Application of the Vortex Rotation Model and

Chapter 6
I,
II.
III,
Chapter 7
11
Chapter 8
f
1)
ii)”
iii)

Conclusions

Non magnetic state

Diamagnetic state
'

Paramagnétic state

REFERENCES

5- 89
5- 90
5-100
6- 1
6- 4
6- 4
6- 15

6- 20
7- 1
7- 3
7- 4
7- 8
7- 8
7- 9
8- 1
8- 3
8- 8
8- 9
8- 10



-1-1

.

CHAPTER 1 J
Introduction .

We can distinguish two basic situations in the study of macroscopic
electric and magnetic phenomena in irreversible type II superconductors.
We refer to fhese as transverse and longitudinal. In thé transverse geo-
metry the transport current I flows perpendicularly to thé externally
applied magnetic field H whereas in the longitudinal geometry, the current

flows along the direction of the applied field. 1In either situation we

1)
-

can envisage samples with a variety of shapes or geometries. The gimplest
and’ most fre'qt;ently used configurations being the so_iid-cylinder and the
_ o :
ribbon alﬁhough the hollow cylinder and the pr_isméhave also been utilized.
" In the case of the ribbon, the transverse situation can encompass a spec-
trum of cases. The limiting and simplest cases being where the transver-
se field H_L is directed~along orinto the flat face of the ribbon. chourse in
“this transverse situation-,- the .z;zimuthal angle between H.L and the flat face of
the ribbon-can be made to vary.through the physically meaningful range from 0 t/c_v\n.
The transverse configuration has been most extensively studied

since it corresponds-to the situation generally encountered in applica-
tions (e.g. supercondggting solenoids). The basic features of the phe-
nomena seem to be well understood for this arrangement. Three basic con-
cepts enter irito the total picture and suffice to account for the major
features of the behaviour. These basic ingredients are (i) equilibrium
"diamagnetism (fli) the crii:ical state and ‘) the surface barrier.

We outline each of these aspects below.
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The longitudinal situation has been relatively less explored.
~. . '
Nevertheless a considerable body of data has now been accumulated in se-
veral laboratories. Although the three basic elements ‘just enumerated
. \

continﬁé‘tu~applx_Lt/is clear that an sdditional conceﬂiwor rule is needed.

This new principle has so far eluded researchers in this domain. A va-

b

riety of ﬁeritorious proposals.have been put forward but'gaé full impli;‘
cations have not been pursued in detail. Further these ideas appear ina- .i'
dequate to explain the panoply of observations already availﬁble. In

this thesis we develop a new phenomenological‘prescription. We apply

this new rulé together with the critical state concept to a qﬁantitative
description of a vast and represenFﬁtive assortment of data. A substan-

tial portion-of these reéults emerge from our own measurements. We have
however gleaned a wealth of observations from.the literature and from

unpublished work performed in other laboratories. We exploit our new |

’)/gggifpt or model to interpret this wide collection of'gomplémentary in-
formation. We also examine in some detail the cénseque ces of.a specific
proposal current in the literature, namely, the concept of pure radial
displacement of vortices. We show that, although‘iﬁ some particular
cases, this concept leads to correct predictions,'it is however inconsis-
tent with the results of a crucial exferiment by Bussiere (1976). Further
we pgint Qit in the course of fhis thesis how this idea is intrinsicaily
- incapableof describing basic and %9£ortant situations. The spectaculaf
unsuccessful effort of Yamafuji (1975) to exploit this concept in a si-
tuation where it is inapplicable and invalid cpnfirms our contention.
- The response of irreversible type II superconductors in longitudi-

¢



nal and transverse geometty differs in two remarkable réspects; ~the depen-

dence of the critical current and of A.C. losses on the externally applied

field. “i :

(1)  The behaviour of the critical current Ic as & function of the

applied field for these two situations is shown schematically below.

T (a) - (b
B c - S ICA |
—C n.ax

The dashed line in diagram (b) is édded to indicate the ''peak"
effect which is sometimes encountered in/lhis geometry. This behaviour
appears Epsﬁive an entirely différent origin from the massive summit
occuring in longitudinal geometry. The ratio Lemax’

can vary signi-
co Y gn

ficantly and has been observed to exceed % §.
(i) The variation of W, the A.C. losses per unit length atiﬁxed:amﬂitude
and frequency of the alternating current as a function of the applied magne-

tic field is shown schematically on the next page for the two geometries.

-

-
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R A . = | hl |
\ oy W .

The ratio WO/Wmi‘n varies' even more appreciably than the ratio Icmax/Io

and yalues of % ‘15 ‘have been reported. The decrease in A.C. losses

suggests strongly that the azimuthal magnetic induction generated by ‘
-'"t‘he conduction current and therefore the conduction current also, pene-

trate less..deeply in the specimen in this range of Hys. The average

longitudinal current_. density |jz] must then be considerably enhanced. '

Another striking phenome-

non encountered in-longi- A

b
tudinal geometry is the

"paramagnetic" effect. <Bz> r ////
In a specimen which has ,L\\ _/// Vs ’
become superconducting | ? . 2

in the appliea field, the ' . 4

longitudinal magnetic in- | 7 :

duction <B > increases

monotonically as I is




introduced andfattains a. maximum Ic‘ This erhancement of <Bz> is shown schemati-
cally in the accompanying sket&i An enhancement of <B_> compared to

H// by a factor of x 3 is frequently measured. In the light of electro-
magnetic laws, this phenomenon indicates that the current must in 1ongi-

tudinal geometry adopt helical paths where the sense of the helix is

dictatnd by H//.

The enhancement of Ic, the reduction of W and the increase in <Bz> :
have been qualitatively explained. So far, however,.to the best of our
knowledge, no other researchers have succeeded in developing a modnl
which quantitatively reproduces these various phenomena and several
other related observations collebned in this thesis.

Bergeron (1963) put forward the first explanétion of the hump in
Ic'and thereby predicted the associatea paramagnetic effect. The latter
phenomenonlwas soon theréafter(observed by LeBlanc et al (1965} and
B;rgeron et a2l (1965). The measurements, however, deviated significan-
tly from the expectations of Bergeron's model. Essentially this worker
visualized a force free configuration where the total—current density
vector ? adopted helical trajectories coinciding with the helié!& arran-
gement of the total magnetic induction vector ﬁ. Thus the net Lorentz
force FL S T X B =0 in this picture. Several workers have pursued this
concept; Sugahara (1970}, Walmsley (1972) Campbell and Evetts (1972).
Walmsley incorporated equilibrium diamagnetism in a crude appfoximate
manner in his analysis. The latter workers combined this concept with
the notion of pure radial displacements but their development of these

ideas is not detailed. Lachaine (1976) has systematically applied the

force free picture to ribbon (infinite slab) geometry. This worker also
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explored thoroughly this idea combined with the,cﬁncept of pure radial
displacement. (The latter concept, for infinite slab geometry,:is equi-
valent jto the stipulation that vortices do not rotate as they miﬁrate.)
it is bgyond the scope of this introduction to analyze and even summa-
rize the merits and flaws of these numerous investigations. The work

of Lachaine however is noteworthy since he not oply presents a dﬁtailedJ

analysis but also develops quantitative results in all the cases he

. studied: y
We also wish to interject some general comments on the forée—fre;
approach which are pertinent to our work.
By its very nature, the force-free picture must yield resuits which

are independent of pinning inthe material since the model takes F 0.

L=
The model must then generate '""universal" modes of behaviour applicable
only to reversible type II superconductors. The alternative appears to
be that one postulates that the role of pinning is somehow magically

suppressed when force-free configurations operate in irreversible mate-
rials. Within the force-free context (i) variations in the parameters

pertaining to equilibrium diamagnetism (H H ¢) and (ii) surface

cl” "2’
effects not related to pinning must give rise to the differences in
behaviour between materials and between different samples of the same
material. Finally we note that at low frequencies where viscous effects
are negligible there is no mechdnism in the force-free picture to gene-
rate hysteresis (A.C.) losses. The force free concept therefore al-
though of considerable interest, is certainly not valid for the results

we examine in this thesis. Consequently we have not exploited this pic-

ture in our work.

A

-
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We close this' introduction with a sketch of the basitc concepts we
have mentioned since this is useful for a better understanding of this
thesis and for an appreciation of the direction of possible future deve-

lopment of our work. -

i) Equilibrium diamagnetism
Abrikosov (1957).in his g¢lassical paper developed (a) a descrip-
tion of the macroscopic mgghetic behaviour of ideal or reversible type
IT superconductors and (b) a detailed microscopic picture where the
mégnetic flux permeatiﬁg these materials consists of a two dimensional
lattice or regular array of quantized flux lines (vorticesj. The expres-
sions equilibrium diamagnetism, intriﬂgic diamagnetism or Abrikosov dia-
magnetism now current in the literature and used interchangeably refer
to this f%;st aspect of Abrikosov's work. He derived a relationship
between the magnetic induction B . ‘ o
and the external magnetic field
H parallel to the surface of
an infinite half-space. Here )
B represents a quasi-macrosco- {
pic average over a plane em- (B) )
bracing several vortices. The
relationship between B and H

obtained by Abrikosov and pur-

sued subsequently by several

workers is shown schematically p

in the accompanying sketch.
Cl ce
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The ratio of the upper and lower critical fields ch and H,, is determi-
ned by a tempera{ﬁre dependenf parameter k (the Ginzburg-Landau parame-

ter) characteristic of the pure material.
In'irrevers;ble materials é may vary considerably with position in
the sample, - Nevertheless,'the aésumption is made that the relationship
between B and H, de;ermined by the k for‘the,irréversiblelmaté;ial, still
applies locally. -Again wg stress that locally here signifies an avera-
ge over the cross section of several vortices. It is clear that in
this context H is no longer the externélly applied magnetic field but
represents an “internal ”épplied" spatially .varying magnetic field H(x)..
The expression u = B (H)/H now defines a '"local' spatially varying per-

meability. The distinction between B and H is important since Maxwell's

equation

VXﬁ =u_3r

) _(1~1)

(where M, = 4v/10 in the practical system of units we use ip this thesis)
. . . >

relates the free current density to the internal magnetic field H.

Again here T is' a quasi-macroscopic average. over the cross section of

several vortices. The Lorentz force density (again a quasi-macroscopic

-

average)
Fo=7x8 (1-2) .
involves T appearing in equation 1-1 and B is the "local" magnetic- induc-

tion (quasi-macroscopic average). The quantity [B| is a direct measure
of the density of vortices since |§| = N¢, where N is the local density
of vortices and ¢ is the quantum of flux. |

In our work we will, for simplicity, tﬁkerp = 1. Consequently

our results are not valid when B(x) % Hcl' In the very irreversible



type II superconductors we examine iP this thesis, Hcl is generally re- .
latively small since é £ 2. ‘Further, for most of the situations we in-
vestigate, B »>> Hcl over the major part of the volume of the material
where the action takes place. 1§éverthe1ess, it is clear that in future
work the approximation we make should be corrected. " It is encouraging
that we have achieved quite good results within the framework of this

approximation.

ii)  Critical State

Essentially the critical state concept has two facets. (a) It is
" visualized that, under isothermal conditions and in the steady state, a
persistént current density T exists at a maximum or critical level
wherever an electric field E has occurred. The critical level or ceiling
3& is believed to depend on B/ch. (b) In particula;, there is conside-
rable experimental and theoret4C21 evidence that the magnitude of the
critical current density is determined by the equilibrium between the
driving Lorentz force density ?L = ? X B and the pinning force density
Fﬁ opposing the displacement of the vortices. The pinning fogces arise
from the complicated interactions of individual vortices or a bundle of
vortices with.various physical imperfections and chemiéal impurities.
It is be&ond our scope to enter into this difficult but fadcinating pro-
blem. It is sufficient for our purpose to indicate that the pinning
force density has been shown to depend on fhe magnetic induction B/Hc2
and on the temperature T/TC. Further the dependence on B/Hc2 can be

represented schematically as shown in the sketch on the follqwing page

by the solid and dashed lines. In this thesis we will exploit simple

q
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analytic forms to represent | ?)
Fé(B) in our computations
" (for instance, aB(l - B/ch)

where o is a temperature

dependent, pinning strength v . . | i

parameter) and thereby obtain

quantitative results. Many 0

D
L

rtige |

workers rerfer to extract a
graph of’jc(B) = Fﬁ(B)/B from one set of data énd introduce this curve
in the analysis of other results. Ther§ are no special virtues to our
approach. It is straightforward however and the simple-analytic forms
we find applicable may provide a challenge to the thebretician. _
Physically, FI;(B) must vanish at B/HC2 = 1 since superconductivity ‘
is then quenched in the bulk of the material. It
must also vanish when
extrapolated to the limit B/HC2 = 0.  Various basic fprms of interaction .
of the vortices with pinning sites of diverse nature and distributions
have been explored to account for the hump in the F;(B) curve, We
stress that in transverse geometry the critical state concept assumes

the simple form

]

iB = Fy(B) (1-3)

since ? and B are orthogonal. In the longitudinal situation, this sim-

ple relation must be repléced by the considerably more complicated ex-

pression

j xB= ?{)(B) (1-4)
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. Q ;
- The latter must be supplemented by an additional rule or prescription
forﬁsoldtiqns to -be obtained since in effect it contains another varia-

ble. This can be made more obvious if we write equation 1-4 in terms

-

of absoluté quantitiés,

. . -
JCB sin ejB FP(B)

where ejB denotes the angle between T and B and is an additional quanti-

ty which must be determined in the longitudinal situation. In this the-

sis we develop and exploit a simple empiq}cal law which enables us to -

solve this formidable problem satisfactorily in all the existing variety

of concrete cases.

‘ : \ .
In the transverse situation, the critical state equation (1-3) sup-

plemented bf the principles of electromagnetic induction pas already pro-
vided a‘good q?scription of macroscopic magnetic and electriQ behaviour
of irreversib}e type II superconductors. In the case of low x materials
and 1es; reversible samples, equilibrium diamagnetism has sometimes been
incorporated in a variety of ways in the interpretation of the data.

(Silcox and Rollins 1964, Friedel et al 1964)

(iii) Surface Barrier .

There is considetrable evidence that the surface of type ?I super-
conductors can, under certain conditions, support an appreciable irre-
versibie current, throughout the range 0 < H, lecZ wherg H, is the
total magnetic field at the surface. The current is irreversible since
the previous magnetic history of the specimen in the superconducting

state plays a role in the existence of the current, its magnitude and

perhaps also in its sense of circulation. The expression, surface
4

(1;5).

-
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1
barrigr, is also frequently used to denote this capacity of the surface
to sustain irreversible currents. There is some ambiguity however in
fhe use of the two expressions since some workers visua;éze that a
. barrier to entry or exit of flux at the surface can exist‘énd operate
ﬁith no macroscopic (free) pérsistent currents circulating along the
surface. In the following we ignore this issue since it is not pefti-
nent to our discussion and use the expression, sﬁrface barrier or
barrier because itlié ;%orter and mofe‘picturesque than the cumbersome
expression, irreversible surface currént.
The origin, nature and behévidur of the surface barrier are at

ﬁresent shrouded in unéertainty and controversy. We mention only a few

asbects of this intricate problem.. The barrier has been viewed by some
workers (Fink 1964, Park 1965) as an extension or continuation below
ch down to HS = 0 of the deGennes surface sheath known to exist in
tﬁe range Héz < H_ f-Hcs’ where superconductivity in the bulk has been
quencﬁzd. On the other hand, various mechanisms of .pinning of vortices
by the sugface discontinuity have been proposed ( SQaer and Hart 1965).
In this context, Bean & Livingston (1964) developed a simple image
force picture to account for the observation that flux entry can be
delayed beyond Hcl but the residual (remanent) magngtic moment at HS =0
can be negligible. A layer of a magnetic (ferro or antiferro) metal
or one of high conductivity in intimate contact with the surface can
supﬁress or reduce the barrier (Barmes and Fink 1965). Also the barrier

. -

is depressed when the surface is pierced by the appi;éd magnetic field

(Zahradnitsky 1973). In these respects, the behaviour of the surface

Al
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barrier is similar to that of the surface sheath.

There are two features of the barrier pertinent to our work. The
height\ of the barrier decreases with Hs’ the rate of decreése bring par-
ticularly rapid in theJlow range of HS ~ HCl (Love 1966, Ullmaier And
Gauster{1965, Chang and LeBiané 1967, Mattes 1568, Bussigre 1976). The
surface .arrier may be semi—permeéble i.e. it opposes entry of vortices’
much mgfe ffegtively than their exit.(Swar£z and Hart 1965,~Clem.
1974). For simplicity and since we have scant information on the magni-
tude and behaviour of the barrier for the specimens we examine in ‘this
thesif,.we have eiected to ignore ;ﬁis component in our analysis. It
;ppears however that the introduction of a semi-permeable barrier would
'im;rove agreement of the predictions of our model with observations.
Zahradnitsky (1973) has 5uccessfu11y accounted for the expulsion
of flux from ribbons of irreversible NbTa, Pbhand V as they cool through

T, to 4.2°K in static magnetic fields of various intensities and orienta-

tion exploiting a model which synthesizes the three basic elements.we

-

haﬁe just discussed. Presumably his approach could be fruitful in

future extensions of our work.



. CHAPTER 2

Experimenta*\?rocedure

Introduction
In this thesis we investigate a variety of phenomena in solid and

hollow cylinders and in ribbons of type II superconductor; in stationa-
‘Ty magnetic fields H// externally appliea along the length of the Speci:
men. A conduction current I fed into the sample via current leads atta-
ched to its ends and connected to an external power supply is made to
flow along the leﬁgth of the specimen. We monitor (i) the evolution of
the magﬁetic induction <Bz> aloné the length of the specimen until the
quenching current Ic is reached and#(ii) the limiting lossless or criti-
cal current I itself when current is first impressed aftg: the sample
has been subjected to three different previous magnetic hiétories of
special interest generating a non-magnetic, diamagnetic or paramagnefic
state. ..

(i) Non-magnetic state. The sample be comes superconducting in H// which
is then kept constant as I is subsequently applied.

(ii) Diamagnetic state. The sample becomes superconducting in zero
_(the earth's) field ‘then H// is raised to the chosen value.:

(iii) Paramagnetic state. The sample becomes superconducting in H// 4
.ch or large if ch is excessive. “H// is then lowered to a selected
_ value of the same polarity.

We also study the locus of the longitudinal magnetic induction <Bz>

as the current traverses half wave and full wave osqulations for ﬁ&ow
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variations of the cﬁrrgng, i.e. dI/dt X 10 A/sec.

We have carried out fhe measurements: just desoribed_on’§amp1es of'
three different materials, V, VU.2ST10,?5 and NbO.STaO.§ @rovided by
Materials Research Corp. and made with high purity triple tone refined
constituents. The samples weré cold worked during fabrication and not
annealed after final dréwing or rolliné stage. ‘The V and:VTi were in
the form of wires, thebeTa sample was a ribbon. For the V we studied
wires of two differentfdiameters. The metallurgiéalwtreatment of these

two wires, however, was.different although their purity was nominally
- N f

the same. Pertinent data on these four samples is given in taé%e 2-1

-

below. , “ . -
TABLE 2-1
Material Geometry Dimension(s) Tc Resistivity
(Radius in em) ~  (K9) Ratio p(293%K)p (T,)
v Wire 0.025 . 5.30 .9
- . S -«
v Wire 0.038 5.3 g
v Ti ﬁ‘r 0.038 5.32) 11
0.25'%0.75 "Y€ . y
Nb,. ;Ta, ¢ Ribbon W= 0.51 6.25°) —
: : t = 0.15

1) N.B.S. Technical Note 825

2)  Hake (1967)

3) N.B.S. Technical Note 482.

-The tbtal length of each sample was N~ 12 cp. "The central heéted section
”sgeﬁ'ﬁ by the pick up coil monitoring <Bz> was ~ 7 cm long (see discus-
sion of sample arrangement below)}. The demagnetization coefficient

" ' > 1o
along the lggéth of the specimen is then clearly negligible.
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In this thesis we also analyze results obtained by Belanger (1568)
.on commercial wires of NbSZr (Wah -Chang), NbTa (Materials Research Corp.)
and NbTi (Supercon.). The type of measurements and the experimentél pro-
cedure he used were identical to ours. ‘ b

Bussiere (1976) carried out measurements on a hollow cylinder of
Nb of 0.15 em outer radius and 0.11‘cm inner gadius. The experimental
approach is aga%n similar to ourg, except that he also monitored thé
magnetic: induction Bi inside and along fﬁé ax%§ of the hole of the tube. i
He studied the evolution of <B,> and Bi up to I, and Ic vs H// only for
the initially non-magnetic state. His results are analyzed in this the-
sis and further details on his work are give; in chapter 7.

Also, in this thesis, we analyze the measurements of A.C. losses

at 412 Hertz and 4.2°K carried out by Taylor (1967) on commercial NbZr

wires (Kawecki). He studied the dependence of A.C. losses on frequency

(60 and 412 Hertz), amplitude In‘x of the current and H//. In his work ‘

he determined the final product only since he measured A.C. losses.

"directly" by electronically integrating/é£e voltage V in phase with

the applied current I over several (N) periods, hence Nﬁ§ V.I dt.

Sugahara and Kato (1971) also measured A.C. losses at 50 Hertz and
4.2°K in commercial wires of Nb3Zr (Westinghouse) and NbTi- (Supercon.).
Besides measuring the integral § V.I dt, these workers also observed

the locus of <Bz> and of <B_ > simultaneously throughout the cycle of I.

8

They recorded and published the variation with IM

and H// of ratios and
differences of salient points on these curves as well as their data on

A.C. losses. We analyze all of their published data as well as the
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results of Taylor in chapter 6.

Table 2-2 is a compilation of parameté&s we have introduced in our
analysis of this vast assortment 'of results &nd other pertinen%\informa—
tion on all of these samples whose behaviour is examined in this thesis.

In this chapter we describe the experimental arrangement and the

procedure used in the measurements which we performed:

I. Sample Arrangement

Winding a bifilar (noninductive) heéter coil directly onto thér
wire sample was the first step in constfucting a sample. A sﬁitable DC
current flowing through'this ggater was used to maintain the specimen at
any desired temperature above that of the helium bath. Considerable
care was used to wind this heater uniformly to insure temperafure homo-
geneity along the 1en§th of the sample. Insulated #38 manganin wire
(Wilbur B. Driver Co.) was used for the heater. The low thermal conduc-
tivity, small temperature coefficient of resistance and relatively neéli-
gible permeability of this material makes it highly suitable for.this
application. t

The sample and heater assembly was embedded in epoxy in a glass tube
to insure rigidity. (Figure 2-1 shows construction details.)

The ends of the samplelwerp wrapped with Indium ribbon and clamped
between large copper blocks which had been polished flat and carefully
cleaned with solvent so as to achieve a low contact resistance (Rc N
107° Q). ‘Heavy copper leads attaéhed to these copper blocks led out of

the dewar to provide a means for introducing the transport current.

Double strands of #14 copper wire were used from the copper blocks to the
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~ top of the dewar and 000 size copper welding cables were used from that
point to the current supply.
Voltage probe leads were spark welded onto the sample as shown in

figure 2-1. Monitoring the voltage across these leads with a Keithley

-
~

Model 150B microvolt ammeter produced a clear indication of the appea-
rance of resistance in the sample when the transport current reached I,
{critical current) since the appearance of resistance is very abrupt and
sharp in tpese materials at éhe current levels we used. In addition to
the visual indication of the voltmeter deflection when Ic was reached,
voltage appearing along the'sample at the onset of resistance was used

to trip a sensitive mechanical relay which shuts off the transport cur-

Trent supply when the voltage from the leads exceeded 5 millivolts.

II- Experimental Procedure

Qur measurements were generally carried out with the central
section. of the sample at a temperature above that of the bath. The mag-
netic induction <BZ> or, equivalently, the magnetization <4wM_> = <Bz> -
H// along the length of the sample is monitored continuously as a trans-
port current I is applied and varied slowly in the presence of a static

-

longitudinal magnetic field H//.

a) Temperature Considerations

Some discussion of the’choice of temperature is in order. Due to
the joule heating as I flows through the contact resistances, reliable
measurements of Ic at a fixed temperature are possible only if the cen-
tral or "effective" section of the sample is maintained at a temperature
above the bath temperature. A suitable opefafing temperature is found by

\d
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adjusting the heater cuffent so that the mgximum value of Ic (which will
generally occur when H// 'Y ch(T)/z) is less than the measured value
of Ic for zero heater current. This ensures that the heated portion of
the sample is alwafs at a temperature higher then the temperature of the
electrical contacts.

The standard method of monitoring temperatures in experiments such
as ours is to attach a small carbon resistor in intimate thermal contact
with the speciﬁen. The temperature dependence of the resistance of
such a sensor is given by a well established empirical relation involving
parameters which are easily determined at known temperatures, e.g.
liquid helium at atmospheric pressure, liquid nitrogen at atmospheric
pressure, the lambda point of liquid helium, etc. In addition to increa-
sing the complexity of sample construction, the presence of a carbon re-
sistor in the limited volume available for our samples introduces an
appreciable nomuniform temperature distribution along the length of
the superconducting wire. We felt that uniformity of temperature was
more important than being able to monitor constantly the exact tempera-
ture of the sample; hence the carbon resistors were not used in the
measurement reported here. We estimate the temperature in a variety of
ways.

(i) With H// = 0 we measure Ic vs the heater current iH from 4.29% to
T near Tc. A plot of this data vs iﬁ generally yields a straight.line

ﬁ A 0. This plateau occurs because

with a plateau in the vicinity of i
of joule heating at the contacts. Extrapolating the linear or nearly

linear behaviour to iH = 0 yields a reliable value for I.at 4.2%,
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This value of Ic at 4.2% together Qith Tc from the literature and the
assumption of parabolic behaviour Ic(T) = Ico(l - (T/Tc) )2 enable us
to calculate Ico’ the criticﬁl current extrapoléted to T = 0°K.
(i1) We measure ¢(T) the longitudinal trapped flux when H// is reduced
from a large value‘to zero with the samplemat 4.2°K. This quantity is
sometimes referred to as the residual or remanent magnetic moment. This
data together with T, from the literature and the assumption of parabo-
lic behaviour ¢(T} = ¢O(1 - (T/TC)Z) enables us to calculate ¢0, the
trapped flux at T = 0°K. With this relation we can then determine the
operating temperature T once ¢(T) is measured at that temperature.
(iii) We measure the maximuwn longitudinal diamagnetic mbment at 4.0°K
as H// is increased from zero. Again proceediné as in (ii) we can ob-
tain the operating temperature T once this quantity is measured at that
temperature.

We note that th;se three procedures yield'estimates of the opera-

ting temperature which are in good agreement.

b) Detection of Sample Magnetization

A pick up coil surrounding the sample was used to detect the magne-

L
tization of the sample. For a pickup coil to have a sufficient number
of turns to pr;vide an adequate signal from changes in the flux threa-
ding our small single wire samples, it must occupy an appreciable volume.
As a consequence any change in the applied magnetic field induces a vol-
tage in the pickup coil which is considerably greater than that due to
the sample. Y

’

The standard method of eliminating this large background is to
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Place inside the solenoid a second pickup coil, oppositely wound and
gqual in size, which sees the same magnetic field as the first coil but
does, not embrace the sample.‘ This method has the drawback that the super-
conducting solenoid must consequently be rather long, hence very massive,
costly to construct, and expensive to cool down repeatedly to 4.2°K.
Furthermore, the two coils must be carefully positioned’along the axis
of the solenoid and rigidly maintained in place in order that they remain
well balancéd. An alternative techniq;e was used where these problems
are eliminated and which we now describe.

Our typical pickup coil consisted of two concentric windiﬁgs of
#46 copper wire (with heavy formrar insulation, from REA Magnet Wire Co.)
wound in opposite senses on a bakelite spool and connected in series.
(A tyf)ical coil isl ®'2-1/4 inches long, 0.4 inch I.D. and 1-1/4 inches ‘
0.D.). The radius of the interface between the two concentric windings
was chosen so that the number of turns times the average tadius of the
inner winding equaled the number of turns times the average radius of
the outer winding. Through careful testing and adding or removing turns
as necessary we balanced the coils such that the two concentric coils in
series did not respond to changes of several hundred Gauss in a uniform
longitudinal field. However, this arrangement does respond to changes
in the magnetization of the sample. ;This result may seem puzzling at
first but its validity is easily demonstrated. The voltage at thé ter-
minals of a coil of N turns is simply Ndé/dt where ¢ is thé flux inside
the coil. When a uniform field, H/) is applied along the axis of the
pickup coil system, the voltage across the series-connected coils due

to a change in H// is clearly
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dH : Lo

Vo= (A - NA) —af:—/ (2.1)

where Ai is the average area of the turns of the inner coil and A, is
the average area of the turns of the outer coil. When NjA, = Ny A, no
voltage is observed where H// is changed and the sample is in the normal
state. (For this to hold, Ni > N, since A; < A,.) On the other hand
when the sample is the supercondUct%ng state, a voltage results which
is proportional to the difference in the number of turns for the two
coils and the rate of change of ¢S, where g is the flux threading éhe
sample. Denoting the area of the sample by A and the average induction
inside~the sample by <B>, then the flux seen by the inner coil is,

¢, = <B>As'+ H//(Ai - A) : (2-2)

Similarly for the outer coil,

¢y = <B>As + H//(Ao - As) (2-3)
So that the induced voltage in the inner coil when H// is changed is
ool SR ey By (2-4)
Vi T M Wy g i s’ dt
- Similarly for the outer coil,
dH
_ d<B> : / -
Vo = Ng (Ay =3+ (&) - A)) —5) (2-5)

so that the voltage across the series connected coil is now

VEvo-vy (2-6}
or v = N.A i(<a>-ﬂ)-NA i(<B>-H) (2-7)
i"s gt // o's dt //
d<4mM>
- _ -8
or v (Ni No) As It (2-8)

Thus a "balanced" pickup coil arrangement with NiAi = NOAO yields a vol-

tage proportional to d<4wM>/dt of the sample only as H// is changed.
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It is difficult\to construct the concentric coil assembly to satis-,
fy the condition NiAi = NOAO exactly. As indicated above we calculated
the approximate radius at which to reverse the winding using the dimen-

" sions of the coil form. After winding we then added or subtracted turns
to the outer coil .until we arrived at the balanced condition with the coil
at the temperature of liquid nitrogen. Genefally the co0il does not re-
main balanced when ‘cooled to 4.2°K due to nonuniform contraction effects
and had to be specifically balanced for operation at the latter tempera-
ture.

The pickup coil was made to fit snugly over the epoxy-filled glass
tube contéininé the sample and the whole assembly shown in figure 2-1 was
rigidly mounted in a bakelite holder as indicated in figure 2-2. This
holder and its conténts were then inserted into the bore of a supercon-
ducting solenoid. |

The pickup coil signal was electronically integrated with a D.C.
operational amplifier. This technique is described in detail by Fiet:z
(1965). The output of the fntegrator is applie& to the Y axis of an
X-Y plotter. When a signal proportional to the applied field is féd to
the X axis, curves of <4wMz> Vs H// are traced continuously as the
applied field is raised, lowered and changed in direction. We refer to
these as standard magnetization curves. Similarly, while H// remains
fixed, if a signal proportional to the applied transport current is fed
to the X axig, curves of <4wMz> vs I are traced continuously as the
applied transport current is raised, lowered and changed in direction.

A magnetization of a few gauss was well within the noise and drift limi-
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tations of the 'system,

c) Superconducting magnet

The solenoid was assembled in the lab, and consisted of multiple
layers of "Supercon' brand NbTi copper clad wire wound on an insulated
aluminiuﬁ form (approximately 1-1/2 inch bore and about 7 inches in
length}. The Gauss/aép ratio was calculated using” the expression for a
coil of these dimensions and geometry (Boom 1962). The solenoid was also
calibrated with a Rawson rotating meter and with pick up coils which
were separately calibrated or whose turn-area factor was measured preci-
sely. The results of all thege determinations agreed withing an experi-

‘mental error of ~ 3%. .

- Fig. 2-3'shows the over all experimental set up schemati%ally.

III  Standard Magnetization Curves

The standard magnetization curves for tﬁree of our four samples
as H// is slowly increased to ch or a high value and decreased to zero
from this level are presented in Figures 274, 2-5 and 2-6. In Figures
2-7 agé 2-8 we reproduce the ﬁi@netization curves obtained'by Belanger
(1968) on his NbZr and NbTa wire sampies. The magnetization cu;;es for
our NbTa ribbon sample-are sho@n in chapter 8§ and for Bussiere's hollow
Nb cylinder in chapter 7. All of these results were obtained with the
central section of the sample maintained at the operating temperature
i.e. the temperature established in each case when the various other
measurements examined in this thesis were performed. Following standard
practite, these magnetization curves are calibrated on the assumption

J

that negligible flux enters the virgin specimen during the initial rise
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of H// in the low field range % Hcl’ (i.e. perfect di?magnetic response).

‘These magnetization curves constitute a basic set of data which
is useful in c@aracterizing the sample. In order to completely charac—
terize a sample these curves, howéver, should be suppleménted by magne-
tization curves in a transverse field HJ_ in é suitable arrangement
where the demagnetization féctor is made sméll or negligible. This can
be approximately achieved by assembling a single close packed row of
wires ;nd directing HJ_ perpendicularly to the gjres but along the sur-
faces of the row. Other conceptually and experimentally moré cbmplica-
ted approaéhes have been exploited to determine the tfansverse magnetic
behaviour (Chang and LeBlanc 1967, LeBlanc, Druyvesteyn and Chang 1965).
Finally wé nbte'that the expulsion of flux as the sample cools through
T. to the oper#ing temperature in H,, a;d H, over the entire range
0 < H// (ox H, ) < ch is an important (but frequently neglected) data
curve characterizing the sample. :

In Figures'2-4 through 2-8 we also present the magnetization cur-
ves predicted using the critical state concépt (dashed lines). The
pinning strength parameter o and the pinning fimction Fp(@) used in
these calculations are listed in table 2-2. In these calculations we
ignored any contribution due to surface barriers and equilibrium diamag-
netism. The correspondence between the theoretical and experimental
curves is frequently less than satisfactory. Evidently this poor corres-
pondence arises in part because we exploit crude and unsophis£icated
pinning functions in these calculations. The agreement could readily

be improved by manipulating Fp(B). In our opinion however, it is
\
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more important to note that the induced persistent currents which give
rise to fhé magnetic moments are flowing around the axis of the specimen
(azimuthally). ?he'piﬂning parameter ¢ used in each calculation was se-
‘lected ‘to yield a fit with one data point on the I, Vs H// curve for that
sample In the latter situation, the c:rrent is essentially flowing
along the length of the sample. £We can then interpret the deviation
'betyeen calculations and observations in these Figures as an indication
of anisotropic pinning. Finally we n;te that surface barriers and equi-
librium diémagnetism play a relat%vely more significant role in the low
and {htermedigte field behaviour of magnetization curves than in I, vs
H// and <4M_> at I, vs H,, curves. The yeason is that the total field

at the surface in the latter measurements is much greater than H// since

'HS = /ﬁi/ * (IC/SR)2 and Ic generally generates a field at thersurface
which appreciably exceeds Hcl" Surface barriers gre also very sensitive
to HS and decline precipitously as HS increases (Bussiere 1976, Clem

!

