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» Abstract

This thesis consists of two separate ports reporting on two distinct

projects.
Part I

The magnetic behaviour of disks of V and VTi rotating slowlf in a
static magnetic field HO directed pcrpendicﬁlarly to the axes of rotation
and along the flat faces of the disks has been investigated. The compo-
nents of the average magnetic induction, <B:> and <By>, parallel aﬁd‘;;r-
pendicular to Ho’ are monitored continuously with two orthogonal pick-up
coils embracing the disk, during the evolution to the quasi-steady state
and thereafter as a function of the angle of rotation of the disk.

The magnetic response of the disks has also been measured at rTest

as Ho is slowly raised from O to HC, and subsequently cycled between +Hc

=

2

&

and -ch. The expulsion of flux as the disks cool from T  to 4.2 K im
various Ho has also been determined. From these data information is
extracted on (i) jé vs B where jé is the magnitude of the gradient of the
critical B profile, and (ii) IR and Ié Vs Ho where Ig and I{ are the
surface steps operating during exit and entry of flux. This information
is of intrinsic interest.

A simple but crucial picture is proposed for the evolution and final
configuration of the B profiles as the disk rotates. Exploiting this
model it is then possible to predict ¢£, the flux remaining in the diskA
and rotating in step with it as 2 function of HO and for several initial
states. The model is pursued using (1) simple analytic approx;matioﬁs
for jé and (ii) the detailed data for jé(Bf and the surface steps men-

tioned above. The model proposed is novel and of basic significance since

. . v
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- it leads to a flux expulsion phenomenon independent of the rate of rota-

tiom.

- - ~

Bean has proposed that the criyical gradient of the B profile should
be_appreciably shallower where the direction of the local riagnetic induc-
vion B(x) varies or rotates with distance inside the supercoqggftdf i

-
compared with the situation. where B(x) is unidirectional everywhere. The
: T N
present observations indicate that the gradient of B is essentially

-

unchanged in the rotational configurition.

The simple empirical rule de/fdx = * qujé is “proposed to describ?
the rotation of the magnetic induction with depth: Using this prescrip-
tion and the previously extracted data for jé, <B;> and <B > are quputed
dgring the evolution to the quasi steady state and in this state. -R\good
agreement is obtained with all tEe observations in various Ho-and startiﬁg
with different initial states.

The model is then introduced into general expressions for f%,j dv dt
and ¥ = sin_l([g x J|/EJ) which are derived from first principles. This

analysis shows that this model &dequately describes the energy dissipated

under rotation although it does not satisfy the conditiom, E X J =70.

Part II

The velocity of propagation of flux jumps in wires of type I1 super-
conductors'carrying.a transport current and axially magnetized in 2 longi-
tudinal magnetic field H,, has been investigated. ]

Two distinct mechanisms responsablé for the propagation of the
collapse of the supe;conducting state were identified: thermal coupling and

clectromagnetic coupling. In the thermal mode , the velocities are smll since they are

governed by tiermal diffusim and ghe destruction of the superconducting state is



-V -

radially symmetric. This occurs wher' |<M_>| is zero or not too large and

I-is not too near Ic' when the wire is strongly axially magnetized and/or

- 1 is near Ic’ flux avalanches occur and electromagnetic coupling deter-
mines the velocity of propagation. The velOC1t1es are large since they

are not limited by the rate of thermal drffu51on. Further. the flux jumps

St
-

are a: 1muthall\ asymmetric and follow hellcal trajector1es along the
wire. |

For both modes of propagationf_exrensive data are presented on the
dependence of the velocity on I, Ho and <M_>. The Eelical'path ﬁollowed _
by the flux jumps is also_determined as well as its dependence on the

variables just-enumerated.
- ——— .
The correspondence between Ufj’ the energy dissipated during the
- A
- fiux jump and its velocity of propagation V is explored.' The initial

B andsB6 roflles needed for the calculations of Ufj are estimated in

the spirit of the Bean-London approx1mgzion. A strlklng correspondence

"~

between the observed V vs I famllles of curves and the calculated Ufj vs

’

I families of curves is observed indicating that V is f tionally relﬂ—
L “
ted to Uf.. To delineate this relatlonshlp quantitatively, plots of V

L )
and V /cos é VS UfJ are presented where ¢ is the dlrect1on’)f ad?&hge of

2

the helical flux Jump hlth respect to the axis of the wrre. These plots

enable us to determine therthreshold energy- for proPagamlon and indicate
e o /

that the flux flow resistivity plays an important ro&e in controlling V.

-

The assumption that the flux iumps follow helical paths correspon-
ding to the average helical configuration of the vortices in the region

where the transport current flows is pursued. A simple arithmetic average

of the Bean-London approximation for the Be and B_ profiles 1s used. A

comparison of these estimates -for ¢ with observations indicates that the”

basic idea is valid.
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ROTATIONAL HYSTERESIS IN TYPE II SUPERCONDUCTING DISKS‘
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Chapter 1

Introduction

1.1 Historical Bdckground

-
L]

Séveral workers have investigated the mechanical response of super-
conducting cylinders and disks when rotated in a static magnetic field
H directed perpendicularly to the axis of rotation. Iﬁ these studies -
the axis of the cylinder or disk is chosen as the axis of rotation as

shown schematically below. In all previous work, researchers have
. )

>

13 | >

<+

-+ . .
monitored the mechanical torque T generated by the interaction of the

magnetic moment_j of the specimen with the applied magnetic field ﬁ,

-

where -
-> - -
T = W x H,

By measuring the magnitude of the torque as a function of the angle of

rotation of the sample or of the field ﬁ, the magnitude of the magretic

- e -
moment and its direction & with respect to H can be determined:

/(:

Py

T = 1y H sin 8.



If the specimen is an ideal type I or type 1T superconductor in the
perfect Meissner state, hence H at the surfaze of the saﬁple is main-
tained below H_ or H,,, the flux expelling currents are in equilibrium
with the magnetic induc%\gn in the penetration depth. These super-
ficially-flowing currents are of course confined to the boundaries of
the specimen but are not 'attached" to the lattice of the s;mple. Thus
their spatial configuration is independcnt'of the position of the
lattice and no torque should be obsexved. Deviations from such behaviour
have then been attributed to hysteresis i.e., the trépping of flux by
irregularities at the surface or in the bulk of the specimen (Condon 49;
Fritz 49, 50).

If the specimen consists of an ideal (reversible) type II supercon-

ductor in the mixed state the situation is considerably more interesting

-

and compllcated The conf1gurat1on of the flux line lattice is presu-

N

mably in equlllbrlum with the magnetic field before the rotatlon of the

tb-

specimen begins. When the sample rotates, the interactlon-of the flux
lines with each other and with the magnetic field will tend to maintain
this equilibrium arrangement. _£onsequently the vortices are dragged
through the lattice of the sample, and viscous forces come into play
which disturb the initial configuration (Fuhrmans 76, Schafer 76).

These viscous forces are velocity-dependent, so that the magnetic moment
and therefore the térque generated during rotation will be functions of
W, ;he angular frequency of rotation, as well as of H/ch. The data then,
in principle, should shed light on the velocity dependence of the
viscoug forces. Unfortunately, this idealized situation is difficult to
achieve in practice. 1In the studies performed to date, pinning forces

appear to play a significant role and tend to obscure or mask the contri-



. s
bution of viscosity -effects to the phenomena. Clearly, then 1in situa-

tions where the pinning forces are dominant, the observations can also

-
-

yidld information on the interaction of the flux lines with the pinning

. -

P

sitess o

‘

It is important to note that regardless of the specific pufpose of
the investigation it is not essential %hat the sample undergo continuous
rotation. Several investigators have opted to study the response of the
sample when it 1s made to oscillate at various chosen frequencies and
amplitudes (Andronikashvili 67, 69, Ashimov 76).

In situations where pinning piays a major role, ﬁse}ul information

can be obtained from measurements of the mechanical torque as a function

of the angle through which the sample *is rotated. The maximum torque
1

-
: ] . . K
generated is particularly sensitivexso the anisotropic configuration of
' N\

the pinning (Milne 72). In this context we note the classical work of
Wipf (Wipf 64) on the relationship between pinning and major lattice *
planés in a single crystal sample.‘ -

Extensive studies have also been made using configurations which
have some similarity with the arrangement just described. In order to

place the present work in proper context it 1is worthwhile mentioning

these endeavours and their basic differences with this work. The inves-

tigations of the gyromagnetic effect and of Faraday disk voltages are ( ‘

*

noted. The arrangements for these experiments are shown schemagically
on the following page. The crucial difference between theée experiments
and the present w;rk is that here the applied magnetic field H is direc-
ted along the axis of oseillation or rotation.

In the experiments on the gyromagnetic effect (diagram (2) ), the

applied field H varies in amplitude and in frequency. - The amplitude of
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a) : ~ B)

the oscillations of the sample and thelr damping provides information on
the ratio of the magnetic moment'and the angular momentum assoclated
with the persistent currents circulating in the superconducting specimen
(usually in the form of a sphere) (Pry 52, Broer 47y,

In the work on Faraday disk voltages, the superconducting sample,
which may be a cylinder, disk or sphere, is rotated continuousl?“?xligp
stationary épplied field directed as shown in diagram (b}. The emf’é
generated between the axis of rotation and the periphery of the sample .
is monitored with the voltmeter V as a function of H, which deterﬁine§

. ) bl
the magnetic state of the specimen and of the angular frequency of rota-
tion w. The emfrﬁgn be written |

g = J B(r)v(r)dr = w J B(r)}r dr = w¢
0 "0 :

where B(r) is the spatially-varying magnetic £lux density and ¢ is the

total magnetic flux threading the sample (Wexler 50, LeBlanc 66) .

1.2 Motivational Background

In the present work it was decided to monitor the total magnetic
moment of the sample 'directly" or nelectromagnetically". This 1s

achieved by encircling the disk with®two orthogonal pick-up coils. The



experimental details are presented in the next section of this chapter.
Clearly this apprdach is equivalent to-the method of measuring the mecha-
nical torque exploited by previous workers. It is believed that this
;echnique is experimentafly simpler than the alterna;ive. This arrange-
ment, however, does not lend itself readily to measurements of the fre-
quency dependence of the phenomena. However the intention 1s f;rst to
chncentrate on and examine thie phenomena in the range of "zero" frequency
or infinite period. It is believed that it is more prudent and profita-
ble to élucidate the time-independent features of 2 phenpménon before
undertaking a study of its more complicated time-dependent aspects.

Two limiting gedmetries are amenable to analysis: the long (infinite)
cvlinder and éhe disk. Attention is focussed on the latter for the
following important reason. A major program of this laboratory is the
study of the behaviour of type 11 superconductors in what is frequently
.referred to as the longitudinal geometTy. This is the ;ituation where
the transport current is made to flow along the length of a specimen in
a magnetic field which is itself applied along the length of the‘sample.
Generally the samples have simple shape; such- as ribbons, wires and
hollow cylinders. Remarkable phenomena are encountered in the longitu-
dinal geometry which contrast dramatically with those observed in the
transverse case where the magnetic field is applied perpendicularly to
the transport curreat. In particular, the critical current I. can be
appreciably enhanced and hysteresis (A.C.} losses considérably diminished.
It is noted that in the longitudinal arrangement, H (the total magnetic
field at the surface of the sample) oscillates in direction between —-%

and % as it changes amplitude when the conduction current undergoes full

wave cycles. The situation is shown schematically in the accompanying



sketch.

It is also noted that Hs = #gg/ + (kg IfzrrR)2 oT Vﬂ?} + (uo I/2)2

for the cvlinder and the wide ribbon (taken as an infinite slab) respec-
tively. Here My = 41 X 10"NXA‘ in SI units (this system will be used

throughout the thesis) and R is the radius of the cylinder. The longi-

I | I~

N

Hll
S

tudinal‘%ompcqent of the external field is usually kept constant in this
work. Note that for the ribbon geometry it is not necessary that the
transport current be fed into the sample through leads attached to 1its
ends an? connected to 2 curren£ supply. The current can be generated by
induction 1 e. made to flow along the ribbon by varying an externally

applied transverse magnétic‘field H,

directed along the flat face of the

H

ribbon. This situation is shown L
—————

schematically in the accompanying "

-
— e v il v =t rm R

picture. In this case




H = (Hi/ + H%L )3.
In all these situations, as the external maggetic field HS changes

.in.magnitgde and directioﬁ: vortices migrate into or out of the sample.
Since Fhe orientation of the external field changes with time, the

_ vortices enter (or leavg) the 5pécimen in various directioné} which also
varybﬁith time. Consequently the orientation of the rows of vortices
in§ide the speciﬁen varies with depth at any given time. These measure-
ments then provide valuable information on the beha;iour of a lattice of

vortices where adjacent planes oT TOWS differ in orientation as shown

schematically in the diagram.

It should now beygmphasi&ed
thif it is immaterial whether it ] _,,—«”1 ——”””W\W""”f”"
is the specimen oTr the,extefnal . \1 ‘1 3
magnetic field which oscillates

or rotates. A These two situations

are physically equivalent and the ' L\ L;
behaviour is expected to be . k\\L’;"”’ L”””’#

identical.

With a disk rotating (oxroscillating) in a static magnetid field.

-

directed perpendicularly to the axis of rotation (or oscillation) 2

%

situation is encountered which 1is jntimately related to woTk just out-

lined. Planes of vortices are created at the surface of the disk which
differ in orientation as the disk (or the field) Totates OT oscillates.

The major differences between these various situations are not fundamen-

“+al. For the Totating oT oscillating disk, the amplitude of the field

Hs is kept constant whereas its transverse component generally’varies

-

sinusoidally with time jn studies of A.C. losses in wires and Tibbons.

+

&
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i : .
\  Further, the change in direction can readily be made to exceed ©/2 in

thg\inyestigations with osecillating or rotating-disks.

’;ince disks and cylinders are basic and simple geometries, their
behaviour and the hysteresis losses they exhibit under oscillation oT
rotationare of considerable techndlogical interest for applications of

type II superconductors in rotating machinery and other situations where

0 swings in intensity and direction.




CHAPTER 2

¥

Experimental Arrangement and Procedures

%]
y—t

Introduction

Samples in the form of thin disks are mounted SO that they can be
rotated slowly and continuously or incrementally 1in a stationary exter-
nally applied magnetic field H0 directed along the flat faces of the
disk_and perpendicularly to the axis of rotation. The magnetic moment
of the disk as it is rotated is monitored by two orthogonal pick-up -
coils which embrace it and separately feed electronic amplifier-integra-
tors driving>Y axés of an X»Yle recorder. A signal proportional to the
angle 8 tﬁzgugh which the disk 1is rotated drives the X axis. The magne-
tic behaviour of the disk is independent of the rate and Tanner of
rotation in these investigations.

The magnetic behaviour of the disk at rest 1s also measured as the
externally applied field is swept slowly from zero to H o and subse-
quenily cycled between +H 5 and - Heo o« The temperature of the disk can
be varied from the ambient 4.2 X of the helium bath to above T..- The
initial m;gnetic state of the disk can thus be controlled before rota-
tion takes place. Further the expulsion of flux from the disk can then
be measured (partial Melssmer Effect) as it cools from T, to 4.2 X in
various static applied fields H.

Pertinent details on the sample, salient features of the experimen-

tal arrangement and procedures and comments on the data are now provided.

2.2 Experimental Arrangement and Procedures



- 11 -

The magnetic behaviour under rotation of disks of two type II super-
conducting materials, V and VTi at 4.2 K has been investigated. The V
disk samples were cut on a metal lathe from a cold-rolled sheet of high
purity vanadium as it was received. The standard magnetization curves
and the behaviour under Tdtation of a second Vv disk cut from the same
sheet but. with a smaller diameteT (12 mm) have also been investigeted.
The main purpose of these auxiliary measurements was to determine whether
edge effects played a significant role in our data. These two disks .
exhibited magneti:atién curves which overlapped within experimental
accuracy. We present only the data for the wider disk, for which our
measurements were more extensive. The VTi disk was also‘cut on a lathe
from an ingot of V (75.6 at %)}Ti produced by Materials‘Research
Corporation and prepared by melting together in an induction furnace,
high purity triple zone refined V and Ti starting materials. The samples

were not treated 1n any way after cutting. ~ Pertinent data on the two

- Q

disks is presented in Table 2-1.

Table 2 -1
Sample Diameter | Thickness Hcl ch . Source
() (i) (tesla) | (tesla)
Vanadium 19 0.27 0.0275 |0.1650 | 2.3 |(1IT.W.C.A.
V(75.6 At %)Ti 9.5 0.80 0.0075 .| 2.5 23 (2)M.R.C.

]

(1) Teledyne Wah Chang Albany

(2) Materials Research Corporation

The values of ch and Hcl at 4.2 K are estimated from the standard

magnetization curves (see Figures 3-1 and 3-7). The Ginzburg-Landau



parameter x 1S evaluated from these data combined with information from
“the area under the estimated reversible magnetization curve and its
slope near H_,. The procedure we have followed to extract this and
other information from the standard magnetization curves and flux expul-
sion data.(cooling curve) is developed in detall in Chapter 3.

The experimental arrangement 1is illustrated in Figure 2-1. The
electrically insulated disk is embraced by 2 non-inductively (bifilar)
wound heater made from #38 enameled manganin wire. This sample heater
assembly is placed inside two brass cups. It is thermally and clectri-
cally insulated from +his metallic enclosure and rigidly held in place
inside of it by mylar spacers. The two 1cads from the manganin heater
emerge through two slots and are soldered to the brass cups. The two
cups are electrically insulated from each otﬁer by a delrin ring. The
electric current feeding the manganin wire heater enters the brass-cups
via sliding electrical contacts made from phosphor-bronze (relay) Strips.

Each brass cup and its axle {axis o€ rotation) aregan integral
unit. The two brass cups aTre attached rigidf;:iogethe;. The axle of
one brass cup 1S5 coupled to an& rotated by a worm gear system fixed
solidly inside & samplé holder which is jmmersed in the helium bath.

The sample holder is mounted inside and attached firmly to the supercon-
ducting solenoid. fhe worm gear system driven via a straight rotating
shaft extending-to and emerging from the top plate attached to the
helium dewar. The shaft of a ten-tum potentiometer is coupled to the
driving shaft and rotates in unison with the sample. A constant voltage
is applied to the potentiometer and the central tap provides a signal
which is then proportional to the angle 8 through which the disk is

rotated starting from a known zero setting. Further, indicator markings

[+



Figure 2-1 a

Experimental arrangement: System of orthogonal pick-up

coils embracing the sample assembly.

v
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brass cup
\ mylar spacer
/ bifiﬁgi\ﬁgater
specim&q
delrin ring

Al \.

axis of rotation

L

Figure 2-1 b Cross section of the sample assembly.
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on the disk and other components enable us to establish the angular orien-
tation of the disk with respect to the axis of the superconducting sole-

noid. This feature is important in the determination of anisotropic

behavidur,

Two orthogonal pick-up coils embrace the rotating disk assembly.
These pick-up coiis are immobile inside the solenoid and are oriented to
embrace the magnetic flux threading the sample in the directions parallel
and perpendicular to the applied magnetic field. Each of these pick-up
colls contain-17,000 turns of #48 copper wire. Each pick-up coil is aiso
constructed of two halves which are separated when the sample assembly is
inserted. They are then joined physically and eiectrically and firmly
fixed in place around orthogonal diameters of the‘sample. The pick-up
coil monitoring the magnetic moment in the direction of the appliecd field‘
is connected in series opposition with 2 balanced pick-up coil which does

’\EDE sense the field of the sample but is positioned to respond to varia-
tions of the applied field. Each of the pick-up coils separately feeds
an operational amplifier-integratoT (PAR Model 215) which drives the Y
axes of an X—Y,Y2 recorder.

In tracing standard magné?ization curves, (curves where the disk
does not rotate), the X axis is driven by a signal proportional to Hy-
For measurements of the flﬁ% expulsion during cooling from T, to 4.2 K
(or flux entry upon heating from 4.2 K-to Tc] the X-axis can be driven by
a signal proportional to +he heater current., When monitoring the magnetic
behaviour under rotatiom, +he X axis is driven by 2a signal proportional
to 6§, which is obtained from the potentiometer arrangement described
pefore.

As is standard practice the signal along Ho is calibrated on the

~

(



assumption
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that no magnetic flux threads the specimen when HJ is increased

from_:ero to a small value with the disk initially in the virgin state

(i.e. cool
which this

from the s

ed from 'I‘c to 4.2 ¥ in zero field). The magnetic field at
signal ceases 1O be linear is taken to be Hcl' The signal

econd (the orthogonal) pick-up coil is calibrated in the

following way. Magnetic fiux is trapped by cooling the. disk from Tc to

4.2 Kina
flux ¢t is
continuous
been calib
rotated (¢
turns & si
sinusoidal
tional to
electronic
should be
The m
solenoid o
The axis o
sample soO
The applie
volume of

ted to be

2.3

n arbitrary field Hy» which is then removed. This trapped
a known quantity since the pick-up coil embracing it, and
1y monitoring the magnetic moment as Ho is removed, has alreadf
rated by the procedure just described. As the disk is now
ontinuously or igcrementally) through an arbitrary number of
gnal from the second pick-hp coil is observed which varies
1y as a function of 6. The amplitude of this signal is propor-
¢t’ which is known. Thus tﬂe second pick-up coil and its
amplifying-integrating—recording system are calibrated. It
stressed that this calibration is model independent.
agnetic field Ho is provided by 2 superconducting NbTi wiTe
£ 4.5 cm inner diameter, 7 cm outer diameter and 18 cm length.
f the solenoid is perpendiculér to the axis of rotation of the
that Hj is directed parallel to the flat faces of the disk.
d field is estimated to be homogeneous within *1 % Qver the

the disk sample. The possible maximum misalignment is estima-

+ 2 degrees between Hj {the z-axis) and the plane of the disk.

Experimental Results: Standard Magnetization and Flux Expulsion

Curves.

The magnetic Tesponse of the disk specimen at rest as Hy is raised
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from zero to ch and subsequently cycled between +ch and _ch is conti-
nuously monitored. The applied field is varied smoothly and slowly to
ensure isothermal conditions and to avoid flux avalanches. Typically
uodﬁo/dt b 10_2 tesla per sedond in our work. The locus of the magneti-

. <B> . C.
zation <M» = - Ho vs HO is referred to as the standard magnetiza-

o
tion curve. These measurements On the V and VTi disks are presented in
Chapter 3 (Figures 5-1 and 3~7) where they are analyzed in detail and

information is extracted for use ;n the interpretation of the magnetic

behaviour under rotation.

The standard magnetization
. . 4 Hybrid
curve consists of four distinect :
sections or branches and the - <M
. Diamagnetic
reader is referred to the accom- 1 gnv
-~ . 5 cooling <
panying sketch for aid in identi- 0 _ \
. . H* H
fying these segments and their
2

properties. The magnetization + <M> Paramagnetic
curve as Hy js initially applied

with the sample in the virgin

state is known as the diamagnetic curve (since <B> < uoHo) and consists
of two branches or sections depending on whether Ho < H* (branch 1) or
Ho > H* (branch 2. According'to current models, there is a central
{egion of the sample where B = 0 when Hj € H*, whereas B > 0 everywhere

~ -
in the sample when Ho > H*. The traditional practice of presenting the

diamagnetic curve in the first quadrant is foliowed here. The magnetiza-

tion curve as HO is reduced from * Hc” to zero is known as the paramagne-
2 e
tic curve, since hére generally <B> > “oHo (except in the case of semi-

reversible samples where +he curve may perform an excursion into the
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first quadrant}. This branch or section is 1abelled as (3). The branch
of the magnetization curve where H0 increases in magnitude from*;ero to

+ H* after an excursion to Jch

N

is denoted as the hybrid magneti:étion
curve, since it contains regions of magnetic induction of positive (nega-
tive) polarity surrounding regions of negatiJe (positive) polarity. HY
. “

is the applied field, at which the hybrid branch joins the diamagnetic
curve. Above H*, the magnetic induction B in the sample is entirely of
the polarity of Ho and the hybrid configuration no-longer exists.

1t is found that the hybrid magnetic configuration is often parti-
cularly unstable and it is mot alwavs possible to trace out branch 4
cokinuously since flux jumps occur even though special precautions are
taken to vary Ho extremely slowly and smoothly. In such situations
various stratagems can be exploited to map out the envelope of this
branch, at least approximately. Such stratagems were not necessary with
the presenf samples alepough special care had to be taken during the

sweep of Ho throug&dzg&gzregion. T

+

-
As the sample cools from T, to the final temperature (4.2 X in this

work) in a static applied field, flux is expelled and a diamagnetic
moment develops. This expulsion-of flux is impeded by pinning in the
body and at the surfaces of the specimen; hence the diamagnetic moment
which arises is frequently referred to as the partial Meisner Effect.
This convenient and frequently used iabel is evidently a misnomer since
above Hcl the flux expelled, even by the ideal fype 1I superconductor,
corresponds to only a fraction of the flux permeating the sample in the
normal state. The fraction of £lux which is expected to be expelled in
the ideal case has been calculated by Abrikosov (1957) and is known as

the Abrikosov diamagnetism. The correct but more cumbersome expression
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for flux expulsion in the non-ideal case should then be the "paftial or
imperfect Abrikosov diamagnetic effect". The diamagnetic magnetization
which occurs du?ing cooling from Tc sn various static fields Ho contains
important information and constitutes an integral part of the standard;
magnetic behaviour characterizing a specimen. This curve is often deno-
ted "the cooling.curve' and it is labelled branch (5) in the above sketch

E
and in the data. The measurements of this curve for the V and VTi disks

are presented in ‘chapter 3 (Figures 3-2 and 3-8) where it 1s analyzed
togefher with the other branches which it complements. Unfortunately

many workers fail to include this curve and branch 4 in their characte-

rization of a specimen.

tJ

.4 Experimental Magnetization Curves under Rotation.

The variation’%f the components of the magnetization with 8 {the
angle of rotation of the disk) as the disk rotates in a static applied
field Ho is now considered. HO is directed along the z-axis and the

\

axis of rotation is the x-axis. Let <B_> and <B > represent the instan-

L

—_
o

taneous average magnetic induction components along the z and y axes 4

!

respectively. It is stressed that <B_> and <By> are spatial averages of
bl -
the components of B(x) over the thickness X of the disk. The components

of the magnetization are defined by the relations

<B_ > <B_>
M> = —=—- H_ and <M >= _——L— (2-1)
rA uo 0 Y UG

The disk is rotated slowly and smoothly, typically at the rate of
one turn per minute; The rate of rotation has been varied by factors of
about 4. No change in thé resulting gurves was observed. It is stressed
that the rotation need not .be continuous and can be accomplished incre-

mentally-(stepwise). 0f course, the instantaneous rate of rotation da/dt

'



during each increment A48 is then kept small. The components of the mag-
netization do not vary with time when the rotation is interrupted in .

this way. This provides further evidence that viscous effects play no

role in the phenomena observed,

A representative set of recorder tracings is reproduced in Figure
2-2. The curves are displaced vertically for convenience of viewinge
The data shown in Figure 2-2 was obtained after cooling the V disk in
the magnetic field Ho indicated at the extreme Tight along each curve.
This field is maintained constant in magnitude and direction.as any given
pairs of curves is mapped out. For the data shown in Figure 2-2, the
initial magnetic moment (the flux expulsion diamagnetism uO<Mz>ex) is
small. It can Teadily be obtained from examination of Figure 3-2. In
the actual measurements the initial magnetization can also be determined
by the vertical motion of the pen re?order as the sample cools from T.
before the rotation begins. &he 1ower set of curves in Figure 2-2 1s
presented again in Figure 2-5 as graphs of <B > Vs 8 instead of uO<MZ>

vs 8, since the former may be easier to visualize. The horizontal dashed

lines indicate <B_ > = 0 for the corresponding curves.
- &>

\d"“

Figures 2-2 and 2-3 must now be interpreted. Attention is first
focussed in the upper three curves of Fig. 2-3. Note that here Ho < H*;
the amplitude of the oscillations deéreases with increasing 6. Eventually
(this is more evident in the continuation of these curves to larger 9
ﬁélues] the amplitude of the oscillations stabilizes and subsequently
<B_> oscillates at constant amplitude about 2 mid-level or base-~line.