1974, Chang and LeBlanc 1967, Ullmaier and Gaﬁster 1966,'L6Ve 1966’

Horagami 1975)

-
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Figure 2-4 Standard magnetization curve: average axial magnetization,
4nw<M_> , vs H,, the applied axial magnetic field. Solid curves shows expe-
rimental resu{{s. Dashed curves calculated for the critical state model.
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Figure 2-5 Standard magnetization curve: average axial magnetization
4m<M_>, vs H,, the applied axial magnetic field. Solid curves shows experi-
mental resuléé. Dashed curves calculated for the critical state model.
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Figure 2-6 Standard magnetization curve: average axial magnetization,
. 4W<Mz>, vs H,, the applied axial magnetic field. Solid curves shows experi-
mental resuléé. Dashed curves calculated for the critical state model.
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Figure 2-7 Standard magnetization curve: average axial magnetization,
4m<M_>, vs H,, the applied axial magnetic field. Solid curves shows experi-
mental resuléé. Dashed curves calculated for the critical state model.
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Figure 2-8 Standard magnetization c average axial magnetization,
4w<M_>, vs H,, the applied axial magnetic field.» Solid curves shows expe-
rimental resG{ts. Dashed curves calculated for the critical state model.
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\ CHAPTER 3 g

Straight Current Flow Model

(Critical Current and A.C. Losses)

Introduction

The curfent carrying capacity of wires and ribbons of type II super-
conductors immersed in a static magnetic field ﬁ// applied along the
length of the specimen exhibits a dramatic increase as H// increases.
This steep rise in the critical current IC covers a wide range of H//
extending from H// = 0 to an appreciable fraction ofl%z. Te critical -
currént after traversing a broad summit then declines precipitoﬁsly-to
negligible levels as H// approaches ch. The maximum value attained by
Ic can be several times greater than its value when H// = 0, indeed
increases by factors & 5 have been observed. This fascinating phenome-
non has been investigated by-.several workers: Grassman gnd Rinderer
(1959), Sekula et al (1963), Heaton and Rose-Innes (1964) LeBlanc (192?)
and several Russian groups have reported ﬁeasurements on wires of various
materials, Cullen et al (1963), Cullen and Cody (1970) have examined

ribbons of NbSSn.

This remarkable behaviour is in sharp contrast with the mopotonic

+

i
and rapid decline in Ic encountered when the same wire or ribbon sample

is subjected to a magnetic field H, applied transverse to its length.
{Under the latter circumstances a hump in the curve of I vs H// is sbme-

times observed as H, approaches ch. This phenomenon, baptized the
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peak effect, has been studied by many workers since it was first reported
by LeBlanc and Little (1960). This behaviour has yet to be satisfactori-

L 4

ly explained. It appears to have no connection with the phenomenon we
explore in this thesis, ),

Bergeron (1963) first proposed an explanation for the behaviour of
IC Vs H//. He visualized that the current adoPFed helical trajectories
such that the total current density T(r) coincided with the configuration
of total magnetic induction ﬁ(r),hence the net Lorentz force density
T X8 =0 everywhere. Such configurations are called force-free. An
‘immediate consequence of this picture was the prediction by Bergeron
that the average axial magnetic flux density <Bz>_will exéeed H// and
grow with I to a maximum at IC. This result can be seen intuitively
from the following considerations. .When I # 0, §(r) must be helical,
hence ?{r) must be helical also if the latter vector lies along (#ith or
against) the former. This means that T(r) must have an azimuthal compo-
nent je circulating in a '"paramagnetic" sense (regardless of whether I
flows parallel or anti-parallel to H//). The predictions of Bergeron
were verified by LeBlanc et al (1965). Their observgtions,howeveg did
not quantitatively corroborate the force-free configuration developed by
Bergeron. Their results indicated that the current dénsity vectors ten-
ded to lie closer to the z axis than the magnetic induction vectors. In
this chapter we develop the consequences of the e¢rude but simple assump-
tion that the conduction current density vector ?(r) lies along the z-
axis. In force-free flow ?(r) appears to subtend too large an angle ﬁj

with the z axis when compared with the ''real" situations. Clearly then,
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by taking ¢j = 0 we are exploring a pattern of current flow which dévia—
.tes from the real world in the opposite sense. By assuming straight con-
duction current flow we have, however, automatically eliminated the pos-
sibility of generating any <Bz> > H//, hence we have closed the door on

a treasure of fascinating behaviour.

We will show in this chapter that this simple picture nevertheless
leads to Ic Vs H// curves which reproduce the main features of the expe-
Timental dafa. The curves generated by this model exhibit a rise in Ic
of the correct magnitude and a summit situated in the right range of
H///HC2 provided that the pinnihg force function Fp(B) is suitably CES;/,
sen. The model then serves as a sensitive and useful guide for the de-
termination or selection of Fp(B) from IC Vs H// curves.‘ In this res-
pect, the model complements the classical approach of extracting Fp vs
B (or equivélently jc vs B) from the standard magnetization curves. We
will alsc show that this simple modé1 provides a fair description of the
hepeﬁdence of hysteresis (A.C.)losses on H// and their variation with
the current amplitude. The major usefulness of this model however, in
our view, is that it provides a quantitative background or reference
behaviour which enables us to assess the role and the importance of o?her

concepts and refinements which may be introduced at a later stage in I)

the interpretation of the wealth of peTt{Pent phenomena. /f{
| )
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Development of the Model

We pursue the assumption of straight conduction current flow within
~ the well established framework of the critical state concept thft the
ﬁorentz force density ?L = ? X ﬁnis in équilibri with the pinning force
density Fé(B) wherever jZ # 0. In this chapter aﬁd throughout this thesis,
we neglect, for simplicity, any contribution arising from equilibrium
diamagnetism (Abrikosov 1957), hence we take u = B(H)/H = 1. Our analysis
then is applicable only for very hysteretic tyﬁe II superconductors.
Further we ignore the possible existence of surface barriers (semi-per-
meable or otherwise), hence the occurrence of irreversible surfac? currents.
As a consequence Jf these two simplifying assumptions the boundary condi-
‘tions we exploit throughéut this thesis are quite straightforward and

can be written

B(R) = Hs’ BZ(R) = H// . and BB(R) = HG(R) '
where Hs = (H/? + Hg)35 is the magnetic field at the surface of the infi-

nitely long cylinder or wire He(R) = I/5R in the practical system of
units and R is the radius of the wire.

Introducing Maxwell's equations in the form uojz = Bé/r + dBe/dr and

uoje = -de/dr in the critical state equation where T XB = jeBz - sze
for a long cylinder we obtain
dB dB, BZ

BZF + BBd_r o= = + Fp(B) {3-1)

where FP = qué(B) and M, = 41/10 in the system of units we use. The
sign depends on whether the net lorentz force is acting inwards (+) or out-

wards (-).



In this chapter we confine our attention to situations where the
wire becomes supe€rconducting in a ;tatic axiilrmagnefic field H// which
is maintained constant as I is subsequently impressed and cycled. In
view of this and our n;glect_of equilibrium diamagnetism, je(r) =0,
hence‘Bz(r) = H// qu dBZ/dr = 0. Equation 3-1 then'simplifies to

2
dB Be

o ) .

‘ whereB@j#ﬁ?/ + Bé(i‘));i and yields a differential equation where the
oniy variable is Be(r). This equation can readily be solved, either
analytically or numerically once I = SRHB(R) = SRBB(R] is specified. The
solutions provide profiles of Be(r), heﬁce‘jztr) which are in a critical
state. gtb

In order to determine Ic we require a specific criterion. We ﬁote
that by symmetry Be(f] = 0 at r = 0. It seems plausible then to allow I
to increase until the Be(r) profile advances to the central g&is. At
this juncture the conduction current fills the entire cross section of.
the wire and a critical state exists everywhere. Any further increase
in I under the constraint of straight current flow means that FL > Fﬁ
over all or some cylindrical sheath(s) or region(s) of the wire and
equilibrium no longer exists in the corresponding volume. The B(r),

Be(r) and jz(r) profiles are said to be supercritical wherever FL >F§.
This non-equilibrium situation is clearly umnstable and by some processes
which remain to be fully elucidated {Clem 1975), a voltage V appears along

the wire, accompanied by energy dissipation VI and a resistance R = V/I.

Consequently we define Ic as the current where Be(r) and jz(r)_reach the
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axis of the wire.

The problem of calculating L. is then reduced to finding an appro-
priate pinning function and pinning strength parameter for the specimen
under scrutiny. The approach, of course, can be "reversed" and the mo-
del exploited to extracf*jc(B) hgnce FP(B) curves from the-exéerimental
Ic Vs H// data. This information can then be applied to calculations of
hysteresis losses as I is cycled or to other phenomena. We have opted
to choose simple analytic functions for Fp(B) which exhibit a.resonance.
Rgcent work (Fietz and Webb (1969), Hampshire and Taylor (1972), Campbell
and E;etts (1972) and Kramer (1973) ) indicates that Ic vs H} curves
and the magnetic response of many materials can be satisfactdrily descri-

bed'by resonant pinning functions of the general form

FL = a(D) 81 - (Hi yhm (3-3)

\ c2

Within this vast context we view simplicity to mean that the exponents n,
2 and m are small integers, half integers or multiples of half integers.
Further Qe restrict the choice of n to 0, % and 1 since these three
values have become enshrined the literature where n = 0 is associated
with Kim et al (1963 and 1965), n = % with Yasukochi et al (1964_ani/
1966) and n = 1 with Bean (1964) aﬁd London (1965). Values of n >1°'
seem difficult to justify theoretically and lead to Ic vs H, curves
which display a rise in the range of small H, that has never been repor-
ted. On physical grounds Fé(B) must decrease to zero as B approaches
ch. It is not necessary however that'Fé(B) extrapolate to.zero és B
approaches zero although the simple functions we have used have this

property.
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Appliﬁg;inn_pf the Mddgi,and Conclusions

a) Ic \'£3 H// Curves

We apply the model of stréight current flow to the calculation of
I.vs H// curves for six different samples of five materials. The per-.
tinent iﬁformation on these samples is preéented for convenience, in the
table 3-) "altﬁough it -already appears with other data in the more ex-
tensive collection given in table 2-1. The results are shown in Figures
3-1 through 3-6. In‘all these figures the solid lines are theoretical
and the ddia points are experimental.

In these calculations we have explored four different forms for
'FP(B). We note however that two of these are very similar and co ‘ e
used interchangeably, namely the expressions with b(l - b)lﬁ and b@z) ‘
yhére b = B/H_,. The calculations of I for the NbZr and NbTi samples |
(Figures 3-1 and 3-2) are not sensitive to the choice of the factor'
{1 - b) since ch is very large in these two materials and the data
covers only the low field range opr/ch. The tempera?ure dependent
pinning strength parameterha(T) we used in applying the present model
were not chosen to generate the best fit to the data. These parameters
together with aﬁother parameter y which appears in a model we develop in
chapter five of this ‘thesis, were chosgn so that obsjrved and calculated

curves for both IC Vs H// and <4an> at Ic Vs H// meet at least at one

point. These o parameters were also employed in the dpplication of ano-
ther model we develop in the next chapter where they/lead to.a satisfac-
tory fit with the data. The reason for this apparent bias "against' the

present model has already been indicated. \This arises from our desire



- to measure the effect on the predictions brought about by exploiting

these different models. An inspection of Figures 3-1 thrbugh'3-6 indi-

4

cates that the-correspondence between theory and experiment can readily

s - -
be improved in two ways:

v

3

i)+ By the selection of more sophisticated pinning.funct?qns. Any
improvéments brought about.by exploiting mQre complicafgﬁ FIJ functions
would also xigld cﬁrrespondingly better fits when introduced into the
other models we develop. later.

ii)- By adjugting the pinning strength parameters upwards in the cal-
culations (particularly for'Figures 3-1 through 3-4).' Tﬂesé ”adjuéted“
parameters howeyer would then not be suitable in the application of .the
two other models we develop in the next chapters.

In view of the fact that the model of stra{ght current flow.is
known at the outset not to correspond to reality, it is quire remarkable
thét it generates curves which reproduce the Ic Vs H// data so well (par--
ticularly when a "better' parameter o« is employed). This indicates that:

i} The complicated configurations adopted by the electric cﬁrrents
and the magnetic iﬁauction‘are responsible for only a fraction of the
enhancement in the current carrying capacity of wires and ribbons in lon-

‘gitudinal fields and

ii) “ft is tﬁe nature or form of the pinning function which plays the
dominant role in producing the impressiqe peak encountered in Ic Vs H//
curves (LeBlgnt and Kiggins 1970). X

We can intuitively‘appreciate why a resonant Fp leads to a pegk or

hump in I vs H// from consideration of equation 3-2. The left hand side

-
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- represents the Lorentz driving force which depends only on the variable
- e, hence on I(r} and the azimuthal magnetlc induction it produces.

Clearlig;F increases as I increases. The p1nn1ng functlon,prOV1ded

that' B = (B g lies to the left of the peak in Fp’ not only increa-

//3

ses when- flincreases but also rises w1th H//

[}

b) Hysteresis (A.C.) Losses —_—

Following established procedure we compute W, the hystérésis losses

per cycle and unit length of wire exploiting the Poynting vector formu-

’

lation

?(ﬁ (R) X HR) . $ dt , (3-4)

where per unit length the surface'S = 27R and E(RT = SEB(R) + zEz(R)
: R _
with EBLR) = ( E') d <Bz>/dt and EZ(R] = -Rd <§e>/dt.

Equation 3-4 can then be rewritten

W=1rP§2§//d<B>+21rR?H(R)d<B> ) - (3-5)

-

Thé;?{;ft te;ﬁ.bn the right hand side vanishes in our case since H// is
static ﬁﬁd can then be taken qut of the integration sign. % d <BZ>,is
then zero since the integratéﬁn is performed over a complete loop or
cycle. Thersgquences of'configurations of.<Be>lintroduced-in the calcu-
lations correspond to a succession of critical states. Thus we ignore'
viscous effect? in the calculations and compute the hysteresis contribu-
1 .
tion only to the enexgy dissipation. The sequences of Be profiles gene—j
rated as I is variéd through a half cycle going from +Im to - Im, where

Im is the amplitude of the current oscillation, are shown schematically

in the accompanying sketch.
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];,’ISR The various By 'profiles in

the sequence are obta1ned by
solving equation 3-2 numeri-
cally and using-the boundary
condition B, (R) = I/5R.

Clearly, the sequence in the

second half cycle repeats

"in reverse" that encountered
‘\\“J in the first an only intfo—

duces a multiplying factor of

two in the total dissipation

per cycle.

-I/5R

() : o Fe . the predictions of this model

In Figure 3-7 we compare
with the data of Taylor (1967) on a NbZr wire sample. A comparison with
the data of Sugahara and Kato (1971) on-NBZr and NbTi wire samples is
presented in Flgures 6-3 and 6-5 . In the latter Figures we c%n also
contrast the predictions of the present model with that of the model- we
develop in chapter 5. The pinning parameter o in these calculations was
chosen to yield a fit with the data at the iargest amplitude when H// = 0.
The pertinent information is pres;nted again in table 3-1 for con-
. venience of reference.. ‘
It 15 ev1dent that the dependence of W on H// and on amﬁlitude I
-exhibited by the present model and by the data differ apprec1ab1y and

only qualitative trends are reproduced. These Tresults indicate quite

" dramatically that hysteresis losses constitute a considerably more sensi-
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tive test Qf the validity of a mo@el than Ic Vs H//, Ic Vs HL‘ and stan-
dard magnetizat?on curves. Indéed weuill see that the evolution of
<Bz> aﬁdf<BB> as I undergoes full wévé Eyclgs probabiy éonstitutes the
most severe and ultimate test of any model.

L Intﬁitively and from consideration of the sketch above we expect »
tﬁat the.present model will lead, for a fixed amplitude, to a decrease .
of W with H//_(when H// << ch). We-haye seen that <j%> inFreases with
H;/ and thus the By profile penetrates less deeply for a given I. The
elements A<Be> accompanyiﬁg a change AI, hence the farious contributions

I A<Be> to the summation are correspondingly smaller.

The model of straight current flow is seen to fail in accounting for

the observed dependence of A.C. losses on H//. This cannot be attributed -

to any bias in choosing the pinning parameter a since in this exercise we

have carefully selected a« to yield a fit with a major data point in every

case. The failure is seen to lie in the fact that by eliminating helical
current flow in the modeél, the increase in Ic hence <jz> with H// is then
substantially inadequate. Thus although IC rises signifi;antly in curves
_of Ic Vs H// generatgd by this model, this growth with H// is strikingly
insufficient when subjected to the hard test of A.C. losses. We now turn

our attention to a model which.incorporates helical current flow in its

structure.

-
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- Table 3-1
| } ’ - e
N 4
Material Radius | Hea (D o X lg - F_ By a OT
I (em) | (kG) | (asem?y 1 P70 0
| | ;
NbTa © 0.062. . 2.7 ©0.69  IB(1-B)Y 5.2
L. . . .o U - — [ -
e : ‘ T
| | | | i
NbTi | 0.013 | 32 23.6 B(L-b) 7.8
NbZr | 0.013 ! 50 19.9 /B(L'-b) 7.6
IO S i ‘
| | @
v 0.025 | 1.25 1.83 | B(1 - b%) 4.9
l E i
v 1 0.038 | 1.35 3.67 B(1 - b%) ! 4.8
v .1 .| o.0m 80 +g.99 [ BE(1 - 1)* | 4.6
0.25 0.75i : .o |
1

*A. G/ cm® b = B/H,
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Figure 3-1
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flow.
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Figure 3-2 Measured critical transport curvent, I.(*), vs H,, the applied
axial magnetic field. Curve is calculated assuming pure axial c“rent flow.
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Figure 3-4 Measured critical transport current, I.(s)}, vs H,, the applied
axial magnetic field. Curve is calculated assuming pure axial current flow.
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Figure 3-5 Measured critical transport current, Ic(°)’ Vs H,, the applied
axial magnetic field. Curve is calculated assuming pure axial c(nérent flow.
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Figure 3-6 Measured critical transport current, IC(O), vs H,, the applied
axial magnetic field. Curve is calculated assuming pure axial céérent filow.
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Figure 3-7 Measured A.C. los;és, W, vs the full wave amplitude of the
current I,,, for different values of applied axial magnetic field H//. Solid
lines are calculated assuming pure axial current flow.
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CHAPTER 4

Campbell and Evetts Model 4

(Pure Radial Displacement of Vortices)

i

Introduction -

In the previous chapter we have pursued the consequences of the
simple picture where the condgction‘current is assumed to flow straight
along the length of the wire, hence ﬁe = 0, The critical current density
jz is then dictated entirely by the equilibrium between the Loren;z force,
.FL = sze énd the pinning forcetfégP). The current Qccupies a cylindri-
cal sheath whose outer boundary fé”fhé'éurface. The inner boundary of
this sheath progresses inwards as the current increases and evéntually
. reaches the central axis. At this juncture the current density is in a
critical state throughou£ the cross section of the wire and a critical
current Ic is established. Any further increase in I leads-to a super-
critical field profile and an unstable situation. Flux flow and other

processes then came into play which cause the appearance of a voltave V

along the wire, energy dissipation VI and a resistive state R = V/I f_RN,

M -

the normal state resistance.

' This simple model provides a fairly good description of Ic \'£: H//
curves and also of the dependence of A.C. losses on amPIitude and H//,

the applied axiai magnetic field. Primarily, however if is useful’ because

it provides a quantitative background or framework against which we can

measure or gauge the importance of complicated configurations of magnetic



induction and current flow in enhancing Ic and in reducing A.C. losses.
It is well estabiished howeyer (LeBlanc et al 1965, Bergeron et al 1965,
Walmsley 1972) that as I-is impressed with H// # 0, the magnetic induc-
'tion.along the axis of the wire varies and grows t®a maximum at fc'
Clearly then je does not remain zero under these circumstances and thé

_mbdel is basically incomplete.

In developing this simple model we had oni& to determine sequence
of By profiles dictated by the critical state equation as I is applied
and cycled since we assumed Bz(r) = H// (je = 0) and B(r) follows immedia®

-

tely from the’Qefinition B(r) = /2 o) + HZ G- We thérefore did not need

"! e

' to concern ourselves Wlth such matters as counting the number of flux

‘lines and the spatial changes in the orientat'on of the flux lines as I

was impres;ed. Impiicitly ‘then we took for gilnted that the vortex lat-

tice obediently adjusted its orientation and numbers to-achieve the con- . ‘
flguratlons prescrlbed by the ﬁsdeL. AConsequently in thlS model, the o
numbexr of stralghG vortices was not constant and the number of vortlces-
with a glven helicity varies as I changed In fact, a close scrutlny
reveals that vortices experienced considerable azimuthal and axial dis-
placements as th§y_moved inwards.(or.outward§)-in order to achieve. the
arrangements eﬁsﬁing from the model we'have pursued.

Consequently, the Straight;;urr;nt flow picture completely ignores

many complications which arise from the fact that magnetic fIux in type II
superconductors exists in the form of quantlzed flux’ lines or vortices.
- These entities can ' be create&.(or destroyed) at the surface of the super-

conductor and can undergo radial, az;muthal and axial dlspLacements as

they are.compressed (or decompressed) and rotated nder the action of



suitable forces. Within the body of the superqbnductor however vortices
~ ’ | ' | .
cannot be destroyed except by mutual annihilation (the coalescence of two

adjacent oppositely directed vortices)'or by "self" annihilatio; {(the
;collépse of a vortex ring or the overlap of two haives of a ciosed vortex).
lThe sequences of configurations of magnetic induction which %ollow from
the straight current mo?él (as weil:as force-free models) demand that

vortibes undergo a variety of complicated contortions which defy the ima-

L8 sz
gination and appear unrealistic.

In order to e}iminate these many diffidulties, Campbell and Evetts

-

(1973) have delinéateﬁ an entirely different pictura. These workers
. ¥ i
visualize that vortices threading a long cylinder can experience radial ;

displacements only. This model then is concebtually simple and has the
- . * b]

additional considerable merit that the existence of vortices is taken

into account. Clearly, however, the constraint it iqﬁbses on the

* -

"freedam", of movement of vortices is.extremely severe and is tantamount

-

< .
to postulating an infinite pinning force against displacements of vortices

} along surfaces of c0nstand’;adius. The model then is very rigid, inflexi-

-

ble and restrictive. This aspect, of course, is not sufficient reason

-

for discarding the model and can»be‘regarded as the ransom paid in return
“for conceptual simplicity. We yish to remark here that the model is

however fundamentally inadequate and partially but basically sterile.

.

This crucial flaw seems to have escaped the#a$tention of Campbell and

. Evetts and other adherents of this concept; Hﬁe will see in this chapter
X 25 - :

-~ .

that the picture can adequately account for behaviour in a specific set
of ggnditions, namely, the situation where the total flux in the specimen

4 . 9

4
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is increasing as the external field changes.direction. It is, unfortuna-

tely, by its very nature incaﬁéble of describing phenomena occhndng in

- the broader category of situations encountered in practice where flux is

L

* - t 3 L3 13 .. L3 ’
decre351ggfhs the external field varies in direction.
. 0 1

In this chapter we pursue in detail, for cylindrical geometry, the

consequences- of this concept originally proposed by Campbell and Evetts

oy

and coﬁ@ﬁre its predictions with '‘pertinent data. Our primary interest
. S ’ ) _ .
then iff'this chapter is to determine how well this rigid rule of .pure
L) . . I

" radial displacements describes the behaviobur in the situations where it

is applicable. From this investigation we can assess the need for azi-

-

muthal and axial displacements and the mégnitude of such reorientations:

which may be required. Finally we also introduce a new criterion for thé
LY .

. ‘ &
critical current I, which is.plausible and highly successful.
+ A = -
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Development of the Model
a) Evolution of the Field Profiles

Fe deyélqp the concept of pure~radia1 displaceﬁent of the vortex
lattice for infinife cylindrical geometry. We pursue.this‘in the well
established framework of the critical state principle where the radially
directed driving Lorent:z forc; dgnsity FL = jBBz - j'zBe is taken to be
in equilibrium‘with the pinning fo;ée density Fé(B).I We introduce
Maxwell's equations in the form uojz =‘ﬁBe/dr + Be/r and ﬁoje = —de/dr
rfhere M, = 47/10 in the practical system of‘ynits and we take, for sim-
blicity, u=B(H)/H = 1.: Our approach then is valid for very hysteretic:
materials. Théécritical state eqqation can then be writéen,

. B ' ,
&L 2 - FL(B) - . o (4-1)

T2 2.1/2 R q!§>_
where‘B = (Qe + Bz and Fp = M p

W

B

Now we considér a cylindrical sheath of infinitesimal width AR =

Ro - Ri threaded by helical vortices where -the magnetic induction vec-

tors at the outer and inner radii of the sheath are

-~ -~

B =2B + 6B and B. =z B . + 0B _. (4-2)
0 z0 8o - 1 z1 g1

a ‘ ->
respectively. The magnitudes of the flux génsity vectors [B | and [§i|
at the boundaries of the cylindrical sheath are related by equation 4-1.
Let us suppose that thq‘varlous quantities Ro’ Ri’ Bzo’ Bzi’ Beo and Bei
are‘known without spécifyiﬁg, at this stage, how this information 1is

obtained. We refer the reader to F¥gsv4-1 for aid in visualizing the

situation and the meaning of the numerous symbols.
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Next we.imagine that this cylindrical sheath threaded by helical

of

vortices moves inwards and at some arbitrary time t later; the inner and

outer boundaries are situated at ri and T, respectively. Let

> - ¥ ~ > ~ -
bo =z bzi + Bbeo and' Pi = z bzi + Bbei (4-3)

-
.

denote the magnetic induction vectors at T, and T, respectively. We

require that

i) the number of vortices be conserved and

-

ii) no azimuthal or longitudinal displacements of vortices occur

as the cylindrica} sheath of helical flux lines moves from its'lnitial )
to its ﬁéw location. The coﬁbination of these tws requirements means

) tﬂat‘the number of vortices threading the area AAZ = w(Rg - Rﬁ) must be
the same as that threading the area Aaz = ﬂ(ri —‘rg). Also conditions
(i) and (ii) mean that thg number ‘of vortices threading the area AAr =
E(Ro - Ri) m?st be the gami as that piercing area Aar = P.(r0 —_ri) eTe

2 is an arbitrary length along the axis of the cylinder. Thus we can ° ] ‘

‘write

)

)= ®-RHB, +B) (4-4)

Z1l

]}

2 2
(ry -“ri)(bzo +b

and '

£ : W
(R, - R (By, + Bgy)- - (4-5)

L}

(ry - ri)(BBo * bei)

where we introduced linear averages <Bz> = (Bzo + Bzi)/z, <bz> =

.-

(bZO + bz1)/2, <Be> = (B o + Bai)/z and (,be) = (b

8 8

longitudinal and azimuthal components of the magnetic flui’densities of y

ot beig/z for the

the two locations.

Further condition (ii) alone applied to the outer boundaries yields;

vl
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Figure 4-1  Schematic drawing showing notation used for identifying a -
"bundle" of helical vortices as it migrates inwards.



beo BBO

Tb_ ° ®B o (3-6)
0 z0 0 zo0

and applied to the inner bowndaries leads to

r.b. . RB. ' : (4-7)

In other words, for cylindrical geometry, pure radial displacement of a
helical flux line can only be achieved by maintaining ‘its pitch P cons-
tant (where 1/P = 86/2erz). In equations 4-6 and 4-7 we.apply the
conservation of the pitch of the vorticea‘to thg outefgdghd/inner bounda-
‘ries of the infinitesimally wide cylindrical sheath separately.

Finally, the Vafiation of the magnitude of the flux density across
the element Ar = T, - T must satisfy the critical state condition, i.e.

equation 4-1, thus (2 : -
jbel -5 , . R
b = (F (b;) - (2 >

i
o T, b. ) (4-8)
i i

2

- 2 ,1/2 _ 2
where bo = (bzo’+ beo) and bi = (b

2 .
2i bei) and we have written equa-

tion 4-1 as a difference equation explicitly in terms of the pertinent
quantities.

Clearly, once T, is specified, then the five equations {equations *
4-4 through 4-8) suffice to determine the five-umknownsgﬁ_rd, bzo’ bzi’
bBO and bei' '

We now show that equations 4-4 and 4-5 which result from exploiting
both conditioﬁs (i) and tii) togethef lead to conservation of pitch. To

see this we rewrite these two equations in terms of average quantities

as follows}
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5y = 1) b = By - R B>
and
(xg - r3dlr, + 13) <b> = (R, - Ry)(Ry + Ry} <B> ’

Taking ratios yields

0 8

rb Rl Bz - (4-9)

b7 .
where we have taken T = (ro + ri)/2 arid R' = (Ro + Ri)/2.
The first step in utilizing equations 4-4 through 4-8 consists in
. i :
determining the quantities Bzo’ Bzi’ Béo and Bei which we have, so far,

imagined as somehow given to us. To d& this we turn to the cricical
state equation (eqn 4-1) which we ;pply together with condition’ (i}
(flux consérvaﬁion) to the aggregate of the straight vortices threading
the cylinder longitudinally aftef it has become superconducting in an
applied fiel? H//. We recall that at this juncture Bz(r) = H// and refer
the reader to Figure 4-2 for aid in following the development of the
method pursued in eséablishing the sequence of B(r), Bz(r) and Be(r)
profiles as the current I is‘impressed.
! ,

Firstly we consider that a current AI, (whose numerical value is as

yet unknown) islapplied énd fills a cylindrical sheath of cross section '

w(R2 - Ri) adjacent to the surface, where ARl =R - R1 thus R1 is speci-

fied and AR constitutes an element of acomputational grid. We take, for

1
convenience, ﬁhe elements of this grid to be of equal width, hence ARn =
= - ' _ 2 52 I
Rn-l - R.n = ARl. The element of flux A¢1 =7 (R Rl]H// originally
occupying this area consists of straight vortices. These flux lines

are displaced inwards and compressed in a critical state in a cross sec-

tion of area w(R, ;éQl)z. Applying the rule of flux conservation we
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obtain the.relatioﬁ

R

A¢1 = 27w 1 (Bz(r) - H//)r dr = H 2

n(R> -R%) (3-10)

/!
1.
which enables us together with equation 4-1 (where By(x) = 0 and B_(r) -
B{r) ) to determine bothd?l and Bz(Rl) = B(Rl) either analytically or
numerically. Introducing the latter'fesult into equation 4-1 and noting
that BB = 0 at R1 we obtain thé total magnetic induction at the surface
" (which we denote B(R)l) when a current AI, is present.’ Since at the
surface Bz = H//, we readily find BG[R), {denoted BB(R)l) from the defi-

nition B2 = % + Bi » hence finally determine AI. since AII = Ba(RJSR.

1
It is clear then that the procedure we have just outlined provides us
with all .of the necessary information about the element of helical flux

threading the sheath of width ARl when AI, is flowing. 1In othenfwords

1
3 . . O

Bzo’ Bzi’ Beo’Bei’ Ro and Ri for this particular bundle of helical flu;
are now known. When the current is subsequently'increased to a higher
value and this bundle of helical flux has consequently been displaced to
a new location inside the cylinder, equations 4-4 through 4-8 will enable

us to determine b__, b ., b, , b.. and r_ provided that the inner radius
- z0 Bo 8i o]

zi
T of the cylindrical sheath at the new location is specified. The cru-
cial and difficult problem facing us then is the deterﬁination of r,
when t;e current I has been réised from AI’ to a higher value. It is
important that the reader appreciate that no relationship between ri(t)
an& I(t) has been developed or established so far in the analysis.

It is necessary and useful to describe the next step in the proce-

dure we have followed in order to progress further in solving this



problem. We refer the reader to Figure 4-3 for aid in visualizing the

situation and following the notation.

We consider that now a current AIé > AI1 is flowing (whose numerical

value however is as yet unknown). This current fills a cylindrical sheath
of width ARZ = R - R2 = 2¢R1. Following the same.route we have traced

before in connection with equation 4-10 leads us to a similar relation

2o, = 2m J (B,x) ~H, )rdr=H = (R? - R%) (4-11)

Z¢

and also enables us to determine Bz(Rz) = B(Rz). Thus T, = R2 for the

first bundle of helica} flux when I = AIZ' We emphasize however that -
AIZ is still unknown. Further we note that for the first bundle of heli-
cal flux now located with its inner boundary T, at R2, we know both bzi i
and bai since bzi = BZ(RZ) and bei = 0. Equation 4-7 consequently vani-
~shes for the first bundie. Nevertheless we have four relations at our
disposal (eqﬁations 4-4, 4-5, 4-6 and 4-8) to determine the three unknown
quantities bzo’ beo and T, It is convenient to use the first three Te-
iations and exploit the last as a check for programming errors and inac-
curacies.

It is instructive to writé equations 4-4 through 4-8 explicitly in
terms of the computational grid and the symbols presented in Figures 4-2,
4-3 and 4-4, for a specific situation in the sequence of events. We focus
on the case shown in Figure 4-4, where three bundles of helical flux have
been created. This is the simplest case which illustrates the enfire

procedure and approach. We let the first numerical subscript indicate

the number of the helical flux bundle in the order of creation. The second
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numerical subscript indicates the step in the sequence of events, hence
the number of helical bundles then exiéting. For instancelr23 denotes
the outer radius of the second flux bundle when 3 bundles have been
created. We note that the inner boundary §f a bundle coincides with the
outer boundary of the helical flux bundle which it embraces. The outer
boundary of the bundle which has just been created is the surface of the
wire, hence Tn = R. The inner boundary of the first bundle created is
indiéated by R.n where n is the ;ndex of the number of helical bundles
present in the cylinder. (The flux A¢n piled up inéide Rn is straight
and is thus ﬁ;t considered among the bundles we are counting.) For brevi-
ty we omit parantheses where these are not essential by writing, for

instance leS instead of Bz(r13)‘

1) In step three then the first bundle is described by the relations

2 2 _ .
(r]z - RP B, + B (R ) = ¢, 4-4(1)
(r13 - Rg)Bgy3 = ég) ' . 4-5(1)
B "B, (R .

alg _ Rg( )y , 4-6(1)
T13°213 // :
B.(R.) B.(R,)

5 "3 pli1d.
8 3 _ B 1 _ 4-7(1)
RSBZCRS] RIBZ(RIJ - i .

Equation 4-7(1) vanishes since BG(RS) = 0 and Be(Rl) = 0.
()5 - Ry 4-8(1)
Biz = B, (Rg) = Fp(B, (R ) =gy -8(
. .

In the above equations ¢zl = (Rz - Ri)(H// + BZ(RI) ),‘¢91 =

2 2 : _
B + BBIS)‘ We note that B(RS) = BZ(RSJ

13 = (Bo13

since Be(R3) = 0. We have retained parentheses for some symbols to avoid

(R - R;) B,(R), and B
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any confusion. For instance By(R)| and By(R) refer to different quanti-
ties (see Fig. 4-2 and note that BG(RI) =—0). Further on this point,
Bz(RS) is the axial magnetic induction at R3 (see Fig. 4-4). In our no-
tation, the symbol BZ(R)3 would indicate the axial magnetic inéuction at
the sﬁrface during step thfee, hence BZ(R)3 = H//.

For this first bundle, the "inner' quantities RS’ Bz(RS) and BB(RS)
are known (Bg(Rg) = 0). We can then determine the "outer" quantities r

13*
leS and B813 using any combination of three of the above equations. We
find it convenient to use the first three relations and exploit the last

equation for checking possible programming errors and the approximate na-
®

ture of the solutions. We note that the three "outer" quantities we
extract numerically from this operation become the "inner" quantities for

lthe second bundle of flux. | ‘

2) In step three the second bundle is determined by the relations

2 2 _ . i
(r35 =~ 1150 Bz + Boygd = 4,9 4-4(2)
(ry3 - 130 (Bgaz * Bors) = 4a2 4-5(2)
Bo2s By (R), . " '
625 . oo . 4-6(2)
538,23 /. '
Bo13 Bg(R); i

S S 4-7(2)
137213 //

(The latter provides no new information at this juncture since it is iden--

tical to equation 4-6(1) and only contains quantities which are now known.)

2
B r,. - T
813 23 13
- = - ‘ . -8(2
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In the above equations ¢z2 = (R2 - riz)(H/7‘+ lez),
1/2

g2 =

2 2 .
(R - rlz)(BB(R)2 + 8812) and 323 = (B + B The quantltyrBe(R‘)'2

223 823 )

has been determined in step two and is the azimuthal magnetic induction
at the surface when the second bundle is created (see Fig. 4-3).

Again we have 4 equatlons at our d15posa1 to determine the three
unknown quantltles r23’ 223 and 3823‘ Ve continue to extract the de51red
information by using the first three relations. fhese ""outer'" quantities
of bundle 2, of course, constitute the "“inner" quantities of bundle 3
which we now examine.
3) The newiy ereated bundle three in step three must now be characteri-
zed. We know its inner and outer boundaries,(rzs'and R),the_components
of the magnetic induction at its inner boundary (Bz23 and 623) and the
longitudinal magnetic field at its outer boundary (H//). Proceeding as
we hz;ve done earlier in previous steps we find B(R) = B(R)S’ the total ‘
magnetic induetion at the surface by solving equatien 4-1 tor equivalently

equation 4-8) where Bg/r = B§23/r23. It is a straightforward matter then

to "fix!" the corresponding azimuthal component of the magnetic component
. of the magnetic induction BB(R) = Be(R)3 = (BZ(R)3 - H?l)l/z (hence
A13.='BG(R)35R) and establish the pertiﬁeﬁt quantities
2 2
= - 4-12
and

g3 = (R - T,) (By(R); + Byyo) ' (4-13)

ﬁhich together with ¢22, ¢zl’ ¢B2 and ¢Bl will be used in subsequent
steps in the evolution of the B, Bz and B9 profiles as I is increased

further. (We note that equations 4-4 through 4-7 do not apply to the
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newly created bundle since it has not yet been subjected to a radial dis-

placement.)

Some general comments on our method of solution are in order. We
establish the components of the magnetic inducfion at the outer bounda-
ries of the bundles togetﬂer with the location of these outer boundaries,
in ;uccession,usiﬁg equations 4-4, 4-5 and 4-6. Since these do_not
contéin.Fp(B), it may appear at first glance that the results migh£ be
independent of the pinning funcﬁion. It is thérefore worthwhile to -
emphasize that the critical state equééion, hence the particular pinning
fﬁnction‘eﬁployed, plays a crucial réle in constructing the succession of
B, Bi and B, profiles in two crucial ways;_

i). In estéblishing the configuration of Bz(r) = B(r) insjde and at the
innF¥ boundary of the cylindrical sheath occupied by the conduction
" current and
ii) In determining ¢zn and ¢Bn’ hence the total: exial and azimuthal
magnetic flux contained in each bundle when it is created.

It is, however, an iﬁtrinsic property of this model that the locus
of both <B > and <Bg> versus' I become insensitive to the choice of the
pinning function and indeed even whether Fp = 0 when I pecomés apprecia-
ble hence H_ approaches ch. This feature emérges from the profiles we

" present belbw and the detailed analysis of Lachaine (19765.

Finally we note that the width Ar =R - T _.1,n of the different

bundles of flux at creation is not the same and that Ar may increase as

I grows. In this case, the characteristics (¢zn’ ¢Bn and B(R)n) of each

new bundle are less accurately determined than that of its predecessors.
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We have carefﬁllyrmonitored this fe ture in our computation.and pdjusted
-the iﬁcrements in tpe‘advance of RN the inner boundary of the'conduction
current shegth.és the calculation p;oérésses to larger values of I. In
the abové discussion we have, for simplicity of presentation, taken

ARn = nARl. This infegral.incremental advané? %s not necessary however

and can readily be modified in the actual.calculg;ions.

. -~
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b) Criteria for Ic

In the previous chapter we encountered a simple and physically rea-
sonable_critérion for the critical transport current. We visualize that
a critical current was established when the conduction cu;rent I fiiled'
the crgss¥section of the wire since at this juncture, the current density
jz existed in a-critical_st;te thropgﬁbut the volume of the wire. Any
further inc?ease of I beyond Ic’ provided that I continued to flow in _
straight lines, geﬂerated aq.unstahle situation since FL > Fé over all
or part of the cross—sectioﬁjof"fﬁé:wire. With thquampbell and Evetts
picture of constant pitch (Pure radial diSpiacements]'combined with the
concept of conservation of vortices, the situation is considerably more
complicated. Firstly, the criterion we have exploited successfully in
the previo&s chapter Ean no longer be-applied. The ;easonris that the
conduction current can not £i11 the entire cross-section of the wire in
the model of Campbell and Evetts when H// # 0 since a core oc@upied by
the initial flux ¢;= WRZH// consisting of straight vortices must exist.
Longitudinal currents cannot pénetraté this coré since their présence

b

generates an azimuthal magnetic induction, hence helical vortices.

-

The sketch on the following page shows échemat%cally the evolution
of tée ﬁ(r) profile genérated‘by this model as I increases. The dots
indicate tié depth of penetration of the conduction current. We note
that B(r) gradually develops a peak located at the egge of the conduction
current sheath. The héighf of this peak rises above the magnetic field
at the surface of the cylinder and ulﬁémately reaches ch. At this junc-

ture B(r) = H _ in a core threaded by the collection of straight flux

c2

. ] ' , ’ -
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. lines initially permeating the cylinder. Thus ¢; = ﬁRi H// where Rc is
thé radius of the normal core when this occurs. It is not possible to
increase I any fuﬁxher without violating the premises of the model éhat
vortices'aré conserved and must experience pure radial displacements.
Consequently a critical current,wﬁich we denote Ic2’ is thought to be
reached when B(r) attains ch. (We refer to this as the ch eriterion
for Ic.) It is not entirely clear however what processes then come into
operation to generate a longitudinal voltage V, energy dissipation VI
and a résistance R = V/I (Clem 19?6).

We ﬁay envisage that the sample is subjected to some magnetic his-
tory in the superconducting state before H// is finally fixed. In par-
ticular we consider situations where the wire is axially magnetized
either paramagnetically or diamagnetically before I is impressed. ﬂe

- then write ¢i = 2w J Bz(r) r dr for this more general situation. Thus .

o}

!
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Rc will vary depending on whether ¢i ¢ Since the current flows

\ -
through an annular region of area Ac T (R2 - Ri), it is clear that the

Campbell and Evetts model will, for a given H//, predift a decrease of
ICz wﬁgn~¢i ?.¢i (hence initially paramagnetic) and conversely an increa-
se of Ic2 when 1< b (hence ihitially diamégnetic)&a Belanger and
LeBlanc (%9675 have reported an increase in Ic in NbZr wire initially in
a diamagnétic state in weak H/k. Thistappears however to ﬂe a unique
result si?ce thié behaviour hés not been encountered in any_other mate-

| . o

rial, In some materials (NbZr, NbFi) or samples of certain materials (V),

Ic has been observed to be augmente trapped flux, in contradiction

" with the prediction above.

The main difficulty with the Hc criterion is that it leads to Ic

2
vs H// curves which are typ%cally higher than that ﬁeasured by factors
of the order of three or more. Further the axial magnetic moments which
follow from application of this criterioﬁ yield curves of <4an> at Ic2
which are excessive by a corresponding or even higherﬁfsctor when compa-
red with all availaﬁle data. Consequently we have scrutinized the situa-
tion for a criterion of Ic which is pfausiblé ﬁnd/;zsiﬁi;Egtter agreement
with observations.

An examination of the sequence of profiles as I increases reveals
that the slope of the B(r) profile changes sign, hencé.traverses zero,
at some value of I << Icé' We denote the radius where dB/dr = 0 first
appéars in the evolution of the B(r) profiles by R* and the radius pene-

trated by the conduction current at this juncture by R . Figures 4-5-

and 4-6 show the variation of R* and Ro with H// which follows from the

-
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lCampbell and Evetts mo&el for twﬁ of the.matefials we have analyzed. We
lnote that the width of the cylindrical sheath filled by the conduction
current shrinks rapidly from Ar = R at H// = 0 and becomgs infinitesimal
as H// approaches ch. The position where zero slope occurs also migra-
tes rapi&ly from the centra}-axis at H// = 0 and reaches the surface
when H///ch << 1. Both of these modes of behaviour are intuitively
expected and physically reasonable. - |

In the ccntext‘of the critical state equation (equation 4-1), a

zero slope in Ehe B profile signifies that at the corresponding radius

Bs

LAORE (4-14)

The quantity B2/r evidently occurs only when flux lines exhibit a curva-

ture and is consequently identified as a llne tension term in the lite-

rature. Equation 4-14 then means that the line ten51on is in equilibrium

with the pinning force density FP over a cylindrical surface of radius

r. Further, a negative slope in the B(r) prg%lle in a region where

Be # 0, hence where a conduction current is flowing, implies that the

line tension is allowed to_exceéﬂ the:pinning'force F;. Such a situation

can be considered as unstable or physically not viable although solutidns
. . o :

can be generated which con;inue to satisf§ the critical state equation

and the other conditions we have imposed in the framework of the Campbell

and Evetts model in' this chapter. In partlcular we 1nd1cate that if

such solutions are allowed we encéumter the_blzarre situation where flux

lines are permittéa to move against the gradient of flux density, hence

against the magnetic pressure.

We have consequently postulated that as I is impressed, a critical

-
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current Ic occurs as soon as dB/dr = 0 in a region wherelBe # 0; hence
when Fp = Bg/ r at any radius in the wire. We find, as displayed in the
next section and the remainder of this thesis, that this assumption'leads
tb very satisféctory agreement with a variety of:observations. We are
confident in the light of these successes tlmt we have identified a mea-

ningful and valid criterion for the critical curremt. .
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Figure 4-5 Calculated variation of the radius of penetration, RO, of
I at Ic and of the corresponding radius, R*, of excessive line tension
. with applied axial field H//.‘ o
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Figure 4-6  Calculated variation of the radius of penetration, Ro’ of
I at I_ and of the corresponding radius, R*, of excessive line.tension

with aﬁplied axial field. ,
: 4
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Applications of the Model and Conclusions

We have developed the Campbell and ‘Evetts model of pure radial dis-
placements of vortices (conservation of pitch of creatiOn) and of conser-
vation of vortices existing and created (conservation of flux) using
several simple analytic pinning funé%ions of resonant form. Thelvarious
pinning functions and pinning strength parameters o we have used in these
calculations are included in the lisé presented in chapter II (table 2-1).
For convenience, we present the pertinent information again below in
table 4-1. The particular pinning function and parameter o applied in
the analysis of the behaviour of a gjveﬁ material or specimen have been
selected to reproduce the main features of the corresponding_Ic Vs H// i
in the previous chapter where we developed the consequences of straight
current flow in a critical state. Thus a megningfuI comparison between

the predictions of the various models can bé made.

Y
TABLE 4-1
" Radius | Hep(T) a 1_.9';‘éi T

Material (cm) (kG)' ‘kdjﬁJéﬁz)‘ FP(B)$Oa ©K) Y

NbTa 062 2.7 \a\.sg B(1-b)% |5.2 | 20

NbTE | 013 | 32, zzfé\\ B(1-b) |7.8 | 100

Nb 2t 015 | so0 ' 19.9 ‘\\ B(L-b) |7.6 | 62 |
v .025 1.25 1.83 B(1 - b%) |4.9 15

v .038 1.35 | 3.67 |B(L- b%) |48 | 23
VT gs | 038 8.0 w00 | 8% - 0)* |46 | 167 |2

* A.G/em2- - b= B/Hc2
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Figures 4-7 thtrough 4-14 display the evolution of the azial magngtic

~

Tz?e?t in various H///ch for six differenf samples of five diffe;enf'
materials as I is impressed and raised to I .. In all cases the'ﬁire'
became superconducting in the chosen applied axial magnetic fieid H//
which is subsequently maintdined fixed as I is Taised to I_. In all

these Figures the solid lines show experimental curves an tﬁp dashed

lines are theoretical. _

Regures 4-15 through 4-20 present the observed Ic Vs H// curves for
the$e six diffe£ent samples. The upper solid lines display the corres-
ponding Ic VE H// curves calculated with the mod;ﬁ where we have apﬁlied
the criterion of critical line tension (Fp ='Bg/r). A}so ;n this set
of Figures we compare tﬁ: observed ax;al(magﬁetic moment at the critical
current with thé calculated values. The data points are experimental
and the solid curves&ar; theoretical. The computed axial moments are
those generated when I attains Id where Ic is.defined by the critical

v

line tension critefipn.

It is evident from an inspection of these numerous Figures that this
model yields a satisfactory descfiption of thé evolution of the axial
magnetic moment as I is impressed. Further it-is cliLr that the model ‘
predicts Ic Vs H// and <4ﬂMz(Ic)> Vs H// curves whi(ﬁ are in good agree-
ment with all of the data provided that the criticald line tension i's
exploited to determine Ic. {We have not shown curves of IC2 vs Hj/,
where the critical current Ic2 is determined by the production of a core
with B(1) = ch, since these rise far outside the'limits of thgse 5
drawings and are clearly unacceptable). '

Intrinsically; this model must generate 3 pafamagnetic axial magne-

tic moment which grows continupusly as I increases to Ic (or Icz). The

.

4 a
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0 *
reason is that the flux initially threading the wire is conserved as it
is compressed in a core of diminishing radius. Flux lines however, are. -
continuously being added as I is raised.and the magnetic induction asso-

ciated with these helical flux lines has an axial component. It is the
quant%;étive égre?ment between‘the predicted and. observed rise‘in the
axial magnitization which is noteworthyf Further the fit between the
observed qu calculated Ic and <A%M(Ic)> v; H// suryes is impressive.
These éorrespondences s:ggest that the actual configurations of thé'mag—
netic indP?tion (hgnée the helical patte?n of chrren% flow) are not appte-
ciably differgﬁt from that envisaged in this framework of pure radial
displacements. In this respect then the pr;sent model is an improvement
on the simple picture of straight current flow we have pursued in thg
previous,chapter.. | | '
We have also subjected the present model to a further crucial test
within the context where it\if applicable. Bussiéie (1976) hgs_simulta—
neously monitored as I is increased the rise of the magnetic flux iﬁsidé
a hollow Nb cylindér as well as the variation of <Bi> in the wall of
this tube a? I is raised to Ic. The details of this work are presented
in chapter 7. in that chapter we also compare his data with the predic-
tions of tw6 models, namely (i) the Campbell and Evetts model we have
just developed and (ii) a new model where azimuthéi-axfal displacements
are not only allowed butrare made to obey a simple empirical rule. This
latter mode} is presented in the next chapter. We confine ourselves
here with mentioning a dramatic feature‘emérging frpm Bus§i;fe's measu?e-

. 3
. ments and contrasting these obsedwations with the behaviour mandated by
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* the Campbell and Evetts model. ‘ D e

-~

Bu551ere ‘finds- that in the range of low fields, the flux th threa-

dlng the hollow of the cyllnder at I appreclably exceeds the sum of (a).
¢ﬁ¥, the flux 1n1t1311y present in’the hole and (b) ¢ 50 the flux initially
threading the wall of the tube. It is clear-that the present model of

pure tadih&\dispIacements qreﬁicts that Opg Sy ¥ ¢wi.at I Here

the equalit} will apply only if the.conduction current at Ic completely
fills the wall of the tube. These results of Bussiere indicate unambt-

' guously that a number of heiical vort;ces éenerated bf“the current have
.stralgh d out, hence undergone azimuthal-axial d1splacements, as they
mlgrated nwardg and the flux they carry has appeared in the hole askth
I~»1 ' Further Bussiére's results at hlgh fields suggest that a number

of straight vortices in the wall of the tube and in the vicin;ty of the

conduction current boundary gradually assume a helical co

The evidence on this.spore ’however is only indirect (see
We conclude that the Campbell and Evetts model provides only aa

. approximate desctiption of the state of affairs in the linited set of Iy

circumstances where it is applicable, namely where I is reised from zero ’

to Ic gor,-more generelly; where the field at the surface of the specimen

inpreaseéain sttength:as it changes orientatien);h We must houeuer,

although reluctantly,lebendon the nedel in order to progress_further and

account - for the behav1our encountered when - subsequently, the current is,

(i) removed or (ii) subJected to half have or full wave cycles. For- these

ERP
4

broad and 1mportant categorles of 51tuat10ns, the model 15*1nappl1cab1e o

It 1s therefore even 1ess useful than the 51mp1e picture of straléa

current flow in providing an account of hysteresis (A.C.) losses.
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It is worthwhile in closing this chapter to dwell briefly on our
contention that the concept of pure radial displacements canpot be applied

to the phenomena encountered when the field at the surface of the speci-

v

men is reduced in intensity as it changes direction. Specifically, we

cqnsider the simple and basic situation where I is reduced to 12 from

-

I, some arbitrary higher level it has attained. We refer the reader to

-

Fig. 4-21 fgr aid in visualizing the argument. The flux lines at.the

surface when 12 is flowing must clearly be less helical-tha&n;E;n Il was 1’

present (H// is taken constant). The problem then is to allow the more
5

helical flux lines present in the vicinity of the surfacesmhen I. was

1

- -

. flowing to exit from the sample without undergoing axial-azimuthal dis-
. P

placement or without crossing the less helical flux lines now existing

at the surface with 12 flowing. This constitutes a topological impossi-
bility. A possible "way out'" is to visualize th;t the sequence of B, B2

and ée profiles traversed as | was impressed Qow‘occurs in reﬁerse as I

is decreased. This alternative however means that the c£;fical state

concep% is being abandoned.- Further and-as a co&sequence of tolerating

this rejection of the critical state con;ept, the <Be> and <Bz> vs I

curves traversed éuring the rise of I must then'be retraced during its e
removal. This means then that no hysteresis losses occur, in clear dis-
agreement with a vast body of observations. In the next chﬁpters we

fully develop and apply a simple model which successfully resolves all

these problems.

/
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Curves are calculated for pure radial d1sp1acements of vortices.
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Figure 4-16 Observed variation of the critical transport current, I (.),
and of the corresponding axial magnetization, 4w<M (Ic)>(o], with Hy/.
Curves are calculated for pure radial dlsplacements of the vortices.

(R =0.025 cm) -
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Figure 4-20 Observed variation of the critical transport current, Ic[.),
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Curves are calculated for pure radial displacement of vortices.
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Figure 4-21 Dashed line curve shows the last row of vortices created
when I is increased to a given value. The solid line shows the field at
the surface when I is reduced by an amount AI. Obviously these vorti-

ces have to change their pitch in order to match the field at the surface
if they are to come out.



. " CHAPTER 5

Critical Yortex Rotation Model
1“ .

{FJ‘F((FUII Cylinder) 3

]
Introduction

In chapter II1 we have explored as a first crude approximation the
simple picture of currents flowing axially oﬁly in cylinders of type II
superconductors immersed in longitudinal magnetic fields and carrying a
transport current I. Nevertheless, besides its virtue of great simplici-
ty, this model displays clearlyfthe role of the resonant pinning function
and accounts for a major fraction of the observed rise in I. and the re-
duction in A.C. losses with H// in highly irreversible materials. We
note that the model is, however, basically incomplete since ;zimuthal
currents flow??g in a paramagnetic sense must occur to account for the
appearance of paramagnetic axial moments as the transport current is im-
pressed and raised towards I.-

The attractive’and transparent concept that vortices move radially
only was explored in detail in chapter IV. We have seen that this stipu-
'lation together with the critical state concept provides a quite satis;
factory account of the growth of the axial magnetixation as I increases.
Intro@ucing the supplementary constraint that a critical current fc is
‘reached when the line tension Bé/r exceeds the pinning force at some

radius of the cylinder, we found that the model yields IC Vs H// curves

and corresponding axial moments in good agreement with observations. We
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have pointed out that the concept of pure radial displacements,fhlthough
apparently very reasonable, is a one-way street and fundamentally
limitéd”" Tn our view,- the basic idea is flawed since the concept collap-
ses when we attempt to apply it to the situations where vortices migrate
outwards as they must when the current is reducéd. Conseduently; the
concept fails because it is intrinsically inapnlicable to the analysis of
the broad category of phenomena encountered when currents unZergo half
wave or full wave cycles, hence to an understanding of hysteresis losses.
In our opinion, there is no alternative consistent with the wealth
of available observations but the recognition that flux lines experience
azimuthal and axial displagements as they migrate radially inward or
outward. We accept that this occurs and in this cnapter we present the
results of our search for a simple but fruitful macroscopic description
of the changes in direction of the flux lines accompanying their radial
motion. Clearly, the view we find ourselves compelled to accept, raises
many interesting questions and controversies regarding the microscopic
nature of the origin of the angular displacements and the processes and
mechanisms involved in their operation. It is beyond the scope of this
experimental thesis to enter into an analysis of these important and
basic problems. Our approach towards a possible approximate solution
to the grosé or "coarse-grained" behaviour has been mainly phencmenolo-
gical and empirical. We do not burden the reader with an account of the
various alternative schemes we have explored in this context and which,
although apparently meritorious, proved sterile in producing results in

adreement with observations.



Statement of the Model

s, .
.

We retain the critical state concept to describe the changes in mag- :

netic flux density, since, as we have seen in the two preceding chapters,

this concept leads to good results when supplemented by some appropriate

additional simple assumption. Consequently we exploit, as before,.the

o
well established concept that the driving Lorentz force density FL =

I X ﬁ is in equilibrium with the pinning force density F', hence

‘F*L = iFI-J _ - (s-1) ~ ~

wherever changes in magnetic induction have occured. As we have seen,
~

this statement, for infinite cylindrical geometry becomes

as_ a8, Bg
—H-r— + Be? + T = * Fp (5"2)

z
which incorporates Maxwell's equations ujB = —de/dr and ujz = Be/r +
-dBe/dr and Fp = uFé. We continue to assume, for simplicity, that rever-
sible magnetization effects can be neglected, hence we take B(r} = H(r)
and u = My = 4%/10 in the practical system of units. Further, we agéin
also neglect the possible existence of a surface barrier and surface
currents, either reversible or irreversible. Consequently we apply the
boundary conditions BB(R) = I/5R and BZ(R) = H// for the cqmponents of
the magnetic induction at the surface. '

We now look for a prescription to govern the orientation of the

flux lines as they move away from or toward the surface which is less
restrictive than the idea of Campbell and Evet;s that pitch is retained.

Indeed in the light of the foregoing we search for a simple rule which

allows vortices to change their orientation and their pitch as they move

W
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in and out. —We visualize that the interaction between two adjacent planes
df vortices oriented®at different angles will give rise to "turning" ér
"torsion“_forces which‘will tend to make these line up parallel to each
other. We refer to th£§ turning force density as Ft which we take, for
simplicity, to be proportional to A¢, the angle between the two planes

and inversely proportional to some power n of their separation Ar. We
note that 1/Ar « Y B. Presumably the interaction force between the planes
should also increase as the linear densify of flux lines in each plane
increases. Since.the linear density is approximately the same for the

two planes we take F GBE which is valid except when 8 is very.small

(i.e. B} Hcl). Combining these contributions we write

A
Fo= yr B8 . " A (5-3)

t (Ar)n Ar
where k! a;h k are constants of proportionality and m = & + (n - 1)/2.
We have explored the possibilify of a linear and quadratic power law
(m = 1 or 2) for the final dependencelof Ft on B and found that the B?
dependence yields appreciably better results than the B dependence. The
émpirical expression we finally exploit nevertheless remains ambigious
as regaﬁ)s its exact phys;cal meaning since taking m = 2, there are \two
possible straightforward choices for £ and n, namely the combinations
2=1,n=3 andln =2, n=1. The former implies an interaction depen--
dent on the density of flux lines and inversely proportional to the cube
of the separation of the planes whereas the latter signifies an interaction
rﬁled by the magnetic energy density and linear with the inverse of the

separation. In any case, an increase of Ft with an increase in B is 1

qualitatively consistent with the observation in other contexts (Pippard



(1969), Kramer 1873) ) that Ehe flux line lattice becomes more rigid as
its density increases. Finally we must indicate that from the results
of our computations we canﬁot.definitely exclude the possibility that

m = 3/2. Thus we muﬁt Enviéage, altHough with less confidence, the
additionalfph}sically interesting combination £ = 1 and n = 2. We are
hopeful that derivations from first principles compﬁemented by certain
types of measurements will help resolve.this confusion. The reader will

v

have ample opportunity to judge for himself hoﬁ well the pres€ription we
expioit meets the main objective of generating an assortment of curves
in aﬁreement with a rich variety of data.

Now we focus on the effect of the turning force. Imagine two-adjdﬁ
cent planes of vortice;, labeled 1 and 2. Plane 1 by some-means which
need not be specified, is rotated infinitesimally wﬂile plane 2 maintains
its orientation. The turning force Ft acting on plane 2 then arises. ‘
The pinnfhg forces then come into action and impede any rotation of plane
-2 until the angle A¢ has increased sufficiently that the turning force
density Ft equals the maximum pinning force density Fé. If now A¢ increa-
ses further, Ft exceeds Fﬁ and plgne 2 now follows the rotation of plane
1. A third plane adjﬁcgnt and initially aligned parallel to plane 2
then begins to experience a turning force and the process just described
is repeated for the succession of pranes.l We thus visualize a critical
state situation vis & vis the relative orientation of the pianes of vor-
tices in complete analogy with the critical state concept of Lorentz

driving forces F. in equilibrium with pinning forces Fé operating when

L

planes of flux lines are compressed or decompressed. Consequently we
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introdu;e a critical state equation for the rotation of the flux lines

Ft = Fé o - (5-4)
which is valid when viscous effects do not come into play and where F!
should be identical to that appearing in equation 5-1 provided thatthe

material is isotropic. Introducing equation 5-3 into equation 5-4 and

Tewriting we obtain

E -
d p .
df‘ : oy 32 . (5-5)

as our basic rulé dictating the critical gradient for the orientation of
the flux lines. The parameter y = l/ku0 characterizing the given speci-
men contains the.dependence on teﬁperature and ch. We note that a large
coefficient vy, hence large gradients of ¢ implies a weak interaction or
turning force. We then expect vy to increage as T approaches Tc' Such
a trend is indicated by our results and recent work by Boyer in our labo-
ratory.
~
In the phenomena we analyze, turning and Lorentz forces usually

appear simultaneously in the same location hence coexist. Under these

circumstances we should presumably write the vector equation

F o+ F = ﬁIfJ | (5-6)

L t
since it is the same pinning sites or mechanisms which oppose the rota-

tion (axial and azimuthal displacements) and migration (radial displace-

ments) of the flux line "'segments'". In our work, FL and Ft are orthogo-
nal hence we may write
2 2 2 2.,2 20042
FS + F. = F'“= a“F!“ + (1 - a”)F! (5-7)
L t- P P ( ) P

where we have decomposed the pinning force into its components opposing




v *

Fn/gid Ft separately. Accordingly we obtain two coupled equations

F, = ‘aFl') and F, = /1 -a° Pt (5-8)

t
where 0 < a < 1.

Inﬂprder to decouple these two equations we asshme that Ft and FL
rise and fall in uﬁison‘ in regions where rotatioﬁ.occurs: This seems
reasonable since both these forces are ultimately in‘critical equilibrium
simultaneously with the pinning force. Thus we take a as spatially
‘constant. Further we allow these two forces to sﬁare the available
pinning force vectorially equally and take |F

= |F, |, hence a = 1/v2.

|

Bean (1970) in his classical paper on rotation of a constant applied

N

field, starting from the assumption that the electric.field E is parallel
to T everywhere and examining the problem in a different framework ob-
tains Ft/FL = /2. (He does not introduce a turning force but his equa-
tions can be derived using our approach.) We note that a = v1/3 is thus
spatially constant is his analysis. The difference in the values of a
(i.e. 1[/2 and 1/¥/3) is perhaps not too surprising since Bean treats a
situation where [H| is constant and only rotation occurs whereas in our
work the rotation is typically w/2 or w at the maximum and the applied
fields vary considerably.

- + - - -
In our work, there are regions and situations where F, alone opera-

L
= ] = t =

tes. We have seen that FL a Fp when Ft # 0 and FL Fp when Ft 0.

In other words, the effective pinning parameter is slightly different in

the two regions. We have, however, used the same effective pinning para-

meter in both cases. The reasons for introducing this uniformity are the

following. We wished to maintain as much "overlap" as possible between the



various model; we‘are:exploring. The critical state equation is common
to all the models and we have selected « to be the same for a given
sample throughout our analysis. We felt that in this initial exploration
of the relative virtues of these models, the use of two different effec-
© tive pinning parameters a would in effect introduce a third parameter.

-

This, in our view would unduly blur the coﬁparison.between the three
shemes we are examining.‘ Evidently in purs;ing our model further, this
feature of the present approach should be modified and a less simple buf
more rigorous development should be follbwed.

We return briefly to the concept ﬁhat the critical Lorentz dfiving
force is essentiélly weaker by a factor 1/a in regions where rotation of
flux lines hgs occured compared to regions where they are still lined up
parallel and Ft = 0. A simple physicalipicture can be presented for the
origin of this "'discontinuity" from‘FL = Fé to #L = aFé where a < 1,
Generally the lattice of straight vortices is triangular. When two
planes of vq;tices are made to rotate away from their common ax;s, the
triangular arrangement can no longer‘prevail. As a consequence the close
packing of the triangular lattice is removed and a rectangular arrange-
ment is imposed thereby increasing the distance between the planes. This
leads to a shallower gradient of magnetic flux density, hence a resultant
or apparent weakening of the pinning force.

Equations 5-2 and 5-5 together withlboumdary conditions are suffi-
cient to develop the sequences of configurations of magnetic induction
as the current I is first int;oducéd and subsequently subjected to half

wave and full wave cycles. The many details of the implementation of the

scheme will be described in the next sections. We found, however, that



the agreement with observations could ﬁe appreciably improved by intro-
ducing a simple function f(¢) on the right hand side of equation™5-5.
Pﬁréuing various cruge arguments which we need ﬂﬁf?relate here we selec-
ted £(9) = cos2 ¢ where ¢ is the éngle between the-ﬁégﬁetic induction

vector and the z axis. The results we present in this thesis were thus

obtained using the empirical rule

r o \
%% =ty E% cos? b : (5-9)

-

in tandem with equation 5-2 to govern the profiles of the intensity and
orientation of the magnetic induction.

The physical basis of this new term is somewhat®tenuous at this
”étage. It indicates that the rotation of the planes of vortices becoines
progressively more difficult‘;o achieve as their orientation apﬁToaches

'the z axis. At the other limit it means that the flux lines are Wpre
readily rotated the closer thef line up along the azimuthal direction. _
This term clearly assigns a privileged status to the z-axis. In the ‘
experiments we consider in this thesis, this direction indeed plays a

preferred role in many respects. Tﬁe flux lines thread the wire only

along phé z axis before the A.C. current is impressed. Further H// Te-

mains stapionary while the orthogonal azimuthal component HB = *+ I/SR

varies cyclically through zero. More important perhaps than these consi- j
derations in justifying the appearance of this term is the possibfe ani-

sotropy of the pinning with reSpec% to the axis. The wires used in the
measurements analyzed in this thesis consist of 'as received" commercial-

ly produced wires which have been cold-worked aﬁring the drawing process.

We may summise that as a consequence of fabrication the z axis is a pre-
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ferred direction for pinning. From various auxiliary measurements pre-
sented in this thesis we extract good evidence that the pinning of the
flux lines is appreciably stronger along the z axis than élong the azi-
muthal directions. Our choice of cos2 ¢ to express this anisotropy in-
troduces an angular dependence which is probably more severe than neces;
sary. The effect of a more moderate angular modulation of the form
{¢c +d cos ¢)/(c + d) should perhaps be investigated in future work.

It may be argued that by introducing an "anisotropy" factor £(¢) in
equation 5-9, we have in fact created a spatial variation of‘the ratio
F /FL = f(¢) = cos2 ${r}. It is j%?: as plausible, however, to regard
the f(¢) term as an integral part of the tu}ning force itself, hence:

Tewrite or replace equation 5-3 by the more complicated expression

P = 2 A¢ ' -
Ft = k B f(9) i | {5~10)
We can thereby still regard the ratio Ft/FL as spatially constant. ‘

We note that the cos2 ¢ term follows "naturally " if the starting

equation is written as

F . o
S~ tan¢ = +vy-B : " (5-11)

where tan ¢ = BB/Bz is proportional to the inverse of the pitch (2anz/

Be) when T remains close to R. This is indeed the case in most of our

work where the region occupied by the conduction current is usually con-

fined to a narrow sheath near the surface. We recall that in the Campbell

and Evetts model, for a growth of vortices in a cylindrical sheath moving
S

inwards as T increases, the pitch is conserved but ¢ and the pitch dis-

play a spatial variation. It is the rigidity of this variation of ¢
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i

.ﬁpinning anisotropy, then to be Eompletely‘

and pitch with r that we are seeking to modify in our approach.
It may occur to the critical reader and it certainly occurred to us

that if the c052 ¢ term is identified as expressiné, however crudely, the

h)

consistent we should alter tﬁe'
right hand side of the critical state equation (eqn 5-2) accordingly.

In particular one might consider introducing the same or some appropriate
f(¢) factor there also. After careful consideration we decided to, keep
equation 5-2 intact at this stage of our enquiry. Several reasons moti-
vated this decision and we now present the major ones.

One of our main objectives is to improve upon existing models elabo-
rated in the previous two chapters. To do this objectively ana metﬁbdi-
cally we also need to know which modification is specifically responsible
for any improvements which may emeréé\ We felt that the introduction of
thé new concept formulated in equation 5-9 together wiﬁ1alter§tions in
equations 5-2, its indispensable ally, would blur and confuse the situa-

tion . Our approach then enables us to determine unambiguously whether

equation 5-9 indeed leads to progress in the right direction. In the
light of the relative success of this enterprise we enwﬁagé pursuing the
investigations at some future time and then possibly introduce a suita-
ble anisotropic pinning factor in equation 5-2.

Another Teason for leaving_gquation 5-2 untouched is that we are not
entirely per;uaded'that the f(4) factor is definitely a manifestation of
anisotropy of pinninglalthough that conjecture seems to be the most con-
vincing interpretation to us.

. .. - 2
Further, even if we accept this interpretation of the cos™ ¢ factor

or some other kindred term, it is not completely clear that a f(¢) pinning
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* anisotropy function which applies for axial-azimuthal displacement (mo-
.tion where ¢ of‘the flux lines varies on a constaht r surface) is automa-
tically applicable without amendments to describe the effect of,pinniné
anisotropy for radial displacemen}s'of helicallfluk lines of differing
helicity. It is the latter type of motion which is essentially governed
by equation 5-2.