The height of this bage-line or "D.C. Component' can be evaluated in a

variety of ways. In particular, an average of <B_> can be taken over

one, two Or nore cycles in the range of large 8. Let <§:3 denote this
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average per cycle, and note that €§;3 is. increasing monotonically with
H, for all of the curves in Figure 2-3. (Following Bean (Bean 1970) the
behaviour when the amplitude of the oscillations has become constant‘is
called the quasi-steady state.) The base-line or D.C. compo;ent <§:3 is
a measure of the c-component of the “fraction" of the configuration of
the magnetic induction §(x) which is Egs_rotating with the disk in a f/’\\;\\h
quasi-steady state. Turning now to part (a) of Figure 2-2 showing <B;> ’,‘ﬁ\\
vs § it is seen that a base line OT D.C. component <§:5 is evident, and
can also be obtainéd for each value of H, from the data at large 8.
Thus <§;5 is a measure of the y-component of the "fraction" of tﬁe
configuration of the magnetic induction g(x) which 1s Egz_rotating with
the disk in the guasi-steady state. In chapter 5 a model is developed
which quantitatively reproduces the data obtained on <§:3 and <§:3 \ES
éo for thg V and VTi disks.
The lower 2 curves of‘(a) and (b) of Figure 2.2 are now examined.
Note that in the quasi-steady state (range of large 8):
a) The oscillations of <M > and "<M_> have 3 period of 2m. Also, .
thé oscillations of <My> are shifted by 7/2 with respect +o the oscilla-~
tions of <M > - Hence these oscillations are in step with the rotation
_of the disk. ‘
b) The amplitude of the oscillations of <M_> and <M > are equal
for corresponding Ho.
¢) The direction of the oscillating (rotating} <Bz> (8) and
<By> (8) extrapoiated to 8 =0 corr;;;onds to the direction of H,.
These considerations jndicate that in the quasi-steady state there

exists a quantity of flux ¢% which is trapped in the disk and rotates

with it. This guantity of flux can be appreciable in view of the magni-
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tude of the sigﬁals it generates as it sweeps in and out of the orthogo-
‘nal pick-up coils, From the present observations of the amplitude of
the stabilized oscillatory signals <B:> and <By> vs 8 a quantity is deter-
mined as a function of HO which is denoted by <B>rot' Further, this
quantity is found to depend strongly on the initial magnetic staté of
the disk, (that is, on whether the locus of its initial magnetization -
_ 1ies on branch 3, 4 or 5 of the standard ﬁagneti:ation curve). In Chapter
4 the curves of <B>_ . VS Hy obtained for the V and VTi disks under rota-
tion starting with different jnitial magnetic states will bé presented
and quantitatively interpreted. .

Figure 2-4 shows éurves of <M > and <M_> Vs 8 generated by the
model developed in chapters 4 and 5. These theoretical curves should
be compared with the corresponding experimental curves shown in Figure
2.2. Evidently, the model proposed here can describe the evolution to
the quasi-steady state as well as the behaviour in the quasi-steady state
quite satisfactorily.

2.5 Anisotropy of Pinning

Inspection of the upper two curves of (a) and (b) of Figures 2-2
and 2-4 féveals +hat the theoretical curves at high fields (HO > H**)
exhibit a plateau in the quasi-steady state, whereas the experimental
curves continue to oscillate. It is also noted that these oécillations
have a period of half the period of rotation of the disk. Furthermore,

in Figure 2-2 the phase of these oscillations is shifted with respect to
' 3
the rotation of the disk.
These residual or parasitic oscillations can be attributed to aniso-

tropy in the pinning (bulk and surface) of the disk. This explanatlon

\
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cooled in the field Ho.



is consistent with the observation that the period of these residual oscil-
lations is half that of the disk, The magnetic moment will be large
whenever ep, the direction of strong pinning in the disk, is parallel (or
antiparallel) to H, and will be smallest when ep is perpendicular to H,.
The direction of ap, however, need not necessarily coincide with the
direction of Ho when the sample becomes superconducting and the rotation
begins, unlesslprecautions are taken to ensure that this is the case.
Consequently the phase shift can be decreased oT increased from 0 to /2
by varying the initial orientation of the disk. It has indeed been veri-
fied that the phase shift varies in step with changes in the initial
orientation of the disk.

To explore and evaluate the pinning anisotYopy the remanent magnetic
moment generated by reducing Ho from near ch to 0 with the disk at
rest has been measured as a function of the orientation of the disks.’
These Tesults for.the vV dE;i are presented 1n Fig. 2-5. This curve
provides an unambiguous measute of the anisotropy of the bulk pinning
since IR = IA = IB = 0 when Ho = (0. (These terms and associated concepts |
will be explained in the next chapter.) It is noted that the period of
the anisotropy is indeed =, as expected. Further the magnitude of the
oscillations in Figure 2.5 is consistent with the magnitude of the resi-
dual oscillations in Figure 2-2, bearing in mind that jé, the gradient
of the B profile, varies with B.

It is not teoo surprising that the pinning in the Vv disk is anisotro-
pic, since the sheet from which the sample was cut, was not annealed
after cold rolling. The direction of maximum pinning coincides with the

direction of cold rolling. It ig_sufprisihg, however, that the VTi disk

should also display anisotropic pinning ‘behaviour. This disk was cut on
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"% a lathe from an ingot, so that no preferential orientation should arise

from this step in the fabrication. It is conceivable that the manner

of preparation of the ingot produced a preferential orientation of the
grains. A microscopic study of the structure of the Spécimen has ngt

-vet been undertaken.

These oscillations, although annoying (since they introduce undesi-
rable complications) do not significantly affect the final results. This
feature is taken into account in the measurements in the following way.
The standard magnetization curves and the flux expulsicn curve presented
and analyzed in the next chapter were measured with ep directed at 45° to
Ho’ and thus at an orientation of intermediate piﬁning. Furthermore,
the magnetic behaviour under rotation was monitored with the disk
initialiy oriented with Bp also at 45°. This approach, in the light of
the modzl developped in Chapter 4, ecnsures that the B-profiles in the
central region are propefly characterized. The anisotropy, however,
will play a role, although not an appreciable one, in the configuration
of the magnetic induction g(x) in the active region (the shoulders of
the B profiles). Consequently this may perturb the dimensions of this
Tegion. However, since the g(x) configuration spans several radians,‘

especially at low fields, the effect of the anisotropy should average

out.

[38)

t
.6 Flux Jumps

The phenomenon of flux jumps considerably restricted the range of
+he measurements, since 2 reliable quasi-steady state cannot be achieved
under these circumstances. With due care, the standard magnetization

curves were obtained without interference Jfrom flux jumps. The rotation



of the disk, howcver; readily leads to unstable configurations of magne-
tic induction which abruptly colldpse (partially or tptally) i.e. flux
jumps or avalanchies occur. Flux jumps are encountered in the ranéc of
applicd fields for which the average magnetic flux density <B> is near
the maximum of the pinning function (sce Figures 3.6 and 3.12), and
their magnitude increascs rapidly with the pinning strength., This

,
feature has been a determining factor in the selection of samples, since
the ideal sample for testing the model presented in Chapter 4 is one v
with a minimum of surfacc steps in the B profiles (these being very diffi-
cult to evaluate ﬁgecisely) and weak pinning properties to minimize
flux jumping. The second criterion being more imperative than the first
one, it was necessary 10 Ehoose samples in the class af tvpe II super-
conductors which can be called "partialiy” or "semi'- reversible type II
superconductors although the appreciable magnitude of the surface steps

displayed by these samples rendered the analysis of the results more

laborious as we will see in the next.chapter.
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Chapter 3

Analvsis of the Standard Magnetization Curves

(72 ]
.
—

Introduction

Three major contributions to the magnetic behaviour of irreversible
type II superconductors have been identified and investigated. These arc
equilibrium diamagnetism, bulk pinning and the surface barricr. These
three basic ingredicents account for the main features of the magnetic
response of hysteretic type 11 superconductors subjected to an external
magn;tic field Ho which does not rotatc as it varies in intensity. The
locus of the magnetic moment as the field HO is (1) raised fr?m zero to

Hc’ or a high value if ch is excessively large (ii) subsequently decrea-

- -

sed to zero and (iii) increased again in the opposite direction 1s
referred to as the standard magnetization curves. In this chapter an
outline of these three basic concepts exploited in the interpretation of
these curves 1s giﬁen. In order to proceced to an anilxsis of the evolu-
tion of the magnetic moment of the samples during rotation in a stationary
field, it 1s necessary to determine the gradients and the surface step of
the magnetic induction which these cén sustain in various applied fields
and previous magnetic histories in the superconducting state. The
standard magnetization curves of the samples are thus examined and the

desired data are extracted in the framework of these basic concepts.

-

[#3]
[§8]

Equilibrium Diamagnetism.

Abrikosov (Abrikesov 57) in his classical paper developed (i) a
description of the macroscopic behaviour of ideal or reversible type II

superconductors and (ii) a detailed microscopic picture where the magnetic




flux permeating these materials consists of a two dimensional.lattice oT
regular array of quantized flux lines. The expressions equilibrium dia-
magnetism, intrinsic diamagnetism and Abrikosov diamagnetism now current
in the literature are used interchangeably to refer to this aspect of
Abrikosov's work. In this paper he derived a relationship between the
magnetic induction B and the external magnetic field Ho parallel to the
surface of an infinite half space. Here B represents a quasi-macroscopic
average over a plane embracing several vortices. This relationship
between B and Ho is shown schematically in the sketches below where B .
vs Ho and H_ Vs B are presented since it 1is sometimes useful to consider
Ho in 'equilibrium with B rather than B in equilibrium with H_. The
relationship between B and H0 ;s used to define a permeability u(B) =
B/HO(B) or equivalently u(HO) = B(HO}/HO. The ratio of the upper and

lower critical fields Hc, and Hcl is determined by the Gincburg-landau para-

meter x characteristic of the material.




Above the critical fie}d Hcl and below the critical field ch, the
magnetic induction penectrates the superconductor in flux quanta called
fluxons, vortices or flux filaments. Inside a reversible- type 11 super-
conductor in a uniform applied field Ho, the fluxons move freely in the
bulk or volume of the material and assume a uni form distribution which
minimizes the frec energy of the supcrconductor. The situation which
prevails is shown ¢chematicalily in diagram (a) on the noxt page where
the solid line rcpresents B viewed on 2 quasi-macroscopic scale. B is a
measure of the dgnsity of vortices since B = N¢o where N is the local
density of vortices and % is the quantum of flux. The vertical secgments
of B represent the reversible flux shielding or diamagnetic surface
current uOIA‘which occupies a thin region of dimension of the penetration
depth X whe%e I, = Ho - B/uo. When HO < Hcl’ this Abrikosov surface
current is identical to the Melssner current responsible for the Meissner
Effect in Type I superconductors since then IA = Ho' The current IA ‘
flowing at the surface ensures that the density of vortices, hence B in
the bulk of the superconductor, is in equilibrium with the applied field

H .
0

L]
(7]

Bulk Pinning and the Critical State Concept.

In non-ideal type II superconductors, the motion of fluxons in the
bulk of the material is impeded by imperfections and impurities. As 2
consequence the vortices'are not free to éghieve a uniform distribution.
Thus the density of vortices hence B may vary con%iderably with position
depending on the previous magnetic history of the sample in the supercon-

ducting state. piagrams (b) and (¢) on the next page show schema-

tically the situation encountered when an infinite slab is immersed in a

C
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(a) (b) (¢)

magnetic field applied parallel to its faces and where HO has increased
from zero {diagram (b) ) and decreased from ch or a high value (diagram
© )- |

These impurities or imperfectiomsof the crystal lattice which hinder

H

the migration or diffusion of flux lines in the bulk of type II supercon-
ductors are referred to as pénning sites and give rise to a pinning force
when an attempt is made to Tearrange Or displace the lattice of flux
lines threading them. It is beyond the scope of this outline to enter
into ?h_e_cﬁgi/cated interactions between pinning sites and flux lines \
which give rise to the pinning phenomenon. It is sufficient for our
purpose to -indicate that the pinning force is analogous to a friction
force since it acts only when a driving force is operating on the flux
lines. Further the pinning force density has been shown T depend on the
magnetic induction B/Hc2 and on the te@Perature T/TC (Kramer 73, Campbell
72, Fietz 69). "

The driving forcé acting on the vortices has been identified as the
Lorentz force and is given in its general form by the mathematical expres-
sion

F,o= [vx Byl x3 (3-1) v



where H(B) is the value of the external ficld HO in equilibrium with 2
flux density B (Friedel 63). H(B) is obtained from the Abrikosov ecquili-
brium condition outlined in the preceeding section. The quantity

Vv x ﬁ(B) defines a bulk transport current density F 4nd the Lorent: force

can be written:

A

B oo 3xb :

L -2}

(3]

The relation between the driving force acting on the vortices, and
the pinning force opposing their movement at equilibrium, is known as .
the critical state concept. It is essentially the force equilibrium

condition

FL' + Fp = 0 (3-3)

Note that the quantities FL and FD are forces per unit volume oT force
densities. .

When the magnitude of the magnetic field applied to a superconductor
is allowed to change, the new equilibrium field profile inside the super-
conductor can be obtained from solving this equatlon with 2 knowledge of
the initial field profile. 1In particular the magnetic field profiles

B (x) and H(B(x) ) or H(x) ‘illustr;ted in diagram (b) and (c) can be

calculated from this equation which in the slab geometry takes the form

3H(B)

B ¥x

+ FP(B, T) ,./ (3-4 a}

¢

where as has been seen earlier the pinning functién

b

isa-fpnction of B and
T. This picture is well supported by experimental/%vidence tSwartz 62,
Fietz 64, Hauser 62, Silcox 63, 64, Cline 66, Druyvesteyn 64, sBode 62).
If an infinite Slab of thickness X is considerea and B-is taken :: P
parallel to the surface of the slab and in the z direction thenlthe quan-
tity {dH[B)/dx)c defines a critical current density Jc flowing perpendi-

cularly to B, hence along the y axis and equation 3-4 a’is simply

VS



JB = FP(B, T (3-4 b)

A pick-up coil embracing an area A of width W along the y axis and
+he thickness X of this slab, will monitor changes in the magnetic flux

4 = <B>WX where

>4

[* B(x)dx -
<B>» = J ___\__. (J-S]

0

with the surfaces of the siab located at‘x = 0 and x = X. Note that
B{x) can be written

30 = | @, e s (3-6)
dx’¢ o0 '
o

where the subscript ¢ is used to indicate that the gradient of B is in a
eritical state wherever Jc exists at a critical value. |

From the magnetic response of the slab to an increase or decrease of
the externally applied field Ho’ hence from standard magnetization curves,
data on <B> vs HO is obtained directly. Further,information on the
sequences of B(x) profiles as Ho is varied can be extracted from this
data and thus, ultimately, a curve of (dB/dx). Vs 8 can be generated for
the given sample at a chosen temperature. This aspect will be developed
further later in this chapter. Since (dB/dx}c is the most readily
accessible quantity and also the pertinent quantity in the present analysis
of magnetic phenomena under Totation, it is useful and meaningful to
define an appropriate critical current density jé as follows

L= = @ (3-7)
] :

An important feature which should be noticed here is that once B(x)
and its spatial derivative have been determined, it is necessary that
the pinning function FP(B, T) be known 2lso in order to arrive at Jc

from equation 3-4(b). Generally, however, Fp for a given material is




- 36 -

not known and canmot, at present, be derived from first principles. To

5 . : . el sk . s
proceed further in this vein, 1t 15 instructive to rewrite edquation 3-4(a)

as follpws -

-

By &, - tRB. D (5-4 <)

Frequently workers have adopeed the following approach. B vs H,
hence di/dB vs B or H is determined from the‘magneti:ation curve for a
reversible sample‘of the given material. This result together with tﬁe
data on B(x) and (dB/dx)c vs B for the .irreversible sample are then
introduced in equation 3-4(c¢) to obtain Fp(B, T). Evidently this viclds
an approximetion to Fp(B,-T)to the cxtéqs that the k for the irreversi-
ble sample differs from that pertainiﬂg to the reversible one. Alterna-
tively specific forms for Fp and B vs Ho may be selecteé ab initio and
their applicability verified by constrﬁct}ng standardimagneti:ation
curves from these inéredients until agreement with observations on 2
particular material is achieve@. The dependence of Fp aﬁd'Hé on B
chosen in such an cxercise may be analyvtical or graphical. .

Aside from the difficulties encountered in detailed application 3
crucial feature-or flaw remains to be elucidated in this model incorpo-

b .
rating the concepts of equilibrium diamagnetism and the c¢ritical state.

It will be eeen below that the introduction of a surface barrier does
not completely resolve the basiclproblem. The picture that was just .
outlined, although adequate in the range Hcl < Ho < ch, fails to account
for Ehe observations when H < H,,- This aspect is now pureued.
In the context just deﬁeloped, the expe;ted behaviour of <B>
and <M> is examined - 4% Ho is decreased from above Hcl through zero to

beyond -H_; after an excursion to Hc7 or a high value. It 1s noticed in

the sketches below that because of the operation of equilibrium diamag-
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netism, B adjacent to the surfaces of the slab has diminished to zero
\

when H_ = H . where it reméin§ as H varies from + H , to - H ;. As a
¢ cl 0 cl cl _
consequence, B(x) and <B> remain undi§turbed during the sweep of HO
between these limits. Finally B(x) undergoes 2 chénge when lHol increa-
sing with "negative' polarity exceeds‘{Hcll as shown in diagram (b).
Since the magnetization <M> = <B>/uO - Ho, throughout the range
'Hcl f-Ho E-Hcl’ d<M>/dH0 = -1 should be observed. Diagrams (c¢) and (d)

present the behaviour of <B> and <M> vs H which follows from these con-

siderations _(Dunn 68, Ullmaier 66 a}.

Ci

(a)

dwy

7 “M C1 . }JoHc[ pOHO

P

(c) (d)

In contrast with these predictionms, however, all_the pertinent mea-
) -, _

surements reported in the liﬁefature as well as the ones made on the

4

L]



samples studied in this thesis,exhibit curves where d<B>/dHo # 0 and
[d<M>/dHo[ < 1 throughout the range -H_ , < H < H_; for the SitLTation
just @escribed. Evidently_something is amiss. The introduction of a
surface barrier reduces but does not completely remove the discrepancy.

~

between theory and observations.

-4, Surface Barrier - .

L2

There is considerable evidé%Fe that the surface of ;ype IT supercon-
ductors can, under certain condqéions, support an appreciable irreversiﬁ;e
current, throughout the range O‘E_Ho E_ch (Schweitzer 673, 67b, Swart:
65, Hart 67, LOV€’66, Ullmaier 66Q3 Chang 67, LeBlanc 67, Bussiére 7§).
This current is irreversible since\fﬁé 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 barrier, is also frequentlf used to denote this
capacity of the surface to sustdin irreversible currents. There 1s

some ambiguity however in the use of the two expressions since some ‘

workers visualize that a barrier to entry or exit of flux at the surface
can exist and operate with no macroséopic (free ) persistent currents
T~

circulating along the surface. In the following, the issue is ign&red
since it is not pertinent to the present discussion and the expression.
surface barrier or barrier is used because it is shorter and more pictu-
resque than the .cumbersome expression, irreversible surface current.

The origin, nature and behaviour of the surface barrier are at pre-
sent shrouded in uncertainty and controversy. Onlf a few aspects of this

intricate problem are mentioned here. The barrier has been viewed by

some workers (Fink 65, Park 65} as an extension OT continuation below



H:;\:;ﬁhwto Ho = 0 of the deGennes surface sheath known to exist in the
range ch f_Ho E-HCS’ where superconductivity in the bulk has been
quenched. On the other hand, various mechanisms of pinning of vortices by
the surface discontinuity have been prbposed (Swa&t: 65). In this
context, Bean and_Livingston (Bean 64) developed a simple image force‘
picturo/fg account for the observation that flux entry <an be delayed
beyond Hcl but the residual (remanent) magnetic moment at Ho = 0 can be
negligible. A laver of magnetic (ferro ot antiferro) metal or one of
high cdnquctivify in intimate contact with the surface can Suppress or
reduce the barrier (Barnes 66). Also ;Pe Earrier is depressed when the
surface is pierced by the applied magneéic field (Zahradnitskf 73). In
these respects, the bchaﬁiour of.thf/gnxfgss barrier is similar to that
of the surface sheath. -

There are two fea;ures of the barrier which are pertinent tathe
presént work.i (i) The height of the barrier decreases 25 Ho inéreases,
the rate of decrease being particularly rapid in the low range of H0 ~
Hey (Love 66, Ullmaier 66, Chang 67). (1i) The surface barrier may be
semi-permeable i.e. it opposes entry of vortices much more effectively
than their exit (Swartz 65, Chang 71, Rollins 67) .

The effect of the barrier on the sequence of B(x) profiles 1s now

L 4 ) .
examined as Ho is decreasing from above H through zero and beyond -HCl

. . .
after_an excursion to_ch. Let uoIB and uoIB denote the height of the

barrier wﬁen it opposes exit and'entry of flux respectively. The barrier
presumably operates in a narrow }egion of dimensions of A and is repre;
sented by a vert%cél line in the sketches below where Fhe abrupt change
in B due to equilibrium diamagnetism 1is also indic éd at the surface by

- an adjacent veftical line drawn inside the former. - B adjacent to the
!

+
—
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surfaces of the slab has diminished to zero when Ho = H - I_ where it

remains as Ho varies from this value to -Hé = - (Hcl + I

quence, 3(x) and <B> remain undisturbed\guring
these limits. Finally B(x) undergoes_gz-change
with "negative" polarity exceeds [H_; * Iél as

Diagrams (¢) and (d) present the behmiocur of <B>

from these considerations. Note that the main

cl rfﬁ‘\\\

i -
B). As a cons?
) y
the swgep of Ho betwe
when IHOI increasing
shown in diagram (b).

and <M> which follows

effect of the barrier is

to shift the base lines and thereby introduce asymmetries in the locus

Mot

pd%;—
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of <B> and <M> vs Ho. The "discontinuity'" in B at the surface due to the

combined operation of IA'and IB {or Ié) is referred to-as the surface

step or break.

Note that as the applied field is decreased from Hcl’ flux continues /r“‘
. .
Hcl' In this case, the base /

0. This also indicates that °

to leave the speéimen until Ho = 0 if IB

line and the asymmetry are shifted to Ho
the surface step passes through a maximum and decreases to Iero as Ho
approaches zero. -
The picture just outlined satisfactorily adcounts for the phen;ﬁééa
observed during the initial application of Ho to a virgin specimen and
alsc when Ho is decreased to zero from ch or 2 high value if it is
assumed that IB(HO = Q) = Hcl' T+ can also account for the smal;'expul—
‘gion of flux observed when irreversible samples cool through TC in a
stationary Ho. it also describes the magnetization curve as HO .
increases beyond Hcl + Ié after a rever§al of polarity. {he model unfor-

tunately fails to describe the observations in the range 0 < Ho f-Hcl +

Iﬁ after a reversal of polarity since experimental curves do not display

L4

a linear region{with the predicted slope under these circumstances. This
disparity between theory and reality is well known by most workers in the

£ield. The problem can frequently be ignored in the interpretation of ‘

‘many experimental results. In the analysis of the present experimental
results, however, a significant fortion of the data spans this anomalous
range. It has then been decided to proceed empirically and extract an
neffective surface step vs Hj from the locus of the measured magnetiza-
tion through this problematic region, afrer jé vs B has been determined.
The pertinent data are now presented. It is also indicated how j. VS

B and the suéfﬁce steps vs H, are obtained from this data exploiting the



model just outlined.
3.5 Application of the Basic Concepts. :

The basic ideas just outlined are now applied to an analysis of the
standard magnetization curves and to the flux expulsion measurements for
the samples under ;tudy. The standard magneti:aéion curves for the V
and VTi disks are presented as solid lines in Figures 3-1 and 3-7 at the
end of this chapter. The disks are immobile and the intensity of the
applied field Hj is varied slowly and continuously as these measurements
are made. Ho_is directed parallel to the flat faces of the disk speci-
men. In these graphs the tradition of tracing the diamagnetic moment in

™
the first quadrant is adopted. Also various sections of the locus of the
magﬁetic moment vs Ho are distinguished and labelled as -follows.

Section 1. Ho is increased from zero with the sample in the virgin

state and raised to H* defined below.

Section 2.’ Ho continues to increase from H* and proceeds towards

aéd befond ch if poss%ble.

Sections 1 and 2 afe denoted as diamagnetic curves since here the
averége magnetic ind;ction <B> < H,.

Section 3. Hj is dec‘z}‘eased from H_, or 3 high value to zero. This ‘

\
section is\ known as the paramagnetic curve since <B> > Ho.

Section 4. Ho after being reduced and traversing zero is raised
again in t@é’opposite direction to ‘H*.
For economy of space and inLiéeping with established custom section 4 is
presented in the first quadrant In-iqe Figures. The curves of the magne- -
tization coincide beyond |H0] > H* regardless of whether the sweep of Ho

-began in zero field with a virgin sample OT from H, = -H (or a large ne-

gative value). H* is the applied field where curve 4



meets curve 1. Curve 2 is then a continuation of both these curves.
Secction 4 is denoted as the hybrid curve since the sample contains diamag-
netic regions adjacent to the surface where B(x) < Ho and a central
region of trapped flux of polérity opposite to Ho. When Ho attains H*
this core of trapped flux has just been eliminated and the advancing
front of the B pagfiles has reached the mid plane of the disk (or infi-
nite slab).

It is noticed that curve 1 traverses a peak before H* is attained.
This is a consequence.of the fact that the B profiles are convex upwards
as presented in the-ske;ches. This feature follows directly from the
fact that jé diminishes as B increases.

Flux is expelled from the disks as they are cooled through TC to
the final temperature T = 4.2 K in various stationary applied fields Ho.
In figures 3-2 and 3-8 are presented tﬂe magnetization at 4.2 K resulting
from this procedure. 'The dots in these Figures are experimental data
points. It will be explained shorthly how the dashqd curves are obtained.
The curve defiﬁed by these data points (curve 5) are referred to as the
cooling magnetization curve or cooling curve, for b;evity; the sample
along this curve 1s referred to as being in the non-magnetic state
although it exhibits a small diamagnetic moment. This magnetic moment is
known as the partial Meissnér diamagnetism when H < H_, and as the
partial Abrikosov diamagnetism when H, > Hcl'

From thﬁ’freceding it is seen that a sample can be viewed as exiéting
in four different magnetic states, depending on its previous history in
the superconducting state, namely: diamagnetic, pafamagnetic, hybrid and

non-magnetic. In chapter 4 the magnetic response of the disks to rota-

tion will be examined for all of these interesting initial conditions or
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states. It is now shown how information is extracted on jé vs B and the

surface step vs Ho from curves 1 through 5 presented in Figures 3-1, 3-2,

.

3-7 and 3-8.

It is'recélled that the critical current density jé has been defined
by the relation jé = (dB/uodx)c ‘(equation 3-7). Along the diamagnetic and
hybrid curves the surface step is denoted by u Iy where Ip = (I, + Ig).

It is noticed that both IA and Ié flow so as to oppose entry of flux,
hence in a diamagnetic sense. As a consequence B inside the sample and )
adjacent to the surface lies below the applied magnetic induction uoHo.
Along the paramagnetic and cooliﬁg curves the surface step is denoted by
uoIR where IR = (IA - IB). Note that IB’ the surface barrier current
f£lows to retain flux‘in the sample, hence in 2 paramagnetic sense. Since
however, flux is expelled from the sampI;-during cooling in a static Ho
it is inferred that ]IAI >“|IB]. Thus the resultant surface step or net
surface current 1is diamagnetic along curves 3 and 5 in the Figures and B
adjacent to the surface again lies beiow “oHo’ It is cumbersome to indi-
cate the magnitude of the various quantities by the conventional || nota-
tion in cvery case. Accordingly, this notation will be used oniy when it
is useful for clarity. Otherwise the symbols willl represent the absolute
values of the quantities involved.

— A first rough estimate of j. vs B and IR and Iﬁ Vs Ho is obtained

over the range H* < H < ch as follows. From inspection of diagrams (a)

and (b) on the next page it is easily seen:that

<B> jr(<B>_JX
2 C 2 -
I - [ = -
" = Ho IR . — (3-8)
o}
B> jU(<B>_)X
K c S -
= - e —— _9
B Ho IR * 4 (3-9)

where the B profile is taken as linear. <B>, and 1<B>3 are the average

4

diamiie At
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magnetic induction in diagrams (a) and (b) respectively and are known

from the corresponding magneticzation curves (sections 2 and 3} since

<B>7
<M> = =~ - ' 3-
M>, " H, | (3-10)
o :
<B>_ ;
2
N = - 3=
and <M> 5 ” Ho (3-11)
o
In this first coarse evaluation, Ip is taken equal to Ip. This is

equivalent to assuming that, the surface barriers to flux exit and entry
IB and Ié are negligible compared to the Abrikosov diamagnetic current
I It is also assumed that jé (<B>2) = jé(<B>3) for corresponding Ho.
The sums and differences of <M>3 and <M>, for corresponding H,j then
readily provide a first crude approximation for jé(B) and IR {or Iﬁ)

since in this context,

]<M>7| - 1<M>3l
- t = - .12
I, = Ii 5 (3-12)
2 - -
and jé(<B>) = ¥ {l<M>2[ + [<M;3[} . (3-13)
where <B>/u0 A Ho - IR' Clearly this procedure overestimates Ip and
underestimates Ié.
- B
B{x), B(x), (x)g
HoHo 1 — -_llﬁ/\_’ —-F}/__'\l-_
I ]{
o e ]
Xo
- X -7 X —~ —X




Separately another crude estimate of IR and jé is obtained for the
entire range 0 f-Ho < ch using equation 3-89 and the paramagnetic magne-

tization curve (curve 3) together with the flux expulsion or cooling

curve (curve 5) and the expression

5

<B>5 . IRXO Cw IR (3-14)
- ———— -

R o X o} kJC(<B>5)

for the average magnetic induction <B>S after cooling in a statlc magne-
tic field Ho where again a linear B profile is assumed. Equation 3-14
can be written from inspection of diagram (c) above, noting that X =
i1, Taki i1 (<B>_) & j'(<B> &~ 3 i i
IR/JC aking JC( o) " Jc( B 5) ¥ JC(uOHO) at corresponding Ho in
equations 3-9 and 3-14 the other approximation is readily obtained for

IR and jé(B) from the experimental curves for <M53 and <M>S Vs HO since

<M>S = ” - HO (3-15)

From examination and weighting of these initial estimates a smooth
graph and a table of IR Vs Ho and jé vs B are constructed.