- Finally we'éevelop a'framework-where the f(¢) can be viewed as ari-
\ging "naturally" in equation 5-9 only without also appearing in equation
~5-2. Consider the case,.meﬁtioned‘several times in this thesis, where
the electric currents flow purely longitudiﬁélly,'hence je = 0, Bz(r) =

H// and H// = B(r) cos ¢(r). Differentiating the latter with respect

to T leads to N e

do . 1 4B : .
dr B tan"¢ . dr (5-12)

-y

Introducing the critical state equation 5-2 in this result we obtain

d _ oo, 5 1
-s3=32{(1-?)tan¢‘} ‘ (5-13)

which describes the orientation of the flux lines when a critical stéte
’ FL = Fé exists. In this Speéial case, the configuration of the flux
lines is helical but the pattern of current flow is straight.
For infinite slab geometry, r + = and the second term in the paren-
theses vanishes.” Lachaine (1976) in his work on ribbons, successfully
f
accounted for his obéervation;‘fhat the currents.'tilt" in §uch a way

that the net Lorentz’force is diminished {(hence Bz(r) > H//), by intro--

. 5
ducing a coefficient y' > 1 and writing

. F. : .
d¢ =/ft} y ——B— ' : (5-14)
dr BZ tan ¢ )

W
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In a similar manner, in cylindrical geometry, we can empirically

’

take the observed helical current flow into account by exploiting the

analogous expression

. F 2 .2 -
d B
Booev 3ooa-TEEe, oy 1)

where the coefficient vy > 1 and BB = B sin '¢. We have however, in equa-
tion 5-9, achieved the same result and obtained additional important re-
sults by replacing the cumbersome and complicated factor y' { (1 -

2

B sin2 ¢/Fpr)/tan ¢ }.by the much simpler and apparently more correct

-

factor vy cos2 $. v )

It is of interest at this juncture to remark on pertinent work
carried out in this laboratory. We have already mentioned the work of
Lachaine {1976) who investigated the magnetic response and hysteresis
losses of ribbons subjected to oscillating transverse fields in static
longitudinal magnetic fields. The situation studied is then entirely
analogous to that envisaged in our work. The main difference in our
investigations is that of geometry. Although the methbd used for gene-
rating the currené in his measurements is éntirely b}'induction the
results are phys{£211y equivalent to feeding in the current through leads
attached to the ends of the ribbon and connected to a current source.
‘Following a conceptually different route in the interpretation of his
results, he concluded that the critical gradient of ggjentation

of the flux lines which best described his dafa should be determined by

the expression

%% = 4y — P (5-16)
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B ¢

which is evidently very similar to our equation 5-9. Thus he
also found it necessary to exploit an angular modulation function some-

what akin to‘that.which.we utilized. In his case however the "modula-

'
-

tion" is considerably more dramatic, Yar;ahgrfrom-m at ¢ = 0 to 0 at
¢ = /2. - v

Boyer (1976) studied the magnetic behaviour of-discs rotating slowly
around the x axis in a static magnetic field directed along the flat
faées lying in the y-z plane. He achieved an excellent deécription of
the evolution of the magnetic moment and its components to the quasi-
steady state configuration for a variety of initial conditions using the
critical gradient of ¢ given by equation 5-5. Although anisotropic |
pinning effects are evident in his data, fﬁe z axis does not play the
same dominant:role as in our case.

Finally, we again focus attention on the pe;tinent paper by Bean
(1970). 1In this classical theoretical study of the quasi-steady state
configurations of.magnetic induction in an infinite slab of a type II
superconductor immersed in a rotating field directed pafallel to the

~slab surfacé, Bean predicates two starting basic equations. We indicate

that these two equations follow directly from equations 5-2 and 5-5 with

Fﬁ =" aB. The additional stipulation introduced by Bean that £/ T
= = = F! and F, =F' /V/3 in the
leads to Ft/FL constant = v2 hence F, V2/3 p and F P/ t

framework' we have used.
In light of this convergence of analytical tools we feel confident
that our basic model is a significant step in the right direction. We now turn our

attention to themany important features imvolved in the developmet of the model
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Development of the Model .

In this section we outline the salient physical features which need
to be considered when the two coupled critical state equations just dis-
cussed (equations 5-2 and 5-9) are applied to the analysis of the variety
of situations encountered in practice.

As indicated in the previous chapter, in our work we have confingd
our attention to pinning functions of the general resonant form.

Fos oM - et (5-17)

c2 :
since, as stated earlier, measurements by several researchers on a number
of materials have shown that this expression using small positive inte-
gers or half integers is adequa;e to describe the magnetic and critical
current beﬁéviour of many substances. We recall that only three values

of n have been exploited and become enshrined in the literature, namely

n = 0 associated with Kim et al., n = 1/2, with Yasukochi et al and

n = 1 with Bean and London. The specific functions zg‘have exploited

are listed in Table 2-I on page 2-17. Essentially we have used three dif-
ferent pinning functions since b(1 - b)% and b(l - bz) are quite similar
and the latter-would have served equally well to describe the behaviour
of that particular material. We stress again that to make comparisons
meaningful we have retained the choice of a particular pinning function
and the same parameter o for a given-matefial throughout this thesis.
This was one reason why in this first application of the present model
we elected to use the same parameter a in the core where jz = 0 and

F, = 0 that we exploited in the outer sheath where jz # 0 and Fo # 0.
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Equation 5-2 is frequently viewed as governing the profile of the

total magnetic induction B(r) = //Bg (r) + Bi(r) since for infinite s}ab
geometry where r + =, the term Bg/r vanishes and the expression BdB/dr =
FP(B) alone is sufficient to determine the spatial variation of B.
Furthe{, in infinite slab geometry, once the B profile is established,
this result is introduced in equation 5-9 which then maps out the orien-
tation of the magnetic flux density. Hence equation 5-9 can be viewed
as dictating the ¢ profile of the magnetic induction. For cylindrical
geomeé;y however the exploitation of these two equations is computatio-
nally and intimately intertwined in the region where jz # 0 hence

BB # C. Consequently in order to trace out the B and ¢ profiles in the
latter volume we need to utilize the two equations incrementally in
tandem progressing inwards from the surface where BB(R) =-I/5R and

BZ(R) = H// according to the simplifying boundary coﬁditions we have
assumed,

In this thesis we limit our analysis to the many phenomena occuring
where the longitudinal magnetic field is maintained stationary while I
is impressed and subsequently varied. The model we have developed
however 1is 'intrinsically applicable without invoking new elements to
situations where both I and H// vary simultaneously, increasing and/or
decreasing. We will however, also examine the effect of changing H//
(up or down) with the sample in the superconducting state at a constant
témperature prior to the application of I at the same temperature. We
refer to these sitvations under the label of previous magnetic history.

or previous history, for brevity. The fascinating behaviour encountered
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when T is increased at constant H// and I seems also amenable to inter-

pretation within the framework of our model. Boyer in our laboratory is

pursuing work on some aspects of this intriguing problem.

The variety of elements of the total picture we now examine in suc-

cession consists of:

i) a)
b)

ii) a)

b)

c)
d)

iii) a)

iv) a)

b)

Determination of IC Vs H// curves

Effect of previous magnetic history on IC Vs H//

Evolution of the longitudinal magnetization <4an> as I

'is first impressed for differeﬁt H//.

Effect of previous magnetic history on the locus of
<4nM > vs I

z
Value of <4ﬁMz> attained at IC vs H

/!

Effect of previous magnetic history on <4nMZ> at IC Vs H//

Locus of <4wMz> upon c¢yeling I (half wave)
Locus of <4wMz> upon cycling I (full wave).
The changes in the shape of the contours in a) and b) at

low, intermediate and high H// and finally

Hysteresis losses vs amplitude of I at constant H//.

Hysteresis losses vs H// at constant amplitude.

We note that the latzj;ypﬁéhomena are determined by the sequences

of Be'profiles over closed cycles of I. We examine only c¢ycles where I

varies between equal + and - limits but the model is applicable to any

cyclic variation of I. We stress that the constant pitch model is
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intrinsically incapable of coming to grips with the important phenomena
studied in i1ii) and iv). The pure axial current flow picture, of course,
eliminates consideration of items ii) and iii).

Many of these items are closely interrelated and discussion of one
carries with it a description of part or all of the features involved in

others.

The physical roots of all these data are contained in the sequence
of B, ¢, Bz and Be profiles. The‘sequences of configurations of current
densities je(r) and jz(r) can readily be extracted from the Bz and Bs
profiles, qualitatively by inspection and quantitatively by application
of the appropriaté Maxwell's equations. It is relatively easy to visua-
lize the behaviour of ujB(r) = -de/dr from consideration of the slope
of Bz profiles. The configuration of ujz = Be/r + dBe/dr is, of course,
more difficult to surmise from Be profiles except when the range of r
remains close to R. We will see that this is the case in most of our
work. For these reasons and to lighten the burden on this exposé we
have not presented je and jz profiles. We will, however, make frequent
use of the other profiles in the development of the different themes.

We now turn to the simplest case on our list, namely the determination

of IC Vs H//.

I a) I_wvs H,, and Evolution of <47M_> with I.
c // z

=0

When H// = 0 we take it tRat the current flow is purely axial
(je = 0). We remark however .that Walmsley has observed that in reversi-

ble type II superconductors. the presence of the earth's field or other
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extraneous fields providing a weak ﬁ// component were sufficient to
"bias" the conduction current and cause it to ad;pt a paramagnefic heli-
cal pattern of flow. In irreversible samples, however, in the virgin-
state i.e. when retaining no previously introduced longitudinal magne-
tic flux, generally no observable axial moment appears as I is impfessed,
hence jB = 0 everywhere. It is noteworthy however that in these mate-
rials, certain configuration of imperfections and structural anisotropies
can give rise to some helical flow even when H// & 0.

\ Taking je = 0, it is then a straightforward matter to solve equa-
tion 5-2 numerically and qbtain BB(R) = IC/SR as the limiting case where
jz(r) finally fills the entire cross-section of the cylinder. This case
has already been discussed in the previous chapters. The new feature

which could enter in the present model is that the parameter o used here

should differ slightly from a employed in regions where Ft #0.
H// # 0 (After cooling in H//)

We visualize that the cylinder becomes superconducting in the selec-
ted H//, hence initially B(r) = Bz(r) = H// éccording to our basic
simplifying assumptions.

Exploiting equations 5-2 and 5-9 sequentially and incrementally we
establish the Btr) and ¢(rj critical profiles henceforth referred to
simply as the B and ¢ profiles. We use the positive sign on the right
hand side of %he two equations since the ''slope'" of B and the gradient
of ¢ are positive because éhe total magnetic field HS = (H;; + Bg(R) )!i

and the angle ¢, at the surface are increasing.
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We refer the reader to the accompahying sketch (figure 5-1) for aid
in visualizing the various elements of the picture. Several interesting
features should be noted. .

The ¢ "disturbance'" or profile penetrates less deeply than the cor-
responding B disturbance. This is the situation which prevails through-
out our work. The relative distances of penetration depends on the.
degree of rétation of the field at the surface together with its increase
in magnitude, As I is impressed ¢ swings from 0 to a maximum of n/2 and

appreciably less if H// is large. Meanwhile, Hs increases from H,, to a

/

maximum value which is typically a significant fraction of HC even when

2
H/)-iﬁ small. For disks r?tating in static fields (Boyer 1976) the situa-
tion is-very different. Further, in all the materials we have studied,
the value y which essentially go#erns the relative penetration depths is
large. ‘

The Bz profile is increasing through most of the region penetrated
by the ¢'disturbancel hence in the sheath occupied by the axial current
ji(r). We tecall that the Bz configuration is a consequence of the ope-
ration of equations 5-2 and 5-9 dictating in tandem the B and ¢ profiles
and is extracted from the latter by the definition Bz(r) = B(r) cos ¢(r).

The Be profile is schematically identical to the ¢ profile in the present

situation and follows from the definition'Ba(r) = B(r) sin ¢(r) or equi-

valently Be(r) = /’Bz(r] - Bi{r). Let R0 and R1 denote the point of pe-

netration of the edge or front of the B and ¢ profiles and R._ the posi-

lz
tion of the peak in the Bz profile. 1t is the rise in the Bz profile
which is responsible for (i) the appearance and growth of a longitudinal

paramagnetic moment, (ii) an increase in the longitudinal current density
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¢(r) or BYr)

¢; or By

4

s

Figure 5-1 Schematic sequence of profiles established when I is in-

creased after sample becomes superconducting in a selected H// (history
A}. A dashed line shows the preceding profile.
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and ultimately for the enhanceﬁent of Ic with H// and finally (iii) the
decrgase of A.C. losses with H, /-
To appreciate all these crucial elements it is useful to consider
the Lorentz force and its components, The resdf:;;t Lorentz force is
directed radially inwards throughout the region Ro < T < R since magne-
tic flux is entering the cylinder as the current is increased. The com-

ponent j"BB is directed radially inward. This can be seen by inspection of

the positive slope of the Be profile. In the region, Rlz <1 <R, the

component jBBZ,‘however, is directed radially outward. Again this is

evident‘from consideration of that section of the Bz profile which exhi-
bits a negative slope. Since the resultant Lorentz force FL = jBBz -
szB is directéd'radially inward (hence is negative}, the sze component,

thus jz itself and ultimately its sum which determines Ic’ can be much

greater than it would be if the jeBz component were absent (i.e. Bz =

H//, je = (0) before the opposiﬁg pihning force is excegded . As’an
immediate consequence, a given current I and the azimuthal flux it gene-
rates occupy a thinner sheath near the surface of the cylinder and hyste-
resls losses are concomitantly diminished. |

The cylindrical surface"R1z appears at a lesser depth than | alse

because of the interplay of the Lorentz forces and the pinning fg¢rce.

In the region R, < r <R the inward component szB alone is inyde

1 1z’

to match the maximum pinning force. The reason for this is that By is
small in this region. However, since flux is entering the cylinder, the
net local Lorentz force must continue to push inward. All this then

causes the component jeBz to come to its aid and mow act inwards. Thus
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ja reverses direction and B,z declines with depth. The region R1 <r f-Rlz
is generally relatively minuéfule and this feature will usually be ignored
in the remainder of this thesis. Consequently we will take R1 = Rlz in
our discussion unless this feature‘emerges as significant.

The axial current jZ has not penetrated the region 0 < r < Rl'
Nevertheless longitudinal magnetic flux has been pushed into the region
_ Ro <r< Rl where it exists with a critical staté gradient. Here then
pergis;ent critical azimuthal currents only circulate and B(r) = Bz(r) >
H//. "As a consequence this region contributeﬁlsignificantly to the rise
in the axial magnetic moment since <Bz> = Zﬁ%) Bz(r/R) d(r/R) >
H/ n(?i - Rg) as I increases.

Finally we see in the sketch that in the sequence of Bz profiles,
the segment nearer to the surface progressively drops below its predeces-
sor. This corresponds to the situation g;nerally encountered when I
becomes significant. The reason fgr this emerées from close considera-
tion of equation 5-9. As I increases the slope d¢/dr near to the sufface
tends to flatten for two Teasons. Firstly ¢ 1s increasing so c052 $
diminishes. Secondly:B is increasing hence FP/B2 is diminishing sincg
Fp at best rises linearly with B. The shallower' gradient of ¢ then
.leads to a moye gradual rise in Bz' a

Tbe succession of Bz profiles, although progressively shallower next
to the surface, penetrate more deeply into the cylinder before attaining
their summit, Further the series of summits reach to ever greater heights.

R
Thus the average axial magnetic induction <Bz> =2 L) Bz(r/R)d(r/R) pro-

gresses to greater values as I increases and accounts for the evolution
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of‘the axial magnetization from zero to a maiimum at Ic' In the section
on application of the models we will present a number of measured and
calculated curves of the locus of <4an> = <Bz> - H// vs'1 fo?la variety
of samples in weak, intermediate and strong H//. Also ‘we will compare
the experimental and theoretical values attained by the axial moment.when
77 < ez

We exploit the same criterion to determine Ic that we introduced in
the application of the Campbell and Evetts model of constant pitch. We
continue then to take I to ﬁave reached a critical value IC when at some
radiis of the cylinder, the line tension Bg/r egceedé the pin;Eng force
density. We visualize that at this jﬁncture the critical state configu-
ration becomes unstable and flux flow commences or a collapse of supercon-
ducting state occurs. For a given choice of the form of the pinning
function Fp and the pinning parameter a which it contains, the present
model predicts I vs H,, curves which differ from that occuring with the
constant pitch picture. ' The reason is that the ¢ profiles are different
and thus the B, BG and Bz profiles cannot be the same when the line ten-
sion overcomes the pinning force. The reader will see for himself later
in this chapter when we present the curves generated by our model that
the overall agreement with the data seems to be substa;tially improved.
This success alone however would probably not suffice to warrant a final

choice between the models. Indeed we expect a better fit with our model

since we have, in effect a second parameter k at our disposal to help

‘improve the correspondence with the observations for each sample. We

remarks however, that having selected k, the model must then generate

&
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many features acceptably, namely: the evolution of* <4aMz> with I and its
. ‘ ]
maximum value at IC over the entire range 0 f_H// E.ch as well as Ic-vs

H///Hc2 curves for each sample.

b) Effect of Previous Magnetic History on Ic and the Evolution of

<dnMz>.

AN

In practice we are confronted by numerous physically interesting
options as regards the initial state of the specimen when the current is
impressed. In particular, the specimen becomes supetconducting in a pre-
selected H//i {where H//i may be zero) which is then varied to a final
value H//f (where H//f may also be zero) before the current is introduced.
Clearly, a multitude of\Paths of H// from H//i to H//f are possiblé. We
confine our attention to<two categories of simple paths frequently exploi-
ted in examining the magnetic behaviour of superconducting samples, (i)
increasing from 0 Eirectly to H// and (ii) decreasing directly from above
H., (or a high value if the latter is excessively large) to H//. In
group (ii)} we can envisage two sub-groups depending on whether the direc-
tion (or polarity) of H//i and H//f are the same or oppoéed. We restrict
our attention to the first sub-group only. There are basic physical dif-
ferences in these two sub-groups and these frequently lead to dramatically
different behaviour (Belanger.and LeBlanc 1967, LeBlanc and Belanger
1966). The three paths we use are shown schematically in T - H// -1
space in the accompanying figure 5-2 which also presents the '"standard"
history we have considered so far where H// is stationary during and

after cooling through Tc to the final temperature and the current is

~
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. MAGNETIC HISTORIES - \)

SEQUENCE INITIAL PROFILE

Figure 5-2
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introduced.

When I is impres;ed, the Ez profile is diamagnetic for path (i) and
paramagnetic for the sub-group of pathg (ii) which we consider. We first
examine the behaviour encountered when a diamagneéic Bz profile ;xists

when I is applied since here.the development is quite straightforward.

i)  Diamagnetic History .

The sequence of profiles is shown schematically in Figure 5-3 .
Clearly, <BZ> increases very rapidly since the advancing Bz profile is
filling a "void" with lengitudinal, magnetic induction as I is impressed.

Consequently the locus of the axial magnetization will rise very steeply.

First the initial diamagnetic moment is caused to vanish although when M

this occurs the core region i's still %éamagnetic (i.e. Bz(r} < H//). This
diamagnetism or deficit of flux is compensated by the paramagnetic summit
(Bz(r] > H//) being generated by the helical f%ow of the transport curre%t
in the fegion R1 < r < R, Subsequently the average longitudinal magnetic
induction continues to rise until Ic is attained. At this juncture
however, a diamagnetic core may still exist since at Ic, the ; profile is
ususally some distance from the center. In Figure 5-4 we compare typical
behaviour with calculations of the evolution of the axial moment. Later
in this chapter we also show experimental curves of <4an> at Ic vs H//
for various samples initially in the diamagnetic state confirming the
predictions of our model.

The sequences 6f B, 4, Bz and Be profiles to’tﬁe right of R1 however

are identical to that considered above. Thus we expect Ic to be indepen-

dent of the pre-history in the diamagnetic situation. This corresponds



5-28

<

Figure 5-3 Schematic sequence of profiles established for an increment
Al of transport current for history B. A dashed line indicates the initial
profile.
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Figure 5-4 Evolution of the average axial magnetization when I increa-
ses from zero to Ic for history B. Solid line curve is experimental while
the dashed line curve is calculated using parameters given in Table 5.1.
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to all observations with one puzzling exception. LeBlanc and Belanger
(1966) have reported that dramatically higher critical currents were
measured in NbZr wires in weak axial fields under these circumstances.
Further they have concomitantly observed the magnetic moment to evolve
from diamagnetié through zero to unprecedeﬁlly large paramagnetic values
at these giant levels of critical currents. This behaviour remains uni-
que in the iiterature. Generally Ic Vs H// curves appear to be unaffec-

ted by the presence of an initial diamagnetic moment. No one has yet

been able to explain the unusual behaviour just menticned.

ii) Paramagnetic History

The effect of an initial paramagnetic moment on the subsequent evo-
lution of <4an>and on the critical current is cpnsiderably.more compli-
cated and fascinating. Experimentally, the evolution of <4nM;> with I
exhibits a rich variety of traces under these circumstances depending on
H// and the material. We encounter curves where <4wMz> (i) monotonically
decreases to a minimum at IC and (ii) first decreases then rises later
to a final value lying (a) aboﬁe, (b) equal- to and (c) below its initial
value. It is most gratifying that our model can generate this broad
spectrum of behaviour. Figures 5-5 through 5-8 present typical experi-
mental curves which display the features we have just enumerated.

We wish to remark and emphasize that the constant pitch modei leads
inexorably to-a unique prediction, némely, a mpnotonic rise in the axial
moment as 1 increases. The reason for this is intrinsic to the model

since existing longitudinal vortices are compressed into a diminishing

core while new flux lineé, 21l carrying a longitudinal component are
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Figure 5-5 Experimental monotonic decrease of the average axial magne-
tization with increasing I when sample is initially and paramagnetically
magnetized. Sample is 0.038 cm in radius.
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Figure 5-6 Experimental decrease and rise of the average axial magne-
tization when I increases from zero to I_ for history C. At I. the longi-
tudinal magnetization has increased above its initial value. The sample
is 0.025 cm in radius. ‘ ’
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Figure 5-7 Experimental decrease and rise of the average axial magne-
tization when I increases from zero to I for history C. At I the longi-
tudinal magnetization has increased to its initial value.
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Figure 5-8 Experimental decrease and rise of the average axial magne-
tization when I increases from zero to I, for history C. At I, the longi-
tudinal magnetization lies below its initial value.
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added to the expanding cylindrical sheath occupied by the transport

current as it grows,
1 4
Experimentally, the dependence of IC on paramagnetic history is

also complex and confusing. In wires of NbZr and NbTi (Belanger and
LeBlanc, 1967) and in ribbons of Nb.Sn (Cody and Cullen 1964) (we are
not aware of measurements on wires of this material) an appreciable
augmentation of IC is observed under these circumstances in the rﬁnge‘
of weak H// including H// = 0. In the other materials investigated to
date, either on}y a small increase is observed or no effect is enc -
tered. Our model leads to no dependence of IC on param tic his
We now examine the sequences of profiles encountered under these

circumstances to understand the variety of behaviour predicted by the
model for the evolution of the magnetic moment and the decoupling of IC
Vs H// curves from these configura}ions. This analysis is especially
important since it unveils a new feature of magnetic phenomena in irre-
versible type II superconductors which has not been considered so far in
this thesis and envisaged in the literature.

. First, we examine two possibilities shown schematically in Figure
5-9 . The B(r) profile with a negative slope was established earlier
by redu?iggfﬁ77/;rom a much higher value to its final static level,
hence Bz(r) = B(r) for this profile. It is referred to as the initial

profile and denoted B'(r).

Case (a) - R <R
o 1

The ¢ and Be profiles decline to zero at Rl before the front of the

advancing B disturbance at R0 meets the initial B profile. A detailed

)

S

-
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,Figure 5-9 Case a: The new induction profile, B(r), meets the initial
paramagnetic profile, B'(r), after ¢(r) reaches zero. In the region
0 <1 < Ry, B'"(rk is maintained.
Case b: B(r) meets B'(r) before ¢(r) decreases to zero.
Maintaining B'(r) in the region 0 < r < R; produces a discontinuity in
¢(r} at r = Ry.
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1

- ‘“r’\
— mathematical analysis reveals that as I is introduced, the set of equa-

tions we exploit (equations 5-2 and 5-9) do not allow this case to occur.

We show analytically later in
this section that these two '
equations céuse the Bz pr&file .
where the conduction current
flows to evolve initially in.
the range of small currents
through a sequence depicted

schematically in the sketch

on the right. The dots indi-

cate Rl’ the radius of pene-

tration of I, where Be =0, () Fe

Clearly for curves 1 through 4 on the sketch Bz(Rl) = B(le by H// hencel

less than the initial profile B'(r). Thus case (a} cannot be realized

at the early stages of the application of the current. (Later, however,
when I becomes sufficiently large, this case can occur.) We return to

this point later in the section.

Case (b) R1 < Ri

The ¢ profile goes to zero beyond thé radius of intersection of
the new B disturbance with the initial B profile B'(r) = Bz(r) of trapped
axial flux. Let us denote this radius of intersec}ion_by Ri'

The B'(r) profile gené;ated vhen axial flux was trapped is determi-
ned by the critical state equation

4B oo b s
B! o = FP(B) (1}
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decrease as I is impressed since some of the trapped longitudinal vorti-
=

R ~ .
ces are made to exia_or somehow disappear from the total cross-section of

 }h£Tcx;inder.-
. . _

The concept we are proposing constitutes, as we have indicated
earlier, a radical departure from the picture we have exploited so far.
There was, howevér, no need to invoke this new concept previously since
we focussed attention on situations where the B disturbance simply inva-
ded and rose above aﬁ existing B profile. We recognize that the hypothe-
sis we are now putting forward is umorthodox, novel in the literature
and very significant. It is unorthodox in several respects. Traditio-
nally, in understand{ng superconducting phenomena as well as other beha-
viour, conservation laws and particularly, flux conservation rules are
invoked. We have already, in this chapter, broken with tradition since

we have postulated at the outset, in view of thg failings of the Campbell

\ 2y

and Evetts model, that vortices change their ™4 ‘ﬁitation. We are‘now
further deviating from tradition, in hypothesizing that the total number
of vortices, whether straight or he;ical, which thread the wire is dimi-
nishing while the magnetic field at the surface is increasing (but also
changing in direction) and the B profile in a cylindrical sheath adjacent
to tLe surface is rising, hence the net Lorentz force is directed radially
inwards in this volume.

Ultimately the validity of our approach will be justified if the
predictions which ensue corres ond with observations and no other less
radical concept appears which leads to thé same results. We believe

that we have eliminated the only pogsible alternatives in the preceding

analysis. We will demonstrate shortly that our model accounts for the
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data~%§ the situation we are ‘considering in this section, namely where
a conduction current is fed into a longitudinally and paramagnetically
magnetized wire in a static axial field H// (where H// may be zero). We

will see later in this chapter that this concept we are now proposing is

-also essential for a description of the evolution of the axial magneti-

zation when a full cycle of alternating current is impressed, regardless

i

of the initial magnetic state of fﬁg wire, Finally, we note that Boyer

w

{1976) also found this concept essential to account for the evolution
and quasisteady state of the magnetizatiqn.of disks rotating in a sta-
tic field directed aiong the plane of the disk and tranéversé to the
axis of rotation; Indeed, his observations constitute a dramatic and

¢

direct demonstration of the phenomenon of filux expulsion in type II super-

conductors against the magnetic pressure or net Lorentz force. We wish
dt this juncture, to give full credit to him for providing the lead in

this direction and in fact for first generating the idea we exploit here.

We can identify two stages in the evolution of the B:and Bz profiles

as I is infroduced into an axially paramagnetically magnetized wire.

. "o " t = 1
Stage 1: Rl Ro, < Rl Ro

A typical sequence of profiles during this stage is shown schemati-

cally in Figﬁres 5-10 and 5-11 . The distinctive feature is that the

advancing B- distutbance pierces throuéh the B(T) profile which precedes

it in the sequence. This causes the B(r) = Bz(r) profiles to the left

of RT = Rg to drop‘below their predecessors. ﬂonéequently <Bz>, hence

4n<Mz> diminishes throughout this stage.
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Figure 5-10 Profiles established after a small increment Al/of trans-

port current. The dashed line represents the initial paramagnetic profile.
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. STAGE 1|
(continued)

Figure 5-11 Sequence of profiles established where I is initially in-
creased in the case of history C.
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H
Y

Stage 2: R < R \ .

Eventually R1 ceases to advance at the same rate-as Ro and progresses
less rapidly thag; the latter. At this juncture when R1 and R0 part com-
pany, Bz(r) and B(r) to the left of Ro = Rl have declined to their

lowest levels which we denote by Bmin(r) = B (r). We refer fhe rﬁrder

zmin
to Fig. 5-12 for aid in vis;alizipg the sequence of events. <B_> hence
<4an>grow throughdut this stage and may ultimately rise above the ini-
tial values. Clegrly, wheq this occur§3 Bz(r} at.I; in the region

R1 <.r < R lies abovg B;(r). This means that <je(r)> > <jé(r)> in
thiszregion. |

It is then a straightforward matter to pursue computationally the -
picture we propose using the two basic equations (5-2 and 5-9) in tandem
and generate curves of <4an§ vé I for axially and pafamaénetically mag-
netized wires in different static H//. In figures 5-15 through 5-16
we present a number of such observed and calculated cprves. We now also
note that since the previous history is progressively erased as I increa-
ses, the c¢ritical current IC is conseduently history independent in the
model we have just proposed. )

We now address ourselves to-'the fundamental question of why two
different stages occur in the evolution of <Bz>vs I for paramagnetic
history. iMore specifically we wish to examine why in the sheath occu-
pied by the ;xial currents, Bz profiles can occur which lie below‘or
above the original B;(f) = B'(r) profile gene?ated by axially magnetizing
the wire initially. Further we want to see why when I grows from 0
through small values, the B; profile in the region_R1 <1 < R evolves

.

n
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sTAGE' 2
B(r)

~
L e A e

R R

Figure 5-12 Sequence of profiles which is attained when I is sufficiently
large for the case of history C. Bmin(r) is established at the end of
Stage 1.



5-45 | :

= VANADIUM
| H =113 (kG)

Figure 5-13 Variation of-the axial magnetization, <Mz>’ with transport
current I, when the sample has an initial axial and paramagnetic magneti-
zation <M .>. Solid line curve is measured_while the dashed line curve

is calculktedwwith y = 5 and F! = a(T)B(l-bz) where o{T) = 5.4 X 104 Afcm?.
For both curves, I is normalisgd to the experimental value of I. at H// =
1.13 kG.. (R = 0.038 cM).
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_ VANADIUM
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< M?>/<Mzi>_ )
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Figure 5-14 Variation of the axial magnetization,<M_>, with transport
current, I, when the sample has an initial axial and paramagnetic magne-
tization <M iZ- Solid line curve is measured while_the dashed line
curve is cafculated with v = 30 and F} = a(T)B(1 - bz), where a(T) =

0.9 X 104 A/cmz. For both curves, I is normalised to the experimental
value of I. when Hyy =r60 G. (R = 0.025 M),
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Figure 5-15 Variation of the axial magnetiztation, M,>, with transport
current, I, when the sample has an initial axial and paramagnetic mangetiza-
tion <M,;j>. Solid line curve is mgasm'ed wh4ile the dashed line curve is calcu-
lated woth y = 160 and F! = a(T)BZ (1 - b)¥ where a(T) = 1.6 X 10° AGH/em?.
For both curves I is norﬁalised to the experimental value of I. when H,, =
2.15 kG. ‘
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H = 2.44 (kG)
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Figure 5-16 Variation of the éxial magnetization, <Mz>, with transport

current, I, when the sample has an initial axial and paramagnetic magnetiza- .

tion <M_:>, Solid line curve is measured while the dashed line curve is cal-
r2 SO 4 5 AGH/cml

culated with y= 100 and F! = «(T)B4(1 - b)?% where o(T) = 1.6 X 10° AG%/cm®,

For both curves, I is nogmalised to the experimental value of I, when Hy, =

2.44 kG.
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as shown above schematically, namely, exhibit: slopés at the surface
varying from negative through zero to positive. Finally we also want to
understand better the basis for the occurence of paramagnetic Bi profiles
in the region r > Rl where axial currents are present who§e slope is
either shallower or steeper than the slope encountered when no axial
currents are flowing. We note that this variety of slopes means that

the azimuthal current density je in the sheath filled by the axiai cur-
rents (wheﬁ I # 0) can be either smaller or greater than the critical

azimuthal current density circulating there when the axial current den-

sity j, = 0 in that volume. -
We examine this question in some generality while exploiting an
analytically simple but physically meaningful pinning function F! = aB.

We introduce this in equation 5-9 and rewrite the latter using the rela-

tions
dB
ST W SUMOP O S S U S
. dr T dr - B d
c052¢ dr dr dr Bz BZ dr 5 T
to obtain
i SO SN B 513
ar - M*3 B dr
Introducing this result and Fé = gB in equation 5-2 leads to
B 2
de ua X z S .
ar C 71z & 57" Gar ) T 717z ) ol
o x) (1 + x%) (1 +x7)

.. 2.1/2
where we have used the definition B = Bz(l + (BB/BZ) )

and written
X =
Be/Bza

We can view this equation as describing the evolution of the slope
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of the B profile at the surface if r = R and B, = H,, as 1= 5B.R is
inc?eased.' We' can also, more usefully and generally, see this equation
as displaying the variation of the slope of Bz profiles at spme.selected
radius r and for a chosen. longitudinal magnetic induction Bz as I{r) =
Be(r)/Sr is increased hence as the total current I(ﬁ) = BB(R)/SR is
increased. In Figure 5-17 we plot Y = (de/uudr) versus x for the inte-

{:T resting range 0 < x < 1.8 with vy = 3, 10 and 30 and B = (BZ/uar)= 2 and
0.2.

1

For plane geometry where r + «, the third term on the right of equa-
tion 5-14 vanisﬁes. The second or twisting term which contains the
turning parameter vy gives rise to £he resonmee in Y. We note that for
small currents, Y is positive, hence inigially, as thb current is intro-
duced, the slope of the Bz profile adj;cent Fo‘the surface is positive.
Therefore, when the cylinder has cooled in a.static axial fiel& H//, a
weak diamagnetic axial moment appears and grows slightly for a ragge of

weak currents to eventually disappear and be followed by a paramagnetic

smoment providgd that ¥y > 1. We have ignored this feature in our previous
discussion (section I(a) of this chapter) since for our specimens y »>> 1
and this diamagnetic excursion is not significant in our work. We only
note that the sequence of Bz profiles shown schematically in Figure 5-1
corresponds to the range of currents where x > 0.2.

Timms and LeBlanc (1974) have observed an appreciable diamagnetic
excursion in ribbons of NbTa where the currents are induced to flow
instead of being fed into the length of the sample through leads from
an external current sourcé. Our analysis may account for their obser-

‘vations. Lachaine (1976) in his similar experiments on ribbons of VTi
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~10.

Figure 5-17 Family of curves which shows the variation in the axial
gradient, Y = dB,/uadr, as a function of the ratio X = Bg/B, for diffe-
rent values of the "turning" parameter y when F! = aB, Hére B = By/uar.

p
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énd NbTi and in his analysis does not encounter any such diamagnetic
excursion. The'parameter y for his samples éé for ours is large, hence
only a small diﬁmagnetic "bump" might be expected. We also note that

the f(¢) term he exploits iq his analysii)(eqﬂation 5-11) completeiy eli-
minates this feature. An examination of these intricacies and detailed
fegtures is, howgver, beyond the scoﬁe of this thesis.

More important and pertinent for the situation of previous paramag-
netic history under scrutiny here; equation 5—i4 and Figure 5-17 in&icate
that the stage 1 we have just examined will élwaxs‘be éncountered initial-
ly as I is_impressed and the range of 1 over which trapped flux.is.expel—
led will be determined by the ratio y/c and fhe strength of H// (see
figure 5-18). We note that the locus of Y versus position T proceeding

from R to R, will trace a path through the family of Y vs. X curves for

- K
- A

a given y as éhbwﬂfiﬁ*Figure 5-17 since B increases withlr getting smaller

be;ause of the rapid rise of B, with depth.. We stress ;ﬁat for vy >> 1

and x & 0.5, hence when a sufficiently strong current is attained, Y| » 1. ‘
Thus,'in these circumstances, the slope of the Bz profile becomes steeper

than in the axially magnetized state witﬁ no conduction current. Conse-

quently the Bz profile in the sheath filled by I rises above the original | N
Bz pfdfile. It follows from these considerations {ﬁat a variety of beha-

viours are expected for the locus of <4mM_>, initially paramagnetic, as

I is applied and raised to I.. We can summarize the possibilities appli-

;able for our samples (where y >> 1) as follows:

i) <4mM > declines monotonically but remains positive
z

ii) <4ﬂMz> declines,ftraverses_a minimum with'<4an> still paramag-



5-53

-.. A 1 I L
02%—025 050 075 10
- 1/1,

- Figure 5-18 Calculated family of curves showing the dependence on the
turning parameter y of the variation of the axial magnetization, <M,7,
with increasing transport current, I, when the sample has an initial pa-
ramagnetic magnetization <M,j>. The curves were computed for Hy//Hea =
0.6 when Fj = a(T)B(1 - b) and where a(T) = 6. X 105 A/em?. |
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netic and then rises to a final value.as I, which may be

(a) 1less than or .
(b} greater than the initial axial,magnatiéatioh.
In Figures 5-13 through 5-16 we present various experimen;al'and

i

calculated curves which display these different modes of behaviour. The
parameters y and a and the value-for'H// in the Eomputed curves have been
deliberately seleécted to reproduce the salient features of the observa-

. a - . - \
tions qualitatively and quantitatively. These parameters are listed for

each theoretical curve and do not necessarily correspond to that utilized

for the given specimen in the rest of this chapter. Further the value of 3
_ . . ' 3

H}/ used in the calculation is also not required to match that present in %
. . : e
the*experiment since our purpose here is to.display the versatility of o
~ ) . ‘ 2 . - 2

the model and its ability to generate curveé corresponding to the Tich~ N
- - ‘_ » E
ness of reality.: . : 7 ) . &
. N ‘ n

' v 2

- ) - 5

C
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General Remarks on- Obserw_i";i_\ions, of Cyclic Phenomena. b
We now turn our attention to the magnetic response of a wire subje;—
ted to a half-wave and full wave aite?natibg‘current of low frequency.
In our experiments we mon%tofed the locus of the axial magnetizatibn as
‘the current is varied fhrough full and half cycles. Belanger (1968) also
accumulated considerable data of this kind on other materials. Data on
the complementary and concomitant phepomenon, namely, the locus of the
azimuthal maghetic induction,<38> as the current is varied, is also

available in the literature. On this aépect,ihoyever, the experimental
approach has been less systematic'and jud;cious since in effect many.
workers in the fiéid have neglected to‘exffact or record or report much
df the informétioq a; their disposal inlthe course of th?ir investiga-
tions of A.C. losses. Nevertheless we find in the ‘literature an appre-

- 4
ftable assortment of results on this score, which we enumerate below:

(1) Qualitative curves of EBe> vs T,
(ii) The fatio of two (among several) particularly interesting,
valieS of this hysteresis loop ~
(iii)' The variation of‘the ratio of gome-pertinenF values of the
locus of the axial and azimuthal flux density and finally
(iv) The variation of the surface enciosed by the hysterésis loop
of <Be> versus HB = I/5R (hénce hysteresis losses) with ampli-
tude of I and inteﬁsity of'H// in a few materials.
This 1ist, although forﬁidable, représents oniy a fraction of the
information at the fiﬁgér tiﬁs of the reséarchers who performed the
measuréﬁégts but failed to extract, retain or report. This lapse, of

course, occured because the information rejected or overlooked did not



appear meaningful to these workers, since no framework existed for

viewing and collating this wealth of &ata. The model we develob in this
chapter‘constitutes rhe first attempt to in;erpret and correlate all of
. these features. We will consequently apply our model to the analysis of
all these phenomena and thereby test its ability to reproduce the obeer-

vations just enumerated.

In the two following sections we deVeIOp-the sequences of Bz and B
profiles ensuing from the variation of B and ¢.and encountered as I is.
swept through a cycle of half wave and of full wave alternating current.
Then, under application of ‘the model, we:focus in this chapter on a
compari&qa of the predictions of the model with observations of the
1ocus‘of B> vs I for these two situations. In the next chapter we
pursue the predictions of the model eith respect to the variation of
<B8> vs, I culminating in an account of A.C. losses in static H//.
Finally we emphghize that (a) the model of pitch conservation of
Campbell and.Evettg ,' per se, incapable of describing these.phenomena

L

“and (b) force-free models lead to reversible curves of <Bz> and <Be> vs .

I, in disaccord with observations.

II  Cycling I (Half Wave)}

The current oscillates between 0 and a maximum value Im of fixed
polarity. Other half wave oscillations may, of course, be envisaged
where the minimum value of I # 0 but has the same polarity as IM' These*
cases correspond to a half wave current variation superlmposed on a D.C.
bias. The considerations we develop below can readily be extended to

‘such interesting situations. In all cases the shape of the half wave

-
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(temporal variation) is Oof no consequence provided that dI/dt is not

too large and viscous effects can be neglected. , )
A typical locus of the axial magnetization accémpanying the varia-

tion of I through a complete cycle is shown by the segmeﬁts PQ and QP

of the curve presented“in Fig. 5-19 . We include, for completeness, the

curve OP in- the Figure, which depicts the initial growth of the axial

. \
magnetization when I is first impressed. This curve is not part of the

cyclic behaviour but must; of course, be traversed in order to-establish

. the_initial_cénditions for the subsequent cycling. We have already dis-

cussed in detail the sequence of profiles g¢nerated as this curve OP is

traced in section I(a) of this chapter. We consider for simplicity, the

//
which is subsequently kept fixed. If the sample is subjected to other '

situation where the sample has become.superconducting in a static H

previous magnetic histories such as discussed earlier in this chapter,

the cyclic behaviour will not be altered but the approach to the initial

conditions will be different from that shown in Figure 5-19 and it may
not be sufficient to simply raise the current to I&hin order to establish

the initial conditions for the cyclic behaviour.

o
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i) PQ Segment (IM + 0)

Let the unprimed quantities Hs’ e and Bes denote the values of B,
¢ and Be attained at tﬁe éurface of the wire at the end of the initial
appl?gation of I when the point P of the curve OP is first reac£ed. The
depth of penetration of theB, and ¢ disturbances at that juncture are
also deﬁoted by the unpfimed quantities R0 and R1 respecfively. The
reader ﬁill recall from Section I(a) of~this chapter that the Bz and B8
profiles have also consequently adjusted to a depth Ro and Rl respecti-
vely. let the primed quantities HY, $! and BY_ denote the value of B,
¢ and BB at the surface at some intermediate stage during the sweep of I
from IM to d. Also, let R; and R' denote the depth of Penetration of

1

the new B and ¢ disturbances (or ''wave' fronts) ggnerated during the
decrease. of I.

A priori, several possible cases may be envisaged. Among these
many possibilities we retain only the situation encountered in our work,

namely that RI > R0 and hence R! > Ré. This, as we have noted earlier,

1
is a consequence that the variation of the direction of the flux lines
is, spatially, considerably more rapid, in practice, than the variation
in their density for the group of measurements we investigate in this
thesis. This‘modé of behaviour is insured in our mathematical descrip-
tion of the phenomena (equatioﬁs 5-2 and 5-9) by the form chosen for the
latter equation and.fhe choice of y > 1 therein.

_ Once I has decreased from Im and reached 0, two different situations

may be encountered: (i) Ré has nop'feached R1 or (ii) Ré has penetrated

inside Rl. 0f course situation (i) must be traversed on the way to.
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0

attaining the "end state" specified under case (ii) as-I is initially

h

lowered and I = IM - AI. We focus attention on case (ii) below since,
-4

again that is the case generally encountered in our work. Further we
examine, for brevity, only an intermediate stage where Ré has already

penetrated inside Ry although I has not yet reached zero. The behaviour

occuring when RB > R1 is shown schematically in Fig. 5-20 and can readi-
ly be developed in the light of the discussion we present below. We
have, of course, examined this latter category of intermediate state in
detail in performing our compytations.s |

It is important'and usefud) at this jurcture to introduce a gemnéral
observation. A degcrease of the conduction current in type II supercon-
ductors from an initial }evel I = 2w JRI jzr dr to a lower value I-Al
cannot be visualized as consisting simply in the removal or disappearance
of a fraction AI/I of the current initially flowing aleang the cylinder.
The basic reason‘wﬂy this does not occur is that I is a persisteﬂ; or
lossless irreversible current. Consequently I-AI = 2n LS j' r dr where
_j; changes direction and |j;] # 0 except at mathemdtica} cylindrical
shells. -

We refer the reader to Figure 5-21 for aid in visualizing a typical
set of configurations in the sequence of profiles dur;ng the excursion

from IM to 0. The dashed lines represent the extensions of the initial
profiles. We can subdivide the cross-section of the cylinder into 5 con-
ceptric annular regions. We now comment on the distinctive features of”

each region.

a) Ri < 1 < R (Region A')
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Due to the decrease in I hence Hs’ the flux density has been "de-
compressed" in this region. Further the flux lines have rotated towards
the z ;xes to a degree dependent on their distance from the surface since
ﬁ; has swung in this direction. Because I has decreased hence Hs and
Bgs have declined, B and Be rise with depth. The B_ profile drops below
H// and the'B8 profile rises very steeply with deptﬁ due to the inter-
play of the Lorentz force components and the pinning force. The latter
is directed inwards in the region Ré f_r‘:_R to oppose the exit of the

flux lines. The decrease of B ‘with depth may be viewed most easily to

follow from the fact that ¢ rises more steeply than B,

b) R1 <T < Ri (Region B')

Flux h;s been decomﬁressed in this region also. Since the new ¢
disturbance hés not yet entered this region, the vortices retain their
initial critical orientation while seeing.tggir numbers depleted. The
Bz and B6 components of g(r) decrease in "unison ", i.e. while maintai-
ning the existing ¢.” It is of interest to note that BB’ hence jz’
varies throughout regions A' and B', the entire sheath filled by the
conduction current, once the B disturbance has penetrated beyond the ¢

disturbance" (i.e. RY < Rl).
c) Ré <r=< R1 (Region c")

The wortices compressed in this sheath during the initial application of I
now experience a decompression. These vortices were and remain straighthence the

decrease in B is acconpanied by an equal dimimtion o the B, profile. The region "is
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Tt
filled with azimuthally circulating flux retaining (“"paramagnetic')

currents.

d) R, <t <R (Region D )

This region is wndisturbed but its width is reduced as I approache;

0. Straight flux lines were compressed‘in this region durlng\E:: initial

-

application of I. It is consequently filled with azimuthally ctrculating

flux shielding (“diamagnetic'") currents.

e) OiriRo(RQg'ignE)

This region filled with.th straight vortices threading it after
the sample became superconducting is inert and unperturbed.

Depending on hgw close iM approaches IC and whether jz hence ¢ and
B8 penetrated to the center of the wire at Ic, regions E and also region

D may not exist.

Figures 5-22 through 5-25 present sequences of the B, ¢, Bz and BB
profiles computed in our analyses of the behaviour_of a NbZr wire sample.
Upon inspection of these four figures and referring to Figure 5-20 ﬁhd
5-71 the reader can readily follow the evolution of the various profiles
and the growth (or shrinkage) of the several regions as I swings from

IM to 0 for a "concrete" situation in the framework of our model.

.
-
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Figure 5-20 Sg% of profiles established during the initial part of
the first quarter cycle. Both ¢ and H{ are decreasing as I is being
reduced from +I; to zero. The ¢(r) and B(r) disturbances reach different
radii R} and RL. R} is initially greater than the radius of penetration,
"Ry, of the ¢(r9 disturbance when I was initially increased to +I; so that

R1 < Ré < Ri .
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Figure 5-21 Set of profiles establishe%uring the later part of the

first quarter cycle. Both ¢4 and H. are decreasing as I is being reduced

from +I; to zero. The ¢(r) and B(r) disturbances reach different radii

R} and R!. R}, is now less than the radius of penetration, Ry, of the

$(r) disturbance where I was initially increased to +Ip so that Rp <Rj < R,.
b1
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Figure 5-22 Calculated sequence of profiles for B(r) during the first
quarter cycle. I is being reduced from +I; to zero.. (b(x) = B(r/R)/H )
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" Figure 5-23 Calcu‘lated sequence of profiles for ¢(r) during the first

quarter cycle. I is being reduced from +I, to zero. (X = r/R)
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Figure 5-24  Calculated sequence of profiles for the axial compomeat of
. mangetic inductipn, B,(r), during the first quarter cycle. 1T 'is being
reduced from +I/ to zero. (Bz(x) = Bz(r/R)/llcz). .
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ii) QP Segment (0 - Iy °

'Having traversed the first half of a half wave cycle, hence varied
. Y )
v . . _
I from IM to 0, we now examinq the behaviour when I is subsequently

raised back from 0'to Iy. . . -
. We retaiﬂ ;he notaqion used so far and introduce double primes as
<gisuperscripts.to indicate the depth of pene®ation of the latest B anq.¢

) dfééurbapces (Rg and R? respectively) and the corresponding new values of_
B, ¢ and Be‘at the su:face (Hg, ¢y and By ). We continue to explore the

; specific siﬁﬁaiion envisaged so far in Fhi§ section, i.e. where R0 < Rl’

- Eé < Ri.and'Rg < RI.. Again, for"hrevity, we omit the discussion of the
séquences of pfofile; encountered .in the range of ;mall I where the latest
B disturbance, heﬁfe RY is advancing tﬁrough-¢hé narrow range occupied by
the very fir5t~¢ disturbance (Ri <T <R) and hence';hrough,the narrower
range (Ri frf f:Rj penetrated by the ¢'Histurbance applied during the
first hglf TIM + 0) of the half wave cycle. Wg'present, fox“%ompletgneas

but do not dwell upon, a typical set of profiles encountered when the

* ’

1

-This stage in the evolution of the profiles'precedes the intermediate.

front Qf the new B disturbance lies in the range Rl < Rg <R! in Fig. 5-26.

,staté.ag-ﬁpcus upon be low where the .leading edge of the B disturbance
has advagced beyond R, anéhl%es in the range R,<T <R We have had to

take into account in the course of our computatibns of .the many details

involved in these portions of the gise in I. - We believe that the discus-
Sion we. present below is sufficient to delineate the major new features

which aﬁpear during this final phase of'thephalf cycle. We refer the

Co ' . . .
®» reader to Figure 5-27 for aid in;visualizing_ the sequence of profiles

=
N i 1)
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during this last part of the,réturn of I to I,. The dashed lines repré-
B

sent the extensions on the éntirety of the profiles existing when the

final half cycle begins. These "existing" profiles have just been deve-
loped in thg preceding sub-section. .

We can subdivide the cross-section of the cylinder into 7 concen-

tric annular regions. We!Pow comment ‘briefly on the distinq@ive features

of each region. : o -
Due to the ri%e in I, hence in Hs; the flux aensity has been aug-

mented throughout the range Rg < r < R hence in regions denoted as A",

B", C" and D". This inclease iﬂ flux density” takes place by (i) a com-

pression of existing fiu# iines which may or may not rotéte while being

compressed depending on their location and (ii} the addition of new- )

vortices which may ‘or may not rotate as they migrate inwards again depen-

. ) L]
ding on their position during their penetration. We cannot and need not

keep track of the adventures of individual sheaths of vortices in our

approach. In region A", the rise in.B is accompanied by a change of ‘
orientation where ¢ is increasing with time (i.e. with I). 1In regions

B", C" and D", the existing spatial distribution of the orientation of
k| : .
the vortices is retained, but their number or density B is growing,

hence Bz and Be rise in unisson. The only difference between these

-

three regions lies in the character of the existing ¢ profile which is

retained as B hence Bz and B8 rise. We note that in reggion B, A¢/Ar

P

is negative, in regiom C", A¢/Ar is'positive and in region D", ¢ = O,

The characteristics of tegiéns C, D and E are unchanged and hence

s

have already been examined above.
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Eventually when I reaches jm’ the configurations existing at the
 beginning of the half wave cycle and shoﬁn in Fig. 5-21 are ree;tablished.a
To appreciate visually that.<Bz> at I = 0 (in the "middle" of the cyéle)
is smaller than <Bz> at IM’ the reader shogld compare the Bz pfofiles
shown entirely or partly by d?shed lines iﬁ F%éures 5-21 and 5-27 (or
Figures 5-20 and 5;26). Also to see that for a chosen cur¥ent, <B_>

z PQ

segment of the

+

. Qp M
cycle, the reader should cbmparq the B, profiles of Figures 5-20 and

on the I, > 0 préﬁch lies above <B >\, on the 0 -+ I
5-26. \A comparison of the Bz profiles of Figures‘s-zl and 5-27 suggests
that <B;> are comparable and indeed they are. We note that I is'nearer
than halfway toward zerc in the former while it is nearer than halfway
toward IM in the latter figure. In this vein we can establish the main

~qualitative features of the locus of <4an> vs 1 "pictoridlly" from ins-
pection of the sequences of Bz p?ofiles and construct tpe cyclic beha-
viour shoén schematically in Fig., 5-19 withoﬁt resorting to any mathema-
tical or computational aids and crutches. Figures 5-28 through 5-31
present seqﬁences of the B, ¢, Bz and BG profiles computed in the course

" of our study of the cyclic half-wave pgrformance of a NbZr wire sﬁmple.
Upon scrutiny of these fou? Figures and referring to Figures 5-28 and

'5—31ﬁ the reader can readily follow the evolution of the various profi-
les and the growthe {or shrinkagé) of the several regions as I swings
<;back from 0 towards IM in a "real" case withiq the context of our medel.

In the section on application of the Model later in this chapter

we wilj compare observed and computed oscillations of the axial magneti-

zation in response to half wave cycles of I for several materials in

various H//.
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A Remark on the Critical Nature of ¢ Profiles during Half Wave Cycles.

When the initial conditions for the-cycle are established, we
have.exploiteﬂ equations 5-2 and 5-9 in éarallel,'heﬁce generated confi-
gurations'where both B and ¢ are in critical states in the region where !
they pengt?ate. When I is swept from IM to 0, however, we épply eqha-'
tibns 5-2 and 5—9 only fbr the region penetrated by the new ¢ disturbance
(R} < r<R). We indicate that throughout the region Rl_griRi beyand the frontof the new ¢
disturbance, we maintain the existing ¢ configuration while B has not anly diminished but
changed the sign of its slope. Hence, here weapply cquation S-2 and inpose a distribution of ¢
which was gmerated‘ byequation 5-9 under diffemt conditions which e)dst.adpreu'imsly. We
rote that ¢(r) I tlus Tegion (Rl.;:_riRi) now becomes sub—c:rﬁical. in othélr words the
turning fofcé Ft =‘sz %%} operating in this region becomes smaller
th#n the opposing pinning force Fé acting theée since the decreasé of
the flux density diminishes Ft' The B profiles, of course, are maintai- “
ned in a critical state throughout the variation of I sincé equation 5-2-

is invoked.

- .

When the current is subsequently raised from 0 to IM’-' hence B{r)
rises back to the initial configuration éxisting at IM’ the ¢ profile

in the region R1 1

a critical state as RH advances from R to Ri.

< r < R' progressively changes from a sub-critical to



Figure 5-26 Set of profiles established during the initial part of the
second quarter cycle of the half cycle. Both ¢4 and HY are increasing as
I is being increased from zero to + I,. The ¢(T) and B(r) disturbances _
reach different radii RY and RY. R} is initially greater than the radius
’//;aaf penetration, Ry, of the ¢ (1) disturbance when I was initially increased
to +I; but is less then the radius of, penetration, R{, of the ¢(r) distur-

bance when I was decreased from +I; to zero. Therefore Ry < Rg < Ri.

3.



Figure 5-27 Set of profiles established during the later part of\:che
second quarter cycle of the half cycle. Both ¢" and HY -are increasing as
I is being increased to +Iy. The ¢(T) and B(r) disturbances reach diffe-
rent radii Ry and RY. RY is now less than the radius of penetration, Ry,
of the ¢(r) éisturbance when I was initially increased to +I. Therefore
R < R'" <R : .

o] o 1*
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- Figure 5-23 Calculated sequence of profiles“for B(r) during the second

quarter cycle of the half cycle. I is being increased from zero to +Ip.
(b () = B(r/R)/H,)
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Figure 5-29

quarter cycle of the half cycle.

(X = r/R).

0°

Calculated sequence of profilew for ¢(r) during the second
I is beinpgincreased from zero to +Ip
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Figure 5-30 Calculated sequence of profiles for the axial component of
the magnetic induction, Bz(r), during the second quarter cycle of the
half cycle. I is being ificreased from zero to +Im. (bz(x) = Bz(r/R)/ch)
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Figure 5-31 Calculated sequence of profiles for the azimuthal component

of the magnetic induction, Ba(r), during the second quarter cycle of the
hglf cycle. I is being increased from zero to +I . (bg(x) = Be(r/R)/ch)
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111 Cycling I (Full Wave)

.

Intro@uction -

We‘now turn our attention to the sequences of profiles encountered
when I varies from +IM1through 0 to -IMzand subsequently returns to +IM1
hence traverses a full wave c&cle. A more general type of full wave
oscillation can of course be envisaged where the_limiting or extremum
values of I are unqual, hence whe?e the cycle swing of the current is
asymmetric, i.e. [IMJ # [—IMd. This more general case introduces minor

complications which can reéﬁily be pursued and resolved inthe light of

the discussion we present below where we focus, for simplicity, on the

symaptric case, where lIMﬂ = ['Ihd’ which is usually encountered in
practice. o
. Again, for simplicity, we consider the situation where the sample

has become superconducting in H//' which is thereafter maintained cons#unt
as I is varied. The cyciic behaviour will, of course, be completely )
independent of previous.history, ungder isothermal conditions, although
the initial approach to the cycligf behaviour wil} be dramatically influen-
ced by the initial magnetic state of the specimen. Figure 5-32 presents

a typical locus of the axial flux (or équivalently, thé axial magnetiza-
tion <4nM > = <B > - H//) vs I where th? 1n1tt§1 curve 0P durlng which

the initial configurations for the\cycle are established, is again inclu-
ded for completeness. The behaviour encountered during this 1p1tlal appli-
cation of I Has already been gxamined in detail in section I(a) and the

b .
analysis need not be repeated here. Further, the sequences of profiles
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occurring dhring the first quarter cycle (curve PQ} as I varies from +IM

to 0 have also been thoroughly surveyed in a preceding section (II(a) )

and need npt be reviewed here. . ) -

‘ To ecomplete discussion of the full wave cycle we neea then only
consider the-second quarter cycle where I swings froy 0 Fo —IM (curve
QER of Figure 5-32 ). The remaining half cycle will con;ist of a third
quarter cycle (segmeht'RQ) symmetrical with tﬁe segment PQ and a final
quarter cycle (segment QSP) symmetrical with the curve QSR which we now
scrutinize. '

" In harmony with the previous K development ;e confine our discussion

. , . _ ‘
to the situatio;therg the B dis;urbanceq,duiing %he initial application )
qf I and the first quarter cycle h;ve-péﬁbtréted more deeply‘than the con-

comitant ¢ disturbances, hence where R1 > Ro and Ri > Ré szgzgltﬁis coT-

responds to all the behaviour so féi reported in the literature. Further,

since within this broad category theré ogccur two distinct possibilifies,

we focus, for brevity,

this case for development because it ¥ the one generally encountered in v
e
our interpretation of the varied behaviour of the many .samples studied in -

M 1

ation where R1 > Ré. Ws select

this thesis. We have of coﬁrse, pursued the other possible case (where:

R, <Ry E_Ré] in the course of our work. ' )

Within the context just outlined, four types of intermed}
stages occur in the evolution of the several profiles as I varies

Afo_-IM. These vdrious stages depend on thel depth of penétration achieved

by.the B and ¢ disturbances vis ¥ vis specific landmarks in the landscape

L
¢ .

of the B and b broflles existing initially at I = 0 (point Q in"Figure Y
5-32 ) and ev01v1ng as I progresses from 0 to -IM

. . . L P |
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In'kéeping‘with the notétion'used in section II1(i) we deﬁbte the
"starting" B, ¢, B; and Ba profiles at I = 0 (point Q) by p?imes. We
need however to extend the scheme of notation exploited so far. Let R&" :
denote the;radius where the B profile generated by the new B disturbance
exhibité a,minimuﬁ'and RY" denote the radius where the new B profile ‘meets
the B! profile.‘ Pet Ri" denote the radius where the evolving ¢ profile
crosses the zero axis and RY" denote the depth of penetration of the new
$ ﬁisturbance,i.e.,the position where the evolving ¢ profile meets the
o7 préfile. ' ' o

| We refer the reader to Figureé 5-33 through 5-36 which display the
B, ¢ and Bz profiles schematically during each of the four successive
intermediate stages encountergd during the migration of I from 0 to -iM.
The avoid cluttering these numerous figures we hav;’omitted the B8 pro-
. files since these are not particularly instructive and flow in a straight- ‘
forward manner from the others. The B', ¢' and B; profiles as well as
the limiting profiles at -I,, are also sometimes presented where this is
instructive and does not clutter the sketches.

" The major 'new'" feature_in the behaviouy of the B profile‘is‘the

ocarrence of a minimum which falls below the previously ei&sting B profi-
le in the range of small |-I| as I initially progresses from 0 towards
-IM. Let Bmin denote this minimum in B. The locus of Bmin in the B - r
plane is fascinaiing and slightly complicated. Two modes of behaviour
are encountered dependent o; the quéntities a/k, hence the rafio of the

pinning strength and '""turning" parameters, and H///ch. "I'he .accompanyingw

sketch displays these two modes of behaviour of the trajectory of Bmin in



i

the B-r plane as |I| grows. We note that Bmin in case (a) traces a path

which lies above H// while it drops below H// in case (b). It is impor-

tant to realize that the migration of Bmin below the previously existing

1

B profile, hence below the B' profile, entails a drop in the B profile

throuéhout the region R'™' < r <R'" inorder thata critical state be established.
0 — — -

It is clear from gonsideration of the locus of Bmin that -case (b) will

4

lead to a more pronounced valley in Lhe locus of <4 > vs I as curve QSR
of Figure 5-32 is traced. This is a consequence of the fact that we also
witness a downward movement of a major éortion of the Bz profile which
is associated with the evolution .of Bmin' The sequence of Be profiles

/ .
will, of course, also show the effects of this phenomenon. Mode (a) is

encountered for H// << ch when v « R/H// >> 1 for Fp of the form

[

B(1 - B/H_,).

We now turn our attention to the physical meaning and origin of

Eh

4

-
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this important phenomenon. Firstly, however, .it should be noted that we

have, in effect, encountered a similar behaviour earlier in this chapter -

in our analysis of the;response of a cylinder, paramagnetically magneti-
zed along its axis, (section I(b)(ii) ) to the épplication of a transﬁort
current. We saw the£e that some-of the flﬁx tfappeé along the length of
the wire was released initially as I was‘impressedf W;’essentially
encounter the same phenomenon here as |I| grows again in the wake of

the first quarter cycle. The only difference between the two situations

F

lies in the fact that the configuration of the flux lines is now conside-
rably more complicated. As a consequence the structure and evolution of

the various profiles and in particular the Bz'ﬁrofile is correspondingly
. : g

more intricate. It is not surprising then that we now require four sets

‘of Figures to document their history as I prdceeds from 0 to "IM‘

~

The physical basis for the initial expulsion of flux remains diffi- ‘
cult to elucidate convincingly and rigorously. We believe that it arises

for the following reason. The degree of rotation of the flux lines impo-
. . L

sed by the initial application of a conduction current {-4I in the present
case) is not commensurate with the accompanying increase in the inward

magnetic pressure (increase in flux density) in the surface volume occu-
R
pied by the "negative' current [ - j_ 2ar dr (negative,of course, only
Rlll
1 . . . s
in the sense that a '"positive" current was introduced earlier). Simple

geometric considerations éhed light on the relative magnitude of the

»

pertjg;nt quantities. We see from the accompanying diagram on the next

page’ that A AB/ABe . Thus %%- i E%—' which indicates that A¢ >> AB
g .- J
when AB hence AI is small. It is, of course, immaterial whether we ,

£ ¢

™
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_pake_ABE and Al pos?tive or ne-
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gative. As a consequence the

turning force F, = kB2A¢/A S0

strongly overwhelms the pinning

force that flux cannot be retai- }J
ned a£d is caused to exit iﬁ or- |
der to establish a critical equi-

librium. A smali'k {hence a lar-

ge v} and a small B‘(or H//,

since we are examining the condi-

tions at the surface with ABB
small) help to attenuate this , . S ’
effect since they diminish Ft and hence allow a large critical ¢ gradient

. , _
to exist (recall that A¢/Ar = YFP c052¢/B") . However, when y is small

(k large) and B (hence H//} is strong, the critical ¢ gradient prescribed
by equation 5-9 is too weak and inadequate and a dramatic adjustment in

the B profile ensues. This can be appreciated by rewriting equation 5-2

H - B. F
ﬁ - S__l_ < _R
Ar AT HS

where Bi = B(R - Ar) is the flux density initially existing inside and in

/2

the vicinity of the surface, Hs = (H/i + ABé )1 and we have neglected

the small [ABB)Z/R term. We note that B.1 must decrease in order that
FL = Fé and the two critical state equations be satisfied.
We wish to emphasize that this phenomenon of flux expulsion can

. - 2 . .
therefore be traced directly to our choice of f(¢) = cos” ¢ in equation

5-9. Lachaine {1976) iglgﬁﬁ_iprk, exploited f(4) = 1/tan ¢, hence in his
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[
. A
- . .

anglysis sp/ar +-m when ¢, hgnbe-ha‘and Al are infinitesimal. His expres-
sion for the critical ¢ gradient and its adaptétion to cylindrical geome-
t;y,.conseqyéntly do noé ieéd to the pheﬁomenon of'fluk expulsion we
encounter herg~and:previqusly. Thug these formulations cannot account for

the valley in the'lécu§.of <B,>vs I (curve QSR of Figure 5-32).aﬁd the

. - ) L}
decline‘in_<Bz>‘exaMiqed earlier under section I(b)(ii) of this chapter.

~ .

Furtker, Boyer (1976) takes f(¢).= 1 in his investigations and must then
postulate an exit of flux to aécounp.féf'his obseﬁyations, whereas this

flows "naturally" from our formulation.

Finally we note that the situation can be viewed quite.simply in A' i

. C W
the following way. Because ABG for Be) is small, the inward Lorentz force
. . bl

component, (—jz) X (—Be) in the present context, is initially not suffi-
cient to overcome the opposing pinning force and an inward directed

Lorentz force component —j6
L)

~ :

lating in a diamagnetic sense is compelled to appear and come tothe rescue

Bz’ hence an azimuthal current jé circu-

to provide the necessary balance between F, and Fﬁ. Thus the condition K

L
o liBgl + 3B, = Fé is encountered rather than the condition Iszel -
g [jele = FI') which prevails when "paramagnetic'' helical current flow

appears. “

We now proceed with the discussion of the other salient features
in the progression of the B, ¢ and B profiles g6 I swings from 0 to -1,
i and which ensues from an application of equations 5-2 and 5-9.
Initially the radii or points of penetration R'" and Ri" coincide

C

£
. . . o .
and advance at the same rate. The concomitant configurations are dis-
’ 4

played schematically in Figure 5-33 where the solid lines-pertain to the

-
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mode-(a) beh?viour,of B sn’ 1-¢. Where Bmin remain% abJH!PU/ as it pene-.
trates. Two configurations éccurring whén mode (b) behaviour prévails arel
indicated by the do?ted lines intfhe B and Bz profiles. It is clear from
'_;nspection of the figure that the déqrease in‘<Bz> héncé the valley in
the curve QSR will be more'pronouncéd with the latter mode.' The B', BY

and ¢' (I = 0) profiles are shown by the dashed lines. In this sequence

of Figures 5-33 through 5-36 we eliminate the innermost region where B

rises, in order to make place in the sketches for the regions where the

action takes place.

Stage 1: RI" = RI".

At this juncture we can identify 6 concentric annylar regions in
Figure 5-33. The innermost region is of no‘;wfg;;st here and is ignored.

The outer 5 regions are readily identified by specific structure in the

Bz profile and.are labelled A, B, C, D and E proceeding from the surface.
In regions D and C, the flux density ﬂas diminished (exited or migrated
to regions B and A for mode (a) behaviour) while retaining its existing
orientation (¢ = 0 in D and ¢ = ¢'and C). Thus Bz drops correspondingly
in D and C so that B, /B rgmainé fixed. We note that By will also diminish
in region C to keep Be/B fixed. Iniegion B, tﬁe flux density is also
being.reduced_yhilé ¢ is diminishing. In regién A, the slope of the B
profile is positive and |¢| is increasing.

”

Stage 2: Rg" f.Ré”.i Ri" (Figure 5-34)

L 4
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Eventually .B nin ceases to pierce and penetrate below the immedia-
"tely preceding B proflle and stage 2 beglns Let B” denote the corres-
pondlng B ;. and B" (r) denote the B proflle occurT1ng at this Juncture.

n

We are partlcularly 1nterested in the portion of the proflle on the "left
)

" of the valley between R"" and R'" Henceforth, tne ® proflle'crosseS‘the

zero axif before the advancing region af flux compression meets the B".n(r)
profile, i.e, Ri“ > Ré”. Thus the region of flux compression now'compfi—
ses two conéentric annular regions denoted A and A'. ‘The characteq}stics
of‘reéion A are uhchanged from stage 1; (|¢| is increasing with time and
decreasing with r'while the slope of the'B profile is positive). In ;
region A', occupying the width Ré" <r 5_Ri? and expanding since Ré" ad-
vances more rapidly than R!'", the slope of the B profile is positive also
but here [jﬁ is decreasing with.time.

The positive slape of the advancing B profile penetrates to a ra-

dius R'" where this compressional B disturbance meets the B . (r) profile,

hence Bmin’ the bottom of the valley must henceforth move upwards as it

migrates inwards. It is important to realize that throughout stage 2, the

left side of the vailey {the B profile between R”" and R'”] continues to
y .
descend below the B" (r) profile until region B has vanished. Region B

whose moving boundaries ara RE" and Ré” shrinks' in width and eventnally
disappears because 4its outer boundary Ré” (the radius where Bmin occurs)
advances inwards more rapidly than its inner boundary Rz" and overtakes.-
" the latter thereby terminating staée 2.

The critical reader may inquire why the B(r) profile left of the

minimum continues to descend below B“ (r) whlle B min MOves upwards as it




('

A L]

-

adyances. We recall that Ré", the radius where Bﬁin occurs7i§idefined as

the depth where the‘advahcing compressional B‘disturbance meets the imme -
. diately pregeéingvprofi;e‘in the temporal sequence. It seems, at first a
glﬁngp,.reasonable to visuaIiée that Bmin could now migrate along B;ih(rj . v
and thus the profile to the left of B i Would remain static at By (1) c
as @(t).changes Qith,time. We have investigated thié simple ‘picture and
find khat it mu§; be rejected sinze it lead§ to B profiles.in region p
which are supercritical hence unstable. | o ' | -
- The characteristics of- regions C and D are. unchanged. from stage 1,
_f[e: tﬁe flux é?psity i§ diminishing with time (with [-I] growing) while
+ , the existing ¢ profile Yemains fixed. Hence, fhe.¢ brofile'in region C
becomes further sub-critical. It is howéver:éritical in region D since
¢ = 0 here. "We continue then to apply eqﬁations 5-2 and 5-9 in tandeﬁ‘to
determine the B and ¢ profiles fhroughout regions A, A' and B hence from
Ré" to R in particular. - :

1

An important consequence of the continued descent of the B profile

left of B . (i.e. between R'™ and R'") is that the locus of <B_> vs [-I|
min ) o o . Tz

also continues to decrease correspondingly. The minimum in the valley of

<B\> vs I thus occurs towards the end of stage 2. (We note that Bz is

risi ith time in the ficinity of the surface but this may or may not

be sufficient to compensate for the decrease in Bz left of RT”).