Attention is then focussed on +he exact formulation
X/2 .

<B> = B{x)dx ‘ . (3-16)

w2
o ——

for <B> where <

B(x) _ et S
e T o R J Jax! (327 \“
5 .

for the paramagnetic and the cooling curve. In the latter case B(x) =

uoHo in the region X, L X < X/2. The integrals are performed numeTri-

cally. Taking the boundary values Ho - IR’ hence IR as the quantitles
to be determined more accurately, the attention is concentrated on the
experimental cooling curve progressing computationally from Ho x H,, to

Ho = 0 along this curve generating a better approximation for IR Vs Ho'

A
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This improved table of IR Vs HO is then introduced into equation
3-17 and the same procedure is undertaken with the experimental paramag-
netie curve (curve 3). Again progressing along the latter curve from

Ho 3 H., to Ho = 0 the contribution to the integral due to j& for the

first segment Ax adjacent 1o the surface is trecated as the quantity to

be determined more accurately and thereby generating an improved graph
of j' vs B.

¢

Returning again to the flux cxpulsion or cooling curve the c¢alcula-
tions arc repeated for Ig exploiting this iﬂbroved version of jé vs B.
This back and forth procedure is pursued until the resulting jé vs B and
IR Vs Ho curves have stabilized. A computer PTOgram which accomplishes
these progressive sequential computations was developed. Finally equipped

with a satisfacgory final jé vs B curve the attention 1s then turned to
~

the experimental diamagnetic and hybrid magneti:atioﬁ-curves (sections 2

and 4 respectively) where

X
B(x) S g axe 3-
™ = —Ho IR J jr dx (3 18‘)
0

Ih is computed progressing along the experimental curves from Ho ~

Hc’ to HD - H* for the former (curve 2) and from Ho = 0 to Ho = H* for

the latter (curve 1). As jndicated earlier in this chapter Ié Vs Ho
along the hybrid magnetization curve is viewed as an "effective' or

vempirical” surface step since the accepted picture predicts a locus of

-

<M> vs H in this situation which does not correspond with observations.

Indeed throughout the range 0 < Ho < H* along the hybrid curve, It X

1
R IA
is extracted from the data, whereas the model requires that Iﬁ > IA' It
is stressed that the flaw is not in the method of computation but in the

model. Since reliable and appropriate values for Iy are required rather
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than idealized but inapplicable results, in order to analyze the perti-
nent data on the disks under rotatien, no alternative 1s seen but to
proceed as has been done in this anomalous and puzzling region of the

"magnetization curves.
3.6 Results and Conclusion

The jé vs B, IR vs Ho and Ié Vs Ho'curves obtained for the V disk

y

by the procedure just outrizzi, are presented in Figure 3-3 and 3-4.
The dashed lines in Figures ®1 and 3-2 show the final mignetization
curves computed with the model described in this chapter. Obviously the

- - - - - -
agreement is very good since the quantities Jé, IR and I& were extracted

from these experimental curves. In Figure 3-1 the calculated curves

coincide almost perfectly everywhere and for this reason the dashed lines’

are plotted only along curve 1 for the portion where a small difference
is observed. Although Ié does not agree with the,aécepted ideas which
were presented in this chapter it ;s believed that it constitutes a
reliable experimental fact. This statement is also supported by the
experimental results presented in the next chapter where Ié is used in
their interpretation. ‘

When the samé procedure was used\to obtainjé, IR and Ié for the
V-Ti disk it yielded.j! and Ig which weré not well behaved. In particu-
lar, Ié was found to be negative in some Trange of,Ho, that 1s, it was
paramagnetic instead of being diamagnetic. Obviously such behaviouf is
not acceptable. This was not a complete surprise to us since it had
been observed that this sample suffers from inhomogeneity of composition.
.Indeed, another sample prepared from the same ingot and studied by

L3 .

J.P. Lorrain, had not shown any detectable flux expulsion when cooled in

PPV VR ol

e e mss
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a magnetic field. Consequently, the quantities L, Ig and Iﬁ'bbtained

R
using-segtion 5 of the magnetization curve (i.e. flux expuléinn] appear
not to be reliable. On the otﬁer hand the other branches of the magne-
tization curves are comparable for different samples from the same 1ngot
An alternative was then to extract from the magnetization_ curves
(curvés 2, 3 and 4) an\EVerage surface-step iR (HO) 3-(IR(H0) + Ié(HO))/z
simultaneocusly with the correspondiné data on jé. The procedure fo}lowed‘
to obtain jéand ER was very simiiar tn the one de§cribed earlier to
obtain jl, IR'and Ih.' Plots of j! vs B and ER vs H_ are presented in
Figures 3-9 and 3-10. The dashed lines in'Figures 3-7 and 3-8 represent
the computed magnetization cunves using jé and ER of Fignres 3-9 and
3-10. Obviously the flux expulsion data of Figure 3-8 cannot be.repro—
duced. Presuﬁa!lw this is 3’consequence of the compositional inhomoge-
neity. On the other hand, the exnerlmental results of Figure 3-7 are

adequately reproduced. This then supports the assumption that the

f

overall behaviour of this sample can be adequatelv descrlbed by a surface
step I and a j (B] — |
As indicated earlier in this chapter 1t is also of con;@derable
1nterest to determine. the pinning function Fp(B) for the samples. From
the available data, however, only the quantity 3 '(B} = (dB/u dx) has
been extracted so far. It is relatively straightforward at this juncture

to compute J'B whlch is denoted by F (B), and the results of this

computation are presented in Figures 3-5 and 3-11. Note from equations

3-4 and 3-7 that s
F (B} '
B & dB D -
2 1 = —_— — = = (B . -19
JcB " (& )e uoidH/dB)_ Fp[ ) . (3-19)

Thus Fé(b) can be viewed as defining an "effectiveﬁ pinning function and\

corresponds to the quantity frequently envisaged in the literature since

‘4
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many workers take uo(dH/dB)

H ., but becomes very unsatisfactory in the vicinity of Hcl‘

relationship between B and H for the present samples.

- 50

L3

= 1. This approximation is acceptable near

However, no

" . .accurate data are available on the variation of IA with Ho hence the -

Nevertheless it

is of some interest to explore the semi-quantitative behaviour of FP(B)_ , )

- exhibited by these samples.

The fOlthan simple, useful and appr0t1mate phenomenolnglcal rela-

tionship between B and H has been proposed and™ etp101ted bv Clem

v

{o )
where k = YH, - HT,/H

c2 cl

. 3B
T H

u H

= _—-

k B

Hence the slope of B vs u H is § H /(H

Flgures 3-6 and 3-12 F (B) =

c2’

3 2
WH = -/(MOHFI) + (KB)

The permeabilify u then has the simple form -~

0J'B(dH/dB) are presented for the V and VTi

.

oy TR

(3—2})

e s e mas#

In

samples. They were obtalned using Clem's expression for v toqether WIth

the experimental results for j..

¢
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- Stendard magnetization curves for the vanadium sample. The

calculated curves overlap almost perfectly the experimental

curves except for a short length along section 1 where the

calculated curve is shown as a dashed line.
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Figure 3-7 Standard magnetization curves for the V-Ti sample. The dashed

lines represent the calculated éxr\res.
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\'Chapter 4

Rotating Disk Phenomena: .

Basic Model and Low Field Behaviour

4.1 Introduction

TN

In ;HE previous chapter a synthesis has been outlined of the three
well esgablishcd concepts of equilibrium diam;gnetism, bulk pinning
(critical state) and surface barrier. The magnetic response of irrever-
sible tvpe II superconductors in the conyentional situation where the
external magnetic ficld varies slowly in magnitude along 2 fixed ,axis can
be quant%tatively interpreted in this framework. This picture has been
applied to glean information on the behaviour of the surface step and the
configurations of the criticaf‘profiles of magnetic induct@oﬁ for the
samples si&died. Tﬁe surface step is the resultant of two‘con;ributions
which may aid or oppose cach other;- the reversible Abrikosov shielding
current and the surfa arfier to entry or exit of flux. All these
data are needed for g‘q ntitative analysis of the phenomena observed
when the disks are slowly rotated in a Ltatic magnetic field.  In this
chapter these phenomena are described and interpreted. The situation
investigated where the disk rotates is physically equivalent to that
encountered when the disk 1is held stationary and an external magnetic
field of constant intensity ig made to rotate. As noted earlier, this
can be ;ccomplished mechanically, by rotating the source of the magnetic
field, or electroéagnetically, by using two orthogonal coils and 2 three

A

phase power source. Regardless of these details, it is’gg;;times useful

~

to visualize the phenomena in the context of a rotating (or oscillating)

magnetic field of constant magnitude. In particular, some similarities
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- depth at

categorv of investigations, namely, he study of critical currents, magne-
¢‘

tic congésuratlons and A.C. loss s in wires and ribbons 1mmersed in a

static 1ong1tud1nallv applied ma etic field. The latter 51tuat10ns .
however, are perhaps more compllcated ?han'the casegétud1ed herc since

AN

Gth the magnitude and the or1entat1onsof the external magnetic ficld are

fvarying simultaneously. All of these investigations complement each

other and are of fundamental interest since they provide information on

the angular dependence of the interaction of non-parallel planes of flux

- T

lines. This iﬁﬁortant problem has largely been ignored by theoreticians

-

. . - AR I ) .
. and experimentalists until recently. It is belicved that the work and

1 R

..analvsis pﬁsfehted—in this and the following chapter provide significant'

new 1n51qﬂts tﬁfards an understanding of these phenomcna
As was indicated,in chapter 1, the magnetlc bchaV1our expected, when

a disk of an ideal or reversible type II superconductor undergoes slow

> -

rotation in a’static externally applled'magnetlc field H directed paral-

- 1

lel to its ﬁg t fages, is rglatively stra1ghtforward Macroscopic flux-
.3 ™~ .

K ' b A
fifice diamagpet1c) currents flow in the Londan penetratiofl .

' surface of the disk. The magnitude and sense of circulatien

of 'these superficial.reversible currents T RIe determined by the strength

- <

“and direétion of ~the~gpplied magnetic fleld. Thus these currents are

- - - . B . "
not ''tied" to the atomic lattice 0&\3&3 sample along whose, boundary they

C1rculate but are in{equilibrium with and follow the appized magnetlc

field. Consequently,\ conflguratlon of these currents (1) remains® in?

&
place as\the disk rotat glf the applied field is held fixed or (ii}

b \ L . . »
rotates 1?1\phase oT -/stefp with the applied field if the latter rot{a%.

* If the applled flela Hd < Hel’ the magnetic snduction B in the bulk
: Lo S

o Lo

- v
- . N . -
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or QZ;y of the superconductdr is zero, except in the penetration depth ‘;Z

reéibn and the disk behaves like a type I suﬁercpnductor. This case has

been studied experipentally in ideal 5:29 I and ype II superconductors

[
and the observations are i#accord with the plcture just sketched

(Fritz 49, 50, Andronikashvili 67). .

If Ho exceeds Hcl but lies below Hc” the mggnetic induction in the

L

bulk of the sample is no 1onqer _croa Now fluy vortices thread the body

. of the specimen an? viscous draq effects come into play as these vortﬂ
(

move through the atomlc 1att1cc of the metal uhen the disk or the fi

Ty

rotate. Presumablv if the-linear VElOClt\ ‘of thc vortices is suffl-
i
iently small, these viscous effects can be made neq11q1bLe and the confi-

guration of the’*lux 11nc lattice remalns in cquzllbrlum and in step
o .
"with the applied field. The dlstortlons of the flu& 11nc conflguratlon
which. arise from the viscous drag as the frequency of rotation increases

-~ are af considerable interest. Clearlv +he situation is more complicated

if bulk plnnlng also enters into the picture and 1mpedes the rotation of

141

. -the flux linese Various workers have 1nvest1gated the torques generated

" i

in the mixed state when long cylinders are made to rotate or oscillate

in static transverse external magnetic fields (Andronikashvili 69, —
\

Schafer 76, Heidem 76, Fuhrmans 76, Ashimov 76). These researchers have

pd

$ - pinning and’from viscous forces in their data. This task 1smot easy

;

< since the}dependence.of bogh effects on the frequency of rotation and

the strengnh of the magnetic 1nduct10n is not‘simple.

-
In the\p;egént work, the frequencv of rotdtion 1is ettremely slow,

r

4 e

? . Hence viscous farcés can be “ignored and bulk pinning 1is domlnant.

=

.
oy

\\\5‘\ Further, since thin Hisks are studied with the £1at faces oriented

endeavoured, with some success, to jdentify the contribution arising from

&

»

ces
e
/

b
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.

' parallel to the a%Plled field, the demagnet1 atlon factor is negq\flbli;_ f*\\

Clearly, this is not the case for long Eyrlnders in a transverse fleld
It is of 1nterest to note that the long cvlinder and disk geometries

bring out dlfferent aspects of the conf1gurat10n of the flux - 11nc lattice. .
’ -

As a consequence, the conceptu;} framework is Fundamentally different for

these two situations. To appreciate this distiﬁg;ion it is useful to
. . w rl v

write ‘and compare the magnetic induction vector in cartesian coordinates

- :
for~each™situation. The axis of rotation-is taken to be directed aleng
uats .

+he x-axis and the applied magnetic field along the z-axis. .

For the long cylihﬂér _ .
B=yp, (2 +28 0,3 (4-1) R
where the_Bx comﬁdnent and the x dependence of BV and B: vanish because
e cyfinder isﬂainfinitely" long in the x digection. S
For tﬁe digk, S .
B - .:'B\. (x) + 2 B_ (x | ' ‘ (4-2)
where the B component and the y, :'depéndence of Bv 3né B: vanish
because the digk has an "1nf1n1te" ‘radius (compared to its thlckness)
In opher words, -the demagnetization factor is small and end or edge
effects can be ignored. This appfoximétion is especially valid in the
present work since sindeed the magnetic flux threading the "waist" of the ‘

disk is monitored. (The reader will recail from chapter 2 that the magne-

tic flux is measured via two pick-up coils embrac1ng the disk along two .
& /-\
orthoiBﬁal diameters, hence periphery effects do mot contribdte apR_/p*z’J )

Bly to the measurements.) Tt would be more difficult to-;ﬁgtrix\zzii/)

formulation if the data consistedKGf measurements of the torque since

4 - - ‘ - - »
then the: total magnetic moment of\tbe‘ent1re disk is detected.
. - e -

Meadurements of the torques generated by rotating or oscillating

N -

- . -9



Pl

.67 -0 A

long cylinders in transverse fields then lead "naturally' to information
on the distortion of the flux configuration. In contrast, the presént
measurements on rqtating disks provide data on the rotation of the flux '
line lattice and its intensity distribution with distance from the flat
surfaces. It has been verified that end ¢ffects can indeed be iénored
by repeating most of the measurements on a second disk of Vanadiuﬁ cut
ff;m the same foil but where the éiamcter is smaller by one half. Only
the data for the disk of larger diameter are presented and, discusscd

3 -
here since these measurements were more extensive. =

In this chapter the attention is focussed on the low field phenomena.

~

Bean's theoretical investigation of rotating flux in a hysteretic type Il
. »
- . *
superconductor is first surmarized. Then a picture of the Hhasi-steady

state flux co&figurations as well as the evolution towards the quasl-
steady state is presented Which explains the salient features of the pre-
sent observations. The consequences of two simp£e analyvtic formulatiéns
of the presented interpretation are also developed. The model %s then

pursued computationally and it is shown that it accounts for the major

features of all the observations in the range of low fields.

»

4.2 “Bean's Model of the Rotating Disk Y

The rotation of planes of flux lines was first explo}ed by Bean
{Bean 70). His development is phenomenological. Further it ii quasi-
macroscopic since the structure of the magnetic flux density in terms of
planes of vortices and thei? interaction doé; not enter in the picture.
The problem in this coarselgrained context will be pursued throughout

this part of the thesis.

. Of Bean's paper there above mentioned” only those aspects of
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his results which are pertinent to the present work are retained.
Further the results are translated to the situation of interest here,
namely that of an infinite slab of thickness X rotating in the y-: plane
in a static externally applied magnetic fiéld Hy directed along the
z-axis and.parallel to the faces of the slab. The infinite slab has been
rotating for a long time and 2 quasi-steady statc exists. It is a steady
state since the magnetic flux configuration has ccased to evolve and is
now stationary in space and in time. It is a quasi-steady state, howéﬁcr,
since the atomic lattice of the superconducting metallic slab can be
visuaii:ed as moving with respect to H, and the configuration of magncfic,
induction which is fixed in space. In ésscnce viscous effects do not §~\
enter the picture since the configuration of flux is taken as indeucndcnt
-of thé rate of rotation. Indeed the rotation can cease and thg configura-
tion of flux will reﬁain unchanged. TEPS the picture corresponds to a
critical state configuration hherc only bulk pinning operates inside the
slab. This is the situation which prevails throughout this work .

Bean, for simplicity, takes the permeability w = u_» hence v and B

are interchangeable and the surface step I = Ip = 0 since I, = 0 and

Ié = Iz = 0. The critical current density jc = jé is assumed constant,

: \ - -
hence independért of B, and thus the B profiles are linear. The magnetic ‘ll

field H can be visualized as.-having been applied before the rotation
began but with the sample in the superconducting state or while the slab H

was rotating. The end result "is independent of .these TwO choices 1in- $0

far as the quasiisteady state is concerned. Bean dqes not explore the
consequences of other p0551b1e 1n1t1a1 magnetic states. In this thesis
the effect of previous magnetic history on the evolution to the gquasi-

steady state and on the quasi—steady'state are investigated in great
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detail. The presen® observations lead to importamt conclusions which

will be described in this g;apter.

The solutions given by Bean for the components of the magnct%%\induc—

: X
tion are now presented in the context just outlined.

B.(x) = wH, (1 - 73?3?) cos {¥2 &n (1 - 7;_5)} ;d—S)
and . ‘ =
B, (x) = wH (1- A ) sin (20 Q- LA CEE

where 0 < X f_XﬁE and the surfaces of the slab are located at x = 0 and
< = X. The length & is defined by the relation § = H,/j, and 8 < X/2/3
for thesé:cguations to hold.

*Té is jmportant to note that the front of the profile of magnetic
induction (B profile) reaches the ﬁid-plane of the slab when

= * = 3
.Ho H ]

r3]

(4-5)

c

if the field is applied with the slab stationary, wherea; the B profile

. p |
attains the mid-plane if -8 A
By = BT g | (4-6)

9| —
Ao

~

when the,slab is or has been in rotation for a long time.

This feature that H** < H* and indeed H** = H*//3 is noteworthy.: It

—

"is a direct consequence of the requirement imposed by Bean that the clec-

tric field, g(() = v E (x) + 0z E (x), generated as the slab rotates, be

AN
parallel to)the local total current density ]C(K) =¥ 3 (x} + = J {(x).
I .

{
Since j . is assumed constant and taken to be the same for the rotating

P
- -t . . .
and non-rotating situations, the’ condition that E x 3 = 0 1s satisfied if

the gradient of the flux density is taken shalloweT by a factor of 1/v3

in the former case compared with the latter. This can be written
~

dB -
(& ror ~ (dx)c:frs— ' (4-7)
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o

where (dB/dx)rot and (dB/dx)c denote the gradient of the critical B pro-

. - A . . . .
file for the rotating and non-rotating situations respectively and B

] 2
B~ + B
¥ o
Introducing equations 4-3 and 4-4 jnto Maxwell'’s equation V x H = ?
lc&ds to
' ]
: = - 2% (s - -
j.(x) ‘ 7§-ésln g + v¥2-cos 8) (4-8)
and ) \\‘
I
j,x) = - % (V2 sin 8 - cos 6) _ (4 9)
{or the components of the electric current density, where _
= 2 - X i . L 4-
8 /2 en (1 - 757 ) | ( 1?;
4 r
- . Z
i B.z(x) X 1

™



It is noticed that the current density and magneiic induction vec-

tors are dirccted neither perpendicular nor parallel to each other but
. -

subtend a constant angle ¢, where

2 -> ‘BL

-1 J. 0
- = Cos :
b ( JCB (x

) = cos tv2/3) = 7 - 35.26 (4-11)

This situation is referred to as partially force frec. The configuratien
\-- - -
of the components of the magnetic induction and the current density are
.o *
shown schematically on the previous page for the casc under consideration
LR 3 = 0= b ) M
where the disk is rotating clockwise in the plaﬁn\gfﬂﬁbe page. The mecha-
nical torque, of course, acts to Oppose the rotation. |
> =+
In setting up this system of self-consistent expressions for B, J and
a - -y E
and E, Bean assumed that the current density j_ 1S independent of the mag-

e -t
nitude of B and of its orientation with respect to jc' The critical state X
v

state condept can be written

Tx8] = jBsing = F,(8) L (4-12) .
It is noticed that in equation 4-12, jC can be made independent of tﬁe
magnitude of B by choosing FD = gB where ¢ is a constant characteristic
of the material: Then, since jc = a/sin & and sin ¢ = 1//3, this means
that jc‘should be larger in the rotating case than in the non-rotating
case by a factor of /5. Available experimental evidence indiigtes that

jc is indeed énhanced in approximaﬁé agreement with equation 4-12 (Cullen

- -

and Cody 1973). - -

It is instructive to examine the gradient of © which ensues from

Bean's formulation. thus

r5 vl )
d 2 1 1 2 o ¢ .
R I N e SR A A Tco M (4-13)
. ¢ 1 - == ! “rot
¥3 6

where the magnetic induction profile appearing in the denominator corres-

ponds to.that existing for the rotating case. Introducing equation 4-12

- ¥

| I o
4 - g - ..q\

e



into this result leads to

. F /2 u F
o _ /2, P -+ 2P (4-14)
ax aostincﬁ BZ

.since sin ¢ = 1/Y3. Lachaine (1976) and Gauthier (1976} have exploited
empirical expressions for the gradient of 8 similar to equation 4-14 to

describe the magnetic behaviour of ribbons and wires of highly irreversi-

- - 4 -
ble typc IT superconductors in situations where the external magnetic

ficld changes orientation and oscillates while maintaining its component
along the length of the samples constant.

" The variation of the average magnetic induction along the = and ¥

-

axes vs Hd predicted by Bean's description can readily be obtained analy- 0

ticall;. Introducing equat%gns 4-3 and 4-4 in the definitions

\ i X/ 2 _
2
u0<M:>. = <B.> - uoHo = X B:{x)dx . (4-15) N
. . 0
and X/2 : #'; )
2 f ‘ S 4

u.o<My> = <-B}r> X J By(x)dx ‘ > -‘g‘ -16)

o) ~ —

—t

vields (sce Dwight: Tables of Integrals and other Mathematical Data,

o

equations 865.52 and 865.53

. H
g o]
R = - - — 4-17
fo<Mz> uoHo (1 T ) (4-17 a)
and , ) }
' Yo 0 42
= - = %k -

) b = B =gy G (4-18 2)

+

where 0 < HO/H** = /3 HO/H* < 1. This range is referred to as the low
field range. For Hj > H** the magnetic components <M_> and <M > become

independent of Ho’

n

2
uo<M’> - %- p H** N (4-17 b)

and . 2

b <M - _379,.- (4.18 b)
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These .values of the applied field Ho constitute the high field range and
the experimental behaviour of the disks in this range will be analysed

in the next chapter.
S i

Bean's formulation provides a satisfactory account of the quasi-

|
L

steady state bchaviour encountered for the special case where the sample
is initially in the virgin or in fhe diamagnetic state.

A model is required which also describes the evolution to the quasi-
steady state as well as'the quasi-steady state gtarting with a variety
of differént initial magnetic states for the low (Ho < H**)'and also the
high (Ho > H**} field ranges.

4.3 Evolution of the Quaxg-Steady State from Various Initial
[
SFates: Basic Qualitative Picture

The behaviour encountered as the disks are rotated has been examined
starting with four basic and standard types of initial states which are
denotedas diamagnetic, non-magnetic, paramagnetic and hvbrid. The préce-
dures followed to establish these initial states before the disk ig
rotated is now reviewed. ‘In all cases the‘applied magnefic field H, i§
directed along the z axis and paraliel to the flat faces of the disk.

The axis of rotation lies along the x-axis. The measured quantities are
the average magnetiﬁ induction <Bz> and <By> along and perpendicular to
the stationary applied field Ho. It is frequently convenient to present
the data in terms of the components of the average magnetization where
pO<Mz> = <Bz> - uoHo and uo<My> = <§y>. ™ “a

(1) Diamagnetic state. The disk cools through 'I‘c to 4.2 K in zero (the
)carth‘s;] magnetic field, then the applid ficld is raised to the final valuc': H.. If

H, <H* the B profiles do not reach the mid-plane of the disk. If H_ > H*] the B
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profiles advancing fromthe two flat surfaces of the disk meet at the
mid-plane and B{x = X/2) > 0 (see diagram (a) ).

(ii) Non-magnetic Atate. The disk cools through TC to 4.2 K in Ho which
is subsequently miintained constant. The disk exhibits a small but non-
negligible diamagnetic mom?nt since flux i; expelled as the disk cools
(see diagram (b} ).

(iii) Paramagnetic state. The disk becomes superconducting in Hé : ch
which is then reduced to a final value Hj of the same polarity as Hé
(see diagram (c) ).

(fv) Hyvbrid state. The disk becomes supeiconduéting in Hé t ch which
is then fremoved and a magnetic fiel& Ho of polarity oppoéi;e to Hé is
applied. Hé is" taken 1o be-negative and H, to be positive (see diagram
(d) ). If Ho > H*, there is no hybrid magnetic state and tﬁe sample 1$

in the diamagnetic state.

H&%)H&f‘ B(x) - - B(x)
LS z }JoHo‘— - \]._.
uoHoq.loH* i
0 X 0

(a) (b)

}.!oHo"* I

. B{x) - B{x)

(™~
{

,LloHo— ' -

A

S

X .

(c)



—

PN

For clarity the low and the high field behaviour are examined sepa-

rately. B o ¢ -
4.4 Low Field Behaviour: Development of the Basic Model.
a) k\ paramagnetic and non-magnetic initial states.

To follow the picture developed for the sqéﬁence of magnetic field

&

configurations encﬁuntered as the-disk rotates Qt is helpful to first
focus on the non—magnetié and paramagnetic iﬁit;:i states (diagrams (b)
and (¢) on the previods page). élearly, the émount of flux threading the
cross-section of the disk is. considerably larger in the latter case. In
both cases, this magnetic flux, which will be referrecd to as the trapped
flux and denoted by o, consists of vortices pinned to the metallic
lattice. Conseguently it 1s expected that this trapped flux will tend to
yrotate in step with the didg. This can occur only if the paramagnetic
currents, sustaining this flux and flowing transverse to it, continue
+o circulate and rotate in phase with this trapped flux. It is noticed

¢

that initially, before the rotation begins, the magnetic field HO - IR -

also aids in supporting the trapped flux. Further, the flux retaining ‘

currents existing initially are already in the criti®ai state. Now, con-

-

sider that the magnetic field Hj is removed. The edges of the B profiles

<

must then drop to zero and the configurations of trapped flux will change

as shown schematically in the sketches below.