‘Stage 3: R

vt 11 : -35
1 5.R0 < Rl (F{gure 5-35)

W

’r
v Region B vanishes, heralding the end of state 2, when Ré" finally

catches up with RT". A new region, labelled A" in Figure 5-35 comes into
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existence as Ré" penetrates beyond RY”. In this new feﬁion the flux den-
'sity increases with time while the existing ¢ prdfile remains fixed.

Thus the. ¢ profile is grédually transformed form a sub-critical to a eri-:
‘tical state at the end of the quarter cycle. The cﬁaracteristics of re;
'glons A and A' are unchanged from previously.

The B proflle left of B in ceaseg to descend and hencefortﬂ remains.

stationary at the dﬂpth attained at the end of stage 2 which we denote by

B'Y r). As , . LA i -
min (r) As 2 con§§quence, Bmln now moves.along Bmln(r) u1til the quar

ter cycle terminates. Further we note that the inner boundary of region
D becomes 1mm0blle 51nce %he B profile is now static at B”' (r) in this
'region.ﬂ

The B p10f11e in region C also now remalns fixed at B, n(r). The
region C also now remains fixed at B”ln(r). The region however is shrin-
king since its inner bouqdary Rlis immobile while its outer boundary Ré"

is advancing inwards. Its disappearance when finally Ré" = Rl marks the

end of stage 3.

Stage 4: R;”‘< Ré' i_Rl (Figure 5-36)

This final stage is characterized by the appearance of a new region,
labe%]ed A'”, extending from Réﬂ which is advancing to R1 which 1s fixed.
'Flux-in this region is being compressed and increaséd in density';t $ =
hence here Bz(r) rises‘in uniscen -with B since Bz(r) = B(rl. Thus the
locus of éBZ> vs |-T1| now exhibits a continuous and rapid rise to a maxi-
mum at -I,. The growth of regioﬁ A"' is accompanied by a concomitant de-

crease in the width of region D sihBe they have a common boundary Ré"



(region A), [¢| decreasing (region A') and ¢(r)'fixed {region A'). At
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where Bmin moves along Bégn(r) and the inner boundary-of region D is immo- -

+

bile.
The characteristics of regions A, A' and A" remain as in stage 3

and described previously, i.e. B increasing with time with |¢| increasing
- ¥ .

.

the end of stage 4 and of the quarter cycle, Bmin attains the summit of

B;;n(r) hence Ré" reaches the depth of penefration achieved by Rg" at the
end'oflstage 2. Also at this juncture R;“ = Ri" = Rl and the profiles are
identical with éhat encountered at the beginning of the 1st quarter cycle.

In figures 5-37 through 5-40 we present a sequence of profiles

computéd for this final stage in our analysis of the magnetic response of

%

a NbZr wire sample to the application of an alternating. current. In the

section on application of the Model which we now present we will compare

observed and computed oscillations of the axial magnetization (<B_>-H

/7

P
generated by full wave cycles of I for several materials in mérious H//.

In the next chapter we will examine the correspondence of the evolution of
By profiles predicted by our model with experimental data supplied in the

literature by several other workers.



Figure 5-33  STAGE 1 Ry = RY

Set of profiles establlshed éurlng the initial part’ of the second
quarter cycle for the full cycle. Both H_ and |—¢ [ are increasing as I
is varied from zero to -Iy. The B(r) dlsturbance decreases to a minimum .
Bpins, at a radius RY!where the ¢(r) disturbancw falls to zero (¢(RY') = 0).
The ¢(r) disturbance then joins the angular profile, ¢'(r), which was
‘established during the first quarter cycle.at a radius Ri"! The B(r)
disturbance rises from a value B . at R} un&il it meets the magnetic
induction profile established during the initial increase of I to +Ip at
a radius R} . Bpin > Hy/ is referred to as mode (a) while for mode (b)
Bmin < Hyy. ¢(r) is sub-critical in the region R} < 1 < Rr'
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Figure 5-34 STAGE 2 RY™ < RY' < RY!

Set of profiles established during the second quarter cycle of the
full cycle. Both Hg and |-¢.] continue to increase as I is varied from
zero to -I,. The B(r) disturbance now decreases to a value Bpiy at a
radius RY'" where it meets the -magnetic induction profile established at
the end of stage 1. The ¢(r) disturbance falls to zero at R{*. The B(r)
disturbance rises from a value Byj, at RY' until it meets the magietic
induction profile established during the initial increase of I to +I,
at a radius RU'. This radius remains fixed for the rest of the second
quarter cycle. ¢(r) increases until it joins at a radius RY" the angular
profile established during the first quarter cycle. ¢(r) is sub-critical
in the region Ry < T i.RH”
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Figure 5-35  STAGE 3 ., Ry < RJ' < RY" ' ‘

Set of profiles established during the second guarter cycle of the
full cycle. goth Hg and |—¢s| are increasing as I is varied from zero
to -Iy. B(r) decreases to a value Bpjn at Ry' where it joins the magne-
tic induction profile, Bjfin(r), established during stage &- ¢(r} is now
sub-critical in the region Ry > r > Ry'.
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Figure 5-36  STAGE 4 RY" < RU' < Ry

_ Set of profiles established during the later part of the second
quarter cycle of the full cycle. Both Hg and |-¢5[ are increasing as I
goes towards -I;. B(r) decreases to a value By , at RY' where it joins
the ma’gnetic induction profile, Bp!,(r), established during stage a.
Now ¢(r) is everywhere critical.

-
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Figure 5-37 Calculated sequence of profiles for B(r) which evolves

during the fourth stage of the second quarter cycle for the full cycle r
- 1s being varied to -Iy. (b(x) = B(r/R)/H.,).
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Figure 5-38 Calculated sequence of profiles for ¢(r) which evolves

during fourth stage of the second quarter cycle for the full cycle. I is
being varied to -I,.(x = r/R).
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Figure 5-39

: b
Calculated sequence of profiles for the axial component of

magnetic induction, B,(r), during the fourth stage of the second quarter
.cycle for the full cycle. I is being varied to -In. (b(x) = B{(z/R)/H.;).
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Figure 5-40 Calculated sequence of profiles for the azimuthal component
of the magnetic induction, Bg(r) which evolves during the fourth stage of

. the second quarter cycle for the full cycle. I is being varied to -Iy.
(bg(x) = Bo(r/R)/(Hcy) - '
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Application of the Model

We now proceed to a éomparisoh of predictions of our modéi;ﬁith a
wide variety of observations ﬁade on six different samples. In this sec-
tion we focus on the behaviour of the axial ;omponent of the magnetic
induction together with Ic Vs H// curves, In the next chapter we examine
the phenomena associated with the azimuthal component of the magnetic -
induction and , in particular, hysteresis (A.C.) losses,

We present da;a gleaned on wires of six diffé}ent sémples of five
different materials. All of the data for the wires of NbZr, NbTi and
NbTa ;re taken from the thesig of Belanger (1968). The medsurements on.
the two wires of Vapadium of different radius and metallurgical history
and the VTi specimen were performed by the author.

We believe it is more useful and instructive to present for each
sample in succession the entire variety of measured and calculated curves
as a group. The reader will note that the collection of curves is more
extensive in some cases than for othews. This is simply because more
diverse results were accumulated on some materials. The compendiun
however is complete in the sense that it includes examples of the entire
spectrum of situations and behaviour enumerafed earlier in this chapter.
We have not, in any way, biased the comparison by'selecting or rejecting
data depending on its accord or disaccord with our model. Many of the
measured curves however are not included because they contain no new
information.

Table 5-1 lists the several samples as well as a variety of perti-
nent information. The critical temperatures Tc are taken from the lite-

rature. The temperature of the specimen during the measurements is

g
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estimated from measurements of Ic versus heater currenl at H// 0 and -
I is
co

the extrapolated critical current at T = 0. The values of H 5 are either
c

postulating a parabolic dependence IC = ICo a - (T/Tc)z)

obtained from the literature or extracted from the measurements we present
in Fhis‘thesis.

The reader will note from Table 5-1 that the pinning functions used
in the computations are quite simple and do not differ substantially
with one exceptibn (VTi). We remark that the factor (1‘- B/ch) intro-
duced in the calculations for NbZr and NbTi plays a negligible role
since.HC2 is so large and the measurements cover only a small rﬁngc
0 < B/HC2 << 1. Thus the behaviour explored here’is dominated by‘Fhe
linear term B. We also wish to point out that the curves of the pinning
functions b(l - bz) and b(l - b)l/2 vs b differ only slightly and could

very well be interchanged in our analysis. We have exploited both of

these forms mainly to explore the effect arising from their small diffe-
rence.

We have deliberately sought to choose pinning functions which are
analytically simple and similar in order not to c;mplicate ana obscure

. N

the essential message and content of our model. Thus we focussed on
simple piq}ing funétioﬁ§ which generated the gross features of IC Vs H//
curves since the role of'the pinning function is predominant here. As a
consequence of this approach (together with the simplifying assumptions
we have introduced) the magnetization curves of the ‘samples in increasing
and decreasing H// are not well reproduced. We are confident that the

entire picture could readily be "improved" if we had abandoned these

constraints and conducted, for each material, a search for the particular

.3
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pinning function, no matter how elaborate, which led to a good agreement
with the.Ic VS H// curve. We believe however that it is wise to progeed
as we have done and later modify or-improve the essential features of
the model. Such improvements can be the introduction of the basic ele-
ments which we have temporarily set aside, for 51mp11c1ty, such as 1)
equiiibrium diamagnetism and 1i) a surface (possibly semi-permeable)
barrier. Further, improvements can be sought in the form of £(¢) which
we visualize as a universal function. Only then.is it important, in our
view,‘to manipulate the choice of Fp(B)-since the specific form of this
functiﬁn is presumably a characteristic feature of each type.of sample.
Finally we note that in this spirit we have restricted our choice of n
in the pinning function éf the VTi specimen to a half integer although

a smaller fraction n = 0.2 seems indicated by the magnetization and Ic ,
vs H// curves. With the latter choice, the power dependence of the

(1 - b) factor can correspondingly be simplified. We have also in 'this ‘
framework of uniformity and simplicity taken the pinning function of

the two Vanadium samples to be the same although this is not mandatory
since the metallurgical history and treatment of the two samples is

very different. This is particularly made evident by the dramatic dif-
ferences ;p'their Ic vs H// curves (Seg Figures 5-48 and 5-57). We have
however taken some of these differences into account by selgcting diffe-

rent parameters o and vy for the two samples.

For all of the samples we present Ic Vs H// curves for the situa-
tion. where the specimen has become superconducting in H// which is subse-

quently maintained fixed. ‘The data spans.all or most of the range
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0 f_H// fich for the NbTa, the two Vanadium and the VTi samples.
FLrther on the same Figures we also show <4an(Ic)>,’the values attained
by the axigl mggﬁetization at Ic Vs “/7 (see Figures 5-42, 5-48, 5-57,
5-62, 5-67 and 5-75). The parameters a and y for each sample are chosen
so that the two theoreticalicurves (Ic Vs H// and <4wMZ(Ic)> Vs H//) meet
or intersect the two corresponding experimental sets of data. These two
parameters are then retained for ali theuother computations for the giyen
specimen. The overall agreement between the intricate observed and com-
puted curves is encouraging. Since <4WMZ> grows as I increases to IC we
find that when the calculated Ic overshoots (undershoots) the experimental
Eurve, the‘computed <4an(Ic)> also exceeds (falls below) the correspon-
ding measured value. Thus we anticipate that a more sophisticated choice
of Fp(B) yielding a better fit to the observed IC Vs H// curve would also
produce a better correspondence between the theoretical and measured
<4ﬂMz(IC)> Vs H// curves. Generally the agreement constitutes a substan-
tial imprézghent over the predictions of the Campbell and Evetts model

of ﬁitch conservation. We indicate again that in both models, the cri-
terion for the critical current IC is the same and is taken as ‘the value
of I which generates a line tension Bg/r exceeding the pinning strength

at some radiﬁs of the wire.

In the case of the VTi sample and the two Vanadium samples we héve
also systematically examined the effect of previous magnetic history on
I, (See Figs. 5-49, 5-50, 5-58, 5-59, 5-63 and 5-64). We find that
within experimental accuracy, Ic is not affected by previous history
with one small exception. This exception is presented by the Vanadium

wire of larger radius which exhibits an increase in IC when initially

=y



5-104

axially paramagnetitally magnetized. This behaviour is encountered only

in the range of weak H// and is progressively more pronounced as.H

o

//
approaches 0, attaining a rise of almost 30% at H// = 0 (see Fig. 5-59).

We recall that our model predicts no dependence of Ic on previous &isto—
ry in accord with the bulk of our observations.

For the three samples just mentioned and again vsiH//'we havé also
investigated the effect of previous magnetic hiséory on the value finally
reached by the axial magnetic moment at IC. In these circumstances an
axial magnetic moment (diamagﬁetic or paramagnefic) already exists, )
hence azimuthal (flux shielding or flux retaining) persistent currents
are Eirculating when the conduction current is impressed.

It is instructive and useful to collect and present side by side
for easy comparison, the predictions of our model for different magnetic

histories. This is done in Figure 5-41 where the initdial and final con-
figurations for the static £?on—magnetic), diamagnetic and paramagnetic
previcus histories are shown schematically in A), B) and C) respectively
of the diagrams. We stress that I is the same for these three ;itua~
tions according'to our model. |

For the diamagnetic case, our model (see section I(b}({c))} predicts
that the paramagnetic moment attained at Ic will generally be smaller
for the diamagnetic history than for the static (non-magnetic) history.
This prediction is well verified by our data (see Figures 5-49, 5-58 and
5-63) for the two V sémpies and for the VTi wire.

We have seen in section I b) ii) that our model predicts a wide
spectrum of behaviour for the locus of <4an> vs I when the cylinder is

initially axially paramagnetically magnetized. Further the model predicts



Figure 5-41 Set of profiles at I when dB/dr = 0 at R for magnetic
history A, B and C and for a given 7/ A dashed line represents the
initial axial profile.
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~.that the magnetic moment at IC will be greater o;ismaller than the ini-
tial value depending on the parameters vy and o for the material and on
H///ch. Figures 5-50, 5-59 and 5-64 show that the predictions of the
model are in excellent agreement with the data over the entire range

0 f_H// E.ch for all three samples.

Belanger (1968) found both Ic and <4nMZ(IC)2 to depend dramatically
on previous paramagnetic history in NbZr and NbTi over the range of
small H//. Further, for the initially diamagnetic state, the behaviour
exhibited by the NbZr sample was remarkable since he ohgerved a large
increase for both'IC and <4an(Ic)>. The phenomena encountered in NbZr
and NbTi differ from each other and do not correspond to the behaviqur
encountered in the four other specimens. At any rate, our model ddes
not account for the strange behaviour of these two materials at low P
fields. | ’

It is of interest to examine the depth of penetration of the con-
duction current at Ic which follows from ouTr model and the variation of
this depth with H// for the entire range from 0 to ch. Figure 5-43
presents typical behaviour and was‘obtained using the parameters applied
to the analysis of the NbTa sample. It is of interest to note and seems
physically reasonable that the conduction current fills the cross section
% 0and ¥ H

of the wire when H but occupies only a narrow sheath

// c2’ _
at the surface over most of the range of H//. With the Campbell and

Evetts model, the area occupied by the conduction current shrinks rapi-

dly and contiﬁuously from ﬁRZ at H// = 0 to a surface sheath of infini-

tesimal thickness as H//lapproaches H.,-

J
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At present.no detailed measurements of the current distributions
and the cofresponding Be(r] ﬁrofiles exist to test the theoretical pre-
dictions directly. In the next chapter, we will verify the picture pre-
sented by our model with available data. The verification however is
4indirect" since it depends on either (i} averages of Bé(r) at variou§
landmarks during the cycle of I or (ii) complicated time integrals of
products of the form IA<BB(r)>/At in the case of A.C. losses.

We have a}so examined the migration with H///ch of the radius R*
where the line tension Bg/r exceeds the pinningrstrength FP(B). Figure
5-43 shows that R* moves continuously and rapidly form the center at
H// = 0 to the surface in a narrow range‘of small H// and then occurs at
the surface for fhe remaining sweep of H// to ch.

The variation of the direction of the total magnetic induction

vector B and the total current density veéctor } with depth predicted by

our model is also of interest. In Figures 5-44, 5-45 and 5-46 we present
the_spatial di§F£§bution at I % Ic of ¢B and ¢j’ the angle subtended by gr,?
the z axis and B and ? respectively. We again used the parameters applied
in the analysis of the NbTa sample in these calculations. We also show

the variation with depth of ¢‘Bj = ¢ ¢., the angle subtended by the

B~ 7]
B and ? vectors. We display the configurations obtained for small, inter-

mediate and large values of H// relative to ch. ' . ‘

The behaviour of the ¢B(r) profiles is étraightforward and entirely
expected. The ¢J and ¢BJ configprationg however invite some comment.
The variation of the current vector direction from ¢J positive to ¢J =
/2 hence of $p from a small positive value to +n/2 at some distance

from the surface is an immediate consequence of the behaviour of the Bz
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profile in our model as well as in the Campbell and Evetts model. Since
. ;e BN

in these models,‘Bz rises above H// in the cylindrical sheath occupiéd

.by the conduction current there exists an inside core. where Bz(rj = B(r)

decFeases towards H// with depth. In this core, diamagnetic (flux shiel-
ding) persistent currents must then circulate, hence at ¢j = -n/2 and
directed perpendicularly to the straight longitudinal flux lines in this
region. A gradual transition from ¢J positive to negative, hence ? para-
magnetic to diamagnetic, also occurs. We have already encountered this
feature in another guise in this chapter (section I(a)). This is a
result of the interplay of the components of the Lorentz force and pin-
ning force dictated by equations 5-2 and 5-9. Near the inmner edge of

the volume occupied by the conduction current, B8 is small, hence the
inward directed Lorentz force component szB is small. (Equation 5-9
does not allow jz to grow sufficiently large to compensate for the small
Be). As a consequence, the jeBz component of the Lorentz force must

come to the rescue and adopt an inward direction in order that IjZBel and
ljeBz] acting together (aiding) can match the pinning force. Thus Bz(r)
traverses a peak and je reverses direction in the vicinity of the boun-
dary of jz but inside the region it occupies. This gradual tiaﬁsition
of ¢J from paramagnetic to diamagnetic (+ to -) is, of course, also evi-
dent in the minimum and the rise to w/2. Finally we note two remarkable
features which emerge from'thé configurations of 95 agd ¢ generated by
oﬁr model. (i) thF increase with depth of 5 the angle ? makes with the
z axis, when H///Hc2 is small (fig. 5-44) and (ii) the increase with

depth of ¢, when_H///ch X 1.0 (fig. 5-46).
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Further we present, for each sample, a number of curves displaying

- the evolution in low, intermediate and high fields of the axial moment

as I is initially. impressed after allowing the sample to become supercon-

ducting in the chosen H//. We also show for most samples where the data
is é.‘vailable, ;he locus of thezaxial magnetization as .I traverses either
a half wave or a full wave cycle.. Again we display data taken in loiy,
intérmediate and high fields. In all thése cases we superimpose the

.

corresponding curve computed with our model for exactly the same value

of H// and excursion of I. In all of the Figures presenting these results, the experimen-

tal arrves are alway$ shown as 0lid lines while the theoretical amves are displayec‘i
as dashed lines. An inspection of these numerous curves exhibiting a

variéty of intricate behaviour (see Figures 5-4, 5-13 through 5-16, 5-47,

.‘i:;n 5-51.through 5-56, 5-60, 5-6I, 5-65, 5-66, 5-68 through 5-74 and 5-76

3

k‘through 5-79) reveals that our model is extremely powefful aad versatile

b

in its ability to reproduce the main features of these many observations

quite satisfactorily both from the qualitative and quantitative viewpoint.

No other model exists in the literature which can accomplish this task.

3 -
.

(-,‘.

[

A
)

-~



5-110
/

We are confident that the performance of our model can be signifi-

‘P cantly improved by incorporating two pertinent and basic concepts. In
this first phaée of development of the model we have, for simplicity,
not taken into account the effect of (i) equilibrium diaﬁagnetism and .
(ii) surface barriers. There is evidence (Clem 1974, Bussiere 1976),
that the surface barrier is semi-permeable, i.e. it opposes entry of
flux more effecfively than its exit. Aiso the opposition of the barrier
to citherhexit or entry diminishes with stronger HS. An examination of
the many figures showing the locus of the axial moment as I is impreséed
and subsequently undergoes full wave ér half wave excursions indicates
that a semi-permeable surface barrier would alter the curves generated
by our model] in the right way. Plateaus or flat regions_wéuld fhen
appear when I is (a} initially impressed, (b) raised from 0 during the
second half of half-wave cyclesand (c) reduced from |IMI in full or half
wave oscillations. Further, with a.semi permeable surface barrier, the
flat segments would be wider in (a) and {b) than in (c) since Hs is
larger and decreasing in the latter. Further the widths of the plateaus
arising from f%e action of a surface barrier are of the dimensions seen
in our experimental curves.

Taking equilibrium or reversible diamagnetism into account will
also aé;liorate the fit between theoretical and experimentél curves of
<4ﬂMz> vs I. This can be seen’from the follow%ﬁg considerations. Since
u = B(H)/H, equilibrium diamagnetism (sometime; referred to as Abrikosov
diamagnetism) will shift tﬁe locus of <4an> vs I for half wave and full

‘ . ,
- wave cycles downwards. This shift downwards can be compensated in our

model by adjusting the parameters so that <4mM > at I, in a chosen H//
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corresponds with the data. The shape of the curves however will be
improved since the dowuward.sﬁift is not the same over an entire qurvé
but is more pronounéed in the vicinity of I = 0 than in the vicinity
of Im or Ic. This varia%ion in the downward shift occurs for(;wo_?ea—
sons: (i} because u decreases as H, hence |I| decreases and (11)

-

because the vortices tend to turn towards:ahz z axis as'dI[ traverses 0,
the z coiponent of the equilibrium diamagnetism iéféﬂ;; enhanced. Again,
the magnitude of this contribution is appropriate and its variation‘with
///Hc‘ in the right dlrectlon to yield better trends F1nally we note

that the role of the equilibrium diamagnetism will be more important

for the low K materials.
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Figure 5-42 Observed variation of the critical transport current, Ic(o).
and of the corresponding axial magnetization, 4n<Mz(Ic)> (o), with H//
for history A. Curves are calculated for the vortex rotation model.
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Figure 5-43 Calculated variation of the radius of penetration, R, (dashed
line curve), of I at I; and of the corresponding radius, R* (solid line
curve), of excessive line tension with applied axial field Hy/.
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Figure 5-45 Calculated spatial variation of the angles ¢p, ¢j and
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Figure 5-47 Full cycle curve for history A. Solid and dashed line

curves show experimental results and calculations for the vortex rotation
model.
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Figure 5-48 Observed variation of the ‘¢eritical transport current, I.
(#), and of the corresponding axial magnetization, 4"<Mz(1c)> (0), with
Hyy for history A. Curves are calculated for the vortex rotation model.
(é = 0.025 cm).
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Figure 5-49 Observed variation of the critical transport currbat,
I.(®), and of the corresponding axial magnetization, d4mw<M 210> (o),

with Hy 6 for history B. Curves are calculated for the vortex rotation model.
(R = 0.025 cm).
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Figure 5-50 Observed variation of the critical transport current, I,
(), and of the corresponding axial magnetization, 4w<M,(Ic.)> (o), with
Hé/ for history C. Curves are calculated for the vortex rotatiocn model.
(R = 0.025 cm) . :
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Figure 5-51 Half cycle curve for a low value of H,, and for history
A. Solid and dashed line curves show experimental results and calcula-
tion for the vortex rotation model. (R = 0,025 cm)
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tions for the vortex rotation model (R = 0.025 cm).
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Figure 5-54 Full cycle curve for a low value of H,, and for history A.
Solid and dashed line curves show experimental results and calculations
for the vortex rotation model. (R = 0.025 cm).
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Figure 5-55 Full cycle curve for an intermediate value of H,; and for .
history A. Solid and dashed line curves show experimental results and

calculations for the vortex rotation model (R = 0.025 cm).
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Figure 5-56 Full cycle curve for a high value of H

and for history A.

Solid and dashed line curves show experimental results and calculations

for the vortex rotation model. (R = 0.025 cm) _
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Figure 5-57 Observed variation .of the critical transport current, I.
(), and of the corresponding axial magnetization, 4w<M,(I )> (0}, with
H,, for history A. Curves are calculated for the vortex rotation model
(ﬁ = 0.038 cm).
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ure 5-58 Observed variation of the critical transport current,
I.(®), and of the corresponding axial magnetization, 4r<MT(1.)> (0), with

for history B.
= 0.038 cm).

Curves are calculateq,for the vortex rotation model
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Figure 5-59 Observed variation of the critical transport current,
I.(®), and of the corresponding axial magnetization, 4n<M, (I.)>(0), with
H;; and for history C. Curves are calculated for the vortex rotation
model (R = 0.038 cm). ‘ ‘
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Figure 5-60 Evolution of the axial magnetization for a low value of
H;, and for history A. Solid and dashed line curves show experimental
results and calculations for the vortex rotation model (R = 0.038 cm).

-



L=

®
O O
e o P Q
o o
58 S
= M Q
Q o O
<{ N 0N
= O
< -
~ X
O
y4 ©
o0 W 2y
o 8 ¢ o o
o S? a o & ©O
+ Poog I
| o
> —
N I'Ie
=3 G
IO e
<ZI It \OH
3 ' 10
>T 18
O
@)
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Figure 5-62 Observed variation of the critical transport current,

I.(®), and of the corresponding axial magnetization, 4w<M,(I.)> (0), with
Hy/ and for historyA. Curves are calculated for vortex rotation model.



5-134

Z O
© <W>sg o O
] 3

.
.
.
O
(o]
\
Figure 5-63 Observed variation of the critical transport current,

I.(®), and of the corresponding axial*magnetization, (0), with My, for
history B. The crosses, (X), show the initial axial magnetization.
* Curves are calculated for the vortex rotation model.
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Figyre 5-64 Observed variation of the critical transport current,
I.{(®, and of the corresponding axial magnetization, (@), with H;, for
histo The crosses, {X), show the initial axial magnetization.
Curves are calculated for the vortex rotation model.
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Figure 5-68 . Half cycle curve for a low value of Hy, and for history A, -
Solid and dashed line curves show experimental results and calculations
for- the vortex rotation model. :
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Figure 5-69 Half cycle curv; for an intermediate value of H;, and for

history A. Solid and dashed line curves show experimental results and
calculations for the vortex rotation model.
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Figure 5-70 Half cycle curve for an intermediate value of Hy; and for

history A. Solid and dashed line curves show experimental results and
calculations for the vortex rotation model.
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Figure 5-71 Half cycle curve forahighvalue ofHy; and for history A.
Solid and dashed line curves show experimental results and calculations
for the vortex rotation model. ' :
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Figure 5-72 Full cycle curve for a low value of Hy, and history A.

Solid‘and dashed line curves show experimental results and calculations
for the vortex rotation model.
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Figure 5-73 Full cycle curve for an intermediate value of Hyy and for
history A. Solid and dashed line curves shoWw experimental results and
calculations for the vortex rotation model. :
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Figure 5-74 Full c¢ycle curve for an intermediate value of H,, and for
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calculations for the vortex rotation model.
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Figure 5-75 Observed variation of the critical transport current, I.(e)
and .of the corresponding axial magnetization 4m<M,(I.)> (@), with H// for
history A, Curves are calculated for the vortex rotation model.
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Half dycle curve for a low value of Hy; and for histozy A.
Solid and dashed line curves show experimental results and calculations

. for the vortex rotation model.
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Figure 5-77 Half cycle curve for an intermediate value of Hy/ am;l' for
history A. Solid and dashed line curves show experimental results and
calculations for the vortex rotation model.
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Figure 5-78 Half cycle curve for an intermediate value of H,, and for.
history A. Solid and dashed line curves show experimental results and
calculations for the vortex rotation model.
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CHAPTER 6

Hysteresis Losses
- : aﬂd . ‘ . ) -

Other Related Phenomena

Introduction ' ' Y

In the previous chapter we developed a new model, called-the cri-

tical vortex rotation model, to describe the configurafions of magnetic
h]

induction and electric currents in cylinders of type II superconductors

immersed in a static longitudinal magnetic field H// as a conduction

" current I is'int:oduced and subsequently undefgoes half wave or full

.

wave oscillations at low frequencies. We examined in detail the predic-

- tions of the model for the evolutipn'of both the longitudinal <Bz> and
- : ' :

azimythal <BB> components of the maghetic induction as I is impressed

‘and cycled. We ‘then -focussed attention on comparing the predictions of

-

' - t

the model with respect to the locus of éBz> vs I with a wealth of perti-i

-
r

nent data gleaned'frbm various sources as well as from our ownr experi-
ments. .-We also investigated the ﬁgZdictions of the model-for I.vs H//
- C"’ B . b

curves and found that good agreemeht with observations was achieved '

= .

when we invoked.a critical line tension criterion to determine the cri-;

f
tical .t rent'Ic. ¢

A.C. losseslpresent a severe test of any model'yhich attempts to
déscribe the'compiicated sequences of configurations of magnetic induc-
tion ahd electric currents whenthe externally -applied field H and the

‘conduction current I lie along the same axis. Indeed, this challénge



~ seems sufficiently arduous that no other.attempt has been made to date in

6-2 ' . ' v

. B ) _ *

4
—

the* 11terature to theoretlcally generate A.C. losses 1ﬁ this situation.

We are- then, in a sense, blazmg a trail and enterlng virgin terrltor{*

-
S

1n.our endeavour.

The observation that for a chégen<amp1itude, A.C. losses may de- .
crease by an order of magnitude or more as.H}/ intreases is impressive
and arouses hopes for applications. We have seen that the ﬁéliEal confi-
gurations of curéknts and fields accounts, for only a fractional increase
in Ic Vs H// curves (see chapter 3 and 5]; We'have investigated A.C.
1osse§ in the context of straight current flow and the Bean-Londoh ap-
proximation (Fé'k aB). This picfure'preéitted a degréase of A.C. losses
with H//, but one which is. much less dramatic than observed. The magni-
tude of the reductlon 1n losses thus 1nd1cates that the helical configu-

ration of fields and currents now plays a cruc1a1 role,

Although A.C. losses provide a crucial dnd rigid 'verification of

~ the validity of a model, this type of data does not directly discriminate
. )

e

or Probe important features of the several separate contributions to the

‘final phenomenon, ' The reason is that A.C. losses, by their very nature,

basically consist of a sum or time :dintegral over a period of A<Be>,diff

ferences. between averages or integrals over space multiplied by a varia-
kY .

ble (He). ‘1t is possible theﬁ that various important aspects of the -
individual contributions (the Be profiles) and of their variation with

He may cancel each other during the cycle. The end result of this com-

‘plicated double summation may therefore not be as sensitive to the de-

tails as one would wish. The primary ingredients or building blocks of ~

the sum, namely, the Be prbfiles themselves constitute the ultimate check

)

' o

9



of any model. Unfortunately the Be profiles cannot readily be measured.
Their average ?owever (<Be>) and the evolution of these aver;ges are
accessible to detection and have been monitored in one precious piece
of work (Sugahara and Kato 1971). Unfoftunately Sugahara and Kato, the
only researchers who collected such significaﬁt data did not publish and
Qid not keep a record éf the locus bf <Be> vs I for the several amplitu-
des and H/)‘they used. Théy have however, recorded some salient featu-
res of the <Be> vs I loops they observed and of the concomitant traces
of <Bz> vs I. We deplore that the origindl curves were not collected
and stbred and are not now available for interpretation. In this chapter
we apply our model to an Analysis of the pertinent results these workers
retained and other investigators depositéd in the literature.

In a first section of this chapter we examine more closely the
behavioﬁr,of the azimuthal component of the magnetic induction and com-
- pare the preaictions of our model wi?h various measurements of hystere-

- sis (A.C.) losses. In a second section we investigate the dependence?\

OTt H// and on amplitude M of certain characteristics of the locus of

<Bz> as I oscillates. allf in a third section we study the .dependence
on H// and IM of 5peci¥ic features of <Be> hysteresis loops. In both
these ‘last seciiong we also compare the behaviour.predicted by our

model with the observatioﬁs. All af the results we analyze in this
‘éhapter were obtained by other researchers and, with one exception,
published in the literature without quantitative interpretation. With
respect to the exception, the model put forward by the authors accounts

for only one feature of the data.

_ "We indicate again that the model of pure radial displacements of
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vortices expoundeh by Campbell and Evetts (see chapter-4) is intrinsical- -

ly incapable of accounting for any of the phenomena scrutinized in this

-

chapter
Application of the Critical Vortex Rotation Model. "
I- Hysteresis (A.C.) Losses

Taylor.(1967) and Sugahara and Kato (1971) have published measure-
ments of the dependence of A.C. losses on the amplltude of the current IM
and the strength of the 10ng1tud1na1 field H// in commercial wires of
NbZr and NbT1 The measurements were performed at low’ frequenc1es (50
. and 412 HzJ and -at 4.29K. At these low frequencies viscous or flux flow
| effects appear to be negllglble hence the response of the system can be

viewed as a succession of critical state configurations. .Although the

Bz profiles play an indirect role since they influence the characteris- h‘

tics of the By profiles significantly, the latter profiles contain all
of the information required for an understanding and for calcelations of
the hysteresis lesses. .

We compute W, the hysteresis losses per 'cycle and unit length of
wire exploiting the Poynting vector formulation ,

= %‘E‘(R) X HER) . § dt | -. | ) * (6-1)

27R and

where, per unit length -of surface, S

BR) = 0 Ee(Ré + 7 E_(R) with

It

Eq(R) = R'd<Bz>/2dt and Ez(R) -R d<Be>/Qt.
Equation 6-1 can then be rewritten, o o

a2 ' 2 ' )
W= 1R § H//d<Bz> + 27R % Ha(R) d <Bg> | (6-2)



g

In the;éxperiments under scrutiny H// is static and can thus be

taken out of the integration sign. , This first term therefore vanishes

since the integration is carried out over complete closed cycles. Equa-

tion 6-2 in the present case then simplifies to

2 - P .
W= 2l1rR %HG(R) d<Ba> . _ (6-3)

A typical sequence_of Be(r)‘profiles generated by our vortex rota-
tion model as I is varied through a half cycle from +IM to —IM, where

IM is the amplitude of the current oscillation, is shown schematically

in the accompanying sketch. We confine our discussion o the symmetric case

[Tyl = |-IM| since this is the situation pertaining to the experiméﬁts
we analyée in this chapter. No new concepts enterlinthe consideration
of the asymmetric case where the alternating current is superimposed on
a direct current. We also note thét the ;pecific shape of the impressed
waveform or temporal variation of the current (sinusqidal, triangular
etc.) is of no consequence providgd‘that dBB/dt does not become excessi-
ve during the cycle.

The various Be(r) brofiles in the sequence are obtained by solving
equations 5-2.c9up1§d to equation 5-9 using the boundary condition
BB(R) = I/5R and in the context -of thé various simplifying approximétions
we have discussed in the previous chapter. The sequence of the second
half cycle retraces in '"reverse" that encountered in the first and
only introduces a multiplying factor of two in the total dissipation per
cycle.