8(x) B{x)

}JoHd" — pdHe] ) u
N ™N [ . L

Lard

(b)) ) e



¢ Although the magnetic field Ho is not removed, its Eg?ponent
‘parallel to the trapped flux is qradually?reducod to zero as the trapped
flux rotates by 90°. As this occurs, the pEpsencc of the applied field
Ho’ will cause flux vortices to be nucleated at the surface and penetra-
te into.thc disk unless flux shielding (diamagnetic} currents appeaf'to
oppose this occurrence. : ’ e

It is assumed thaﬁ when the disk is rotatingd the reversible
Abrikosov diamagnetic current IA continues to flow at_the surface in
equ111br1um w1th and perpendlcular to H . It 1s also postulated, for
simplicity that the magnitude of-the surface barrier opposing entry OT
exit of flux is-unchanged by the rotation. Further, it is stipulated
that this barrier acts along Ho’ hence the irreversible ourface currents
associated with the barrier (IB oT Ié) continue‘to flo# transverse to HO.
These simplifying assumptions olso seem quite reasonable and do not play
an important role in tge final results. Thus the surface steps operating ~
in and extracted from the standard magnetizations curves in the previous
chapter are retained ano applied to the rotating situatioﬂi’

The attentlon\xs now focussed on the flux vortices nucleated 2t and .
penetrating from tho surfaceslés the disk rotates. Sheets of diamagnetio
(field shielding) curTents induced in ®e bulk adjacent to the surfaces
to oppose the migration of these flux vortices inward mustkexist at a
eritical value according to the critical state ooncepf. Toese current
‘sheets and the new vortices coexisting with them will also tend to Totate
with toe disk- Critical paramagnetic currents, however, attempting to
maiotaiﬁ L already~occupy the volumo adjacent to the surfaoe where-the

diamagnetic currents are induced. The superposition of these rotating

. sheets of critical currents and rotating planés of vortices leads to
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. r

(1) a pdtterﬁ of current flow consisting of successive sheets of cgrreéts
directed at an angle.xarying with depth and (ii) a configuration of
planes of vortices whose density and direction also varies with depth.
Let xg denote the distancd from the surface to the edge of the pro-
~

file of trapped flux 0y oriented at an angle 6 with respect to the z-axis
(the direction of Ho). The disk, in -the present context has also rotated
through the angle 8. The domaln occupied by ¢ has shrunk to X - 7to and
thé quéntity of trapped flux has diminished. Consequently some of the

trapped flux has in effect been expelled from the core region of width

X - 2x,. This is an important and incvitable consequence of the conside-

rations which hhve-beén’ﬁﬁrsued. It is cléarly impossible for the initial
trapped fluxf{bt to remain unchanged in the disk after a rotation of QOQ?::

unless it is stipulated,as shown schematically in the accompanying sketch,

v

ra . X

b /7( -

~ yd 4
: / . V4
. Ho 7<?_—_ ///' 7
//‘ : ! J/
Id . 7
—- /_f/\ ) - //_ //
. ‘ ya 4
/ .
y= | Fe-lq —

&

that a sheet p&-dtamagnetic current I, = H, flows tranqverse to Hy ﬁt
: o . ‘ ~

the surface and another sheet of pa;amagnetlc current-}p = Hj .- Io Whlch
rotates with the disk coexists with or is adjécent but interiorfto the

] _ .
former. Both of these arbitrary stipulations are untenable. Further they
F .

-

L4 . : [



are inconsistent with the present observations. Then the only possiblel
conclusion, which is in accord with observations, 1s that ¢t initially
diminishes as the disk rotates. The detailed quasi-macroscopic processes
coming into play as this redistribution, reerientation, migration and
disappearance of the trapped vortices takes place presents an iﬁportant
and fascinating problem beyond the scope of this thesis. A crucial test
of the macroscopic model; however, will be its ability to account for the
quantity of trapped flux remaining in the diék vs 8 (the angle of rota-
tion of the disk)adinthe guasi-steady state for various Ho and for diffe-
rent initial magnetic states.

Folloglng Bean, the region 0 < X < X where B éﬁd ?C change direc-
tion with depth is referred to as the "active" region. In the
active region the current density and magnetic induction vectors are
directed neither perpendicular nor parallel to each other. Indeed, as
noted earlier in Bean's analvsis, ?c tends to lie along but anti-parallel
to 3. The configuration is thus partially force free and the critical
density (?c {B) ) can then be expected to be larger than occurring in
standard magnéti:ation curves for corresponding ]§l. This feature w1l
be returned to later. An important result of the present considerations
which is of immediate interest is that, regardless of the details of the
configurations of ? and §, the B profile must decrease with depth in the
active region. This can perhaps most readily be seen in the following

ways. A succession of sheets of fleld shielding (diamagnetic} currents

3
i

opposing the ﬁéﬁetration of vortices nucleated at the surfaces by Hj are
induced by the rotation of the disk and are swept inwards as the rotation
progresses. Since these induced currents Oppose Ho when they are gene-

rated, [gl must decrease with depth in the active region starting from

-
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the value Ho - IR just inside the surface. There 1s no physical basis
to suggest that thf currents which shie;d the trapped flux ¢t'from the
applied field Hj could all flow at the surface. To the éontrary it has
been seen in Chapter 3 that the surface cannot Support larger currents
than that given by the magnitude of the surface step. Consequently the
active region where B(x) decreases is.not all concentrated in 2 thin
shee£ at the sgrface but occupies a finite region of thickness X, inside
the bulk of the disk adjacent to the surface. It then results that ¢t
must diminish during the initial ;tages of the rotation.

In agrecment'with Bean, it is argued that the siope of the B(x)
profile in the active region 0 < X = X4 must be negative. For the time
being it is not necessary to specify the spatial dependence of the gra-
dient (dB/dx]c in the active region. pursuing this idea 1t is visualized
that as the rotation proceeds, hence € inereases, the width of the active
region expands as its leading edges X, (and X - xoj advange into the
disk. Eventual}y,‘B(xo), the total magnetic induction at the front of
the growing active region, décréases to zero. At this juncture, 2 quasi-
steady state 1s established. Subsequently, as the disk continues toO
rotate { in the samé sense), the ;émaining trapped flux denoted ¢£,
undergoes no further modifications since its outer bpundaries now cease
to change as it is swept around in phase with the disk. The configura-
tion of magnetic induction in the active region also ceases 1o evolve and
remains spatially nrigid" in the frame of the laboratory (i.e. with
respect to HO). The metallic lattice, of course, ﬁoves through the magne-
tic field configuration (the planes of vortices) at an.angular velocity

-

w = d8/dt, in the active region. The sequence of events is shown schema-
tically in the sketches on the following page where for simplicity the
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B-profiles are represented with constant slopes. The slope in the
active region is also drawn equal in magnitude to that in the region

occupied by Op s again for simplicity. Omnly half the thickness of, the

B{x)

}Jc;Ho

0O Xeo —Xomax _)_2(_ 0 Xo —Xomax _Xz__

(a) (b)

disk is shown since the two halves are symmetrical. The evolution for
the non-magnetic (diagram (2)) and paramagnetic cases (diagram ﬁbn are
presented. Xg oo denotes the maximum depth of penetration of the active
region. The angle emax through which the disk must be rotated before
the quasi-steady state is achieved will depend on the nature of tHe
advance of X, as a function of the angle of rotation of the disk §.
This aspect will be returned toO in the next chapter.-

According to the picture jugt outlined, it 1is expected when starting
wirh the disk in the non-magnetic OTr paramagnetic state, to observe, in

the quasi-steady state, a magnetic flux ¢{'rotating_in unison withthe

disk and a steady component- of magnetic induction <B > = Ho - uo<M,>

-

along the z-axis (the direction of the applied field Ho) and <B > = uoéMY>
along the y-axis (orthogonal'to the applied field and to the axis of

rotation). The expectations are iﬁﬁaccord with the present observations-
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and will be examined in detail shortly.
b) Diamagnetic initial st%;c.

- With the sample initially in the diamagnetic state three possibili~
ties need to be envisaged. Theséxirﬁ’distinguishcd by whether dB(x)/dx
for the rotating case 1s greater, equal to OF iess than for the non-
rotating situation (standard magnetization curves). Let jé rot denote

the former. The scquence of cvents for these three possibilities is

shown schematically below where in sketches (a) jé rot > jé, =) jé ror”

. .
ie and (€) 3L por <7

é respectively and 5 denotes the depth of penetra=

B(x) B(x)
o Q 0 0
"5 max -é— 6 X m‘é

(a) (b) (c)

tion of the B profile in the initial diamagnetic state. The noteworthy
feature 1s that a small residual magnetic flux ¢£ should be observed
rotating in phase with the disk 1n the quasi-steady state, 1if case (a)
is encountered.- This residual flux ¢£ would grow with HO, rise to 2
maximum in the vieinity of Ho % H* and vanish at Ho = H*™. In contrast
with the Bean solution, this possibility requires that H** » H*. No
evidence has been scen for this behaviour in the present work. It 1s
noted, for completeness, that since flux 1s made to leave the sample

during the approach to the quasi—steady state, it would be more



appropriate in tﬂis case (a), to use the surface step IR(HOJ applicable
to flux exit instead of I‘(H } applicable when fiux enters the specimen.
c) Hybrid initial magnetlc state. .

When the sample is initially in the hybrid magnetic state, it is
again necessary to envisage the threc possibilities just enumerated,
namely{ (a) jé ot > jé, (b]jé —— jé and (¢) jé fbt < jé shown sche-

matically below. The behaviour for the latteT two €ascs follows in a

}.‘lo(Ho -IR)




o
b

straight forward maéner from the previous considerations; ‘The graph of
¢£ vs.HO for the hybrid case, however, will lie aﬁovc tpe corresponding
graphs for the paramagnetic aﬁd for the nén-magnctic-situations since

the surgace sécp which-ope%afés here in the hybrid caQEWis Ié whereas it
is Ip which applieé in the latter two cases. As has been seen in chapter
3, Ié(Ho)-is generally greater, then IR(HOJ. To aid in visualizing this
statement the quasi—stéady préfilc_for the paramagnetic Ease is also

shown again in diagygm (b). The present observations are in accord with

this picture.

-
-

Case (a) again leads to jnteresting consequences which can readily
be extracted from qualitative considerations. Firstly it is noticed that
since fluk is leaving the sample during the evolution to the quasi-steady
state, it 1s appropriate here to introduce the surface step Ip applicable
+o the flux exit situation instead of Iﬁ as in cases (b) and (¢). 1t is
then possible to directly compare ¢£ vs Ho for this casc and that cncoun-
tered for the pa?amagnctic-;hitial state. The residual magnetic flux in
the quasi—steady state for the hybrid situation is the resultant of two
opposing contributions (see sketch (a))', namely ¢% = }¢£(—)] - 1¢£(+)X.

A graph of this quantity Vs Ho for the hybrid case must consequently lie
well ggigg_the curve of ¢ VS HO for the paramagnetic case. To aid in
visualizing this statement again the quasi-steady state profile is

shown for the paramagnetic case in diagram (a'). The present observa-
tions, however, exhibit the entirely opposite behaviour (see Figure 4-1).
Therefore, from these qualitative oOT pictorial considerations the possi-
bility that jé rot > jé can unambiguously be eliminated. This important
conclusion, of course, simplifies the problem considerably. It will be

explored in some detail later in this chapter which of the two remaining
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options (cases (b) and (c)) prevail.
The anticipated behaviour for simple but basic casgs which can be

treated analytically 1s now examined within the framework of this model.

4.5 Applications of the Basic Model to Siﬁplc Cases.
o ' .

The dependence on Hg of the rotating magnetic flux

¢{/XY = <B>rot - {4-19)

remaining in the disk, in the quasi-steady state for the paramagnctic,
hybrid and non-magnetic initial states is investigated.” Option (by,

namely, j! =j

c rot 1 is considered 1in parallel-with option (c) that

c

< j;. The consequences of this model of the quasi-steady state

J¢ rot
are developed for two cxtreme but physically snteresting pinning func-

functions Fé(B) = aB and Fé(B) = a. ‘These two pinning functions—are

enshrined in the iiterature and are historically associated with Bean- T~
London and Kim et al respectiqely (Bean 64, London 63, Kim 1963).

It is useful to define 2 quantity
(X/2

: .Hl =J jLax (4-2V
© ) .
which corresponds to the magnetic field Hj - IR inside the surface ﬁhen;_\‘
the B profile reaches the mid-plane as HD is applied from zeTo in %ﬁg//’ \\\
virgin state. This quantity 1is algo the magnetic field at the mid-plane ‘
when Hé is reduced to zeTo (where.IR = 0) after an excursion beyond ch.
Thus the remanent magnetization <M>r after Ho is decreased to IeTo from
ch (or a high value) provides a direct measure of Hl since
X/2 x -
J dx [ jé dx’ (4-21)

O (s}

<M> =
T

2] ¢

a) Bean London case: Fé = @B, hence jé = o
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It is noticed that since J_ is a constant

—~ . !
—~ B} . 1
. ‘/2

.
AN
Fal

— o Ho j IR
i _'_TT;TT (4-22 b)

where Hl = aX/2 and Xy is now used throughout for brevity instead £
L .
X . ~
o0 max

iy. Paramagnetic and Hfbrid‘lnitial States.

The accompanying sketches may aid the reader in visualizing the ana-

lvtical development.

-

From equation 4-22 it 4s obtained

B(X/2) _ o V-
P - H, (1-x42) = H (1-

0

Hy

From geometric considerations or by integration it is found

<B> H- H I :
Tot 1 0 R .2
_TOt . 2 (1l - *go ) (4-24)
5
"o - !
If it is assumed that IR(HO) = 0, equation 4-24 simplifies to
<B> H H
rot 1 o .2
—_——— = = - = 4-2
LY > (-g) (4-25)

1t is also instructive to let IR = kHO in the range 0 f-Ho < H* with

k < 1. Introducing this in equation 4-24 leads to

(x - xoj (4-22 a)
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<B>rot H1 ) Ho 2
= = {1-;{—(1-10}' ' (4-26)

o} . 1

which, of course, reduces to equation 4-25 if ¥ = 0. The functional

dependence of ¢£ is unchanged by k but the curve 18 shifted to the right

as shown in the accompanying sketch.

Since the corresponding ;
. }JoHl
experimental curves are convex =
upwards (see Figure 4-1, 4-4

. (Bat
and 4-5) this pinning function

is clearly inadequate to des-

cribe the behaviour encountered.

0 ) H, H
It is noticed that the .

Ho i-K

_hybrid case is readily obtained from the above by changing the polarity

- of ¢é. Equations 4-24 through 4-26 continue 1o apply where Ip is replaced
T

by IR.

Envisaging the possibility that jé rot < jé, it is useful to define
N

another quantity X/2

~ !
2 J¢ rot

_r
S

which corresponds to the magnetic field H_ - IR inside the surface when
the active region in the quasi-steady state attains the mid-plane (i.e.
H = H**).

o )

It is now obtained that

v
o
—

o]
2 = 4-28
X72 H, v (4-28)

Equation 4-24 must be replaced by



<B>

paod

H
Tot 1 0
= —_— - — _— -2
" R ) (4-29)
¢} <~

’

and equations 4-25 and 4-26 changed accordingly. Introducing this new
physicai consideration does not alter the functional behaviour of ¢é but
the curves sketched above drop to-Iero when H0 =.H2/(1 - k), where
i) qu—MagnEtic Initial State., oy .
The reader is referred to the accompanying sketches for aid in ~
+  visualizing thé physical meaning of the analytic expressions and their
development. The dashed lines represent the initial B-profile and the

soiid lines, the quasi-steady state B profilé.-If b =3

1
c

t
¢ rot

B(x) [ B{x)

o
9] »4

since X = X(H0 - IRj/Z Hl from equation 4-22bh. Equation 4-30 applies
until Xy attains X/2 hence for the range O f-Ho f_(H1 + IR)IZ.
From geometric cd%siderations and the ‘above expressions OT by direct

integration it is obtained that

o

<B> I

__Tot - L R 4-31
- HO (1 H + H ) ( 2 )

Yo 1 1

3

. 1

For the range (Hl + IR)/Z f-Ho < H* the same situation as was prevailing

for the paramagnetic state is encountered and equation 4-24 applies.
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Assuming no surface step, hence IR(HOT) = 0 this simplifies to

<B> ' H

rot _ 0 -
—_— _.Ho (1 - ﬁ—) . (4-32)
o . 1

S]]

u

which is‘ valid for the range O f_HO < H* 2. The rotating flux ¢:c grows
to a maximum at. HO = H*/3 wh-cre <B>rot/uo = H*/6 = H1/6.
Again it 1s instructive to 'assumc IR_j kHO where k < 1. Introducing
+his into equation 4-31 leads to
Srot oy 0 - ﬁg-'(
o - H

uo 1

1w

-X)? ' (4-33)

which attains a maximum }ralue of H;/Z(S - 7 k) when Ho = Hl/(S - 2 %)
and applies for the range 0 < Hy _«:_Hl/(Z - k). Equation 4-33 joining
.into equation 4-26 is sketched in the

accompanying diag;‘am for k = 0 and .

0 <k < 1. The functional form is | et

not modified by the k factor, B ot Q< k<l

although the peak and end point
are shifted to the right as kK k=0

hence the height of the surface

.. are increased. 0 H,

The partial Meissner effect or the amount of flux expelled in”

establishing the jnitial state c<an readily be evaluated and yields a dia-

magnetic magnetizatior% ‘
. 12
R <
= = 4-34
<M>ex 2H1 (4-34)

which is parabolic if IR = ki and linear if Ip = JEIHO.
3T = | 3 b 3
in thg context that j ,ot < Jg» hence I—I2 < Hl and using equatlon

4-29 it is found that:_ equation 4-31 must be Teplaced by the equally
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simple expression

<B> H

(", - IR) B

_ﬁ:ﬁ{l_
0

0
H 2H

- T } _ (4-35) °

o -1 2

-

valid over the tange 0 < Ho §_H1 (H, + IR)/(Hl + H,). The curves sketched

on the previous page then shift

towards' the origin as H,/Hl'decreases.
= -

b Xim Case: F' = & hence it = afB B i
) 5 jo=of _ o
Integrating dB/dx = * p it = *u /B Xads 30 oot
o ¢ o .
Y -
\ BEX) A X, | _ (4-36)
o X/2 Y - I
where - -
.- H, = YaX/uo. : (4-37)

(Again, xo-is used for brevity,

et

.instead of x |
: o max

-

Envisaging the possibilit?Pthat in the active Tegion j_ cor’ 3a =8

where B < I is a constant it can also be written

’
B(x) _ Jlx =%l ' -
= Hy Y X732 | (4-38)
- Q .
where -
H, = /BaX/u, = /B Hy : (4-39)

It follows from equations 4-36 and 4-38 that

Yo _ ¢ Hy = In 2
X/2 Hl
or ’
I T S
X/2 H2
depending on whether 8 = 1 or 8

1) Paramagnetic and Hybrid In

The reader 1s referred to

the B profile-is drawn schemati

(4-40 a)

-

64-40 b)

< 1, hence H, = H1 or H, < Hl'

itial States. -

the sketch on the following page where

?

caflf for the sifjj;}on where B < 1.



- 90 -

v T . L4 .
- Since the special case where

8 =1 can :eadilf be obtained *

. ) Fi'-
from the more generdl results Hele

- ) (He-1 )
by setting Hl = H, , only : He R

.-the latter are derived.

Integrating equation 4-36

0
leads. to
Brot L2y 11 T 332024 (1.- (Ho- R y243/2
5 501 X/2 =30 VT )
(4-41)
where equation 4-40 (b) has been 1ntroduccd -0
. j -~ (/-'
Again it is instructive to let 1o = kH Equation 4-41 then reads
<B> H o,
rot _ 2 o0 2 3/2
sl {1 - 2070 - KT 7y _ (4-42)

&

The behav1our for the hybrid magnetic state is described by substi-
tuting Iﬁ for Ip ih equation 4-41 and k' for k in equation 4-42
) In Figure 4-1 equation 4-41 1s displayed for B = 1 and 1/7/3 with.
IR = 0. The remanent magﬁetlzateon for the Vanadium disk has been used
to determine H1: In thie Figure the experimental data are also presen-
ted for comparison. - \

It is-indeed surprising and encouraging that the curve with 8 = 1
reproduces th; observations so well considering the approximations
involved in 1ts formulation. The analysis of equation 4-41 will be con-
tinued later in this cbapter Clearlv-two curves will be generated ,
one for the paramagnetic and one for the hybrid initial states when

(H ) #0 and I! (H ) £ 0 will be taken into account f£rom the results

presented in chapter 3.
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ii) Non-Magnetic Initial State.
The reader is referred to
the accompanying sketch where

the quasi-steady state profile

has schematically been drawn HolHo™]

for the situation where § < 1. uouqo;la)
The dashed line represents the '

initial B profile before rota-

tion.

Integrating equation 4-36 gives

- <B> X X . o <
rot _ 2 0 £3/2 1 . _
Uo -3 H]_ ( X/2 = :(/Zﬁg’j‘ + HO (1 - ;(7—5 ). C4‘43)
L Xy 7 %o Ho )
Introducing equation 4-40 b and the relation ——§7;__ = (EEJ- which

follows from equation 4-36 into equation 4-43 it is obtained that

<B> H H -1
rot _ 1 042 0 R .2
=H {1-35( Y- (=7 (4-44)

Ry 1 Hy

which is valid wntil x; = X/2 hence in the range

\.Q
—
L)

| =™
+
N
.
)

| 5™
L

[£%]
]
Famn

—
I
—

0<H <1

0

For the range beyond this limit up to H**, equation 4-41 applies.
Again it is ipmeresting to consider IR = kHo,_at least for the ini-
tial portion of the range of equation 4-44, which then becomes
H
T;El - {1 - %(2%)2- (%)2 a - xh (4-45)
Letting B = 1, hence H2 = Hl and IR = 0 hence k = 0, equations 4-44

Y

and 4-45 simplify to



<B> H "
_E% = my {1 - ()7}
o - 1

]

(4-46)

which is valid for the range 0 < Hy f_Hl/JZ and which has a maximum value
of H1/3 at Ho = Hl/Z.

In Figures 4-2 and 4-3 the predicted behaviour of <B>rot Vs Ho is
presented for the non-magnetic initial state exploitin the Kim pinning
function with 8 =1 and 1/¥3 and IR(HOJ = 0. Hl is a;i:¥mincd from the
remanent magnetization for the V and V-Ti disks to be 48 and 23.4 milli-
tesla respectively. Again it is surprising and encouraging that this
simple pinning function together with the assumption of no surfacc stcp
and taking g =1 vields approximate agrcement with the data.

These results together with the behaviour shown in Figure 4-1 for
<B>rot vs Ho for the paramagnetic (and hybrid) initial states, and obtai-
ned with the simplifying Kim approximation are most encouraging. It
jndicates quite strongly that the basic picture of the.-quasi steady pro-
files which has been proposed is correct. The success obtained with the
Kim approximation for the V sample is perhaps not too surprising. A
comﬁarison of the actual j_ extracted for this sample from the standard
magnetization curves in the range 0 < HO X Hy is well approximated by
t'n.e simple Kim relation Jg = o/B. M5B ges m zero, the experimental 1 3s of comse
fimite whereas j:: from the Kim approximation §o¢s o infinity. AS a consequancs the B profiles,
in the vicinity of X, descend too abruptly when the Kim approximation
is used. From inspection of the calgulated and observed curves and from
consideration of the B profiles envisaged in this model it 1is expected

to obtain better agreement for the V sample when the ''real' values for
L3

jé are used and the fact that IR(HO) # 0 and Iﬁtﬁo) # 0 1is introduced.
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4.6 Exact Application of the Basic Model to Quasi-Steady State:

Rotating Flux in Low Field Range.

It is clear from the foregoing analysis and calculations that the
basic picture presented of the quasi-steady state following upon various
initial magnetic states OTr initial flux configurations across the thick-
ness of the disk is essentially correct. The crucial eclement of tﬁc
model proposed is that the B profile, in the quasi-steady state, dimini-
shes with depth and antains zero at a distance X .. from the surface.
The reglon adjacent O the surfaces where the orientati&n of B varies
with depth as its magnitude declines is referred to as the active region.
To evdluate the thickness X ..« of the active region in the quasi-steady
state it is not necessary 1o know how the dircction of B hence 8 vary
with depth. To caléulatc the evolution to the quas;-steady srate, however,
a relation 1is required between the orientation of B with respect to H0
and 8 during the growth of Xq t0 Xy pax’ This problem will be examined in
the next chapter.

In order to evaluale X ... precisely it is important, however, that
dB/dx in the active region, as well as the cffective surface STCP IR(HO]
or Ié(Ho) be known accurately. Further the amount of rotating flux in
the quasi-steady state is also sensitive to the B profile, hence dB/dx,/“
in the core region,beside%,being dependent on the width of the core |
region. »

In chapter 3, from 2 systematic aumerical analysis of the ftamdard
magnetization Curves for the samples, detailed curves for jé vs B, Ip and
Iﬁ vs Hj were extracted. All the ingredients necessary to proceed to

a+ numerical evaluation of <B>rot Vs Ho for the different initial states



- 97 -

explored experimentally are available.
The B profiles in the quasi-steady state envisaged in the model are
again presented schematically below for the three pertinent flux configu-

rations, namely_(a),paramagnetic, (b) hybrid and (¢) non-magnetic.:

'
olg  B(x) 8(x)
0
NN
¢|
N
In these computations of <B>rot in the active region or

shoulders of the B profiles, jé rot Sjé was adopted where § = 1 and
1)#3. Bean's analysis suggests that the B profile in the active reglon
may be shallower than encountered inthe standard magnetization curves
(the non-rotating situation). B8 = 1/¥3 is selected simply because this
value emerges in Bean's analysis (Bean 70). -It has already been demons-
trated earlier in this chapter that the possibility that 8 >1 is in-
consistent with the present observations. The results of the computa-

: L
+ions are presented in Figures 4-4 through 4-7 where again the pertinent
experimental data are .reproduced. Examination of these Figures reveals
that the choice 8 ¥ 1 best corrgjponds with the measurements. it is
noticed that the concept of a coefficient 3 which is independent of B and
has the specific value 1/¥3 is a special case developed by Bean in the
framework where jc': is also independenzof B. When jé

varies with B, as 1s generally the case, the possibil-

<



- 98 -

4

¢ aoydeyo ul ardues siyl 103
pouteiqo ( _: i pue (g)7( Bursn pue ‘gL pue 1 =

= ¢ 104 SOAIND PAIL[NIIED ‘goytyord

piatg ﬁmmuwca priqAy Yitm ASIP E:_v1=r> oYy Ja03 elep [eauourradxy .o: SNSIDA uOhAmv p-y oandry
(Lw)eHoN
09 -’06 ov o€ 02 o] 0
_ _ _ _
— 01
102
1= ¢f @ Jdog
@
WNIQVNVYA .

(qw) 0%e>



¢ aoadeyd ut apdues
s1y3 103 pouielqo (°

P

.goyryoad

1
10 <f >

mY¥; pue (g)3€ Butsn pue ‘AT PUP T

1913 TETITUT arjoudeuwered YItM YSIP unt

= ¢ JOJ SIAIND poaena{ed

o
peuea 9y3 103 ©IBP reauowraadxy W SNSITA

(LW PHo
o¢
I

g-p oandtd

0
_

17

0<¢ Ol

ol

- 99 -

o @
A0,

WNIGYNVA




100

+¢ to3duyo uyp orduss
sty3 xo3 poureago (CiD¥r pue (9)7€ Bursn gA/T pUC T

= ¢ J10J SOAIND PIILINIIEL]
pioty f[eritur ot

uocme-:o: Y3ITM ySTp wntpsueA 9yl 10J uiep
o 0
(Lw) H

.0v 0¢ 072 0]

-sorryoad

300

0
rejusuraodxg SNS.IIA <{>

09 (0} °]

g-p 2an3Td

_ — _

WAIGYNVA

0

@

— 01
P
9)
o’

—02 3
-t
3
-1

—{og




- 101 -

¢ xaadueyd ut opdues sTYy3 10}

pauieiqo ﬁo:vz_ pue Amuwm fuisn ¢A/T pue 1 = g 104 SIALTD polvInaiL) ‘garrjoad pratl

301
ﬁmﬂuﬂcf srjoudeu-uou Yjis ASIp 11-A 9yl g03 ¢®

Jup [eauduitIodXy .c: SISIIA <>
o, ,o
(Lw) Ko

.0¢ . Ol O

L~ dandty




1ity that 8 is also dependent on B might be envisaged a priori. Fortuna-
tely, the good agreement.obtained with the data when 8 Y 1 seems to indi-

cate that this horrendously complicating aspect <an be set aside.
4.7 Concluding Remarks

A simple model has been proposcd for the B profile in the quasi-
steady state of a rotating disk and during the approach to the quasi-
steady state. This model leads to an aﬁcurate\description of the magne-
tic flux remaining in the central region of the disk and rotating with
it when the quasi steady state is established regardless of the configu-
ration of flux intially threading the disk. The picture requirces that in
many 1lnstances, Some of the flux originally ﬁermeating the disk be
nﬂﬁaséd or expelled. This phenomenon is akin to a rotation induced Meissner
Effect. It is well known that normal metallic disks éotating in a wmagne-
tic field also expel magnetic £lux and develop 2 diamagnetic moment along
the direction of Ho. The flux expulsion in this .case howgﬁer is depen-
dent on w the angular frequency of rotation. A similaTr phenomenon of
fiux expulsion is encountered when type 11 superconducting ¢ylinders are
rotated in static transversc fields. Again, the diamagnetic moment along
Hy is frequency dependent. The expulsion of flux which is observed and
described here is radically different from these phenomena since it is
independent of the rate of Totation and appears undiminished in the
limit approaching zero frequency. The flux expulsion reported 1n this
chapter is an intriguing and dramatic phenomenon replete,with implications

about the behaviour of flux vortices and thelr interactions.



Chapter 5

Rotating Disk Phenomena:

High Field Behaviour and Evolution to the Quasi-Steady State
5.1 Introductibn

In the previous chapter the attention has been focussed on the quasi-
steady stétc and particularly on the magnetic flux which rotates in phase
-ﬂith the rotation of the disk. According to the picture proposed and
which is quantitatively consistent with all of the pertinent observations,
this rotating magnetic flux o;cupics, in the quasi-steady state, & central

o max — o max’ straddling the mid-plane of the disk.
The width of this central core shrinks w?th increasing Hj and its dimen-
sions are independent of the details of the orientation configuration of
the magnetic flux in the adjacent active region or “shoulders“rof the B
profile. When HO exceeds a threshold vaiue H**, this central core has
vanished. Then the two shoulders of the B profile meet at the mid-plane
of the disk where B(X/2) » 0 and the active regions occupy the entire
width of the disk. This is the reason why the phenomena which is now
scrutini;ed is labelied as the high field behaviour. This 1abel is per-
haps misleading since the active regions or shoulders exist for all fields.
Below the threshold field H**, however, the active regions diminish with
decreasing Ho. Their contribution to the detected signgls is correspon-
dingly less pronounced and tends to be overwhelmed by the rotating con-
+ribution, whereas above H**, the magnetic moment in the quasi-steady

state is due entirely to the active region. In this chapter the rotation

with depth of the magnetic induction in the shoulders of the B profile 1s

-
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examined. first the attention is focussed on the gonfiguration in the
active region for the quasi—steady state, then the behaviour is analysed

during the evolution to the quasi-steady state.

5.2 Statement of the Model

In the-acfive regions or shoulders of the B profile, both the orien-
tation and the magnitude of the magnetic induction g(x} = ; Bv(x) +
; B:(x] vary with distance from the surface. According to the picture
pursued in the previous chapter, regardless of the jnitial magnetic
state of the.disk, B(x) in the active region decreases with dépth and the
gradient of B is dictated by the érescription

(%Earot = ug8 e (5-1
where jé(B) = (dB/dx)c is the gradient of the B profile encopntcred in
the non-rotating situation and extracted from the standard magnetization
curves. Equation 5-1 applies to the half space between the surface loca-
ted at x = 0 and the mid-plane at X = X/2; for the second half of thé
disk the term at the right is pasitive.

In the previous chapter, evidence fas been presented that &8 = 1, hence
+his factor is not only independent of B but also of the étate of rota-
tion of §(x) with distance. Nevertheless 8 1S retained as a coefficient
in equation 5-1 since it is desired to test further whether the data
which are now examined are belier reproduced by taking 8 = 1 or 8 < 1.

Quite generally it can be written that

B(x) cos & (x) (5-2)

B,(x)

and

i

By(x] B(x) sin & (x) {5-3)

where. 8 (x) is- the angle subtended by the magnetic inductién vector B(x)
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and the sFationary externally applied magnetiﬁ ficld'Ho.

In the quasi-steady state, +he configuration of the magnetic induc-
tion §(x) in the agtivc reglon is_fixcd or rigid with respect O Hy
hence with %cspcct to the laboratoTy framec and the observers (the sta-
tionary‘or;hogonal pick-up coils embracing the disk). The metallic
lattice of the disk sweeps by this static configuration of B if the digk
continucs to rotaﬁc.in thg same direction. The constant (D.C.) compo-
nent of the signals in quasi-steady state then provide 2 direct mcasure

of the quantities <B_> and <B > defined as

X
1 0 max
<B > = T 3 X 3 -4
Bz /3 [ B(x) cos g(x) dx (5-4)
0
X
. i o max _
<By> = 73 B(x) sin & (x)dx (5-5)
0
. < X/2 - * % = X/2 ) *K
where O < Xy max__}/ﬁ when HQ < H and Xo max X/2 when HO_> H

H** is still used for generality, a}though the results presented 1in the
pfe;ious chapter indicate that H** = B*. (It is also recalled that the
emf from the pick-up coils are integrated hence the signals obtained are
proportional to the above quantitiesj.

To proceed further’a rule is required to determine 6(x). The

following simple 1aw is proposed.

Eli ::l:‘{u it \ {5-63)

or equivalently

X _
a(x) = = YH, j_jé (B{x*') Jdx' : (5-6 b)
0

where y is a parameteT of the material and incorporates the coefficient

-7 . .
8. The coefficient ¥, = 47 x 10 tesla-metre/ampere 15 retained to
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maintain the convenicnt'pafallclism with cquation 5-1. The choice of

+he + or - sign is dictated by the sense of rotation. It will now be

concentrated on the half space 0<x < X/2.

Ultimately the validi

tyv of this cmpirical rule will be determined by

its ability to generate results in accord with observations. It 1s

instructive, however, 10 indicate the linc of reasoning which led to

choose this law, besides 1

+s obvious simplicity. Some of the physical

.

\
implications of this formula will also be examined.

In Bean's analysis of the rotating disk, which is presented in

Chapter 4 and pursued in the framework of the crude approximations that

- = e . 3 — =
(dB/dm)c = udL = He (where o 1s a constant) and u = B(H)/H = w_,
hence I = Ié =0 and j. = jc’ the following expression appeared
X -
. = -2 _ . =
§(x) + /2 (1 =3 ) . (5-7)
where & = Ho/a. Differentiating this leads to
~ 1 s
és 2 b -
- = - J: (5-8)
dx 3 B(x)rot
where )
X
= - = 5-5
B(K]ro‘t uoHo G Y5 6) (5-9)
and the critical B profile for the nom-rotating situation 1is
X
= - 5-10
B(x) v Hy (1-3 ) t )

The formulae are CONS

istent with the condition that the local elec-

tric field vector generated during rotation be directed parallel to the

-
current density vector J.
crude simplifying assumpti

reasonable description of

it is noticed that, in spite of its many
ons Bean's analysis nevertheless leads to 2

the observations of <B_> and <Bv> Vs HO in the

1ow field range 0 < Ho < H*~.



This agreement certainly provides a stTong impetus to retain the cru-
cial featurcs of Bean's formulae. The problem, of course, is to establish
which clements are most crucial and which can be modified without under-
taking the formidable task of solving this difficult problem from first
principles.

It has been scen-in chapter 3 that the Kim pinning function Fé(B} =
o satisfactorily reproduced the "low ficld behaviour™, parficularly
when B(x)rot is chosen cqual to the critical B(x) profile. Further in
+he Kim approximation j. = —i%im _ This suggests that the term a/B(x)rGt
3pgcaring in equation 5-8 could be rcpiaced by the almost equivalent but
simpler term jé(B). There is then no justification for retaining the
specific coefficient /275 since the latte¥ ;s a consequence of the ori-
ginal formulation. Accordingly, an adjustable coefficient y 1s empiri-
cally introduced.

Evidently the end result of this phenomenological approach has the
qerit of simplicity and should perform adequately for low fields (Ho < H**)
since it 18 constructed to provide approximate accord with the observa-
trions in this range. The acid test will be whether these rules (ecua-
tions 5-1 and 5-6) also yield behaviour in agreement with obscrvations
in the high field range and during the evolution to the quasi-steady
state. Section 5.4 will show the success of these empirical pres-

criptions when combined with the picture proposed for the evolution of

the B profile as rotation progresses TO the quasi-steady state.
5.3 General Discussion of the Rotational Configuration of the Model

Before proceeding to the application of equations 5-1 and 5-6 it 1s

worthwhile to examine various basic aspects of the problem of the rota-
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tional B profile, the development of the concepts of the critical state
and equilibrium diamagnetism in this speccial situation and the physical
meaning and implications of the empirical solution.

i) The critical state and critical current density in the rotational

B profile.
L N
In the previous discussions, the formulation of the eritical state

Rl

and of the critical current density was relatively simple. In chapter

3, it was dealt with the standard magnectization cCurves where the per-
sistent currents flow perpendicularly'to the magnetic induction which 1s
anidirectional. In chapter 4 the attention was focussed on the magnetic
flux in the central region of the disk where again an internally non-
rotational B p;ofile exists. In that chapter, Bean's analvsis of the
rotational B profile was also presented. This analysis, however, avolds
many of the complications and aspects here considefed since it takes the
permeabillity ¥ = ¥ and the critical current density to be a constant,
hence unaffected by B and by the rotational configuration of B . Many

importaut elements of the total picture are now reexamined in the context

of the rotational B profile.

J
The critical state equation in vector form
F x8-F =0 (5-10)
c P

and in scalar form
JBsino = F t (5-11)
c P
is written

+F} = O (5-12)

X {JB -JB
B, - 9% p

for infinite slab geometry OT alternatively

aH_ dH, :
—n _-—-- = ﬁ 5-1-
s, (g * B () F,(8) . (5-13)
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where Maxwell's equation V X H = J has been introduced. The capital
letter J will be henceforth uscd for the current density (and Jv, J_
for its components) to avoid possible confusion with

. _ .dH .
je (dM\. . (5-14)

the scalar valuc of the gradient of the magnitude of the magnetic ficld
where the small j will still be uscd. This gradient is directed along
the x axis. For simplicity the + and - signs in front of Fp fnd F%) will
be ignored except when it is usecful for physical rcasons. The partial
derivative notation is not uscd since it is clear that the pertinent
quantities do not vary with ¥ and = for the infinite slab geometry here
considered. |

" Equation 5-13 can be rewritten

B, v B, GH. . Fj
'é'(“"dx)*’s'("dsz‘é“’ (5-15)

This apparently +rivial change 1is extremely uscful as wili be seen
shortly and we are indebted to Dr. John Clem for drawing our attention
to the idez now exploited.

According to the concept of Abrikosov diamagnetism, the vectors H
and B are collinear and in equilibrium. The permeability e (B) br u(H} 3}

is a2 scalar and thercfore

3 B B
N B 5-16
T T H, | (5-16)
hence

B, Ej)i B_ H_

. = - = 5.17

F£ = ™ | (5-17)
Introducing these considerations in equation 5-15 gives

H_~ di H_~dH " "1 dH

Y _____Y ._E- ._.—:— = .i- = 2yE = — -18

H X +_ H dx dx (Hy ¥ H:) ¢ dx "¢ (5-18)

‘¥
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4
and finally

B( Yo o T Fp(B) (5-19 a)
or cquivalently

ik o~ FP(B) . (5-19 b)

where j corresponds to a critical current density oniy in the non-rotl-
tional (unidircctional) B profile. It 1s stressed that cquation 5-19
applies regardless of the orientation of the configuration of the current
density j(x] and the magnetic induction g(x] and is valid for infinite

slab geometry.

‘The magnitude of the critical current density jc =ydJd,*: J_
associated with the H profile can be written,
.2 dH _ 2}1 dH dH 5 dB: 2}5
(5-20)

It is now returned to the equilibrium diamagnetism concept {equa-

tions 5-16 and 5-17). A differential permeability may also be defined

ds(H) _ dB
wt | daH = EH(E)

or equivalently

AH ) =¥ & Bv + z A B_ where p' is a scalar

s

ut (y A H,*

function. Then

aH dH_

() * (@)~ (5, (5-21)
Consequently, ;quation 5-20 vields

3.2 & %)z+{j‘1_:x~;)2}!«; (5-22 a)
or equlvalentlv

3, = uo%}-;—.ié (5-22 b)
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where
dBv 2 dB-- 2 1-.;.
suo= — g ) ()Y (5-23)

0

- - I3 > L3 £
is the magnitude of the current density Jé associated with the B profile.

It can also be written
- - dB dB 1
Juo= oy 3 v LT (- =) * :(——)} — (5-24)

Ho

where Maxwell's cquation has been introduced in the form ¥ X B = quE‘

Returning to\the critieal state cquation 5-13 it can bec rewritten

di_ dB dn_.  dB_
B}_( )- +B,_ (dBJ () ~ B3 (5-25)

Again, making usc of equation S-21 this becomes

dB dB F_(B)

ip —X+s, By _p =G (5-26)
My v odx = dx uo[dH/dB)
/3 7

Since B = B; + B , this can be abbreviated to
1_.-' é.B_ = 31 - 1 o=
- B (gzx)e JeB 7 FP(B) (5-27)

where uojé = (dB/dxfC is the scalar value of the critical gradient of the
magnitude of the magnetic induction. Again it is noticed that equation
5-27 apglies regardless of thq‘orientation of Jé with respect to B.
Introducing J. = uOJE dH/dB (equation 5-22 b ) 1into JCB sin ¢ = Fp
fequation 5-11) a critical state equation is obtained in scalar form for

the B profile

F
‘3 = = . -2
JEB sin & E;E%TEE- Fé(B) (5-28)
which, in vectoT form, becomes &
51 xB-F =0 (5-29)
¢ p

Recalling the definitions Bv(x) = B(x) sin 8(x) and B_(x) =

Bfx) cos 8(x) it is obtained upon differentiation with Tespect 10 X



dB .
v - . T _ : de dB ' -
chy T B sin 8 (dx) - cos 8 (EEJ . (5-30)
and
dB
¥ = ___}' = d_B. 2] ___dB <
qu: = I B cos 8 (dx 3 + sin © (dx) c (5-31)

Introducing these expressions into cquation 5-23 leads to

A dB . 2 2.de2 -
Jeo 7 ™ (dx) ot B” (%) | (5-32 a)
and equivalently
9.
e B~ .d&. 2
1 = ' 2 (= =
3= JGRT <) (5-32 b)

It is noted that cquatiqns 5-30, 5-31 and 5-32 arc general results unre-
lated to the critical state and equilibrium diamagnetism concepts.
Si@ilar cxpressions can readily be obtained for Jc and 1ts COMpPONCNts Jv
and J: starting from the definitions

Hv(x) = H(x) sin &{x)} and H:(x) = H(x) cos § {x)
and using equation 5-25. The relationship between JC and JE (equation
5-22) depends, however, on invoking the concept of isotropic.equilibri;m
diamagnetism.

Further, it is remarked that 411 of the above expressions are appli-
cable regardless of whether the rotational and unidirectional B and H
profiles happen to differ as suggested by Bean. If they do differ then
H(x), B(x), Jc’ jc, Jé and jé in the above formulae need only be replaced
by the corresponding symbol carrying the subscript rot to indicate this
state of affairs. The configuration which exists, rotational or unidi-
rectional, should be clear fromthe situation under scrutiny. The subscript
is introduced only to express the feature propesed by Bean that the pro-
files may be modified and, 1in particular, hecome shallower in the rota-

tional configuration.



Introducing equation 5-1 and 5-6 a into equation 5-30 a it is obtai-

ned that

5uo= /st o - (5-53)

hence Jé > jé if 8 = 1. In other words, as cxpected, the eritical current
density associated with the B and the H profile 1s cnhanced in going from
the unidirectional to the rotational configuration when 8 ¥ 1.
. = = - - - -
ii) .Dircction of E with Tespect to J.

The configuration of the electric currents and magnetic induction
developed by Bean satisfies the condition that the clectric current den-

sities JC and Jg (which are identical in wasc) lic along the electric

-
field E when the disk or the configuratign of magnetic induction rotaic.

Bean requircs that ¥ = 0 where

—h

v = sinF( Eh:‘ 2 (5-34)

The behaviour of ¥ which ensues from the empirical rules developed pr#-

viously 1s now examined. The componénts of the electric field vector

B = ¥ E.(x) * 2 E(X) (5-35)
can be found from Maxwell's equation ¥V X E - -aﬁ/at as follows. Rewriting
3E, 3B_

Szh = - T and integrating gives

X X

(o max g o0 max
= o — 1 1 1 .3

-Ey(x} -J dEY =TT J B(x') cos 8(x 7 dx (5-36)
X X
X

ag [ © max B

Ey(x] S I B(x') sin g{x') dx' (5-37)

' X
since Ey = 0 at X = X, pay

I+ is convenient tO define

<B >_ =
Y

X
. 3 J O MAX peyey sin 8(x')dx’ (5-38)

x ~
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In terms of this definition
E :-—-'- —— > 3
0 =-3 (e (5-39)
Proceeding similarly with 8E_/8x = +3B /3t, since E_ = 0 at x = X
' z v p o max’
it is obtained that
xdes
{\) = -3¢ \B:>x o (5-40)
where
" 0 max
B> =¥ J B(x') cos 8 (x')dx! (5-41)
X

Using equation 5-39 for Ev.and 5-40 for E_ together with equation
5-30 for J. and 5-31 for J! and making usc of equation 3-22 b to convert
JL pofe! Jv and J' to J_ gives
daH, X
[Ex3) =Ed -F REEoEL D L- (5 cos 8(3D) +sine () By

+(B sin § (%%) - cos e(%%) c)<B:>x] (5-42)

Mmking use of 5-22 b to convert JE to Jc and cquation 5-32 2 for Jé
together with 5-39 for EV and 5-40 for E_, the denominator in the cXpres-

sion for  becomes

E] = (3g) (da%][{(%%) <+ B (de 2} {<B >2 +<B:>i}l”5](5-43)

(]

It is remarked that equatlons 5-42 and 5-45 are general results and
. that ¢ is independent of the rate of rotation_de/dt and of equilibrium,
diamagnetism. It should be noted here +hat for the type I supercondéuctor
and the ideal type II superconductor below H_ ;> where de/dx = , hence
<By>x = 0, equations 5-42 and 5-43 lead, as they should to ¥(x) --90°.

In this case, the electric field £ must be perpendicular to 7 since there

cannot be any dissipation of energy associated with the reversible current
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-

density J.

It is relatively straightforward to verify that Bean's formulation
leads to v = 0 at the surface (x = 0) wherc & = 0. This & aciiaed by intreducing
<B1> from equation 4-17 and <B > from equation 4-13 into cquation S5-42I.

Introducing equation 5-1 for (dB/dx)c and equation 5-6 for d8/dx
into cquations 5-42 and 5-43 leads to the following

1§ < fi.: {{yB cos & - 8 sin e]<‘s}_>x + (YB sind + Be cose)<5:>x}
EJ

1

-~ —wzx_‘ i,
{s~ + y"B"}" {<B > a <B_>7 }°
v X z

e

(5-49)
where <B >, is positive if ¥ is taken to be positive.
It is evidently 3 formidable task to compute the dépendcncc Sn H, of
v vs x. The problem is considerably simplified when concentrating on

jts behaviour at +he surface only where 6 = 03 it igads to

: e ¥B . <Bv> + g<B_>
5(0) = sin [ —— =

] (5-45)

2 2.2.% 2 2.k
(87 + v Bs)-{<Bv> +<B_ > Y+

L}
ol ) R~

tic state of the disk. {
\

where Bs = uO(HO - IR} or BS =u (H - 1] depending on the initial magne-

In Figures 5-11 and 5-12 w{0) vs HO which ensues from the present
model is shown for the V and VTi samples with 8 = 1 and
taking BS = HO - Ip. Since IR ~ Ié when Ho > H** and IR is negligible
compared to Hg, this choice 15 not significant.

if we accept the condition y(x) = 0 as @ necessary requirement,
equation 5-44 and particularly, equation 5-45 provide a aseful tool in the
search for improvements to the simple and approximate empirical choice

for de/dx.

3ii) Rate of EncTgY Dissipation

v
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From the Tesults developed in the previous section an expression

can readily be obtained for W, the rate of energy dissipation as the

disk rotates. Following the Poynting foymulation it can be written

. > > ., d8
W= E X LdA = 2 = AN (+— < -
J(E x H) .d 2\ E_\'HO AX ( It 3 HO B}}' (5 36)

where AX is the volume of the disk of area A and thickness .

This cxpression leads, as it should, to Bean's result for the energy
dissipation when <By> S ung'J2/J3 J X which applies in the narrow range
0 < HJ < H¥*.

o

Gilehrist (Gilehrist 72) has also analyzed the problcm of energy
dissipation in 2 rotatiég type II supecrconductor in a generalized frame-
work and obtains results which reduce to Bean's conclusion in the iimit
of JC constant and Ho < H*™

Since the present model generates CUTVCS of <B > Vs HO which are in
good agreement with observations as will be seen shortly, it consequently
provides a satisfactory‘account of the e¢energy dissipation accompanylng
rhe rotation. |

\

iv) Some Physical Implications of d8/dx = t“oné

-The empirical rule
.8 . . . dB : )
T = fuic T s (35 e (5-6 2)

indicates that the gradient of the & profile is proportional to the gra-
dient of the B profile. This seems reasonable since in the regime of

slow rotation, which applies in this work and where viscous forces are
negligible, it is presumably the same pinning sites and pinning forces
which control the orieﬁtation of the planes of flux lines as well as thelr

’q .
migration into and out of the disk. This aspect emerges moTe clearly if
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equations 5-26 and 5-27 are uscd to yrowrite cquation 5-6 a. It vields

5 . dd . d8 _ -
S m o R® (5-47)
and B d8 _ B

iy = Fp (B) . (5-48)

These expressions suggest that the interaction between TwO adjacent
planes of vortices scparated by 2 distance &3 and oriented at an angle
AS with respect to cach other gives risc to Ft’ a turning force density
or torque per unit length which tends to make them linc up parailel to
each other. This picture is now pursucd in more doetail and the two adja-
cent planes are 1abelled as 1 and 2. It is visuvalized that planc 1, ini-
tiallv parallel to plane 2 1s rotated infinitesimally while plane 2
maintains its orientatiom. A turning force or torque per unit length, Ft
acting on plane 2 then arises. The pinning forces come into action and
impede any rotation of plane 2 until the angle 48 has increased suffi-
ciently so that F% equals the maximum pinning force density Fé. I1f now
A0 increases furtheT, F% éxcccds F; and planc 2 now follows the rotation
of plane 1. A third plane adjacent and initially parallel to plane 2
then begins to experience 2 turning force orT torque and the process just
Jescribed is repeated for the succession of planes. It is thus visualized
a crifical state situation vis 3 vis the relative orientation of the
planes of vortices in complete analogy with te critical.state concept of
a Lorentz driving force FL in equilibrium with an opposing pinning force
FD operating when planes of flux lines are compressed OT decompress?d and
made to penetrate into or move out of the specimen. Viewed in this con-
text, eguatlons 5-47 and 5-48 constitute critical state equatlons Ft = #p

and F' = F! where
t p



- 118 -

_ B . dH de

Foos o ig) (&) (5-39)
. B de

and Ft = -—-—wo ( = ) (5-50)

Thus d8/dx is the eritical gradicent of the orientation of the planes of

flux lines.
5.4 Application of the Model

1) The Quasi-Steady State.

As 1in the pre;ious chapter, it can be procceded analvtically to
explbrc the cons&quenccs of the empiric;T‘ ulcs (Equations 5-1 and 5-6)
using the Bean and Kim pinning functions F$'= aB and F; = a respectively.

The starting expressions in these Ttwo Cases then become

(BS - My aBX) cos (uoycxjdx (5-51)

P L

X
0 max
<B_>» = J

o}

with the Bean pinning function and

i 2 i
< ZuOch)' cos Y{BS - (BS - 2uoa8x]‘}dx

x
2
J o] max(B.. _

w9

<B_> =

o (5-52)

with the Kim pinning function where BS = uo(Ho - IR} or B = uo(HO - Ié]
depending on the initial state. The expression for <B > follows by‘sub-
stituting sin for cOS. -

These expressions can be integratéﬁ ;ngiyticdlly. The resulting
expressions, however, aTe quite complicated, particularly with the more
physically meaningful Kim pinning function. As 2 consequence, these

a
results are not Vvery {1luminating and still require cosiderable compu-

tation to yield information. Further, in the Tange of high fields, the

Bean and Kim functions need to be corrected bY introducing & factor of
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the form (1 - B/Hcé) or %rvariant thereof. Now, the analvtic solutions,

if they can be obtained, beccome

BVEen more cumbersome. For these redsons

this thesis 1s not burdenecd with the results which would be obtained from

pursuing this avenue.

In view of the complicatcd

non-analytical dependence of j, on B and

IR {and Iﬁ} on H0 it is then pro;ecdcd computationally to determine

Bv(x}l B_(x) and 8(x), hence <B_

B profiles which ensuc from the

> and <B > Vs Ho in the shoulders of the

model for the quasi-stcady state. Tn

Figures 5-1 and 5-2 tvpical configurations of B_(x) and BvEx) are shown

at a low and an intermediate val

these two configurations. In Fi

ue of H. Figure 5-3 prescnts g(x) for

gure 5-4 and 5-5 is displayed for comple-

reness and comparison, B_(x), Bvix} and 8(x) ensuing from Bean's model.

In Figures 5-6 through 5-8,

p <M >= <B>-u H and u <M > = <B >
6 T z oo o v b

generated by the present model arc compared with observations for the V

and VTi samples. In Figure 5-6

two different values of v illust

two calculated curves arc presented for

rating the sensitivity of the model 1o

this parameter at high field. The value of § = 1 was cclected. Similarly,

in Figure 5-7 the same experimental measurements are presentcd with two

calculated curves corresponding

(v = 95 rad/T). As can be seen,

to 8 = 1 and 1/¥3 ; v is kept constant

the calculated curves are not very sen-

sitjve to this parameter. Further as expected the experimental and calcu-

jated Tesults are not sensitive

to the choice of Iy and Ip at high ficld

consequently cither one can be used for the computation.

Let 48 denote the total
max

b
where 8 = 0 toO +he front of the

Figures 5-9 and 5-10 the dependence of Aem

- . . -
angular variation of B{x)from the surface
B profile 1in the quasi-steady state. In

on Heis displayed for the
ax 0

two samples. For fields lower than H**, A5 becemes infinite.
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ii) Evolution to the Quasi-Steady State.
It is a straightforward matter to pursuec the picture, developed in

Chapter 4, for the sequences of B profiles encountered with various ini-

tial states as the rotation of the disk begins and progresscs until the

»

quasi-steady state is achieved. As the disk is rotated and § gYOWS, X,
the limit of the active region advances into thé sample and the shoulders
of the B profile expand. The cquations 5-1 and 5-6 dictate the B and 9
prbfiles in the expanding active region 0 < X 2 X,- The reader 1is
referred to Figures 5-13 and 5-14 where the scquences of the B and & pro-
~files are shown schematically for the low and high £ficld ranges with

IR = Iy = 0 and the B profile is sketched as linear, for simplicity.
Also, for brevity, only the sequence of events occurring for the non-
magnetic (cooling) inifial statc are represcnteé.

The v and = components of the & dependent spatial average of the

-
magnetic induction B, can be written:

X : . X/2
. o max 2 sin B(XO)
<By> (8) = i- J B{x)rot sin 6(x)dx * "“3?“‘“"[ B(x]@x
0 ) X
° (3-53)
and /2
- X 2 ¢cos S[xo} ﬁ/“
<B_> (8) = I J B(x) oy COF g(x) dx + —x B(x)dX
) X
°  (5-54)

where B(x) and g{x) are again obtained from equatio%s 5-1 and 5-6.

The new feature which appears 1in considering the behaviour during
the evolution of the quasi—stcady state is that X, the distance of pene-
tration of the active (rotational) region 1s determined by the relation

X
g = Y [ 9 (B(x)) éx (5-55)

0
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which follows from equation 5-6 and 8 is the angle through which the disk
has been rotated. (0f ecourse, the sense of rotation of the disk must not
change.)

The dependence of uo<My>(8] = <By>(e) and u0<M:>(B) = <B:>(8) - UOH
on HO as 8 increases which ensucs from the model is displayed 1in Eigure
7.4 where it may be compared with the corresponding experimental observa-
tions (Figure 2-2). These sets of experimental and calculated curves are
obtained with the Vanadium disk jnitially in the non-magnetic (cooling)
state. Comparable agreement between measurements and theoTy is obtained
starting with the other initial states for the V and ;Ti disks. When
HO > H*, the theoreticﬁl curfes evolve until a plateau is attained
whereas the experimental curves continue to exhibit small oscillations
superimposed on the steady (D.C.) “phackground". The origin of these
"resiﬁual” oscillations has been discussed in detail in chapter‘z. The
frequency of thesc tparasitic” oscillations 1is twice that of the signal
£rom the rotating flux'¢% remaining in the central core in the quasi-
steady state when Ho < H**. This and other evidence presented in chapter

2 indicate that these residual oscillations are due to anisotropy of the

pinning 1n the bulk or volume of the disks;
5.5 Conclusion

A simple empirical equation has been proposed to describe the rota-
tion of the m;gnetic induction g(x) as the disk rotates.- This basic
equation combined with the model for the configurations of the B profiles
as the rotation progresses provides a satisfactory account of a variety

of observations on the V and yTi disk. In particular the dependence on

Hy of <B_> and <By>, the steady components of the magnetic induction in



the quasi-steady state is reproduced quantitatively and similarly is the
variation of these components with 8 during the approach to the quasi-
steady state for the entire range of fields 0O < Hj < Hos and starting
with the disk in a variety of initial magnetic states.

Further, although the model does not sarisfy the condition E x J=o0,
it accounts quite satisfactorily for the eclectromagnetic energy dissipated

i
in the quasi-steady state as +he disk rotates slowly (i.e. fE.J dv where

dv is an clement of volume) .