An interesting. feature in the sequence of Be profiles generated
by—our model is that an infinitesimal decrement in I, hence Be(R) can

cause B, (r) to vary throughout the region R; < r < R occupied by the
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current. This means that the ratio oé |¥Be>| at I =0 té its 'valde at

., the extremeties of the cycle can vary appreciably. wé réturn to this
aspect in section III below. This mode of behaviour also plays an impor-
tant ro;e in the reduction of W with‘H//. To see how thishéan be .signi-
ficant we examine the energy balance during a cycle. The elements

H9A<Be> of the summation (equation 6-3) are negative during the first

'and third quarter cycleé and positive during the sxxndandfunﬂlqunﬁﬁr cy-
cles. Thus energy leaves the specimen during the first and third quar-
ter cycles and enters during the second and fourth quarter cycies. "The
energy introduced of course exceeds thg energy ejected and a net dissi-
pation ensues. The picture of straight current flow (see chapter 3) gene-
ratés the sequence of B, profiles shown‘schema;ically in diagram (b).

This is also the situation which occurs with our model when H// = 0.

1
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The current IM.penetrates deeper in (b) than in (a2). Comparing the ele-
ment H8A<Bé$ for these two diagrams (shaded region) for-the initial de-
crease of I when He is large wé see tﬁat the energy released can be
significantly greater in diagraﬁ (a). Next, comparing the elements
HBA<Be> at the other extremity of the half cycle (double shaded surface)
we see that the entry (dissipation) of energf is now significantly gr;a-
ter in diagram (b).

In Figure 6-1 we present the data on A.C. losses reported by

o

Taylor (1967) on NbZr wifes and superimpose the predictions of 6ur model
for easy comparisoh. Figures 6-2 and 6—4fare reproduced from the article
by $ugahara and Kaeo {1971) and sﬁow their data for NbZr and NbTi wifés
respectively. We note that these workers have taken the Hependence on
amplitude into aééount by normalizing the data to different powers of IM'
These researcher; could not provide us with their raw data, consequently
Wwe were unable to draw new figuégs more suitable for the direct superpo-
sition of our theoretical curves. .The corresponding théoretical curves
are therefore shown-on separate Figurés (6-3 and 6-5) where we present
the behaviour at the smallest and largest amplitudgs only to avoid clut-
tefing the pictures. In these two Figures we also display the behaviour
predicted by the model of straight current flow diécussed in Chapter 3.
It is clear from inspection of Figures 6-1 through 6-5 and Figure 3-7
that our model produces an.appreciably greater dependéhce of W on H//
than the model of straight current flow and adequately describes the

experimental results. The parameters used in the calculations and other

pertinent information is given in Table 6-1 on the following page.



Table 6-1
- G . T
Radius H (T) a X 10 A
X c2 F (B)/npa ! 1
fatemial | em L ke | e P x| Y
1) - - 5
NbTi 0.013 100 1.3 B{1 - b) 4.2+ 3.3
-NbSZrl) 0.013 100 0.46 ; B(1l - b) 4.2 8
Nb32r2) 0.013 100 0.55 - Bf1l - b) 4.2 , 5.5
- i U SO
b = B/HC2, 1) Sugahara and Kato, 2) Taylor

n

In these calculations ¢ and y were chosen to yield a f@t to two data
points, namely, W measured at the largest agpi%tude when H// = 0 and
H// is large.

Finally we note a feature of the theoretical curves which is not .
evideﬁt in the data. The curves calculated with the model of straight
‘current flow and that generated by bur model at low amplitude in Fig.
6-5, display 3 small augmentation or a plateau in the:lacus of W vs H//
in the low field region. This behaviour appears to arise for the fol-
lowing reason. Although, for a given amplitude I, the depth of pene;
tration of the current diminishes with increasing H//, the shape of the
B9 profile also varies concomitantly and becomes more convex upward.
This is shown schematically in the accompanying sketch on the following

page. Thus the surface under the maximum By profile, hence the surface
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I’

through during the excursion of I
from IM to —IM can actually increa-
se although the critical current
density <]jz|> is enhanced by H//.
It will be interesting to see
whether future more careful mea-
surements will verify this pre-

diction of our model.
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de of the current) vs applied axial magnetic field_H//.
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Ir LCbrrespondence between Characteristics oﬁ}<Bi> and <Be> Loops
‘ e -y WA : _
Although Sugahara and Kato d1d not preserve the numerous curves of
J -
‘<B > s I and <B > vs I Wthh they measured 1n the cqﬁpse of their deter- . | (‘

mination of A.C. losses, they, fortunately, noted the evolutlon of
some 1mport;nt characterlstlcs of these loops wWith amplitude IM and
W1th H//H in partlcular, they recorded the difference between the maxi-
;G%ﬁhnd minimum excur51ons of the longitudinal magnetic induction <B >

as I is cycled together with' the concomitant excursion of .the azimuthal

magnetic induction <Ba>. We refer the reader to the accompanying

\<Bz> - e <Eie>- .

(B Dmin
L |

>T 0

O S S € S

sketch for aid 'in visualizing thefe quantities (Clearly other poants'

IS

: of these loops are meaniggful ang ‘could”’ also be exploited We 1nd1cate'

two such quantltles in the dlagram by (1) and (2).) We test our model

agaﬁﬂ%t the varlatlon of the rati h1ch Sugahare and Kato dévised and

Sy : . ®
Teport 11'1 thelr;,artacle ‘ertal - the rat-m A<B > /<B >, expresses a )
link between concomltant phenomena which are 1nt1mate1y physically . .
e 1 . % . . :
’ . .o . v.
L3 L] ‘;
. ( R
' ' ot
\ Al . M . ]
> , L3 ) - - 1 4.
. ] '3
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intefrelﬁted and can be separately but simultaneously observéd. When
<B_> . and <Bg>; are ‘Ileached, the n;agnetic £lux iinéé in the cylindri::‘al
sheath occupied by the conduction_currenf are preslumably not‘onl‘:lr all
helical bug_thé helices all have the same polarity. i¥hen <Erz>min and
<Be> =0 6écur » there exists %kspecial mixture of + and - helical éoﬁ-
figuratfo;s. Sugahara and Kato‘examined the variation witﬁ H// of fhi§
ratio for different amplitudes I in both their NbZr and NbTi samples.
In&ures 6-6 and 67 we campare theiy data with the predictions of our critical
vortex ;'otation model. The parameters us;ed ianu_ase computations and
other.fertingntldata are.kistéd in table 6-2 below. Evidently the

+

agreement between theory and experiment is quite good although the model

does not exhibit the required sensitivity to variations of the amplitude.
We believe that this type of data constitutes the strongest tests of any
. »

model since it incorporates salient features of the basic behaviour

(the loops of <Bz> and <Be>) together with their *variation with ampLlitu-

~de and H//. Figﬁre 6-8 is reproduced from the article of Sugahara and -

i

Kato. It presents the data already shown in Fig. 66 ad 6-7 together with a

theoretical curve developped by Sugahara exploiting ’complicated_force—

free cOnfigurations . . o

r

v‘ R
'~
) - . : . -
. f

Ta}?le 6-2 . A
. NS | - -
et : i .l
) 7| Radius  |H_o(T) Lo x 108 . ¢ (B) /v T
Material (cm) (kG) . (A/cmz) ’ | p ° (°K) Y
NbTi .| 0.013 100 & 1.6 B(1-b) 1| 4.2 | 4.2
Nb,Zt - | 0.013 100 © 0.46 |B(L-Db) | 4.2 | 4.0
. l '.I S - ‘ l
b= B,/‘ch_ . ' - ) N S

—~—
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Figure 6-6 Ratio of {he maximum change in the average axial magnetic in-
duction, A<B >n during a cycle of amplitude I,,, to the corresponding maximum
change in the average azimuthal magnetic induction By, vs the ratio of the
applied axial magnetic field, H, = H,, to Hgy, the azimuthal field at the
surface at I,. ' Curve is calculated with the vortex rotation model and data
reproduced from article by Sugahara and tho (1971)
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Figure 6-7 Ratio of the maximum change in the average axial magnetic induc-
tionm, A<Bz>m, duripg a cycle of amplitude Iy, to the corresponding maximum
change im the average azimuthal magiietic inguction Byn Vs the ratio of the
applied axial magnetic field H / to H the azimuthal field at the sur-
face at I Curve is calculatéd w1t‘ the vortex rotation model and data
reproduceg from article by Sugahara and Kato (1971)
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Reproduced from article of Sugahara and Kato. Curves are
calculated by these authors exploiting force-free configurations
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III  Variation of Characteristics of'<Be> Léops with IM and H//

Sugahara und Kato -(1971) have also explored the dependence\on IM'
and H// of some important features of the <Bg> hysteresis loops. The
Rints on the hysteresis curve which they selected for scrutiny are shown
in the accompanying sketch (a). Theﬁ?explored the vériation with H// of
the ratio <Be>r/<Be>m for different amplitudes in their samples of NbZr
and NbTi. As shown in diagrams (b)&and (¢) below, this ratio displays
the relationship between the fési@ual azimuthal magnetic flux when I = 0
to the maximum attain?d when I = |tIM|. Inspection of sketches'(b) eﬁ;\*
l(c) shows that this ratio can be very sensitive to the behaviour of the‘B?
Be prbfiles. For instance, if the initial and residual Be profiles over-
lap over a significant part of the volume as shown in diagram (b), we
expect <Be>r/<BB>m 2 9=5. This is the behaviour predicted by our model
when H// = 0 and by the skraight current flow model for di1 H///ch;

By contrast, initial and residual BB profiles which do not or only
slightly overlap as showﬁ in sketch (¢} and generated by our model when
H// # 0 can lead to <Be>r/<Be>m < 0.5. It is noteworthy that our model
can‘generate significant variations with H// of this ratio and can? in
particular, lead to very small values for this quantity as H// incfeages.
We note that Sugahara and Ka'to. {see Figures6-9 and 6-10) observe this ratio to
decrease significantly in NbZr from & 0.5 to ¥ 0.2 as H// increases. In
Figures 6-9 and 6-10 we compare the data of thesé workers with theoretical curves
‘produced by our model. The parameters o and.y used in. these calculations
and other pertinent data‘ére listed in table 6-3., Again the ability and

versatility of our model to generate the variety of complicated behaviour

. . ¢
encountered in nature is remarkable,
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? | (a)
B(R)
e
10
2 1
Table 6-3
'H.m  |aox 106 : T
. . c2 F {B}/u a Y
Material Radius { (kG) (A /cmz) P 0 °K) .
NbTi 0.013 { 100 1.3 B(1 ~-b) 4.2 3.3 |
NbZr | 0.013. | 100 0.46 |B(1-b) |4.2 |66

b = B/Hc2
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Flgure 6-9 Ratio of the average azimuthal magnetic induction, Ber, at

= 0 during a full wave cycle of amplitude Iy to the corresponding maximum
varlatlon in the average azimuthal magnetic induction vs the applied axial
magnetic field H fLurves are calculated with the vortex rotation
model and data pé{nts are reproduced from article by Sugahara and Kato (1971).
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Figure 6-10 Ratio of the average azimuthal magnetic induction, Bsr, at

I'= 0 during a full wave cycle of amplitude Iy to the corresponding maximum
variation in the average azimuthal magnetic induction vs the applied axial

magnetic field H,, = H o' Curves are calculated with the vortex rotation
model and data pé{n 3

ts are reproduced from article by Sugahara and Kato (1971) .
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CHAPTER 7

Hollow Cylf&der
7

Introduction

Hollow cylinder geometry, by introducing an additional boundary
(the inner surface) provides an opportunity to glean additional informa-
tion on the cqnfigurations of magnetic induction and electrical currents
in the superconducting volume. Thus predictions of various models can
be subjectgd'to further and more complete verification. Bussiére {1976)
has investigéted the evolutioﬁ of Bi’ the magnetic induction inside'the
hole of a Nb tube immersed in a static longitudinal magnetic field H

//

simultaneously with the variation of the axial magnetic moment of tte speci-

_men as,a conduction amrent is impressed and raised to I, over the entire range

¢

"We also contrast some of his observations with the behaviour required

-

by the Campbell and évetts model of pure radial displacements of vortices.

Evidently, it is possible with the hollow Eylindrical geometry to
monitor the evolution of the average azimuthal magnetic induction <Be> as
well as Bi when'I is varied. This may be accomﬁlished by winding a

pick up coil of N turns which threads the hole and embraces the wall of

.the tube-longitudinally. For a variety of serious technical reasons,

~ N . .
Bussiere did not introduce such a coil in his experimental arrangement.

Alternatively the variation of <B_> with I can be monitored with two

8

voltage probes placed along the length of thestube and in contact with

its outer surface. This arrangement is equivalent to winding a single

In this chapter we apply thevortex rotationtodel o te analysis of s results. “
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turn'coil,threadiﬁg the hole and embracing the wall of the tube longatu—
dinally. As a consequence it is 1/N less sensitive than the previous
arrangement-and generally require§ the application of an alternating
current of some hundréd cycleé/second to achieve an adeqqate signal, ..We
have analyzed the available data on the behaviour of the azimuthal induc-
tion cbtained unde$ the latter ciréumstances in the previous chapter.
The hollow cylindrical geometry; unfoftunateiy, is not as clean anﬁ
clear cut as one might desire even if the experimentalist has extracted
all of the informétioﬁ which this situation makes possible. Complica-
tions arise because of the existence of the additional boundary (the
inner surface) itself. Firstly, this inner surface can act as a'surface
barrier" and support irreversible surface currents. In this respect,

the role of the inner surface may not be too important in the present

work. Surface barriers appear to be semi-permeable, that is, they oppose

entry of flux much more effectively than its exit. In the experiments ‘

we consider here, flux is made o exit from the wall of the tube only
through the inner suxface into the hole. Secondly and more seriously in

the present work, e neglect the contribution of the equilibrium diamag-

netism (Abrikosov 157) iﬁ all of our analysis, hence we assume, for

e

simplicitx, that p = J/H = 1. This simplif?ing assumption is gengral-

ly less ‘drastic when appled to the outer surface and the adjacent volume

'even-when’H// ~ Hcl because as I approaches I, the total magnetic field

at the surface becomes large compared with Hcl' The mdgnetic induction f’//
dinside the tube, however, is smaller than Hs and remains close to H//,

when H//.§ H,, even when I = I_. A fortiori,-the assumption is less

1
valid whén I <<I and H,, SH ,. As a consequence we expect and indeed
c . // cl S~

P



encounter discontinuities and abrupt changes in the behaviour which can

-~

be attributed to the fact tﬁat p=+0 wheh B 4;ﬁé1:

Experimental Arrangement

In Bussiere's experimeﬂtal ihvestigation which we analyze in this
chapter, the Nb tube became superconducting in the chosen longitudinal
magnetic field H// whiqh was maintained fixed as I was subsequently
applied. A calibrated pick up coil was placed inside the hollow cylinder
with its axis collinear with the axis of the tube. We refer to this as

the jinner pick up coil. A balanced and calibrated pick?up coil was

"

wound around the "waist" of the tube. This outer pick up coil embraced
the cdhtral length of the hollow cylinder where the inner pick up coil
- .

was positioned. The central segment of the tube "seen'" by the outer
pick'ﬁp coil cou}d be maintained at a steady temperature above the he-
lium bath in which the entire assembly was immersed by means of a bifilar
hon—inductivély wound manganin wire heater. .

The measurements were performed with the central sec;ion at de
. S.OOK, hence fairly close to Tc_= 9.2°K for Nb for two reasons. ‘At
lower temperatures, the maximum lossless cfirrent carrfing‘capacity of
the tube exceeded‘the lim;ts of the high current power supply available.
Further at this temggrature the turrent was,cleari¥ limited by the- ""hot"
section of the tube and not by joule heating at the massive current con-
tacts with the ends of the tube bathing in the 4.2% helium liquid.
Thus aside from the presence of the inner pick up,cdﬁl the experimental

technique and procedure corresponded to that described in chapter 2.

i t. ) . . N .
The inner pick up coil detects Bi’ the magnetic induction in the



, + [
hole of the tube. The latter has no radial component since the tube and

particularly its hotter central éectionlare long compared with the outer
radius. Clearly there is no azimuthal magnetic induction inside t@é
hole when cylindrical symmetry exists. The outer pick up coil monitors the

the magnetic moment of the entire central section of the hollow tube,

- -
]

hence measures thF flux permeating the wall longitudinally as weli as

the‘flux thread}ng thé hole of the tube. The signals from the oute£ and

inner pick up, coil can be'suitaﬁly combined to register the evolution of

the a§ial magnetic induction pérmeéting the wall ;f the tube‘if that in-
M formatioﬁ is desired separately. -

Figure 7-1 sﬁoés the standard magnetization curve of the tube (wall
plus hole) at S.OOK as H// is swept slowly ffém 0 past ch and rqgurﬁed
‘to zero. We note that a partial flux jump océurs at 0.76 kG as H// is

ascending \ The flux jump is partial since an appreciable magnetic moment

persistg\i:2;:Z7;ely after its oc¢currence. We also present the correspon-
ding magneti* ion curve computed using fgp~cfitiéal stat% concept in
‘the framework of the approximations we have élready indicated and state
_again below. We ignore the occurrence of the flux jump in the calcula-
tions. The pertinent data on the specimen, the pinning function, pinning

strength parameter etc ‘are reproduced for convenience in a table on

page 7-18. : 4

Cij\Application of the Vortex Rotation Model

| In discussions of the behaviour of a hollow cylinder care must be

exercised to avoid amﬁiguity and "confusion. Clearly the flux threading
- ' !

= *

,

<q
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_ 97,
. the hole can be defined by
2 - .
% = TRy By : (7-1)

where Ri‘is fhe‘radiﬁs-of the hole and Bi is the axial ﬁagnetic induc-
tion present there under the circumstances under consideration. Similar-
ly, the flux threading tﬁe tube - or hollow cylinaer (walf plus ﬁoIé)‘axial-
ly can_be defined by B ' - |

¢t _= sz <Bz> s . | (7-2)

where _ — , ) - . ' . .
" "<Bz) = H// + 47 <Mi> v (7-3)

‘ , . ;G: i
Consequently .and self consistently we define theraverage axial'msg&g;i-

zation of the tube (wall.plus hole) bx
R

o2 f - ‘
dr <M > = Ei- J [Bz(r) - H//) T dr /// (7-4)
0 V Ty
This formulation is in Jexmony with fur description of the behaviour

of solid cylinders and allows easy reference to and comparison with the

presentation of the phenomena in the latter situation. Equation 7-4
- f -9 N .

can be written more explicitly as follows ) Lt .
' - . R ] R
41 <M > = AB. ( —i-)z. P (B_-H —3 T dr B (7-5)
z i R ;RZ z /! .- .
/ B Ry '
. * _ . , ° k
where_ABi = Bi H//.

This last -expression will be useful later in our discussion of the

data where the variétion with H// of the ratio ABifRi/R]2/4w <Mz>'measu—

red at Ic will be examined and compared With the predictions of the vqr-
tex rotation model. This ratio expresses the increase of the flux in
[ F -

the hole relative to its increase in the tube (hole plus wall).

- -
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In the following discussion our use'o% the term axial magnetization
and .the symbol_4n<sz will always ref;r to the basic aéfinition (equa-
tion 7-4) add th?refore apply to the tube (hole plus wall) as one entity.
Consequently the word tube will mean tﬁe wall plus hole as one ‘'object".

. As in ail other instances in this thesis we continue, for simplicity,
to neglect, in our-délculdtions, the possible contribution of eqﬁilibrium
diamagnetism hence ‘take u = B(H)/H = 1 and ignore the existence of sur-
face effects. As a consequence we usé the simple boundary conditions

3 I

BZ(R) = H//: ‘ BZ(R:L) = Bi’ BG(R_) = TR [/ - (7-6)

Clearly'ﬁa(r) = 0 in the region 0 < r E.Ri since jz = 0 in the hole and
we assume cylindrical symﬁ?try.

It is of interest to examine the consequencés of the model of
straight current flow in the present situation and cohtext. Firstly
ﬁz(r) = H// hence 4n<Mz> = 0 since je(r)‘= 0 everywhere in}tially and as
I ;s impresqu. The criterion that Ic occur; when jz(r) fills‘the CTOSS
section of the hollow cylinder hence the wall of the tube means that I
of the tube will be less than.for‘a solid cylinder-of identical radius
since now Ic = JR 2r r jz(r) drz .

. . : S ) J
Rl -

In this chapter we focus mainly on the quantitative predictions of
the vortex rotation model. Consequently we do hot present the Ic Vs H//
" curve for the straight current flow model. Nor do we develop, with one
crucial exception, the various pertinént quantitative predictions of the
Campﬁell and Evéttsrmodel although we know froﬁ chapter 4 that the

latter model can satisfactorily describe/many of the phenomena we now

examine. The exception is brought in to emphasize a dramatic deviation

) 9
~

-

W

1

S

T~



befween the data and a basic expectation of the latter model.
“We now proceed with the application of the vortex rotation model to

the tuﬁe geométry.' We therefore exploit the two coupled critical state

equations developed in chaptér 5 (equations 5-2 and 5-9) and reproduced

below for convenience

dB_ . dB9 B
Z+B-—-+

.
= __9 = + F 7
z dr 8. dr r T p (7-7)

B

an@

(7-8)

di = + .uosz
dr =Y fp BZ

We also continue to exploit, where applicabie, the criterion of the onset.
of excessive line Pension to determine IC. - | .

The eyolution of the B, Bz and Be profiles for H// f-H//t is shown
schematically in Figure 7-2 as I is increased to Ic‘ We define H//t
shortly. In the sketcheé we ignore the narrow region where the slope of
thr] is positive but j_ # 0 which we discussed in detail in chapter 5
(section I(a)). Both ¢(r) and B(r) are in a critical state everywhere
when I fills the cross-section of the tube wall and Ic is reached, since

a further rise in I will generate'aﬂ instability and disturb the super-

"conducting state. Qualitatively similar profiles océur with the Campbell

and Evetts model when H// f_H//t. The difference in the behaviour of the

Bz profile in the two models is quantitative and important. In the latter

model the flux in the hole ¢h = sz H/} at Ié {when H[/i-H//t)' In the

‘vortex rotation model éh = szBi where Bi 5 Bz(Ri) which is governed by

equations 7-7 and 7-8 together. We return to this important feature later.

For both models when H// f-H//t’ the critical current of the tube is
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less than that for a solid cylinder of identical radius, material and
temperature. " This depression of Ic‘occurs because volume which the
current could occupy in a solid cylinder is not available with the fube.
This unavailable space however does not correspond to the cross Sectioﬂ
of the hole (eXcebt when.H// = 0) whenithe line tension crité;ion is
exploited to determine IE'. We stress that,lﬁor both modeif, the conduc-
tion current'éﬁes not fill a solid cylinder.at Ic set by the line ten-
sion criterion when 0 < H// <H.y.

Thus for small H// the critical current is attained when I fills the
tube wall hence when Rl’ the front of the Be\for $) profiie reaches Ri’
the inner radius of the tube. Finally At a thfeshol{iﬁalue of H//,

denoted H//t the. line tension criterion comes into operation and dicta-
. 3 ) &

" tes Ic. “Two situations may be encountered when H// = H//t and the line

-

tension begins to play a role in centrolling Ic' The radius R* where

F = B:é/r (hence dB/dr = 0)

a) occu;s at the surface of the tube, or
b) occurs at a distance beyond Ri but below the surface Re
These two possibilities are shown schematically in the sketch on the
next page where we show the variation of Rl and of R* vs H// p?ediéted.
by the vortex rotation for a solid cylinder and discussed in chapter 5
Application of the Model .
a - s

Case (a): _Ri =‘Ri

When H// = H?/t’ the line tension for the solid cylinder occurs at
the surface when Iifills the cylindrical sheath of width AR = R - Ri

where R, = Ri. Thus both the criteria of. line tension and full occupancy

L p
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o .,.b a . : a - bH
H,. Ry N e i

-

of the tube cross section by jz simultaneously determine Ic. The same
situation is again encountered when H// = H?/max' ‘Therefore a tube of

inner radius Rg but otherwise identical to this solid cylinder, will

»

' . a a
have the same IC vs H// curve for H// in the range H//t f_H// f-H//max

since the volume inside the radius Rl plays no role because Ri 3_R; and
the line tension operates to fix IC throughout this range of H//. For
H// < H?/t and H// > H/?max"the critical current occurs when I fills
the tube wall and the line tension criterion does not come into opera-
tion. Consequently I_ of the tube will be lower than I of the corres-

ponding solid cyiinder over these two ranges of H//. These predictions

of our model remain to be direct}y verified.

- _pb
Case (b) 1 R, = R
When H// = H?/t’ the line tension for the solid cylinder occurs at

R

4

-




Rﬁin‘where R*1 is 51tuated below the surface and beyond the radlus Rb

Sy
I

At this f1e1d however, the current” also flllS the cyllndrlcal sheath of

Wldth AR = R - Rb Thus both the crlterla of line ten51on and full occu~

pancy of the tube CTOSS- sectlon Jolntly determlne I - (The same situa- 5
tion is agaln encountered when H// 3/max‘)‘ We note that now there is
a range of H 7/ Just beyond H?/ where R* migrates from R* in to .Thef

occurence of ‘R* appearung suddenly between R and R clearly depends on

1
Again we note that Ic of the tube and corresnonding*?oiid ¢cylinder will

Ri/R and’ theucurves of R*rand R, for the corresponding solid cylinder.

coincide over the range H?[t < H// < H?/ max but diverge over the two ‘
ranges H// < H?/t and H// > H?/ ax where I of -the tube will be lower .
than I_ of the solid cylinder. Again I_ is fixed*by the criterion of

. full occupancy of the tube wall for the latter two ranges .of H//.

We find in our analysis of the Nb tube that case (a} applies here.

The Campbell and Evetts model leads to analogous behaviour and pre-

T i Y a b .
dictions. Here however H/ and H//max do not appear since Ry for the

/max

solid cylinder migrates asymptotically to R as H// increases.- from zero to

) th. The situation is shown schematically in the sketch be;ow where we shqw

H
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R* and R1 predicted by the latter model for a solid cylinder and discus-

sed in chapter 4.

In Figgrgs 7-3 and 7-4 we compare I_ s H,, and §n<Mz> at I_vsH,,
observed by Bussiére and predicted by the vortex rotation modei. We note
that in the_rangé 0 f_ﬁ// < 0.14 kG both sets of data exhibit a plateau
. cule riSe:_.In contrast the theoretical curves display a conti-
fnuous_and steep rise over this range of H//; This disérepancy is not
surprising }inée-at Ic thg*field at the surface of the tube and hence the
magnetic induct&oﬁ insidelthe wall a&d hole are below Hcl‘ We estimate
HCl % 0.64 kG at 8.0%K in this specimen. The.basis of the estimate is
presented below. In Ehe‘model we have effectively takep Hél = 0 since
we have assumed, for;simplicity, that ¢ =_B{H)/H = 1. *Clearly the model
‘needs to be modifiedato bé'valid in this ranée of H//'by introducing the
basic concept of equilibrium diamagnetism in a suitable jiy%erf This

,

gxtension of the model is beyond the scope of #ffis thesis. The agreement
'beéween theory and experiment over the broad range 0.14 kG to ch where
" the model is more valid-is.indeed gratifyingl

The evolution of 4w<M_>, the magnetization of the tube (wall plus
hole) and simultaneously of ABi = Bi - H//, the-rise of the magnetic in-
duction in the hole as I increases from 0 to IC is of special interest.
In Figures 7-5 through 7-10 we compare the measured locus of these quanti-
ties separately with the behaviour predicted by our model. In all the
Figures, the solfd lines are experimental and tﬁé dashed lines theoreti-
cal. We note the discontinuity in 4m<M > vs I.and in B; vs I when I

reaches ~ 440 A with H// = 0.207 kG (sge Figures 7-5 and 7-8). The field

3}
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Hs = (Hij + (I/SR]Z)% at the surface of the tube when this abruﬁt change

- r

occurs ‘is ® 0.64 kG. Presumably this steep rise occurs because Hs'-

attains Hcl as I incredses. Other curves (rot shown) measured at diffe-

. rent and small H,, also display this discontinuity. In all cases we

-

find Hg'ﬁ 0.6; kG when this happens, confirming our idéntifica;ion.of‘
this phenomenon with Hcl} As noted above our model in its present sim-
ple form is inapplicabig when H, ~ Hcl' -Aside from this undersfandable‘
anomaly tHE‘cprr95p0ndepce between the experimental and theoretiﬁal'dﬁrﬁ
ves is satisfyiqg and.is "seen to improve with increasing H// as expected.
Figures 7-8 through 7-10 present three examples of the behaﬁiour of
8B, vs I selected from an exténsive collection of graphs. The informa-
tion cgntained in the end points inm this catalogue of.data can'be combi-

ned with the data presented in Fig. 7-4. The latter Figure shows the

end points of the collection of curves from which Figures 7-5 through 7-7 ‘
were chosen. In Figure 7-11 we combine these .two separaEg/sets of data. g

. o 2y
This Figure displays thevariation of the measured and computed ratio ABi(PiAR) / 4-n-<Mz> .

where the ratio is taken at I.. This ratio is perhaps made more meaning-

ful when written as follows . B
AB. R 4 . -
B N e
41r<Mz>R2 ¢tf - ¢ti

where ¢hi is the flux threading the hole initially and ¢ti is the flux
initially permeating the cross section of the tube (wall plgs hole) before
the current is applied. ¢, . and ¢ denote the flux in the hole and
through the tube (wall plus hole} when I attains IC. Pictorially, this
quantity represents the ratio of the, cross-hatched area to the cross-

hatched plus shaded area in the sketch shown on the next page (bearing

e



s 8

¢

@

. - 7-13 A\X RIS '
. x . s - e, - =

-
in mind that we ate considering .
a hollow cylinder). Profile;
of B; By and B_ obtained in the .
course ﬁf our analysis of the

. behaviour of the Nﬁ tube for a .

low ahdaintefﬁediété value of,

'H// are shown in Figures 7-12

and 7-13. We see £roﬁ.inspec—

tion of Figure 7-11 that our S :

model quite adequately repro- ' k)

)
>y

duce§ #His variation with H// . .
of this combinatidh of data. ' A

’ ‘Finally we ;eparatelf focus on the fami}y 4f:curves represenégd by
Figures 7-8 throﬁgh 7-10 ‘and shpw‘the dependénée on H// of the.magngtiq
induction in‘the hele of the tube when Ic is attained. This is presentéd
in Figure 7-14 wherg the solid line is predictéd by the voftex rot;tion

model. Again we. do not expect to account for the behaviour in the range

0 < H// < 0.14 kG where HS : H Clearly, hdwever, by incorporating the

cl’
concept of equilibrium diamagnetism in our model,.the.tbeoretiéal Bi
sheyld exhibft a plateau where Bi = 0 extending to a threshold value of
H// where Hs = Hcl and display a steep rise immediately above this
threshold. Above H// ~ 0.14 kG, the theoretical-curve reproduces the
compli;ated trends in the data ?emarkably well. We note that Bi(Ic)
first‘riées to a_summit at low H//. This is followed by a plateau or

decline and finally by a steep increase as H// approaches H_,. All

these features can be traced to specific characteristics in the profiles
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generated by our model combined with the line tension criterion for fc.
Firstly we focus on the initial .rise in Bi(Ic)-to'a sumnit at H// =

. " F v -

0.3 kG displayed by the theoretical curve. We refer the reader to the

A

sketch of Bz profiles at ‘

I for various values of . B ( BZ( P)
. | . s

. l

H// in thlg range. In.

the present analysis

H,, =0.3kG
/7t 0.3 kG where H

/1* - o S
is a threshold:field dis- . . |( |)

,cussed earlier in this

s?cplon. Aboye H//t’ the o % __h.F1‘|(l\
line tension criterion, I
4 . ' l : 0
operates to determine I .. - .
. 2\

: o ) :
Below H//t the critical cur )

~

= 0.3 kG in the

t

. present application of the model both rules come into action jointly

rent occurs when I fills the wall of the tubey At H//
and simultaneously. Aé this juncture R* is then alfeady at the surface
in the present case. - The BZ profiles shown in the sketch‘are encountered
when H// f-H//t' We note.that they generate a continuous ;ugmentation

in Bi(Ic) with HY/ where Bi rises less steeply as H// increases pecause
the slope of the Bz(r) profiles in the wall diminishes in sequence H//(l]
to H//(3). As a consequence Bi(IC) Vs H// is convex upﬁards in this |
range of H//. (In these schematic sketches we ignore the dip in the B,
profile just outside Rl-hence just outside Ri in this range of H//. This
minuscule dip is evident in the Bz profile of Fig. 7-12 and its origin

has been explaihed in chapter 5, settion I{a) .)
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+ The variation with H// of the w1dth of the cylindrical sheath occu- -

pled by the conductlon current at I' which follows from our model is
[ 3

shown in Figuye 7-15. As 1nd1cated above, (R - Rl)/(R - Ri) =1 up ‘to

- H H = . - * - . -
H// //t where /it 0.3 kG in the present instance. Beyochd H//t and

umtil H//‘i§ near Hc2; the line tension criterion dictates Ic with R* o
axurring at the surface of the tube. In this range of H//; the Cylindrii
‘cal sheath occupied by Ic shrinks continuously and steeply to a minimum

and then expénds Tapidly as H// approachés H/ The criterion of

/max’
full occupancy of the tube wall by the conduction durrent again determl—

nesI, for a narrow range of H// Just below H o0 L.e. H//max f_H// <H,-

To help visualize and understand the origin of the plateau or shallow
. . .
valley in the locus of &(Ic) beyond HY/t which are evident in the experi- -
N ’ - [ “ .- h ] S
mental data and in the curve generated by our model (see Fig. 7—14)_we

refer the reader to the sketches below. The dots indicate R., the radius

of pczs}ration of the conduction current at Ié.

\

s R, R . P
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-

Diagram a) and diagrams b) and ¢) illustrate how Bi(IC) GAN Temain
constant ‘and even decline with H// increasing. In all these cases, the
behaviour arises because R1 is migratitg away from Ri as H)/.grows._ The

charactéristics of the Bz(r) profiles together with the excursion af R1

.

vis 3 vis Ri will determine the quantitative deta%}; of the phenomenon.

1

These in turn are dictated by equations 7-7 and 7-8 in our model. Further

we note th®t a rise in B (1 ] fractlonally smaller than ‘the correspondlng
“‘v'

increase in H// can occur when Rl is immobile or scaﬂcely movmah since

. the Bz profiles are shallowéf when B is larger {see diagram fd)),? Finalé‘ .

ly we expect Bi(Ic) to exblbit a rapid growth with‘H}/ when Ri moves

s
-

: . This £ i

back to R1 as H// a?proaches H//max This accounts for the steep rise

at the far ‘end of the plateau ot valley. Clearly the valley or pléteau
. 1

generated by our model is too narrow comﬁared with the experimental curve.

This indicates that Rl migrates closer to the surface than we calculate

and remzins there until H// is closer to ch than shown in Fig. 7-15.



- . ‘ . -
" . ' - \ \‘ f
Nevertheless the essential feature of the data is reproduced by our

_ model. We believe that a slightly modified Fp and a_different assigna-

tion for HcQ could substantially imprdve'the agfeemenﬁ here without

weakening the fit to the other data. The ability of our model to repro-
- ‘ '
duce the main aspects of the experimental curve is gratifying.

(3

This experimental data also contains a fundamental and crucial mes-
i~ .