- 123 -

4 oty

o i
-~oxd proty a3 gurynduos Jgoj posn aIIM g goadeyy woxy (H)TI

pue ﬁ:uwm sg [[2M st L/pel 56 = kpue [ = ¢ 30 onjea oyl

(U se = o:ozv ysTp wunipeuea 24l 10J f5qels [elITUL s130udeu

-uou B 10} ﬁxuxm pue ﬁxumu sortjoad plotj 23vls xzcoumnﬂmmzc

Z

1~ aandy

G0 0 0 20 'O 0
_ _ _ _ |
_ —~0¢-
_ m
~N
| »®
ja)
-
3 o
._u. 0
° <
5 o
8 [—
| . \.mH
__ NOI93Y 1408 =
_



- 124 -

G0

v

‘goyrzoxd provy oyl gurindwod J10j pasn

s ® 21 cG = A pue

alom ‘¢ Jgozdeys wouj ﬁo:uzu pue wﬁ a1 se [[9M SE 1/pes s6 pue
P R

1 = ¢ 3o anfeAa 2yl “Ju oL = o: praty v ul gurfood X033je YSIP

unipeUeA Ay} J10j hxuxm pue ﬁxvua sorigoxd pro1y 9jels Apuols-Tsend

L

mum.oa:mmu

sup|d-puu

WAIAYNVA

ov-

99)
N
»
0 —
. o
pe )
Q.
(90
‘\I..
%
oy
3
-
oIol



- 125 -

¢-g sandty

soand iy snotaoxd omy oyl .03 {(x)o
X
%
. [ ] O
g0 v0 €0 20 'O
_
3.
: L))
»mw. -
2 —oor =
— 002
WN1QV NVA




- 126 -
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(b)
Figure 5-4 Quasi-static field profiles Bz(x) and BV(x) in the active region

. as calculated with Bean's model. Bv(x) and Bv[x) are normalized

with respect to the field B_ at the surface.



- 127 -

X/ X0 max
|
my |
2
I
6 (x) |
mb |
|
I
T |
21 l
l
l
| | l | | -
0 0.2 0.4 . . .
0.6 0.8 1.0 )(/)(omux
" Figure 5-5 Field and angle profigc In the active region as calculated

with Bean's model. B(x) is normalized with respect to Bg,

the field at the surface.
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LOW FIELD BEHAVIOUR
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Figure 5-13 Idealised field and angle profiles inside the disk for

successive increasing angles of rotation labelled .from 1
to 4 [64 = «), The applied Ho field is lower than H** and

the disk was initially cooled in Ho’
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Summary and Conclusion

<‘ Part I

The mﬁgnctic behaviour of disks of V and VTi rotating slowly or incre-
mentally in a static magnetic field HO directed perpendicularly to the
axis of rotation and along the flat faccs_of the disks has been investiga-
ted. The components of the average magnetic induction <B:> and <Bv>,
parallel and perpendicular to HO, are monitored continuously with two or-
thogonal pick-up coils embracing the disk. The evolution of the magnetic
moment tothe quasi-steady state and thereafter is followed as 2 function
of the angle of rotgéi;n;e of the disk. The results are independent of
+he rate of rotation and effects due to viscous drag of the vortices can
be ignored.

The magnetic response of the disks at test has also been measured as

Ho is slowly increased from 0 to ch and subsequently cycled between +HC

2

and -ch. The expulsion of flux as the disks cool from Tc to 4.2 X in
various static Hj has also been determined. From these data information
is extracted on the variation with B of jé(B) = (dB/dx)c, the magnitude
of the gradient of the criticél B profile and on the dependence on HO of
the surface step IR and Ié operating‘as flux leaves or enters the samples. -ﬁ!
This information is of intrinsic interest and is necessary for a gquanti- ,
tativé analvsis of the behaviour of the disks under rotation. .
A simple but crugial picture. is proposed fof the sequence of confi- -
gurations and the final quasi—steadﬁ state configurati®n of the B
srofiles as the disk is subjected to rotation. With this picture it is

then possible to predict the residual amount of flux e% remaining in the

vicinity of the mid plane of the disk -and rotating in step with 1t as 2
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function of Ho and starting with different basic initial magnetic confi-
gurations. This model is pursued quantitatively using (i) simple analy-
tical approximations for jé and the surface steps and (ii) the detailed
data for jé(B) and the surface steps obtained from carlier analvsis of
the standard magnetization curves and the flux expulsion data. The pic-
ture proposed is novel and of basic sigﬁificancc. It is visualized that
trapped flux 1is cxpelled against the ficld gradient as the disk undergocs
rotation to the quasi-steady statce. This flux expulsion phenomenon 1is
independent of the rate of rotation but is determined by the specific
sequence of critical state B profiles proposed.

It is also examined whether.the gradients of the 8 profile in the
region where the orientation of the magnetic induction ﬁ(x) varies with
distance 1nto thc disk differs from the gradients cncountered in the_éri-
tical state of unidirectional (non—rotatlohal)conflquratlonb of. B(r)

Such a proposzal was originally put ‘forward by Bean. Following this author

Lp)

the region where B(x] changes direction with depth is referred to as th
active reglon or shoulders of the B profile. This feature is measured by
a parameter 3. Bean found 8 = 1/73 from a theoretical analysis using

the crude appro;imation that 3 is a constant independent of B, taking

the permeability w = o and ignoring any surface step. The analy51s of
the experimental observations indicates that the gradient of B is essen-

i

tially unchanged in the rotational configuration and 3 1.

The simple empirical rule dg/dx = * u_ ¥ jé, where v is an adjusta-
ble parameter of the material is proposed to describe the rotation of theqhh

magnetic induction with depth in the active region. Pursuing this

prescription quantitatively and using the data for jé (B), <B:> and <BV>



are computed in the shoulders of the B profile, in the quasi-steady state
as a function of Ho, and then these resulfs are compared with the obser-
vations. The agreement 1S MOST satisfactory. This indicates that the
proposed model can account qﬁitc well for the dissipation of energy in a’
slowly rotating disk. In order to develop this aspect it is derived,
from first principles, general expressions for the energy dissipation
applicable to the case of a slowly rotating disk.

It is noticed, however, that the configuratieons which ensue from
' -

‘this model do not satisfy +he conditiom, E x J 0, that the electric

-

ficld E generated when the disk rotates lie along The current density J.
To explore this aspect, general expressions for ¥ = sin-l(lg X j})/EJ]
are derived from first principles. These expressions can serve as useful
tools in improving on the initial simple choice for de/éx.

Finally the model is applied to computations of the evolution of the

components of the magnetic moment with 8 (or time) starting from diffe-

-

initial states and in various H.. These curves reproduce the experi-

mental observations quite adequately.
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PART II

*

LONGITUDINAL VELOCITY OF FLUX JUMPS IN AXIALLY MAGNETIZED TYPE II

SUPERCONDUCTING WIRES CARRYING CURRENT
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AN CHAPTER. 6

Introduction

It is frequently observed that the magnetic moment of Errcversible
type II superconductors is unstable. A thermal or eclectromagnetic per-
surbation can then cause the pattern of persistent electric currents o
Qccay'anh the associated configuration of magnetic induction to colliapse.
Such abrupt changes in the magnetic moment arc referred to as flux jumps
or flux avalanches. Depending on many physical quantities, the collapse
can be partial or complete. Thé latter extreme case is called a full or
catastrophic flux jump. if the collapsc is total, the entire sample 1s
driven into the normal state.

N The criteria which determine whether a flux avalanche will occur
and whether the avalanche will be partial or total have been examined
by several workers (Wipf 67, Swart: 68). Several physical quantities
enter into the picture! in particular the stored magnetic energy and
hence the critical current density,‘the normal and flux flow resistivi-
ties, the heat capacity and the thermal conductivity (which I}mits heat
flow inside the specimen and to the surrounding) - The sitilation 1s
extremely complicated\Since in a type LI superconducfor, the critical
current density, the flég:fIOQ resistivity, the heat capacity and the
+hermal conductivity all éepené on the local magnetic induction B/Hc2
and on the temperature T/f:Ti/blearly, the problem is considerably
simplified if the phenomenon can be considered as adiabatic, so that the
energy dissipatéd locally does not diffuse to neighbouring regions while

the event is taking place. The spatial and temporal evolution of the

flux avalanche has been investigated theoretically for mathematically
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tractable geometries, namely, the case where the flux avalanche progresses
simultaneously and symmétrically (1) over the circumference and along the
length of a long ¢vlinder magnetized along jts axis, and (ii) over the
‘surface_of an infinite slab magnetized parallel to its surfaces. The
main features of the phenomenon appear to be well understood under these
circumstances and are quantitatively weill reproduced by the calculatioﬁs
(Bussiére 73, 75, Darby 73, ﬁorton 73). This problem is immensely more
difficult than that of the radial or transverse propagation of the normal
phase in a type I superconductor javestigated earlier for the same
geometric arrangements (Pippard 50, Faber 53}. The latter situation 1is
not, however, a flux avalanché problem. The velocity of propagation of
the normal front along 2 wire of a type II superconductor carrving a
steady transport current I has also been investigatea experimentally
and theoretically (Whetstone 65, Overton 71}. These stﬁdies have focused
on the spécial case where the wire is immersed in a static longitudinal
ﬁagnetic field but is Egz_magneti:ed. As a consequence, the phenomenon
of flux avalanching is not jnvolved in these investigatioas. When T is
-near Ic; the azimuthal configuration of the magnetic induction (the BB
profile associated with the conduction current} can become unstable and
flux jumps can OCCUT. Also it has been observed that under these
circumstances, the conduction current adopﬁs 2 helical configuration and
an appreciable axial magﬁgtic moment arises, although the wire is not
jnitially axially magnetized. Whetstone and Ross and Overton have not
examined the behaviour in this Tange of high currents. Further note °
that in their analysis, the normal -superconducting interface 1s visualized

as a transverse plane and the resistivity is takeén to be p 00 the normal

side and zero on the superconducting side. The latter stipulation is

-



applicabie since the wire is heated into the normal state at one end in
order to initiate the advance of a normal region. The problem investi-
gated by Whetstone and Roos is then essentially similar to that studied
earlier by several workers, in which the specimen was 2 wire.or a Tibbon

of'a tvpe I superconductoT carrving 5 steady transport current (Cherr&
60, Broom 60).

The velocity of propagation of a flux jump along a wire of a type II
superconductor jnitially axially magnetized and immersed in a longitudi-
nal applied magnetic field was first investigated by Walker and Hulm
(Walker 66, 72). No conduction current was fed along the wire in their
work. Theyv noted that the stored magnetic energy associated with the
axial magnetic moment played an important role in determining the velo-
city but they did not pursuc this aspect in quantitative detail.

Bussiere (Bussiere 72a, 72b) extended this work and studied the velocity
of propagation of flui jumps along axially magnetized wires of vario;s
materials (NbTi, NbZr and Nb) with and without 2 transport current flowing
along the specimen. He noted that, in special circumstances, the flux

N
jump advanced helically rather than longitudinally. This work has been
extended and the dependence of the velocity of propagation of the flux
jump on various important quantities, ﬁamely, I/Ic’ H/ch and the initial
state of axial magnetization of the wire (its magnitude and “polarity'},
has been examined 1n some detail. Further, the oGurTence of the helical
mode of propagation has been monitored throughout and the dependence of
the pitch of the helix on the quantities.justenumerated has been measured.
In this part of the thesis a report is given of these extensive measure-
ments. The role played by the magnetic energy associated with the azimu-

thal and axial configuration of the magnetic induction in determining the
Y
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~
velocify is also evaluqted. This introduction is coﬁcluded by a mention
of the fact that the velocity of propagation of flux jumps has also been
investigated in transversely magnetized wires of type 11 superconductors
jmmerscd in a transverse magnetic field and carrying a steady conduction
current (Iwasa 68, Walker 65, LeBlanc 64). In this situation, it is
obscrved that under certain circumstances the final magnetic state of
tﬁe wire in the wake of the flux jump,_consists of a periodic structurc
of elongated macroscopic voréices. The macrovortices occupy the diameter
df the wire laterally and are of larger dimension along the length of the
wire (Iwasa 68). The appearancé of these macroscopic entities is indeed
a fascinating phencmenon.

Finally the viséal observations of the dynamics of flux jumps purgued
by De Sorbo (De Soxrbo 64), wd?theimer and Gilchrist (We;theimer 67) and
by the group at the Roval Military‘tollege in Kingston (Harrison 73) Bn
disks of type I and type 11 superconductors in transverse magnetic fields T

should be mentioned.
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) CHAPTER 7

Experimental Arrangement And Magnetization Curves

*

7.1 Introduction

7
. . -

The velocity of propagation of flux jumps along Riges of Niobium
and Vanadium axially magﬁeti:ed in a longitudinal magnetic £ield has
been investigated. The flux jump is tyiggered by applying a heat pulse
at one end of the wiré. The velocity of propagation of the flux jﬁmp is
measured in several longitudinal magnetic flelds Ho for a variety of
initial magnefic moments of "megative" and "positive" polarity and as a
function of a steady transport current I'varying from 0 to Ig, the criti-
cal or limiting value. The ocaurrence of a helical mode of pré%agation
~of the flux avaianches has also been monitored with a saddle coil embra-
cing the wire. The angle ¢ of advance of the flux disturbance with
respect to the axis of the wire is dete;mined. The standard magnetiza-

tion curves-of the wires are also reported and 3 pinning function Fp(B)iS )

extracted from these data.

7.2 Experimental Arrangement and Procedures

The samples consist'of as received'-wires of high purity Niobium
and Vanadium, unannealed after the final stages of cold rolling. Table
7-1 presents pertinent data on the .samples. ch at 4.2 K is estimated
from the standard magnetization curves (Figures 7-3 and 7-6). No
reliable estimate of Hcl can be extracted from these magnetization Curves.

Consequently no attempt has been made’ to evaluate the Ginzburg—Landau

parameter K for these samples.
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A non-inductive (bifilar) single layer heater of number 38 manganin
wire 1is wéund directly over the égﬁtral section (approﬁimately 1k cm in
length) of each wire. - ' : . v,

Two ten-turn pick-up coils made'from #38 copper wire are wound
around the sample wire and connected in series. These two pick-up

¢coils are placed at a carefully_measured distance from each other along

the middle section of the wire sample. These arc referred to as the

-axial coils. A saddle-shaped pick-up coil of three turns embraces the

diameter of the sample wire over the length betwecn the two pick-up c¢oils

- [

just mentioned, and is serieé—connected with the latter. (See Figure
7-1 {a) ).‘ Actually the two pick-up coils (the.axial-coils) and nhé,ﬁ
saddle-shaped csil constitute a single unit_and are wound contindoﬁ§1y_
from one length of-éopper wire. N

The role of the axizl and;gaddlg coils is the following: the two
“axial pick-up coils measure Vz’ the 1ongitudina1'velocity of propagation
of the flux avalanche. When the axial fiux collapse reaches the first
axial coil at time t,. a.voLtage pulse 1s observed on the oscilloscope

screen. Later at time t,, when the disturbance has progressed to the

second axial coil, another éulse,'dispiaced from the first, appears on
the oscilloscope screen. The time sweep t = T, -~ tl‘of the oscilloséope
and the carefully meésured distance d between the midplane of the two
axial coils measures V_ = d/t. In auxiliary measurements wi;hrs and 4
axial coils Bussiere and the present author have verified that_the dis-
turbances advance without acceleration or deceleration along-thg wire,
except in special cases which will be examined in Chapter 9. .

The saddle-shaped coil can detect special types of asymmet£y in the

*

propagating £lux avalanche. In particular, 2 periodic signal from the

e
‘
N
- N
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saddle coil as the event progresses between the two axial

toils provides

unambiguous evidence that the flux collapse is not only cylindrically
\“_' .

asymmetric but that this asymmetTy is rotating as the dist
advances. -(See Fig. 10-1.) The number N of these ﬁeriodi
the disturbance progresses from one axial pick-up ceil to
réadily be counted. This yiéld; a dircét measure of Vé, t
veloci£y of the advancing disturbance at the ‘surface of th
Vg = 27RN/T = 2nRf where R is the radius of the wire. The

the saddle coil will be examined in more detail in chapter

urbance

¢ signals as
theiothET’Ean

he azimuthal
e wire, since
signal from

10 where .the

data on the variation of ¢ = tan-lve/v- with Ho, I/Ic and™initial magne-

tic moment will be presented.

-Several voltage probes are spot-ﬁelded to the sample wire along its

length (see Figure 7-1 (g)). The distance betweerr these ¢
is carefully measured. The signal from these voltage (res

can be used to monitor the velocity of propagation of the

o
’

ontact points
istance)} probes

flux jumps

L Y N
when a steady current 1S flowing in the sample. They are needed for this

purpose when the sample is not_a;ially magnetized.

The sample assembly (wire specimen, heater, pick-up ¢
voltage leadsi is placed inside 2 glass tube and the empty
with epoxy. Tﬁis ensufé;w%hat tﬁe wire is rigidly held in
thermal insulation provided by the epoxy and the glass tub
heat required to control the temperature of the wire specl

it above T;.

oils and

space filled
place and the
e~reduce5 the

men and to raise

The conduction current js fed intoTthe superconducting wire via

massive copper blocks tightly clamped around its ends (sece

The contact resistantg between the superconducting wire an

Fig. 7-2).

d the copﬁer

blocks is less than or of order 1 micro-chm.  To achieve this low contact
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resistance indium foil is wrapés@ around thcwfreshiy cleaned ends of the
-sample before clamping them betwéen the copper blocks.

A transistorized power supply fed by several large 6-volt batteries
in parallel delivers a steady and ripple-free current I which can be
\arled contlnuouslx and smoothly from 0 to about 400 A. Two voltage
probes straddling the sample between the copper bioécks feed an electronic
Amplifier-relay unit which shuts off the current flow through the sample
within 100 microseconds whenever a voltage exceeding 3 miilivqlts is
detected. A delay c1rcu1t is also coupled to this unit to delay the °
current cut-off suitably. This provlslon is used to allow blow-momlng
fiux jd;ps to traverse the distance between the axial coils before
interrungting the current £low. A schematic.diagram of the current-con-
trolling network is presented in Fig. 7-1 (b).

- The.flux jumps are observed with a dual beam oscilloscoﬁe. One
"beam displays the signal from the pick-up coil unit (axial coils and
saddle coiﬁ in series;fas a function of time. The second beam monitors
the transport current I flowing in the sample as the flux jump pProgresses
along the Superconductlng wire. A signal propostionél to I is obtained
from a shunt in the current C1rcu1t - Since the power supply 1s mot 2
constant current source, I decreases by 10 to 20% as the resisgive
reglo; which the flux jump leaves in its wake propagates dlong the wire.
A camera attachment u51ng Polar01d £ilms 1is used to record the: osczllo-
scope traces. yplcal photographs are reproduced in F1gures 10-7 thrOugh
10-1b of Chapter 10.

The flux jump is triggered by applying a heat pulse to one of the

two small heaters embracing the wire sample near the edges of its glass

enclosure. The magnitude of the heat pulse and‘§t§ duration (a few
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microseconds) are adjusted to ensure that triggering of the avalanché
occurs but the required threshold perturbation i§.not appreciably
excceded.

The magnetization of the portion of the sample wire insidec the glass
enclosure (and thus inside the long heater) is measured with a large
:.ZU0,0GO tum pick-up coil which embraces it. The dimensions of this main pick-
up coil are: 6.0 cm length, 7.0 cm outer diameter and 0.5 cm. imer diame-
ter. This pick-up coil is tself-balanced” in the following manner. The
direction of .the windings is‘revcrsed.at an intermediate and pre-deter-
mined diameter. The number of turns in the outer section of this conti-
nuous pick-up coil has been incremientally adjusted until the net signal
produced by the total coillis negligible as HO is varied with the sample
in the normal state or absent. Thus with the sample in place and in the
superconducting state, 2 signal proportional to its magnetization
<M> = <B>/u - H is recorded on the Y axis of an X-Y recorder as H0 is
varied. The signal from the pick-up coil 15 fed into an electronic
amglifier integrator which drives the Y axis of the recorder. A signal
.Hfgportional to Hj drives the X-axis. After the flux jump has taken
place 2 determination of whether any magnetization still survives in the

sample is made by raising its temperatuTe 1O Tc' Thg expﬁlsion of flux
from the sample ;5 alsosmonitored as it cools from Tc to 4.2 X (or entry
of flux as 1€\ws heated from 4.2 X to fc). As is standard procedure,
the calibration is made on the basis that <B> = 0 when a small field
Ho is applied to 2 virgin sample.

A superconﬁucting solenoid wound with NbTi wire and capable of pro-

ducing a magnetic field of 3.5 tesla provides the externally-applied

’



longitudinal magnetic f%eid Ho‘ This soienoid'i5717.cm long with inner

-

and outer diameters of 3.8 c¢m and 7.5 cm. The longitudinal field Ho is

“uniform®within about * 2% over the central § cm length of the sample.

Table 7-1
Diameter H
Sample () up c2 %5 5 ¢ be Source
’ (tesia) (amp/m~)
Vanadiuwm | 0.75 017 | rox1®| 12 |oes | wred
Niobium | 0.50 0.55 | 7.7x10°| 7.8 |0.47 e, ®
l
(I)Materials Research Corporation,
i
(“)Fansteel Metallurgical Corporation.
7.3 Standard Magnetization Curves and Critical Current

The standard magnetization curves (branches 1, 2 and 3) of the Nb
and V wires are presented in Figu?es 7.3 and 7-6. Flux jumps made it
impossible to trace the locus of the critical magnetic moment conti-
nuously as HO is raised again after an excursion to H, of opposite
polarity (branch 4 or the hybrid magnetization region) for both samples.

The expulsion of flux from the Nb wire as it cools from Tc to 4.2 K
in varigus static longitudinal magnetic fields is disg}gyed.in Figure 7-4.
Note that the vertical scale is greatly expanded'in Figure 7-4 compared
and that the partial Meissner (or Abrikosov)

D
—
effect in ‘this very hysteretic sample is negligible.

to that in Figure 7-3

The dependence of the critical current Ie for the Nb wire on the

longitudinal applied field is.presented in Figure 7-5. Ic gg plotted

. 2 . . £
agalnst_Ho +o0 illustrate the parabolic depe?denee of I, on H,



Thus Ic is well approximated by the relation

H 5
Icché{l‘_(—H.,] } . (-1 _
Cca

where I = 420 A at 4.2 K. Near and beyond H the critical current
does mnot fall to zero because of the existence of the Sajint-James-De
Gennes (Saint-James 63) surface sheath which persists to an upper
critical field HcS' In the present measuéements, the onset of resistance
is sharp and abrupt at I, the voltage of the sample jumping from less
than 1 microvolt to beyvond 3 millivolts when Ic is attained. Note that
the I;,E§’ﬁ:\effﬁg’°f +his Nb wire sample is very different from the
belaviour exhibited b; other type II superconducting samples reported in
the literature. The latter show 2 hump or peak in longitudinal fields.

In view of the high degree of irreversibility exhibited by these
samples, it is believed that an analysis In the frame-work developed in
chapter 3 is not warranted here. Bulk pinning evidently dominates all
other contributions. This feature emerges from inspection of the magne-
tization curves and the flux expulsion measurements of our samples.

The critical state equation for an infinite cylinder in 2 longitu-

dinal field HO then reduces to

__::- - + T o -_é
B T oug Fp (B) = ¥, FP(B) | (7-2)

where it is assumed that ¢ = B(r)/H(T) = 1 and the surface barrier

It has been found that the magnetization curves of these two samples

, as well as thase of other very irreversible materials studied in this
jaboratory, can bé well-reproduced using the folloﬁing analytical expres-
sion for the critical currént density: 1\\\\

\
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. _
3 = 2 = o { 1 - c} (7-3)
¢ B 0 ec[b-bc)+1

where the parameters &, O and be are characteristic of each sample.
Their values are given in Table 7-1 for the two samples used in the
present study. The constant C is obtained from the requirement that Jc

)

fall to zero when b, the normalized magnetic induction (b = B/uoch
reaches unity (i.e. surface sheath contributilons are subtracted).
No special physical significance is ascribed to this expression:

it is noted simply that it generates the experimental behaviour quite

accurately. The dashed curves in Figures 7-3 and 7-6 show the magnetiza-

sion curves obtained using this form for Jc (B) and the‘cri;ical state
equation 7;2.

The curves for Jc/aO against B/uoHc2 obtained in this manner are
displayed in Figure 7.7 and the corresponding curves of Fp/aOch against
B/uOHc2 in Figure 7-S. Note thaF at low-fields, the ¢ritical curreﬁ;
density Jc is nearly constant (Vanadium wire} or decreases slowly with
B (Niobium wire). In this range then, JC exhibits behaviour associated
with the Bean pinning function. At higher fields, the variation of J .
is more complicated, and is mainly governed by the parameter ¢ in
equation 7-3. This compli;ated expression will not play a significant
role in the quantitative analysis of the velocity of propatation of
flux jumps. -

The pertinent measurements on the dependence of V, and ¢ on I/Ic,
and the initial magnetic state are presented in Chapter 8 and 10.

HO/HCZ

q
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CHAPTER '8

Propagapion_of Flux Jumps~Q30ng an Axially Magnetized Wire Carrying a

.

o o -
- . Transport Current . @
‘8.1 Intyoduction ' : " —

A heat pulse applied at one end of a superconducting wire carrying a
transport current I can generate. d normal region in the vicinity of the
pukse The temperature of this normal region can rise and remain ‘above

T (I) due to joule heatfﬁ@ (DNJ ). Heat fiowing into the adjacent super-

-

conductlnq regions eventually ralses the temperature of the latter above
T (?) ThlS mechanism can cause the normal phase to propagate at a3

cothant veloc1t» alonq the entire speczmen. ThlS is neferred to as the

-

thermal mode of prqpagatlon since it is ggverned bv.e.heat diffhsion
equation. - ¥

: _ =
This phenomenon was investigated in type 1 ,superconductors (Cherry

-

60, Broom 60) and in type II superconductors (Whetstone 65 , Overton
1.  Generally, heat flow to the outside‘sﬁéroundiggg in the vicinity

of the“normal front is con51dered negllglble. Consequently the advancing

"normal front is visualized as a flat [planar) CTOSS- sectlon where p = 0

on the Superconductlng side and p = py ON the normal side, Thé radial
distribution of the transp ort current on the superconducting 51ée then..
Dlays;no rolé\in the anélysis. The veIOC1ty *of propagation is small ‘and
depends on I/I., the therma capacity, the heat conduCQ1v1ty and ‘the cri-

t1cal tempcranure T (1, H) 1t should be noted that earller PlDDard .

(Pippard 50) and qthers (Faber 53, Tttmer 58) studied thé similar problem
ﬁ . & ) - . .
of the propagation of_the normal phase in type 1 superco?dugig}s_gpen the

applled field Hy is ralsed above H cor

Recently, many workers have turned thelir attentlon to the phenomenon of

———— . . -

b s

. Y
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flux avalanches and, in particular, to the criterion for its 5%currence
and to the spatial and ;Qppéral evolution of such cvents. _Basic geometric
configurations such as 2 long cylindef in a longitudinal magnetic field,
an infinite slab in a field parallel to the surfaces and even a disk in
a-field perpendicular to Iag flat.faces, whcre.the phenomenon can be \
viewed and treated as one-dimensional, have been studied experimentélly
and theoretically in-somegdetail (Wipf 6%, Wertheimer 68, Swartz 68,

. <

\Harrlson 75, Morton !J, Darb 73, Bussisre 75,Mints 75). In these situa-
tions™the progress of the flux‘awalanche can be adequately described by a
set of coupled,thermal and maqﬂ\vac diffusion equatlons (Darb\ 73, Morton

.73, Bussiére 75) exploiting the concepts of the critical state and flux

flow resistivity (Kim 65).

&

' The propagation of a flux jump along the 1eng;h of a wire, axiully

: magnetiz ed in a longitudinal f1e1d but ‘carrving no transport cgrrent was
first investigated by Nalker and Hulm (Walker 66, x2) and subsequen%jy by
Bﬁssiére {Bussigre 72 a). Although, the mathematically tractable one-*
dimensional problem of a pure radial_collapsé in an axially magnetized

wire in a longitudinal field aﬁpears tobe well understood, little progress

has been achieved in explaining the lonéitudinal velocity of propagatioﬁ
of a flux avalanche under these C1rcumstances any understanding of the
latter phenomenon remains qualitative. The flux avalanche advances longl-
udlnallv by suff1c1ent1y perturbing the critical configuration of magne-
tic induction 1in the adjacdent region to trléger a flux avalanche‘there.

The velocity. of propagation whigh results from this process is much larger -

-

than encountered for thermal propagation and indicates unambiguously 1in

e
¥

most cases ‘that a different mechanism operates. It is clear that the

collapse of flux in one segment will generate changes in the configuration
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1

w of magnetic induction and of the circulating critical currents in the
5 .

adjacent region by electromagnetlc 1nduct10n. This mode of propagation - :

-

is here rteferred to as.the electromagnetic mode since it arises from-elec—

tromagnetic coupling. 1In order that the disturbance continfie to propa-

gate b{ this mechanism, it is crucial
N Yot - -

the wire be on the verge of collapse;

that the flux configuration along

otherwise, the disturbance is

nabsorbed" in the adjacent regions and its progress along the wire ceases. [

ansequently, there 15 a "threshold st
netic mode of propagation to manifest
propagation occurs and the externally

unless c1rcumsta.nces are created where

The presence of a smsll steady transpo

ate" required for the electromag-

itself. Below this threshold, no

triggered gollapse is localized
thermal pfo%agation can occur. I

rt current provides such a situation.

The investigations of Bussiére (Bussiére 72b) on the longitudinal
D

velocity of propagation of flux avalan

ches in axially magnetized wires

carrv1ng a steadv transport current have been extended here. The mecha-

nism responsible for the propagation can be either thermal or electromag-

netic, depending on the magnitude of the axial magnetic moment and the

transport current. In this chapter the results of measurements on the

dependenée of V, the longitudinal vel

ocity of propagation, on I, H and

the axzal magnetlvatxon <M_> are presented These results are examlned

in the context of the two modes of propagatlon 1dentifi9d above. The

effect#of the hellcal mode of propagat
tions is also con51dered qualitatively.

on the role of the energy stored in th

jon of the avalanche on the observa-

In chapter 9 attention is fotussed-

e magnetic configuration due to I

and to <M_> in determining V_. In chapter 10 the phenomenon of helical

propagation is examined in detail.

8.2 - DepcgdéﬁEE‘Uﬁ.Vz on I, <M >

/ N

/

and Ho &



the flux jumps

8-6. The wire is axially

chosen initial
. .
brought to the final value Ho

inserts in the Figures should ai

followed 1n generating the axial ‘moment.

different 1n1t1al values H must

“moments of different magnitudes.

ting these values of Hi bux they

-

N L ]

= - .
used in the quant¥tative ana;y51s.a For a chosen Ho’

axial moment may poimt

former is called a paramagnetic moment since <B_> > Ho.

-

The present data on the longitﬁdinal velocity V_

indicated at the top of each Figure.

164 -

of propagation of

in the Nb and V wires are presented in Figures 8-1 through
magneti:eﬁ by cooling through 'I‘c to 4.2 K in a

longitudinal magnetic field Hy which is subScduently

The
d the reader in identifying the procedure
Evidently, for a given H;,;

be selected in order to produce magnetic

“The Figures are not cluttered by indica-

)
are recorded during the experlment and

two different configurations can Occur.

i)

: netfb\elnce‘Bz(r) < H-

At

points in the direction opposxte to Hd

-

calied hybrid .
-
8-4 are hybrid.

[<Mz>] > H-

 on the standard magnetization cupve (Figure 7=

- hybrid.

diamagnetic are not presented.

very stable in the present

—

B_(r) has the po}arity of H_.

the polarity of Ho or is zero.

B (r) Aas the polarity of HO

core uherqu (r) opposes H .
All of the magnetlc moments in Flgures 8-2
In the case where |<M >| 5 Hy»

The reader may wia)

T g
./

where Ho# 0, the
in the direction of H0 or opposite to it. The
For the lattex, -
This is always the casc when Hi has
Such moments are denoted as dilamag-

i.
N -

in a cylindrical sheath surrounding 2
This situation is produced when H.
Such configurations are

2 and

This is evident in all cases but one, since

the locus of the moment

entifies 1t as

<M > 18
A

The reason is that this state is

samples and flux jumps (in <ontrast to
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1000+ NIOBIUM (MY

| poHz0.254 tesia *“/\
o / _H,

A uo(M25 ( tesla)

1-0.368

600

400

Vz(m/s)

200!
9
0 i 1 |
o . 100 200 300 -
v : | ~ I{A)
. i .
Figure 8-4 Longitudinal velocity of propagation of flux jumps
f"";;‘- versus transport current for different hybrid

i - moments, uGHO = 0.254 tesla. (Niobium sample)
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thermal propagation) can only be triggered in a narrow range of I near I_.

The measurements for a given HO (including Ho = 0) are grouped
together. For a given Hj (other than H, = 0), separate Figures are used
to present the data for the paramagnetic and for the hybrid moments. This
manner of displaying the results illustrates not only the effect of T but
also the role of the magnitude and the sign of <M:>. The initial magnetic
moment <M:> is indicated along each curve‘in Figures $8-1 through §-6.

Note that the largest magnctic moment indicated on each Figure corresponds
to the maximum moment of that polarity which could be generated in the
chosen applied ficld H (including H = 0). It should be stressed that:
i) The magnetlc moment when the flux jump is triggered may be substan-
tially dlﬁfcrent from the initial magnetic momcntglndlcated in the

Figures. This 1is especially important to bear in mind in viewing

Figures $-4 and §-5. The magnetic moment ]<ﬁz>] varies (and generally

decreases) as 1 1s impressed and approaches Ic. It will be convenient

to Teturn to this significant featdre later in this chapter.
ii) The transport current I indica{ed on the horizonfal axi; is the
_average ‘current flowing in the wire during the time interval whé}e v,
is detected. As mentioned earller, I is monitored during the flux
ump and decreases fractionally as the jump progresses along the

wire, thereby céusing the resistance tO STOW.

The data presented in leures 8-1 through 8-5 are plotted again in a
different perspective in Flgures 8-7, 8-8 and 8-9. Here are shown graphs
of V_ vs <M > for constant I. This alternative manner of presenting the
data is more effectlve in illustrating the role of the magnitude and of
the sign of <M_> 1in controlling Vz. In Figures 8-7, 8-8 and 8-9 ‘curves

are presented for fixed increments of 1 (i.e. 1 =0, 75, 150, 225, 5007 and
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375 A). Thus not all of the numerous data poinfs from Figures 8-1 through

8-5 appear in this method of presgntation.

8.3 Qualitative Interpretation of Flux Jump Velocity Curves

Inspection of all of these Figufes leads to the following genéral

observations.
g .

i] Rapid and sometimes discontinuous increases in V_ with I are noted.

ii) Rapid and sometimes discontinuous increases in V_ with <M_> are noted.

These™ features, -in particulars the "disceontinuities oT abrupt variations,

- .

are indications that a threshold has been excecded and a change in the mode -
~ .
- .

of propagation from thermal to electromagnetic tjififfgxycd.
.. R
Further certain trends and salient features~are noted. The reader is

referred to the sketch below which rsummarizes'™ these observations.

de

Q
snermat =

-

Curve (a). For small [<M_>] (i.e. |<M_>| where V_ = O when I = 0) a linear
or nearly linear regilon of V_ vs I is observed in the range of small I.

-~ ’ -
The therm%b’mode of propggétion operates in this linear region and the

behaviouf here 1s described by the equations of Whetstone and Roos

/ .
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(Whetstone 65). The linear region is followed by 2 region in which V_

is rising rapidly; this may reach a platé;u or leveling off and sometimes
forms a peak or hump. This can be inferpreted as the electromagnetic

mode of propagation taking over when the rapid rise begins and this mode
of propagation governs the behaviour of V: for the remainder of the curve.
An explanatien will be proposed for -the changes in slope of V_ vs I in

the region of largé I and will be pursued in some detail later in this

thesis. .

Curve (b). For large |<M:>l (fTE3\J<M:>1 where tbe propagation occurs even
when I = 0) the locus of V: vs I traces a minimum followed by a maximum.
The sides of the minimum are asymmetric, as are the flanks of the maximum.
Indeed, in some cases, the hump may be “incomplete' and only the rising
flank and part or nothin§ of the summit are seen. The depth of the valley,
and the hgight of the peak exhibit considerable variations from one curve
to another. The electromégnetic mode of propagation determines the
behaviour throughout fhis Cufve since the magnetic configuratioﬁ, even

when-1 = 0, is sufficiently unstable that a flux avalanche can be-

V-]

qriggered and propagate.

Clearly curves (a) and (b) ariggqfroﬁ the interplay of aiding znd
competing contributions which depend on I. Three bagié and important
.elements of the situation can be identified. Each of these three contri-
buting factors are now outlined and it is shown qualitatively that the
combination of these ingredients can generate the variety of behaviour

just-noted and presented schematically in the—&katcﬁ-ﬁ?\izaphical summary
of the previous page. .

a) <M_> vs I.

o

It is observed that the axial moment decreases as I increases. This



decline is especially dramatic as I approaches Ic and when the longitudi-
nal applied field H_ is large. This decrease of |<M_>! with increasing T °

i

indicates a corresponding diminution of the stored magnetic energy U,

which is released (dissipated) whem the B_ profile collapses during the
flux avalanche. (See diagram (a) ). Walker and Hulm (Walker 72) and
Bussiére fhussiére 72b) have, independently; proposed that the magnetic
energy U: assogiated with <M:> playvs an important role in regulating V_.
They only considered the situation where I = 0. Their viewpeint is
.adopted here and its consequen;es are explored quantitatively in this
thesis, in situations where a transport current is present. For the
immediate purpose it is sufficient t§ note that, according to this idea,

v_ should decrease when |<M_>l, hence U_ decreases, as I increases. This

behaviour 1s shown schematicall& in diagram (d).
Ny .
-

b) UB vs. L.

“

The stored magnetilc eﬁergy Ugs which is released (dissipated) when
the azimutf®al magnetic inductiog (the B, profile) collapses dﬁring_the
flux avalanche depends on I as iilustrated schematically in diagram (e).
S$ince the transport current I is maintained constant (or nearly constantj
as the flux avalanche progresses, the Be profile of the superconducting
state evolves until the linear Be profile of the normal state is reached,
as shown 1in diagram (b)}. The dependence of the Be profiles and of U8 on
I/Ic will be examined in detail in the next chapter. Only the salient
features of the results.of this analysis are ﬁresented'at‘yhis stége.
Pursuing th; idea that the velocity 6f propagation in the electromagnetic

mode varies according to Ug, 2 corresponding dependence of V on I is anti-

cipated.

In the thermal mode, the velocity of advance of a normal front depends

i
|

.
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B,(r)
e paramagnetic Uz1 )
- \
\
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. .1 h >
b y B i
‘{} WO o y
>
_ L
0 T
te) - . {(f) 1 c

Diagrams: a) axial field profiles, before and after a flux jump; b) azimuthal
field profiles, befgre and after a flux jump; ¢) helical propagation of a

flux jump; d) and ¢) magnetic energy dissipated during 2 flux jump and due to
the collaps?pr thé_axial and azimuthal field profiles respectively; )

decrease of the net axial velocity V. due to the increase of the helicity of

the path followed by the flux jump.
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&

on 12R heating (where R is the normal state resistance per unit length),
and leads to a nearly linear variation of V with I, a® demonstrated
experimentally and theoretically by Whetstone and Roos (Whetstone 63).
Evidently, in the wake of the flux avalanéhe propagating by electromaéne-
tic coupling,VEEE‘heatipg will take place. This 12R heatiﬁg-then plays
no role in the 3ctualjpropagation since, in any segment of the wire, it
takes place after the advancing disturbance has gone on

further along the wire. If the stored magnetic

enefgy, U= Ue + U:, is ‘insufficient to sustain the propagation of a
magnetic instability (that is, it lies below the required threshold) then

V electromagnetic is zero. Pulses will nevertheless be observed with the

axial pick-up coils when I £ 0 and <M_> # 0., Thesé pulses arise because

the thermal propagation of the normal front causes the axial moment in’—__d’—////,‘\
the segments of the wire embraced by the axial coils to collapse when it

reaches these segments at tiﬁe Ty and T, Under these circumstances, the

stored energy U_ (and Ue), although inadequate to ensure clectromagnetic

propagation, will also bc released (#issipated) upon arrival of the normal

P

front. The heat generated by the liberation of this stored energy will
add to the IZR heat flowing through ‘the normal front into the adjacent
supercéhducting region. As a consequence it is expected (and observed)
that V_ 1s fractionally enhanced by the presence of an axial moment.
Whetstone and Roos did not inelude any contributions arising from U: and
Ue‘in their analysis of thermal propagation. An examination of the pre-
sent data shows that <M_> has some small effect 1n increasing the slope
of the locus of V_ Vs T over the linear {thermal propagation) portions of

the curves. The minuscule in€luence of <M_> on V_ in the linear region
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again emphasizes that a different mode of propagation takes over when
[<H >| exceeds a (current- dependcnt) threshold. This feature emerges
more clearly when the data is presented as a function of <M >, as in

Figures §-7 through 8-9.

For small 1<M:>1 when the slope of V: vs I increases only.éradually,
it is of course difficult to determine unambiguously the point of onset of
electromagnetic propagation, and indeed even whether the latter does
intervene. The transition from thewthermal to the electromagnetic mode of
propagation is fairly clear-cut, howe%er, when V: vs I exhibits a rapid or
abrupt rise. In these cases, the point of jntersection of the linear and
the steeply rising portions of the V_ vs I curve (at constant ]<M:>|)
yields a thresh%ld current for theonset ofbthc_: electromagnetic mode. Note that
+his threshold current I_, for a chosen H o decreases as |Ab! increases. This isnet
surprising, since +he totl magnetic encrg)y which can be dissipated during the flux

avalanche can be written as

v o= (M.2) + Ug(1) (8-1)
for the situation con51dered here, in which the magnetic configuration 1is

the vector sum of the B: and Be profiles. Consequently, the threshold or
critical energy Uc’ for a flux avalanche (and hence for electromagnetic
propagation) will depend both on I and on <Mz>' 1f the contribution of
Uz(<Mz>) to Uc is increased, then clearly the contribution required from
(and hence I) 1is diminished correspondingly. ?
The relationship between the Mz electromagnetic
threshold or critical magnetlc -
moment <Mz>c and the threshold v

current I, for electromagnetic

propagation 1is shown schematically

in the accompanying sketch. Outside 0 IT
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of the bourdary curve, the magnetic energy stored in the magnetic induc-
tion profiles is large enough to sustain the propagation of a £10x
avalanche. The present data indicate that the boundary curve varies.with

HO and depends on the sign of <M_>.

-~

c) Helical Propagation.

As indicated earlier, under certain conditions, the flux avalanche
does not travel straight down the wire. The flux jump is acimuthally
asymmetric and rotates as it advances by'clect;omagnctif coupling. This
behaviour is shown schematically in diagram (¢). In chapter 10 extemsive - °

observations of this phenomenon will be presented and discussed,as will

the data on the angle ¢ subtended Ly the velocity v ;f +he avalanche and -
the longitudinal magnetic field Ho. It will be seen that for a given HO

and <M:>, the angle ¢ generally increases as I (hence as Be{R} ) increascs.

For mow, it will suffice to state that the variation of ¢ with I 1s coﬁpli-
cated and is not determined by the helical configuration of the magnetic
induction g{R) = 6 BB(R) + ; Ho 2t the surface of the wire. For immediate
purposes, 1t is sufficient to note that for a given V, the longitudinal
velocity of propagation will vary according to the relation Vz =V cose (D},
where ¢‘ increases with I. The resulting behaviour is shown schematically ‘
in diagram (f).

H

8.4 Synthesis of 8.3 a), b) and c)

e

The three basic clements of the total picture just outlined appear
to determine the longitudinal velocity of propagation which is encountered
when a flux avalanche advances under electromagnetic coupling. It is not

surprising then that 2 large variety of curves are observed, depending on

which contribution dominates over the various portions of thg different
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curves. Attention is now focussed on curve {b) sketched in section 8.3
in order to illustrate the consequences of a particular mix of these three
factors. To do this, it is useful to jdentify three regions in curve (b).
In region (13}, V: déclines mainly because the helicity () is increasing
with' I. In region (2), the rapid rise in U offsets and dominates the
{ former. In region (3}, the increase in helicity, the decreasc in Ue with
S
I'and the decrease in 1<M:>1 with T in the vange of large I, all combine
to cause V: to diminish. .

Two other possibilities arec now considered which arc comsistent with
other obszgvations to be presented later.

If the increase in ¢ is modest, the change of <M_> with I 1s small
and the curve of U8 vs I does not progress beyond 1ts peaﬁ, then regign
(3} will not appear in the resultant curve. In the next chaptef evidence
will be presented which indicaﬁésgthat IC can occur before or when the
summit of U8 vs I is attained. -

- If <M_> is diminishing significantly throughout, ¢ 18 increasing
rapidly and the ¢limb of UB ;ith I is interrupted by the onset of I,
then only region (1) will be mapped out.

The three types of behaviour just described afe evident in Figures
§-1 through 8-5. ,

In the remainder of this rhesis, items (a}, (b) and (c) are developed

in some detail and pertinent observations are presented.

8.5 Variation of <M_> with I

The axial magnetlc moment does not remain constant as I is intro-

duced and raised to IC. if this were the case, the task would be conside-

) i ) _
rably simplified. Instead if is found that |<M_>| diminishes monotonically

J



and reaches a minimum when Ic is attained. The observatigns arc presented
in Figures 8-10 through §-13 where the variation of <M_> with I starting
with different initial magnetic moments and for vatious longitudinal
applied fields H_ are shown. Note that the decrease of |<M_>{ with I
bechmes particularly dramatic as Ho increases. Also, when <M > = 0
initially, a small paramagneticlmoment develops which attains a weak
maximuﬁ at Ic' .

The behaviour displayed in Figures §-10 through $-13 has been obser-
ved previously by several workers (LeBlanc 65, Belanger 6§, Walmsley 72,
Gauthier 76). Gauthier (1976) has successfully accounted for the evolu-
tion of <M:> with I in wires of several materials (NbTi, NbIr, NbTa, VTi).
The sequences of configur§tions of §(r) vs I which.follow from his model
are quite complicated, especially when the wire is initially paramagne-
tically axially magnetized. Fur§her the analysis requires elaborate
computations. This approach has not been exploited for these and other
TEASONS. N
1) In the exploration of the complicated behaviour of Vz, the simplest,
physically reasonable B, and Bg profileé are introduced. It ig felt that
with this approach it 1s easier to asscssthe relative importance of the
various elements which need to be introduced. Thus, 2 framework 15
constructed which is perhaps crude, but which allows one to visualize
the physical processes which occur. Improvements and refinements can
readily follow from this basis.

'ETT‘~ The behaviour oé}g?e Nb sample differs significantly from t hat of

the materials examined by Gauthier. o~ (
T
a) It has already been noted in Chapter 7 that the I _lys po—sgrve

for the Nb specimen is parabolic. The wires studied by Gauthier
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exhibit humped Ic Vs Ho curves. - | ’
b)  The <M_> vg{lzéhrves in Gauthier's samples terminate at or
extrapolate to the same paramagnetic moment at Ic in a given Ho,
regardless of the initial axial magnetization. Also, the éaramag—
netic moments he observes at IC are quite appreciable. _
In Gauthier}s model, the hump in the Ic curve and the locus of
<M:> vs 1 are interrelated. Cle;rly (a} and (b) are ‘at variance with the
behaviour of the present Nb sample. It appearé then that Gauthier's model
is inapplicabie in this case and a radically diéfercnt solution must be

envisaged.

It is not proposed in this thesis, to solve this formidable problem.

However, a simple scheme is needed whereb»the contribution of |<M_>| to

the stored magnetic energy U_ can be estimated a -function of I in,

various H,. An empirical method for achieving/this objective is now

described and the results which it yields“are presented.

1) It is assumed, for simplicity, that the Bz profiles have cons-
tant slopes initially and at all later stages of their evolution as
I is impressed and }eaches Ic' X ‘ '

i) The changes in lkMz>\ with I in different H_ are allowed for by
letting the slope of the B, profiles become.shallower as I increases.
Thus a mathematically and physically simple configuration for the

B_"profiles is used. These configurations, in which the critical current

density J is taken as spatially constant, 2re¢ known as the Bean-London

approximation (Bean 62, 64; London 63). Since the magnetic moments varyg

with I it is necessary to amend this simple picture. Je is still taken T

be spatially constant but its magnitude is allowed to decrease monotoni-

cally as I.increases. The reader is referred to the accompanying sketche
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< B,(r)

e e = aem em et wem o = e =

paramagnetic case

The empirical prescription taken to govern the variation of the
spatially uniform, azimuthally circulating Jc as the transport current I

is impressed is the following,

I .2 %

J.o= @ £(<B>) {1- (577 Y= (8-2)
¢
where
£(<B>) = 1 -C- C (8-3)
o] <B>
1 +.e ( TR - be)
0 CL

is an expres;;En found useful in chapter 7 for describing the standard

magnetizatlion curves of the Nb and V specimens. < B>'is the average

magnetic induction defined as follows
B+ B.
S ' 1

G}

(8-4)

<B> =

2 s
where Bs/uO = { Hg - (I/2~rrR)"}f and Bi is the magnetic induction threading
the. sample when it becomes superconducting.

" It should be emphasized that no physical meaning whatsoever 1s

T
ascribed to equation 8-2. It is only a computational tool for generating
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<M:> vs I curves which correspond with observations. In this respect, it
is éuite possible that other, much simpler, analytical formulae could be
found which achieve the same end. It was convenient to use this particu;
lar gxpression since a program had already been written to compute f{(<B>).
Also, f(<B>) already contains the correct dependence on <B>. An entirely
equivalent, but moTe tedious approach in practiée, would be to establish
fhe particular Bean-London profile numerically from cach experimental
value of <M:(I)> vs I. )

The physics of the situation is completely contained in the B,
profiles. Thus, any errors which are introduced do not grisc from the
numerical method used to establish the profiles, but fro@ the assumption
that the profiles are adequately described using the Begn-London approxi-
mation. Another advaﬁtage of the Bean-London approximation, apart from
its obvious simplicity, is that the changes in the stored magnetic energy
which would follow from replacing it by more sophisticated and realiséic
profiles zan readily be estimated. This aspect will be pursagd further
later.

It is useful to indicate how Je is obtained in the Bean-London
approximation. This same procedure could be used to evaluate Jc from the
experimental moments as 2 function of the transport current I (i.e., 2
point by point nurerical method). It was found to be more convenient tO

use the procedure now described to cbtain Jc at I = 0 only, and then to

exploit equation 8-2 to determine JC vs 1 (i.e. a continuous computatio-

nal method). The reader is referred poH; C D A
B,(r)
z
to the accompanying sketch where a
paramagnetic B, profile is shown. peto

(The algebra is not altered if B_ is
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diamagnetic or hybrid.) Th magnetic moment is obtained from evaluating

the volume inside the truncat between the HO and Hi planes. .H, 1s°*
1

a known quantity, since it is the axial magnetic field in which the wire

became superconducting. The B, profile is described by

H(r) = H; -J (x-7), 7272 R (8-5a)
H(r) = H; , 0 grsrTy (8-5b)
From 8.5a it follows that
. H, - Hy
~Je T ®RTT (8-6)
sipce H(R) = HO. Introducing equation §-5 in the definition for the .
magnetization gives:
, R
N> = 5 J { H(D) - Ho } r dr,
R
0
and integrating7leads, after some rearrangement, to:
3 RS - 3
<M > = < ( "1 ) (8-7)
< 2
3R”
Combining this with equation §-6 gives
(H, - H) n "
<M > = 1 o {R"+rR+I‘“} (8-8)
z 3R2 1 1

which can readily be solved to vield Ty JC is then found using equation
§-6. The-sign of JC must be changed for diamagnetic and hybrid magnetic
moments.
The computation 1is limited to establishing J. and 1, at I =201n
the manner just outlined, for a particular <M_> Vs I curve. Introducing q
this value for Jc at I = 0 into equation g-2,the appropriate o is deter-
mined. JC is then allowed to evolve using equation 8-2 and the concomi-

tant migration of Ty is determined from equation 8-6. A typical family of



curves of <M_> vs I which are generated by this prbcedﬁre.(equations 8-2
and 8-6) is displayed in Figure §-14. 'In the calculations <M > has been
allowed to decrease TO IeTro by letting I grow to Ié. It is of course,
the B_ profiles .and hence T, (and J when r = 0) which are‘of interest
for subsequent calculations of the stored magnetic energy U_(I}. This
information, obtained in the process of mapping faﬁ?ﬁies of curves as
shown in Figure 8-14, 1s retained in the computer program and used when
needed.

- It is important to indicate that in the exercise just described
for calculating Jc and Tiy the quantity I¢ aﬁsearing in equation $-2 1s
essentially another adjusiable parameter at this stage of the anﬁlysis.
This adjustable parameter varies with H.. It is found that the observed

series of families of curves of <M_> vs I is reproduced by taking
i
]

E{O - !
to= 1' {1- (531 i (8-9)
c co ch ¥ .

where Iéo = 500 A. Note that Ié exhibits a parabolic dependence on HO/Hc2
and recall that the experimentally measured critical current Ic also
showed parabolic behaviour. Since the experimental <M:> vs I curves ter-
minate at I, with [<Mz>l > 0, it is ciear that the parameter IL ()

must be larger than ICEHg). In the next chapter the quantity Ié will
again~be introduced iﬁ the description of the evolution of the Be profiles
with I. In that context, physical significance will be ascribed to Ié.

it is important then toO point out that Ié in the procedure just completed
is the current obtained by‘extrapolating a family of observed <M_> VS I
curves until they interseci. In other materials studied by Gauthie? this
junction of the <M > curves occurs at Ié = Ic, where IC is the maximum

lossless current. In the present specimen IC and Ié are physically
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Figure 8-14 variation of the axial magnetic moment <M_> as the transport
current I increases, as calculated from the model described in

section 8.5. Family of curves for u Hy = 0.25 tesla.
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related quantities, although they do not coincide. It is not surprising

then that they display the same parabolic behaviour.
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i ' 4 Chapter 9

Energy Dissipated During Flux Jumps
o

9.1 ' Introduction

The gencral expressions for the energy-dissipated during a fiux ava-
lanche occurring in a long axially magneti:ed-wire.carrYing a steady
transpoft current 1 are-developed. These formulaec arc exploited in order
to calculate the energy dissipated, in the fragzﬁg;k of Bean-London confi-

o
gurations for the initial B8 and B: profiles. The families of curves of
Ufj’ the total energy released, as a functibn of the“transport .current I
are then compared with the V_ vs I curves presented in chapter §. Since
the similarities are quite noteworthy, a relationship between V: and Uf.

]
is assumed.

9.2 General Expressions for the Energy Dissipated

Consider a long (infinite) ¢viinder carrying a steady transport
current I in-a stationary longitudinal magnetic field H: with the atten-
tion focussed on @ unit iength of the cylinder. When the flux avalanche
tzkes place, the rate of energy dissipation, according to the Povnting

formulation can be wTitten as: .

fE.Fav = S H
v A

oo

dv-s ExH. & (9-1)
s

This equation states +hat the rate of energy dissipation 1s govefned by
the rate of decrease of magnetic energy and the rate of flow of energy
across the surface 5 surrounding tﬁe volume V.

The energy Ufj dissipated in the superconductor during the flux ava-

lanche is given by
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Vg = HEDawa = -1 F.8 avar - rExD.S @
v v

| S (9.2

where the time integral 1s performed from the beginning to the end of the

flux jump.
- - . . ot
It is now assumed for simplicity that B(r
the intrinsic Abrikesov diamagnetism

) = M ﬁ(r), and hence the

permeability is taken 0 be v = Mo

is ignored. The first term on the right-hand-side of equation 9-2 then
becomes: _
- rR rR
1 -+ 3B 7T 2 2 T 2 el
— I B, == dv dt = — - . - B, — s .-BL.
. d' e \ F Ty J (B;f lelr dr + . J(Bef Bel)r dr
) © ° (9.3)
of unit length, Be and

where R is the radius of the evlindrical volume V

imuthal and longitudinal components of t
e the initial and final states, that

he magnetic induction

B_ are the az

g(r). The subscripts i and f indicat
is_the states before and after the flux jump.
The second term on. the right-hand-side of equation S-2 can be written:

(9-4)

[P x B).d de = 2nR J(EHg < EgH ) g4t
S - .’.

-* -
for infinite cvlindrical geometry, f then has a radial component

. -
since E X

Hg and H_ do not vary over the surface

only. Also, by Symmetry, E_» Eg

of the cylinder.
= - aﬁ/at gives:

Using Faraday's law of induction ¥V x E

R
= - 9-5
IE: dat J(Bef Bei) dr ( a)
5
and R ,
= -2 - 9-5 b
RS Ee dt - 27 J (BZf Bzi)r dr ( )
_o
Introducing these results into ¢quation 9-4 yields
R
- - -
-Jf(E x H).ds dt = 21rRHe J(Bef - Bei) dr
S o
+ 2m H_ J (qu - Bvi]r dr (9-6)

/ | “0
A

/,



Substitution of these results (equations 9-3 and 9-6) irto 9-2 shows that

the energy dissipated during the flux jump can be written as the sum of

two contributions: —_——
Ugy = U * Ug
where
R - R s 2
= 2 - . - . B -7
Ue -TRHB [ (Baf Bei) dr y J (Bef Bei)r dr (9-7)
e} ° %
arises from the collapse of the B8 profile at constant I, and,
U = 2 ) B ar - T Ns? o8P
. = InH] ( _F " B:i)r T - ;: J (B:f— B:i]r dr (9-8 a)
0 o

arises from the collapse of the B_ profile at constant H_(R) = Ho’

Making use of the relation

B_(r)
s H M) (8-9)
) :

+his last expression can be rewritten more simply as

R - 2- :
U, = -umy (Mg - Mo T dr (9-8 b)

o)

]
s

In order to'utilize these general expressions,(equations g-7 and 9-8),
the initial and final Bz and Be profiles must be known. The final state
is takgn to be the normal state. Since Ufj is related to the velocity of
propagation of the flux avalanche in the electromagnetlc mode it is impor-
rant to note that this final normal state is reached when the flux ava-
lanche occurs, and not as cbnsequencc of joule heating in the wake of
the avalanche. This conclusion that the superconducting state completely
collapée§ to the normal state at the "front" of the flux avalanche 1s
substantiated by meas&rcments of the area under the pulses from the axial

pick-up coils as the flux jump SWCCPS through them.
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\

9.3 Ug vs I o

A stationary transport (D.C.) current 1 £ills the cross-section of

- - - - - "
a normal conducting wire with a uniform current density Jn = I/wR” and

the Be profile inside the wire, by Ampere's law 1s then: '
T H
. _ n - o . I
Be(r) = Bef(r] - uo '_2_ = -‘-}_ (‘?‘} T ' (9-10)
- -

It is assumed that the normal state configuration of the azimuthal magne-
tic induction cnsues from 2 total flux avalanche in-agreement with the
measurements, as indicated before.