-

sage. The dashed line “in Figure 7-14 shows Bi(Ic)'expected if i’ the
flux initially perméating the wall of the tube at I = 0 is coampressed -

into the hole when IE is attained. This condition leads to the following
oF .
relations ; «_ 17

2 - -— e —_ .2 . ' ' *
BL (IDTRY 2 dye= by + 05 = RH, L (7-9)

-

where ¢hi and ¢ ¢ Tepresent the flux in the hole at I =L0 and I = I

c
respectively and Bi (Ic) denotes Bi(Ic) defined by~ this particulay con- “

dition. e * - : k
The noteworthy and fgﬂarkable feature is that for a Tange of,H/?T
. - e
the measured Bi(Ic) is substantially greater than Bi(Ic). This can occur

only if some helical vortices, generated by thé application o;?the con-
duction current, straighten out (uncoil? as they migrate.from R to Ri

and add the flux they carry to that élréady threading the hole. This N\\\
phenomenon is in contradiction with the basic assumption of the Campbell

and Evetts model for puré radial displacements. The maximum deviation

of Bi(Ic) from E;{i;) is impressive and indicates tha;’a considerable

amount of flux in the hole originates from this operation gf the uncoi-

ling or straightening processes. It is beyon& the scope of this thesis

to enter into the fascinating mechanisms which came into play when
B

L4
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“phenomenon occurs.

they are compregsed and displaced but produces approx1mately the rlght

LY

vortices turn whether. to increase or decrease thEIT helicity as they are
.displaced, compressed or decompressed constltutes a fundamental aspect
of our empirical model.

out one aSpect of the turnlng intéraction which has not been explicitly

enV1saged preV1ously

rows of straight vortices adjacent to rows of helical vortices can gra-
. . . = !
dually increase, the total number of straight vortices.

is simply an extension- or special case of behaviour we have examined

I is decreased, vortices must decrease their helicity (unwind} as they

' previously.

migrate towards the surface and exit from the cylinder.

It is clear\froh'inspection of Fig. 7-14 that our critical vortex - .

rotation medel not-only allows helical-vortices to straighten qut as

© amount of "s:\amghten1ng" demanded by the data. The pOSSlblllty that

The phenomenon under scrutiny here simply brings
ThlS is- the feature that the 1nteract10n between
This phenomenen

) . .
_In particular we have stressed in chapters 4 and 5 that as

- Table 7-1
fators 1‘ Dimensio cz(T) a X 104 favea | T 1y
ateria imensions| ) (A/ch2) D o (°K)
Nb Ry=0.1471 4 5 1.10 B(1-b)* 8 12
- ‘R.1=0.108 i}

-

-
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Figure 7-1 - Standard magnefization curve of the tube (wall plus hole).
Solid and dashed line curves sNow experimental results and calculations
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Figure 7-2 Schematic drawing showing the evolution of the B, Bz and BB
profiles for H// f.H//t as I is increased to I;.
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Figure 7-3 The dots (e) show the experimental variation of-the critical

transport current with H// The solid curve is calculated for the vortex -
Totation model.




7-22

4n M, (1) (6)

0O 03 06 09 I2
H, (kG)

Figure 7-4 The crosses (X) show the experimental variation of the average
axial magnetization at Ic with H//. Curve is calculated for the vortex rota-

tion model. */ 2
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Evolution of the axial magnetization as I increases from zero
to I_. Solid and dashed line curves show experimental results and calcula-
tions for the vortex rotation model, ‘ '
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Figure 7-6 Evolution of the axial magnetization as I increases from zero
to I . Solidrand dashed line curves show experimental results and calcula- .
tions for the vortex rotation model.
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Figure 7-7 Evolution of the axial magnetization as I increases from zero
to I . Solid and dashed line curves show experimental results and calcula-
tions for the vortex rotation model.
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Figure 7-8 Variation in the change of‘the lﬁagne"cic induction in the hole
when I is increased from zero to I_. Solid and dashed line curves show ex-
perimental results and calculations for the vortex rotation model.
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Figure 7-9 Variation in the change of the magnetic induction in the hole
when [ 1is increased from zero to Ic' Solid and dashed line curves show ex-
perimental results and calculations for the vortex rotation model.
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Figure 7-10 Variation in the change of the magnetic induction in the hole
when I is increased from zero to I_. Solid and dashed line curves show ex-
perimental results and calculations for the vortex rotation model.
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The dots (®) show the variation: in the measured ratio of
the change of flux in the hole to the change of flux in the hollow cylinder
at Ic Vs H//. Curve is calculated for the vortex rotation model.

Figure 7-11
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Figure 7-12 Calculated profiles at I § I, for a low value of H,s. The
rise of flux in the hole represents 80% of the total axial flux increase,
which has occurrged in ‘the tube.
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Figure 7-13 Calculated profiles at 1 % 'fc for a high value of H / . The
rise of flux in the hole represents 40% of the total axial flux increase
) which has occurred in the tube.
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Figure 7-14 The dots (@) show the measured dependence pf the magnetic in-
duction in the hole at I, on Hy,. “The solid line curve is calculated for
the vortex rotation model. The dashed straight line shows Bj(I.) expected
if all of the straight vortices initially trapped (I = 0) in the wall of
the tube have been driven into the hole.




' . ’ 33 : L J

1.0

O.75"

. n':"'
]
1 - v
< o5~ - Nb
. o2 ’
S
@x
| ]

0.25- -

0 l ] 1 |
O 03 06 08 I2
H (k&) ¢

Fiéuré 7-15 Calculated dependence of the depth of penetration of the
transport current at I on the applied field H//.

| -2



CHAPTER 8

Ribbon Sample

(Infinite Slab Geometry)

Introduction '

_Iﬁ~the previous chapters we have focussed our attention on the in-
terpretation of various phenomena encountered in solid aﬁd hollow cylin-
ders. It is of considerable interest to apply the critical Qo&tex roté-
tion model we have developed to a different geometry. A simple and
sténdard geometry which is readily amenable to analysis is that of an

infinite slab. Experimentally this situation is approximated by using

ribbon samples whose length and'width'are large compared with the thick-

-

— -

ness. We have consequentiy carried out a series of measurements on a
ribbon of NbTa placed in a static magnetic field H// directed along its
length. The conduction cufrent provided by an external supply flows -
along the length of the specimen and is fed through it via leads atta-
ched at the ends. The experimental details and.procedures are descri-
bed iﬁ chapterdz.

Timms and LeBlanc (1974). have pursued extensive measurements on
NbTa ribbon samples from this same spool at 4.2°K and immersed in a
static H//. Inltheir/gérangement, the transport current is induced to
flow along the length of the ribbon by induction i.e. by applying or

. H :

reducing a transverse magnetic field directed éﬁong the wide face of
the ¥ibbon. They ﬁeasured both the longitudiggl and transverse compo-

nents of the magnetic moment using two orthogonal pick up coils enBra-




cing thé length and width of the sample. In their analysis they focussed
" attention on the transverse component of the hagnetic moment. Iﬁ our
work, since the current is fed in from an external source and there is
‘no externally applied transverse field, no net magnetic momenf exists.

in this_direction. Further the configurations of magnetic induction in

- -

the transverse‘direction cannot readily be monitored in our work since
N . ,

we used a direct current. -We have however gheaned considerable info;ma—
tion on the behaviour of IC Vs H/k and on the evolution of'théalongitu-
dinal magnetic moment as I is impressed with .the ribbon subjected fo
various grevious magnetic histories. Our work therefore extends and
complemeﬁts the investigation of Timms and LeBlanc.//ﬁ;F;XETiﬁe essen-
tially the same physicél phenomenon but viewed from a vantage point rota-
ted by 90°. Our model can of c:\rse be applied to their data as well as
ours. An analysis of their results with our model is in progress but *
will not be completed for this thesis.

Lachaine (1976) exploi;ing the same experimental technique as Timms
and LeBlanc has carried out extensive measurements of_theﬂevolution of
both the longitudinal and transverse components and also of hysteresis
losses in NbTi and VTi ribbons as I is inductiveiy generated along the
ribbon immersed in various stationary H// (up to H.y in the latter mate-
rial). He analyzed all of these results using a critical vortex rota-
tion model developed independently. His formulation of the modei differs
from ours in the choice adopted for the critical state equation for the
¢ profile. It is therefore of interest to determine which of these two

choices best correspondsto@reality. Such a comparative study is in pro-
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A

gress but will not be reported in this thesis. In this chapter we con-

fine ourselves to the interpretation of our data using our formulation
of the critical vortex rotatiornt model. .

Finally we note that Zahradniésky (1973) using the same experimen- =
tal technique as Timms and LeBlanc stud%Fd V and NbTi ribbons at 4.2°%K.
Examination, of his data and other auxiliary measurements he performed
indicated that the surface barrier and equilibrium diamagnetism play a
significant role in the behaviour he observed. Consequently an analysis

of his results will require the incorporation of these concepts into

our model.

Al

Application of the Vortex Rotation Model and .Conclusions.

The critical state equation exploiting the concept of equilibrium ‘“

between the driving Lorentz force density fL = ?ﬂx § and the pinning
force density Fé for infinite slab geometry becomes

de dBY T
Bz-—*— +# B == = 2% FP(B] (8-1)

This can be written more succintly and usefully as
B=— = ¢ Fp(B) . {8-2)

since B = (Bi + Bi)%. We take z to be directed along the length, ¥y
along tﬁe width (wide face) and x along the thickness of the 'ribbon
viewed as an infinite slab. In writing equations 8-1 and 8-2 we have
-again introduced the approxiﬁation u = B(H)/H = 1 and defined Fp = quﬁ

where My = 47/10 in the practical system of units. Equation 8-1 (8-2)

replaces equation 5-2 in the plane geométry. By(x) now corresponds to
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~ 4

Be(rb, the azimuthal component of the magnetic induction but éﬁe line
tension term Bg/lﬂvanishes since the radius of curvature is noﬁ infinite.
It is frequently useful in infinite slab or ribbon geometry to visualize i
the flux lines and the current trajectories as helical (when a conduction
current is flowing and H// = H #0) ;{th the helix flattened in the x
direction and very elongated in the y directioﬁ so that the "return"
paths or links at the y extremities of the ribbon-are out of sight and
play no role.

A compariSOn‘of equation 8-2 and equation 5-2 brings out an impor-
tant feature of infinite giab geometry. In the latter geometry the
B(x} profile is independeﬁt of, or decoupled from the spatial variation

of the orientation of the flux lines. This basic aspect renders the

énalys?é of phenomena in plane geometry considerably simpler since once

FP(B) is chosen and the boundary conditions are defined, the sequences
of B(x) profiles can be immediately mapped out numerically or analyti-
cally as the current I hence Hs = (Hi/ + (uoI/2)2)% vary.

We continue, for simplicity, to ignore equilibrium diamagnetism and
surface barriers, hence the boundary conditions can be written

n I
' = -2 -
B,(X) =B, (-X) =H, and By(x) = -%}-X) = = (8-3)

where I is the current per unit width of the infinite slab, we consider
the midplane of the ribbon or infinite slab of thickness t = 2X to be
located at x = 0 and consider there is no externally applied magnetic
field along the y axis (HJ_ = 0). Further, by symmetry, the additional
boundary condition

. | | 8-4
e BY(O) 0 (8-4)
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applies when H, = 0.
Also, by symmetry, with our choice of the position of the midplane
and since H; = 0 we have

Bz(x) = Bz(-x), By(x) = -By(-x) and B(x) = B(-x) (8-5)

Consequently in examining the behaviour of fhe B, Bz %nd By profiles
we will present only the configurations existing over half of the slab
thickness extending from x = 0 to x = X,

Finally, we retain, intact, the criticgl state equation developed
and discussed in chapter 5 to describe the spatial variation of the
orientation of the filux lines with re5péct to the z axis. This empiri-

cal expression is reproduced here, for convenience

F_(B)
%_x?- = *y —E-—Bz c052 ¢ (8-6)

Consequently Bz = B cos ¢ and By = B sin ¢. We note that it is a straight- “
forward matter to trace out ¢{r) numerically or analytically once B(T)
has been Aetermined exploiting equation 8-2 and using the boundary condi-
tions listed under 8-3. We let ¢5 denote 4(X) where ¢S = tan-l(By(X)/Bz(X))
= tan—l(uoI/ZH//). In presenting the data, the symbols I and Icland
the numbers given will indicate the currents actually measured and
flowing along the.ribbon. This should not lead to any confusioﬁ; although
in the discussion of the phenomena these symbols represenf the conduc-
tion current flowing through & unit width of the infinite slab.

In applying the critical vortex rotation model to infinite slab
geometry we must envisage that a critical current is attained when the
conduction current has penetratéd to the midplane of the slab. (We

stress that in this chapter we are considering only situations where
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H, =0.) Any increase beyond this value leads to (i) a ¢(x) profile
which is supercritical over all or part of the voluﬁe of the slab, hence
unstable or (ii) a ¢(x), hence.a By(x)\profile which exhibits a discon-
tinuity;at x = 0 which is forbidden By gymmetry (these quantities would
then be double-valued at tLe midplane).; Since, there is no curvature of

the  flux 1iqes in this geometry, the criterion of excessive line tension

does not operate in the idealized situation.

The Campbell and Evetts model of pure radial displacement has been
pursued in detail by Lachaine (1976) for infinite slab geometry. In the
latter geometry the model means that the fi;x lines once created cannot
rotate as they migrate into the slab. We note that in this model, the
conduction current at Ic fills the slab thickness only when the slab has
becoTe superconducting in Hy; = 0 whi;h is subsequen%}y maintained at
this value when 1 is impressed. Regardless of previous history and for
all H//, the critical current can now only be attained when HS = ch.

* Consequently Ic is coqsiderably larger than obserfed. The model also
predicts longitudinal magnetic moments at Ic which depend on previous
maénetic history. The moments for static (non-magnetic) and paramagne-
tic previous history are also appreciablyilarger than measured. Thesé
are all consequences of the basic assumptions of the model that vortices
cannot rotate and are conserved. Thus all the vortices initially permea-
tihg the length of the ribbon are compressed in the vicinity of the mid-
plane while new vortices with a component of magnetic induction along

the z axis are being continuously created as I rises to an excessively

large Ic'

d RN
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We now gxamine the predictions of our model on the dependence of
Ic and of the magnetic moment at Ic oﬁ previous magﬁetic history. As in
cbapter 5, we select three representative and standard previous histories,
namely, where before the conduction current is impressed we have: ‘?W“
(i) The non-magnetic state. The sample became superconducting in the
chosen H// which is maintained étﬁtionary.
(ii) The diamagnetic state. After the sample became superconducting in
zero field, H/, is raised to the selected value and o
(iii)The paramagnetic state. After the sample became superconducting
in H// § ch or very large if ch is excessive, the field is decreased
to thehdesired final H/}. Again we limit our consideration to situations
where the initial and final H// have the same polarity.

It is illuminating to examine these phenomena in the light of an

expression which combines the two critical state equations §-2 and 8-6.

This is also the approach we exploited in chapter 5. We now develop the

pertinent equation for infinite slab geometry. Differentiating the defi-

nition BZ B cos ¢ with respect to x and rearranging yields
dB B

Z z- dB d¢
= - gj (B =) - By (5) : (8-7)

|

Wé introduce the two critical state equations BdB/dx = ¥ Fp and dé/dx =

YFP Bi/B3 into equation 8-7 where only the positive sign is used %p the

second expression since we examine only situations where 4 is increased.

L]

We obtain /”’/F“‘E-\‘““\\f,,ﬁj}m_\

de 1 YE ER ol
% - {+1 - }B : (8-8)

T
(1 +eH* 1+ g



» >Q
L&)

dB .
- |. We can easily read the message con-

dx

tained in this expression by letting Fp = o'B which represents a physi-

where £ = BY/Bz and FP/B = |

cally meaningful and simple pin-

rel

Y

ning function. We let Y =
de/u'dx. The accompanying sketch
shows schematically a typical - _ﬁfn

graph of Y vs £. Here we sketch /

the curve when +1 applies, i.e. i \\\\\

dB/dx has a positive slope, in
equation 8-8. We ;ote that there [

is a qualitative relationship be;

tween £ and i since both diminish in unisen. Clearly, 1if %%-has a nega-
tive slope and -1 applies, this curve is displaced upﬁards by |2]| every-
where. The latter displaced curve may appear when we consider the para-
magnetic state. We now apply this curve to an analysis of the behaviour
encountered as I isimpressed for the three magnetic histories defined

above.

i) Non magnetic state.

The sequence of Bz profiles as I initially grows from zero is shown
échematically in the accompanying sketch.(diagrém (a]‘). The dots indi-
cate the depth of penetration of the conduction current. To the left of
the dots where de/dx #0, indyced jy currirts flow. Eventually a value
of I (og.ﬁquivalently E) is reached where the summit of Y vs £ is attai-

ned. As I grows further, the sequence of Bz profiles shown in the dia-

gram (b) on the following page is traversed.

e

?.
z
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The vertical and horizontal scales for the two diagrams are not compara-
ble. The increasing numbers and arrows indicate the progression with
I increasing.

Diagram (a) indicates that the locus of the longitudinal magnetiza-

tion <41er> vs I initially traverses a diamagnetic valley and then rises . ‘
stéeply in the paramagnetic quadrant. For the NbTa specimen, this dia-
magnetic valley is almost imperceptible. We note in diagfam {(b) that
the Bz profiles '"fall" below their predecessors and indeed drop below
\\L H// near the surface at large I. The profile is then diamagnetic in
this regioﬁ of the sample. The sequence of profiles shown in diagram
(b) lead us td expect two, modes of behaviour for‘<4an> vs I in the
range near Ic’ [i)'a progressively decreasing slope and possibly (ii)
the formatioﬁ of a peak. We encounter both situations in our calcula- .

tions for this sample (see Figures 8-4 and 8-5)

(ii) Diamagnetic state
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/

We see from equation 8-8 and the sketch displaying its behaviour
that Y < 1 when I # ?.“ Thus the Bz profiles occurringwhen I is impres-
sed will lie above tﬁe initial diamagnetic profile. The locus of <4ﬂMz>
vs I will of course reflect the diamagnetic "gap" until large values of
current are reached. Then the curve will merg; with that for the non-
magnetic case. The overlap will bégi; when the front of the,Bz(x) =
B(x) profile has risen to H// at the midplane ., Since the final confi-
gurations are identical in both cases Ic vs H// curves will be the same
for these two histories. Further 4n<Mz at Ic will also be the same.
This first prediction is verified by ou] observations (compare IC Vs
H// of Figures 8-1 and 8-2) but the latter prediction is in disagreement
with our data. (Compare <4wMZ(IC)> Vs H// of Figures éeﬁ and 8-3.)

We will return to this discrepancy later in this section.

i M

(iii) Paramagnetic state
Let B;(x) = ﬁTx] denote the critical profiiér;; trapped flux gene-
rated by the decrease of the longitudinal field from a large value which
may exceed ch to the chosen H//. Our basic prescription for the critif
caé\f profile (equation 8-6) which has been incorporated togethér with
equation 8-2 in equation §-8 requires tha%_the sequence of B profiles as
I is impressed behave as shown schematically in the accompanying sketches
(c) and (d). The dots again indicate the depth of ﬁenetration of the
current. We note that in sketch (c) the édvancing B disturbance pierces
through the B'(x) profile. The reason this must occur can be seen from
an examination of diagrams (a) and (¢). Let X, denote the plane of pene-

tration of the conduction current, hencé of the ¢ and By profiles. We



see in diagram (a) that Bz(xl) irH// for curves numbered 1, 2 and 3.
Clearly then Bz(xl) < B;(Xl) = B(xl). Since By(xl) = 0, it then follows
that B(X,) = (BX(X)) + B;’;(xl))l‘ = B_(X) < BY(X)) = B(X). This behaviour
is identical to that we encountered under the same circumstances for the
cylindrical geometry and means that some of the trapped flux must exit
from the sample.

From examination of the sequence of profiles shown schematically in
diagram (d) we observe that when I reaches Ic and fills the enﬁire slab,
the previous history has been exased. Therefore equation 8-8 where the
-1 appears is not called upon to play a role here. We introduced this
altérnative form of eqqation 8-8 to allow for the possibility that the
initial B'(x). profile or some of its "descendants' might enter the pic-
ture. We now see that these disappear in the progress to the final B(x)
and‘Bz(x) profiles. The latterare again identical to that encountered
for the previous two magnetic histories, We conclude that our model pre-
dicts Ic Vs H// curves and <4wMz> at Ic Vs H// curiés which are indepen-
dent of the initial paramagnetic state. The first expectation is in
agreement with our data but thelsecond prediction is not corroborated
by our measurements (compare Figures 8-1, 8-2 and 8-3).- We return to
this disagreement shortly. Finally we note that for the paramagnetic
history, our model predicts for the slab as well as for the cylinder,
that as I increases to Ic, the longitudinal magnetic moment may (i) de-
‘¢line monotonically or (ii) tréversg a valley which terminates below or
above the stafting point, depending on the parameters y, o and the

variables H// and X. We have observed all of these cases in our experi-

ments on ribbons.
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We compare the measured and theoretica;ﬂ;:\kﬁ*ﬂ77‘curves for the
three previous magnetic histories just discussed, non-magnetic, diamag-
netic and paramagnetic in Figures 8-1, 8-2 and 8-3 respectively. We
note that Ic vs H// is.essentially history independent as predicted by.
the model. The theoretical Ic fs H// curve is the same in all cases and
shown in Fig. 8-1 only. The agreement is seen to be sq}isfactory.

- in each of these Figures we also present the/cuyves of <4an(Ic)>,
the longitudinal magnetization at Ic V& H// which are observed and pre-
dicted for these three magnetic histories. The theoretical <4ﬂMz(Ic)>
vs H// curve ié the same in all cases and is shown in Fig. 8-1 only.
Clearly the experimental curves are history dependent in disagreement
with the model. Further none of the three measured curves correspond
well with the theorefical curve. In Figures 8-2 and 8-3 we also show

the magnetic moment before I is introduced. Evidently, something is

amiss in the situation. The pertinent data on the sample and used in

H

A1
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the calculations is listed in table 8-1 below.

Table 8-1°
Dimensions HCZ(T) a X 104 E_(8)/u o I T !
Material (em) (kG) l A/cm?) P “0( ‘(OK) Y
S ° T - : [P — PV S ..fll' Tt TT TR T
'w = 0.51
NbTa ' | 2
g ¢t = 0.15 3.3 | 0.55 B(1 - b) 5 7 |

Figures 8-4 and 8-5 compare the measured and theoretica} evolution
of the longitudinalfmﬁéggtization for a“low and intermediate H// as I
is impressed and raised to Ic with the sample initially in the non-mag-
netic state. Again we observe a poor correspondence.

The source of the prdblem, in our view, is one of geometry. The
width to thickness ratio of 2.5 for this ribbon is evidently too sﬁall
to approximate infinite slab geometry. On the other hand, the ribbon
clearly cannot be treated as a cylinder. We have resorted to the fol-
lowing stratagem to come to grips with this difficult hybrid situation.
We draw a smooth curve through the experimental Ic Vs H// curve, Due
to the small width to thickness ratio of th; ribbon, the flux lines are
curved. We visualize that the curreﬂt "prematurely''becomes critical at
these values because the line tension criterion comes into effect and
does not allow the current to grow further and fill the cross section
of the ribbon.

We note that for all the models and for both geometries

we have examined, the current is expected to fill the cross section of

—
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the specimen at Ié when H// = 0. We therefore determine the pinning‘
strength parameter o using infinite slab geometry. th;t the theoreti-
cal T_ fills the slab and correSponds;to the observed I, when H /] = 0.
Equlpped with this o we must of course turn to another data point to
fix y. Sekcting a valne of H// we adjust Y SO ﬁmt mﬁns ﬁeld the <411N > ccma‘ted
whg nfinite slabgeamuy, corTesponds toﬁxatuin&ns obsarved when I has reached the
experimentally measured Ic. With this choice of o and y, we see that
tﬂé current does not fill the slab when the experimental Ic is_attained.
This set of parameters is listed in table 8-2.

Using these p@rameters and infinjte slab geometry wé proceed to a
calculation of the evolution of <4an(I)5Eas I is impressed subsequent
to the three previous magnetic histories discussed ;bove. We terminate
the evolutioﬁ of <4ﬁMz(I)> when I attains the experimentally'ﬁsasured
' Ic Vs H// curve. The curves of these "final" moments vs H// with the
sample initially in a non-magnetic, diamagneti¢ and paramagnetic state
are shown in Figufes 8-6, 8-7 and.8-8 respectively and can be compared
with the corresponding experimental results. Clearly, the approach we
have adopted leads to a satigfactory agreement for the three sets of
"final” magnetic moments. This corfobora;es our stipulation that in
our ribbon sample, the line peﬁsion dictates the onset of the critical
current and sets this threshold at a much iower value than anticipated
for plane geoﬁetry. '

In Figures 8—9‘and 8-10 we sho;‘the evolution of <4mM_> with I in

. low and intermediate H// when the new set of‘a?Y parameters are used in

the calculation. Again we terminate the ‘evolution when the experimental
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IC is reached. The experimental curﬁes (solid lines) -are reproduced

\\ for comparison. The correspondence between the theoretical and measuréd )
curves is clearly improved compared to the earlier results (see Fig. 8-4 '
and 8-5).

The standard magnéfizatién curve measured along the length of this
NbTa ribbon specimen at 5.09K as H// is-slowly‘swept to ch and deerea-
sed to zero is shown both in Figures 8;11 and 8-12. This aata ean be
compared with the curves generated by the critical state concept using
the two a parémeters we have exploited in tﬁis chapter. Evidently, the
large a yields the better agreement with observations. This confirms
our contention that the intervention of line tensioﬁ‘causes the conduc-

tion td become critical prematurely. We recall that the lower o was

chosen to yield a fit to the experimental Ic vs H// curve. Clearly

this choice is not compatible with the standard magnetization curves ’ II

and is too small. -

Table 8-2
- e e el p— —— ——e - —- . P e g et -‘ . -
| B2 o x 10 F BYuge @ T
_Material  Dimemsions (K] |(a/em?) | P (%) | 7
w = 0.51 ! b : 2 V
NbTa t-o0as | 33 1.38 | B(1 - b) 5 | 10
U B .
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Figure 8-1 Observed variation of the critical transport current I_(e) and
of the corresponding axial magnetization 41T<MZ(IC)> (o) with H,, with the sample
initially in the non-magnetic state. Solid curves are calculated with the vortex
rotation model assuming that I fills the entire cross section of the ribbon at
Ic. Parametexz o and vy given in table 8-1.
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Figure 8-2
of the corresponding axial magnetization 4m<M_>{o) with H
initially in the diamagnetic state. Calculated curves al
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30

{a

Observed variation of the critical transporf current. I _(e) and

with the ‘sample
dy shown in Figure

8-1. The crosses (x) show the initial axial magnétizatio?.(I = 0).
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Figure 853"r Observed variation of the critical transport curfent I .(#),

initially in the paramagnetic state. Calculated curves alpeady shown in

and of the corresponding axial mangetization 4n<Mz>(b) wit%éﬂy with tfie sample
Figure 8-1. The crosses (x) show the initial axial magnetization, (I = o).
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Figure 8-4 Evolution of the axial magnetization as I is impressed and -
raised to I.. Solid line is experimental. Dashed curve is calculated with
the vortex rotation model.- Parameters a and y given in table 8-1
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Figure 8-5 Evolution of the axial magnetization as I is impressed and raised
to I . Solid line is experimental. Dashed curve is calculated with the vortex
rotafion model. Parameters a and ¥ given in table 8-1.
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0.06—

4n <M, (1)>> (kG)

1 1 1
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Figure 8-6 Calculated axial magnetization at I. as applied axial magnetic
field H / with the sample initially in the non-magnetic state. Calculations
are wité the vortex rotation model assuming that excessive line tension deter-
mines the observed I..  Parameters a and y given in table 8-2
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Figure 8-7 Calculated axial magnetization at I_ (solid line) vs applied
faxial magnetic field H;, with sample initially in the diamagnetic state.
Calculations are with the vortex rotation model assuming that excessive line
tension determines I . The dashed line shows the initial axial magnetiza-
tion (I = 0), calculdted with the critical state model. Parameters o and y
given in table 8-2,
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Figure 8-8 Calculated axial magnetization at I, (solid line) vs applied
axial magnetic field Hy, Calculations are for the vortex rotation model

assuming that excessive line tension determines I The dashed line shows
the .initial axial magnetization, (I = 0), calculated with the critical state

model. Parameters a and ¥ given in table 8-2.
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Figure 849 Evolution of the axial magnetization as I is impressed and

raised to I.. Solid line shows experimental results. Dashed line calculated
with the vortex rotation model.
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Figure 8-10 Evolution of the axial magnetization as I is impressed and

raised to . Solid line shows experimental results. Dashed line calculated
with the voftex rotation model.
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Figure 8-11 Standard magnetization curve: average axial magnetization vs
applied axial magnetic field H;,. Solid curve shows expgrimental results.
Dashed curve calculated with the critical state model. ‘Pinning parameter o

given in table 8-2-
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Figure 8-12 Standard magnetization curve: average axial magnetization vs
applied axial magnetic field H;,. Solid curve shows experimental results.
Dashed curve calculated with the critical state model. Pinning parameter a(T)
given in table 8-1.

o2 - l :

4

b



v

‘ REFERENCES

Abrikosov A.A., Soviet Phys. J.E.T.P. 5, 1174 (1957)

Barnes L.J. and Fink H.J., Phys. Letters gg;.:sés (1966)

‘Bean C.P. and Livingston :I.D., Phys. Rev. Lett. 12, 1, 14 (1963)

m.}"\.\;ﬁ Rev. Mod. Phys. 36, '3-1‘—9 {1964) '

Bean' C.P., J. Appl. Phys. 41, 2482 (1970) h

ﬁc?'langer B.C. and LeBlanc M.A.R.; Appl. Phys. Lett. 10, 298-300 (1967)

Belanger B..C_., Ph.D. 'ﬁxesis University of Southern Calif. (1968)

Bergeroﬁ c.J., Appi : Phys. Lett. 3, 63 (1963) |

Bergeron C.J., Williams M.W. and Haubql.d A.D.‘,‘ J. A‘ppl.. Phys. 36, 3167
(ses). -

Boom R.W. and Liviﬁgston R.S., Proc. of the IRE, _5_0_,_ 3, 274-85 (1962)

Bussiére J.F., Private Communication (1976) ‘ _ \‘

‘Bussigre J.F., Phys. Lett. 584, 343 (1976)

Campbell A.M. and Evetts J.E., Advandes in Physiés 21, 199-442 (1972}

Chang C.T.M. and LeBhlanc M.A.R., Appl. Phys. Lett. 10, 344 (1967)

Clem J.R., Low Temperature Physics - LTi3, Vol. 3, edited by

" K.D. Timmerhaus, W.J. 0'Sullivan and E.F. Hammel, (Plenum

‘Pub. Corp.., New York, 1974) p. 102‘.

Clem J.R., Phys. Lett. 54A, 452 (1875)

Ciem J.R. (to Be published) (1976)

Cody G.D. and Cullen G.W., R.C.A. Rev. 25, 466 (1964)

Cullen G.W., Cody G.D. and McEvoy J.P., Phys. Rev. 132, 577-80 (1963)

~Cullen G.W. a;ld Cody G.D., J. Appl. Phys. 44, 2838-42 (1973)

Fietz W.A., Rev. Sci. Instr. 36, 1621 (1965)

"



0

Fietz W.A. and Webb W.W. Phys. Rev., 178, 657 (1969)
Fink.ﬁ:J., Phys. Rev. Lett. 14, 309 (1965); Fink H.J. and Kissinger R.D.,
" Phys. Rev. 140, A 1937 (1965); Eink H.J. and Barnes L.J:,
Phys. Rev. Lett. 15, 792 (1965) ’
Friedeigi.,_ DeGennes P.G. and M;tricon J., Appl. Phys. Létt.-gJ 119-2]
-(1963) ) ‘

Grassman P. and Rinderer L., Helv. Phys. Acta 27, 309 (1959)

n

Havipshire R.G. and Taylor M.T., J. Phys. F.: Metal Phys. 2, 89-106 (1972)
Hart H.R. and Swartz P.S., Phys. Rev. 156, 403 (1967) -~ . |
Heaton J.W; and Rose-Inﬁes A.C., Phys. Lett. 9, 112 (1964)
Horigami 0., Bussiére J.F., éryogenics_(GE) - 15, 11; 660-664 (1975)
Kim Y.B., Hempstead C.F. and Strnad A‘.R.‘, Phys. Rev. ¥29, 528-l35 (1963) - ‘
Kramer E.J., J. A;pl. Phys. 44, 1360-70 (1973) |

Kubota Y., Ogasawara T. and Yasukochi K., Proc..Fiftﬁ I.C.E.C., Kyoto,

Japan, p. 135-136'11974)
Lachaine A., Ph.D. thesis, University of Ottawa, Canada (1976)

leBlanc M.A.R. and Little W.A., Proc. of the 7°D

Int. Conf. on Low Tempe- .
rature Physics (Toronto: Universitquf Toronto Press),
p. 362

LeBlaric M.A.R., Belanger B.C. and Fielding R;M., Phys. Rev. Lett. 14,
704 (1965)

LeBlanc M.ﬁﬁﬁ., Druyvesfefn W.F., Chang C.T.M., Appl. Phys. Lett. 6,

s 189 (1965) -
LeBlanc M.A.R., Phys. Rev. lig; 220-223 (1966)
LeBlanc M.A.R. and Kiggins B.R., Sol. St. Comm. 8, 633-37 (1970)

| Y



*

" London H., Phys. Lett. 6, 162-4 (1965)

Love G.R., J. Appl. Phys. 37, 9, 3361 (1966)

'% ‘ :

Mattes H.G., Ph.D. Thesis, Univeristy of Southern California (1969
Nakayamﬁ' Y., Proc. fourth I.C.E.C., EindﬁQVen, p. 133-35 (1972)
Nakayama Y., Proc. Fifth I.C.E.C., Kyoto Japan, f. 129-31 (1974)
Park J.G., Phys. Rev.\Lett. 15, 352 (1965); 16, 1196 (1966)
Pippard A.B., Phil. Mag. 19, 217 (1969) |
- Sekula S.T., Boom R.W. .and Bergeron C.J., Appl. Phys. Lett. 23‘102 (1963)
Silcox J. and Rollins R.W., Appl. Phys. Lett. 2, 231 (1963)
Sugahara M., Jap. J. Appl. Phys. 9, 625 (1971) |
Sugahara M. and Kato S., Appl. Phys. Lett. 19, 111-13 (1971)
Swartz P.S. and Hart H.R., Phys. Rev. 137, A818 (1965)
Taylor H.F., Appl. Phys. Lett. 11, 169-71 (1967) _
TimmSJW.E..and LeBlanc M.A.R. J. Phys. F, Metal Phys. 4, 136 (1974)
Ullmaier H.A. and Gauster W.F., J. Appl. Phys. 37, 12, 4517 (1966)
Walmsléy D.G., J. Phys. F 2, 510 (1972) . |
Yamafuji K.,’P;;cx Fifth I.C.E.C. Kyoto Japan, p. 152-34 (1974)
Yémafuji K., Kawashima T. and Tchikawa H., J. Phys. Soc. Japan.ég, 581
- (1975) '
Yasukoshi K., 6gasawar; T.; ﬁsui N., Kolayashi H. and Ushio S., J. Phys.
' Soc. Japan 19, 1649-61 (1964); J. Phys. Soc. Japan 21,
80-88 (1966)

Zahradnitsky A., M.Sc. Thesis University of Ottawa, Canada (1973)

[}