* The accuratc determination ;f the initial'Bei profilcs in the super-
cbndpct%ng state, before the flux avalanche, requires 2 detailed model.
As indicated earlier, in this anglysis the procedure is to adopt the

Bean-London approximation and to take the axial current density J_(r) = JS

where JS is spatially constant and determined by the relation

I'I

C
. Js = —5 - ‘ (9-11)

. R

where ’
Ho -

' = - —)" . -12
- I oo {1- (g2t (9-12)

c2

and 1. = 500 A at 4.2K for the Nb wire. The difference between [ and
Ic has been discussed in the previous chapter. The choice of I; instead
of IC to govern the Bei profiles will be explairfed shortly. Note, accor- ‘
ding to equations 9-11 and 9-12 that although JS is spatially constant it
nevertheless depends.on Hy-

The transport current 1 filis a cylindrical sheath of thickness
60 =R -7, which cxpénds radially inwards from the surface of thg wire

as 1 increases and eventually occupies the ontire cross section when 1 S

attains IE (see Figure 9-1).
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(a)

(b)

(c)

J(r) ' .‘

R -fo _

Figure 9-1

Superconducting wire carrying a transport current 1<,

a) Cross-section of the superconductor showing the region where
currents circulate, shaded region. D) and ¢) Current density
J(r) and azimuthal field Be(r) for a superconductor (full line)
and an ordinary conductor (dashed lines) for the same transport

current 1.

»



-
Introducing equations 9-11 and 9-12 into Amperes law, there results:
Bei =0 when # <1 < T, (9-13% a)
and .
LIRS T
o™c 0
Bai(r) = > (r - - 3  when T, <T < R (9-13 b)

27R
1 o '
where r / R=(1- I/Ié){. Bquation (9-13 b) can be rewritten in terms

of the variable I/Ié as: ~
: R
_ o¢c T 2 I -
Bei(r} = . iR ('ﬁ) {1 - (;) (1- —I_(‘:)} (9-13 ¢}
The current density distribution and the azimuthal field profile are
illustrated in Figure 9-1. The growth of the thickness of the cvlindrical

sheath occupied by the transport current as 1 increases 1s given by:

1

s

6o I
= = 1 -{(1- TZ )i {9-14)

and is displayed in Figure 9-2. ¢

- - = - - a \-/_"
Introducing thesec results for the initial and final Be profiles
(equations 9-13 and 9-10) into.the expression for the energy dissipated by
the collapse of the azimuthal configuration while 1 is stationary {equa-
tion 9-7) and integrating gives

p 112

Uy = e (- [y - (v )i (1 -l (3-15)

where v = I/Ié. The variation of the energy U6 with the transport current
1 is presented in Figure 9-5. The important features are that Ue goes
through 2 maxipum and that Ue and Uz can be comparable 1n magnitude.
Although the value of I/Ié at the point where the maximun occurs and the
height of the maximum are model dependent, (since Bei(r) is model depen-
dent) the occurrence of a maximum is 2 basic feature of the dependence of

1. This can be appreciated by considering the sketches below in the
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light of equation 9-7. With Bean-London approximation for the Be.
. ) . - 1
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profile, the maximum in Ue occurs at vy EI/IE ~0.77 = Yo Furthemmore,
in this approximation the height of the maximum increases quadratically

with I'.
c
" '
9.4 Ic and IC

Attention is now focussed on the concepts of Ic and I} and their
physical meaning. The occurrence of a maximum in the Ue vs I curve indi-
cate; that the configuration of the Be profile may be energeticélly
unstable when I/Ié is in the vicinity of Y- It is conceivable then that
the magnetic configuration may undergo a "spontaneous' flux avalanche
under these circumstances, and there is no need to trigger 2 controlled
fiux jump by applying a heat pulse at one end of the wire as is done in
these measurements when I < IC. Note also that the total magnetic energy
at I/Ié = Yo when HO # 0 and <Mz> = 0 initially, 1s ?ractionally higher
than indicated in Figure 9-3, since a small paramagnetic moment appears
as I is raised to Ic' Thus the magnetic configuration 1s expected to be
energetically moTe unstabie at I/Ié = Yo under the latter circumstances

than when Ho = 0 and M,> = 0.



The anticipated ¢ritical current, denoted by Ig‘can be estimated in
the following manner. JC(B) is known from the analysis of the standard
magnetization curve (Figures 7-7) 1n chapter 7. It is stipulated that
the transport current flows straight down the wire. This is a reasonable
assumption since the paramagnetic cffect is very small for these speci-
mens. It is then possible to compute IE as a %unction of Ho for the Nb

wire using the definition
(R .
Ig_ = 2y J JC(B(r} )T dr : (9-16)

)
where JC(B) is given by the curve traced in Figure 7-7, and B = -

.

(u§H§+ Bg(f) )%. Note that I is obtained on the assumption that J ()
fills the entire cross-section of-the wire and that the bulk pinning is
isotropic. The 1Y which is obtained in this mannér ?orr?sponds approxi-
mately to IE but deviates appreciably from Ic. It is observed that '
1/1 v .84, which is suggestively similar to Y_ % 0.77.

Finally, it 1s recalled that the curves of <M:> vs I at constant Hj
.do not meet at IC as observed by Gauthier in.other materials and as
expected from his model, but they do meet at Ig when extrapolated. All
of these considerations 1ead to the following conclusion. In the present
Nb wire, the measured critical current IC occurs before the cross-section
of the wire is filled with axial current density. The appropriate
guantity then to introduce in the Bean-London calculation of the BSi
profiles 1is clearly I since I, A I; and not I.. These considerations
also suggest that I, is determined by the onset of a spontaneous flux
avalanche. It is possible also that, although the contact resistances

are small, joule heating at the contacts contributes 10 depressing 1.

below Ié in the range of small H, (large Ic).

%



9.5 U, vs I

The profiles showing B: as a function of I, starting with different
initial axial moments <M:> and in various H0 have been analyzed in detail
.in chapter 8 in the spirit of the Bean-London approximation. It is a
straightforward matter now to calculapg_533 energy U_ on the assumption

that B:f = uOHQ and:

B_.(r)
0 = H0 * JC (r - R), when Ty <t <R (9-17 a)
and B:i(r) = uOHi, when 0 <Ty <R (9-17 b}

Introducing these results into the expression for U, (equation 9-8) and

integrating, yields

'
ri
U

‘4kﬁh

g o= J°
- T Move (

s—-li:xJ

) (9-18)

:

where Ty and JC are computed from <M:>(I) as described in the previoﬁs
chapter.

It is of interest to examine the variation of U, with <M_> which
feLipws from equations 9-13 and the expression for <M_> derived in
chaéter S (equations 8-7 and $-8). (a) If Ty < 0 then equation 5-18
shows that Uz increases quadratically with Jc while equation §-7 shows
that [<Mz>l increases linearly with J . (b) With a fixed J_, U, varies
with <Mz> more Tapidly than quadratically as shown in Figure 9-4, where
the results of the caléulation are presented in pormalized‘form. The
insert in this figure illustrates the family of B, profiles appearing 1in
this calculation. In the Rean-London approximation fhis result applies
regardless of whether the profiles are diamagnetic, paramagnetic oT hybrid.
Computations of this nature, using more realistic Bz prefiles, such as

produced by the Kim approximation, reveal that U_ exhibits 2 variety of
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Figure 9-4 Variation of U_ versus <M_> for fixed J.- Upon increasing

<M,> the axial field profiles labelled 0 to 5 are encountered.
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dependences on <M_> ranging from mnearly quadratic to nearly cubic. In

the Kim approximation and other analogous approximations the behaviour

-

depends on Ho/Hc° and the sign of <M:> for a constant pinning strength

a
.

parameter a. This can rcadily be seen, since in the Kim approximation
JC = a/B. These considerations are pertinent when the relationship
between V and Ufj is explored beyond the simple Bean-London framework
exploited in this part of the thesis.

The degree of error which gs introduced in the estimated U_ from
using the Bean-London approximatibn is now explored. This is donc by
consideringva constant <M:> and by progfcssively modifying the structurc
of the B, profiles associated with this fixed <M_>. Thus the B, profile
is allowed to adopt various simple configurations as depicted in the
inserts of Figure 9-5. Note that +he first insert corresponds to the
extreme case in which the bulk pinning parameter is zero. Thus, rever-
sible and/or irreversible surface currents produce the abrupt change in B
at the surface. The middlelsketch can be regarded as an approximation to
a convex-upward or convex-downward variation of B:(r) in the shoulders of
the profile. The third s;ptch, or course, corresponds to the Bean-London
1imit for the chosen <M7>§ A "sweep" through these various configurations
;s achieved in the computation DYy letting /R = 1 - rl/R and JC véry while
maintaining <M_> constant. The locus of U Vs §/R presented in Figure
9-5, shows that the maximum range of "error” ensuing from this variety of

~- °
profilesis * 20%. At first glance, this appears appreciable. It must
be borrmein mind in this assessment, however, that in practice the possible
profiles will not span the wide spectrum shown here but only a porﬁigg,of

the curve. In particular, the left-hand region will not be enc§?ptered

in the present specimen foT the large moments that exist-when flux avalan-
!
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ches occur. The uncertainty in the estimates of U_ in most situationsVis

probably less than or of order * 10%, in the author's opinion.

9.6 Results of Calculations of Ufj

Proceeding in the Bean-London context that has been described in the
two preceding sections, sets of families of curves of Ufj vs I were cal-
culated. In the calculations, families of curves are choseh such that the
initial = <M_> cortespond to the values encountered in the measurcments
of V: vs I repofted in chapter 8. Also, in the computations the same
values for Ho/th {including Ho = ) that were selected for measurements
are introduced. Thus the theoretical curves of Ufj vs I span the full
spectrum of the previously given extensive observations on thé Nb speci-
men. The results of this exercise are presented in Figures 9-6 through

"9-10. These figures should be examined in sequence in conjunction with
the corresponding 'series of Figures in chapter 8 (Figures S8-1 through 8-5)
which display the experimental data for vV vs I.

It is remarked that the major +rends and the salient features of
the experimental Vz vs I curves are surprisingly well reproduced by the
estimated Ufj vs I curves. This correspondence, in the author's view 1is
especially noteworthy since in the experimental curves (1 the/pelical
(rotational) mode of propagation plays 2 significant role anq/;istorts

/
the curves, where electromagnetic propagation occurs,. in a continuous
way, since V_ = V cos ¢ , (ii) the data for V: appears regardless of
whether the thermal or electromagnetic mode of propagation prevails.
Furthermore, in the computed Ufj vs I curves, no account is taken of the

observation that a thresheld energy U is required for a flux avalanche

to propagate. The horizontal lines in Figures 9-6 through 9-10,
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indicate the estimated threshold energy for each situation. These esti-
mates are obtained from noting the magnetic moment <M_> - at I = 0 which
is necessary for prapagation of a fluxavalanche to take place. The magnetic cnergy U,
associated with the threshold magnetic moments  <M_> is culculated as descrbed in the

previous section.

Figure 9-11 illustrates the variation with I of the fractional con-

tribution of U_ and Ue to U... This particular curve is calculated for

£j
the situation where “oHo = 0.

~

u0<M_> - -0.23 tesla. Analogous behaviour but with a different '"mix" of

255 tesla and the initial magnetic moment

U and Ue will be encountered for other situations. Note thgt U: is a
maximuﬁ at I = 0 and decreases monotonically to 0 at Ié. This is a
direct consequence of the follewing; (i) the obsexvations that 1<M:>[
decreases monotonically from 0 to Ic’ (1i) with the magnetic moment
<Mz>(1) the associated B: profile varies continuously through simple
Bean-London configurations as I increases and (1ii) IL is determined by
extrapolating the experimental <Mz> curves to ZIeTo. UB’ after traversing
2 maximum, descends precipitously to zero at a limiting current IQ ¥ I;.
It is recalled that Ig is defined as the transport current which fills
the cross-section of the wire. The observations and the interpretation
given indicate that IE and I}, coincide closely. The experimental data,
however, terminates at Ic < Ié @ IE, presumably because the magnetic con-

figuration undergoes 2 flux avalanche at this point and/or (but more

improbably) joule heating is generated at the current contacis.
9.7 V_vs Ufj and Threshold Energy

Lets now proceed on the basis that there cxists 2 functional rela-
tionship between the velocity of propagation of the flux avalanches and

the magnetic cnergy Ufj‘ An attempt is made to extract information about

q
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this relationship in the following manner. Continuous curQes are drawn
through the experimental data for V: vs I displayed in Figures §-1 through
8§-5. At regul&r intervals along these curves Ufj is computed following
the procedure described earlier i.e., from <M:> at I,U_ is estimated and
introducing I/Ié(Ho) into equation 9-15 permits the evaluation of Ue.
Attention is then focussed on the curves or portions of the curves wherc
electromagnetic propagation clearly determines V_. In the next chapter
this exercise will be repeated but using V = V_ cos $(I) instead of V.

-

The plots of V: Vs Ufj are displayed in Figures 9-12 through 9-16.
These graphs corroborate the view that V: depends strongly on Ufj‘ The
appreciable scatter in the data points, however, indicates that other
featur;s also play an important role. Nevertheless continuous lines are
drawn through the data points and these curves are presented in juxtapo-
sition in Figure 9-17. For each curve the threshold energy Uc for the
onset of the electromagnetic mode of propagation can be estimated. It
is evident that the curves shift horizentally by an amount which depends
on HO and the sign of <M_>. For the three curves whére <M:> is paramag-
retic, the trend is clearly towards a decreasé of U, with H, increas%Fg
(curves 1, 2°and 3).. ‘The curve where Ho = 0 belongs physically in the
paramagnetic group since'<B:> > Ho = 0.. This decrease of Uc indicates
that the average magnetic'induction <Bz> plays an important role in
governing V_. This suggests strongly that tﬂe flux flow éeéistivity
p(r,t) = I B(r;t]/ch(T) which enters in the determination of the rate
of energy dissipation must be taken into account, as well as the amount
of energy dissipated, in calculating Vz. Curves 4 and 5 of Figures 9-17

(where the initial B, profile is of the hybrid type) also fit 1into this

pattern. It must then be kept in mind that the flux flow resistivity
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depends on the magnitude of the magnetic induction §(r). Simple cstima-
tes of <]B_[>, the average initial value of the magnitude of B_, indicate

that <|B_|> for curve 5 is lower that for curve 3 and it is comparable to

L d

curve 3 for curve 4.

It is clearly a complicated matier to pursuc the effect of flux-flow
resistivity on V: (or V) in quantitativc detail. The problem is multi-
g}mensional since it involves spatial variables (r and =) and the time t.
?Lrther, as will be seen in detail in the next chapter, the progress of
the event is asymmetric and helical. Fortunately, for propagation by
clectromagnetic coupling, the process is adiabatic and the thermal conduc-
tivity can be ignored. Focussing on a segment of the wire, the cvolution
of the avalanche, although complicated, 1§ mathematically tractable
provided that it ;s aszimuthally symmetric. The symmetric problem has
already becﬁ examined by Bussicre (Bussiére 75?, Morton (Morton 73) and
Darby (Darby 73) in the context where the phenomenon is purely radial,
and hence no z dependence enters. Furthermore, the adiabatic approxima-
tion is generally valid. Nevertheless, the solution requires considera-
ble computation since B(r), and hence o{r) vary with rime as the avalan-
¢he evolves. The heat capacity, which depends on the induction B/ch(T)
in the superconducting state, must be taken into account in writing the
energy'balance. These aspects of the problem have not been pursued here.
As indicated earlier, at this stage of the present investigations, an
attempt has been made to identify only the major factors which govern
v {or V) afd establish, if possible, general empirical relationships.
The complicated.behaviour of the curves presented in Figure §-17, however,
does not lead to any simple expressions. The results do bring ocut the
strong correlation between Vz {or V) and (Ufj-Uc) as well as the strong

dependence of Ug, and hence v, on <{B_|>-



Chapter 10 &
/

! \
Helical Proﬁ§§ation of Flux Jumps

PP
10.1 Introduction ~N

In examining and interpreting the standard magne ization curves of

long cvlinders (or ribdbons) of type I1 superconductors subjected to 2
slowly varving longitudinal magnetic field it is generally assumed that
evlindrical and axial symmetTy prevail as entry or exit of the flux pro-
gresses. This idealized picture may not aiways correspond with complex
'reality; Surface conditions may vary along the length and around the
circumference of the specimen. These imperfections will lead to some
“"smearing" in the initial magnetization curves and introduce uncertainty
in the determination of Hcl' Within the bulk, an inhcmogeneous Qistri-
bution of pinning sites on a macroscopic scale may occur. These depar-
tures from the ideal, unless grossly exaggerated, will not invalidate
the analvsis of the data since these features usually average out on the
scale of the sample. In Figure 10-1 (a) and- (b} the effect of an exten-
sive weak pinning region on the B profile is illustrated.

In observations of flux avalanches, however, these coarse imperfec-
tions, generally referred to as weak points, can play 2 dominant role.
This is a consequence of the very nature of the flux avalanche phenomenon
which 1s ; non linear amplification or magnification process originating
in a perturbation (or weak spot), but growing disproportiopately to its

o
immediate cause. It is very unlikely that a flux jump will be initiated
simultaneously along the length and around the circumfereﬁce of the super-

conductor. Usually, 2 perturbing flux change occurs in 2 small regicn at

or in the vicinity of the surface. The rapid local flux movement increascs

/
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* Figure 10-1 Penetration depth and field profile inside a superconducting
wire. a) and b) effect of g wcak point during quasi-static
magnetization.. ¢) and d) flux jump initiated at a weak pomt.
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the temperature within the volume of the superconductor where the pertur-
bing flux entry (or exit) takes place. Consequently the pinning strength
decreases, allowing for further flux movement and an avalanche ¢an ensuc,

as illustrated in Figure 10-1 (c) and (d). ’

The large-scale asymmetric entry and exit of flux in type I Hupcrcon-
ductors was first observed by DeSorbo and Healy (DcSorbo 64). These
workers studied the movement of flux in the intermediate state of disk

samplea using the optical Faraday rotation technique. The applied ficld ////

e

*

is transverse to the plane of the disk. Later, Wertheimer and Gilchrist
(Wertheimer 67) and Harrison et al (Harrison 73) used a high-speed cine-
camera and improved resolution to monitor the rapid evolution of flux
jumps in type II materials. The collapsehof the flux configuration
during these eventis displays considerable sequential asymmetyy around the
periphery and in the body of the disk.

Irie et al (Irie 75)'and Ezaki et al (Ezakl 76a, 76b) have reported
on measurements of flux flow voltages arcund the circumfereﬁce as well -as
along the length of wires Sf type II superconductors carrving a statlonary
transport current in 2 static longitudinal magnetic field. They observe
an appreciable azimuthal flux-£flow voltage, and the pattern of this
azimuthal electric field EB(B, z) rotates along the length of the wire.
The;e observations indicate that the movement of the flux configuration
is azimuthally asymmetrlc and that the asymmetry varieE“helicallv along the
the length of the wire, as shown schematically on the follow1ng page.

Their results are consistent with a picture of two helical patterns of
oppositely moving streams of flux.

In the flux flow state in hollow wires of Ino 90 Pb carrying

0.10°

a steady transport current, Makiej et al {Makiej 75), have observed 2



potential difference between the inmer and outer surfaces. These obser-
vations of a radial electric field component also indicate that azimuthal
rotation of helical flux lines is taking place.

From 21l of these observations it 1is clear that the configuration of
magnetic induction in cylindrical geometry may lose its rotational inva-
riance in situations where catastrophic flux movements (flux jumps) OT
steady flux movement (flux flow regime) occur. In this chapter, detailed
observations of the helical propagation of £1ux avalanches along Nb wires
carrying a steady transport current and axially magnetized in 2 longitu-

dinal magnetic field are reported.
10.2 ., Evidence of Helical Propagation of Asymmetric Flux Collapse.

Let us exami;Erin detail the arrangement and observations which lead
. '

to the conclusion that the flux avalanches, in certain circumstances, are
azimuthally asymmetric and advance helically. As indicated in Chapter 7,
the pick-up coil systedm for detecting the propagation of the flux avalan-

ches, although constructed as one continuous unit, consists of three

distinct sectlons as shown Schematically in Figure 10-2: tTWO axial pick-



(a)
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(b)

Figure 10-2

i NQSL

a) Pick-up coil used for measuring the longitudinall
velocity of propagation of flux jumps. b) Schematic
diagram of the three sections of the pick-up coil with

the respective directions of the field causing a signal. q
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up coils (labelled_l and 2 in the Figure) and a saddl@éﬁhiped or rectan-
gular coil (labelled 3). The edges of the saddle or‘rgctahgular coil
- are positioned on opposite sides and along the length of the superaanduc-
ting wire. 3T‘he rectangular coil then embraces an areca A = 2Rd located
beiween the two axial coils. The rectangular c011 consists of three turns
and the axial coils.of ten turns each. The arrows in Figure 10-2 indicate
the component of the magnetic induction which causes a signal to 50
induced in each section. Obviously, the axial coils detect changes 1n
the axial ﬁagneti:atioh. The rectangular coil.gcnerates a signal when
the flux éntry or exit is asymmetric and this aspect is now developed for
differentf%qdcs of flux entry (exit).
a) Flux jump with radial symmetry propagating along the wire.
This situation is striiqhtforward. Typical initial and final B_
profiles are .sketched in Figure 10-3 (a) As the flux avalanche reaches
axial coil 1 at time t,, a voltage pulse is observed. The flux jump -
continues to move-alo;g the wir; and eventually reaches the second axial
coil at a time T, producing 2 second pu}se. No signal is generated by %I
the rectangular coil. ’ Kk
The axial veIOC1ty of the flux jump is simply Vﬁ = d/(t-2 - tlj where
d is the distance separating the mid-plane of the two axial coils. When
the flux jump propagates sn the thermal mode this kind of 51gnal is
always obser\red (see Figure 10-7 (a) ). . C . . |
5) Asymmetric flux jump propagating longitudinally {without
rotation).
- Consider 2 situation in which the radial fiux movement takes place

asymmetrically, as shown in Figure 10-1 (¢) and (d). It is alsc assumed

+hat the flux entry (or expulsion) always takes place from the same side -
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Figure 10-3 a) Aiiél-field prbfiles before and after an axially symmetric'

flux jump. b) Pick-up coil signal produced when the £1lux
P alp

jump propagates along the superconducting wirte.
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of the wire. In Figure 10-4 a cross sectional view of the flux configu-
ration in the'z-r plane is presented. The lines represent the magnetic
flux density. The azimuthal component of the magnetic induction due to

the transport current is perpendicular to the plane of thc paper and can

’

Se ignored. - >

The da;h?d line bisecfing the superconductor in the middlc of the
Figure indicates the front of thHe flux avalanche. This frént advances
from léft to right as the avalanche progresses. The 'flux entry takes
place from the top of the wire. Note that in ;hé region where ;he.ffax
jump is taking place, the magnetic inductigﬁ has an upward component.
Thus a pulse will be generated when the flux jump reaches the front of
the ;ectangular loop and another pulse of opposite sign will be‘produced
when the avalanche passes beyond the end of the loop. The signals
produced?by the system of pick—ughioils and the individual spct%ons are
depicted in Figure 10-5.
¢}, Helical propagation of‘an asymmetric flux jump.

'Let us consider, as a third case, the situation shown schematically
in Figure 10-6 (a].. Region A, where the flux entry (exit) is taking
place, moves helically along the surface of the superconducting wire.

In such a case, the signal due to thﬂj¥3ttangular coil (section 3) will
consist of a continuous series of oscillations, each cycle corresponding
to a full revolution of the Tegion A aroﬁnd the circumferencé of the
superconductipg wire (see Figure 10-6(b) ). The total signal observed
across the pick-up coil system is shown in Figure 10-6 (¢).

This corresponds‘to the type of signals generally observed when the
flux jump 1is propagating by electromagnetic coupling. A representative

photograph of such an event displayed on the oscilloscope screen is
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Figuré 10-5 Flux jump with asymmetric flux entry (wiéhout rotation) propagating
along the wire. a) Slgnal due to the two series windings;
b) Signal due to the rectangular longitudinal coil (asgmmetrlc
flux penetration); ¢) Total signal generated by the pick-up

coil.
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Figure 10-6 a)} Helical propagatlon of the asymmetric flux entry. b) Signal
ar coil. <) Total signal

generated in the 1ong1tud1na1 rectangul

observed.



_236'_

reproduced in Figure 10-7 (b). The two leads emerging from the second
axial coil of the pick-up coil system are taken out along the supercon-
ducting wire on opposite sides and thus formQ single tyrn rectangular
loop embracing the rest of the sample. Conseguently, oscillations of
réeduced (1/3) amplitude are detected as the f£iux avalanche advances

beyond the second axial coil along this length of the wire.
10.3 Experimental Survey of Helical Flux Avalanches

In the preceding section an analyvsis has been made of the kind of
siénals expected to be observed with the pick-up coil system when an
asymmetric flux jump propagates along 2 helical trajectory at the surface
of the superconducting wire. The signal expected is indeed observed in
most situations where the electromagnetic mode of propagation prevails
and typical examples are displayed in Figures 10-7(b) and 10-8(a). In
these examples, the helix is very regular and the asymmetric flux
collapse 1S well behaved as in the idealized picturc of Figure 10-1(¢) and
(4.

The ideal behaviour shown in Figures 10-7(b} and 10-8(a), does not,
however, always occCur and in certain circumstances, the signals observed
are more complicated aﬁd less regular. In Figures 10-7 through 10-10,
examples of the variety of types of signals that are encountered in this
work are reproduced. It has been previously remarked that in the thermal
mode of propagation, TO oscillations are detected although <Mz> # 0 as
seen in Figure 10-7 (a).

The periodicity and the structure of the oscillations displayed in
Figures 10-8(b), 10-9(a)} and {(b) evidently depart from the idealized

picture. In +hese cases it is obviously more difficult to define



- 237 -

(a)

Vanadium Ho =0

u°<M_> = 0.068 tesla

<I> = 94 amp.

(b)

Vanadium

p H = 0.058 tesla

°o©

_u°<Mz> = - 0.096 tesla

<I> = 126 amp.
Figure 10-7 Signai observed across the pick-up coil during the propagation of

a flux jump a) thermal mode of propagation
b} electromagnetic mode of propagation.

(The upper tracc monitors the magnitude of the transport current.)
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(a)
Niobium /Y
= )

uoHo p.l.? tesla [
T —— )

uo<M:> = -0.266 te?#a

<I> = 140 amp. A
~

. Yol

(b) ~

Niobium

u H = 0.127 tesla
00

p <M > = -0.313 tesla
o z

<I> = 58 amp.

~

Figure 10-8 Signal observed across the pick-up coil during the clec-

tromagnetic propagation of a flux jump. The upper trace

represents the transport current.
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(a)
Niobium
= ol
uoHo 0.127 tesla
MM > = -0.351 tesla

<I> = 256 amp

(b)

Niobjum .
uoHO = 0.127 tesla
u°<Mz> = -0.351 tesla

<I> = 240 amp.

Figure 10-9 Signal observ

ed across the pick-up coil during the elec-

tromagnetic propagation of a flux jump. The upper trace

represents the transport current.
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(a)
Vanadium
uoﬁo =0

u°<M,> = 0.070 tesla

<I> = 135 amp

(b)

Niobium

p B = 0.127 tesla
Q0

u <M _> = -0.266 tesla
o 2z

<I> = 104 amp.

Figure 10-10 Signal produced across the pick-

jump change

240 -

up coil when the flux

s from the electromagnetic mode (on the left)

to the thermal mode (on the right) of propagation.
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accurately the helix followed by the flux jump althouch the overall
behaviour is still consistent with the picture of an asymmetric flux .

jump advancing helically. Several possible explanations can be visua-

li~ed for the less than ideal behaviour. For instance, (i) the asymmetric

-flux avalanche does not evolve identically in the various scgments of 1ts

trajectory (ii) the rate of progress along the wire ié irregular and (iii)
satellite flux jumps in the vicinity of the main avalanche suddenly
appear, move along and disappear.

It has bzen noticed tbat the oscillaﬁions tend to be nicely periedic
and very regular when the velocity of propagation is less -rapid, hence
when Ufj’ the energy dissipatea doecs not appreciably exceed Uc’ the
threshold value for propagat%on. Under these circumstanées, the éonfi-
guration of magnetic induction is relatively 'less unstable and a stronger
perturbat;;;“igvneeded to trigger the progress of the fiux jump. The
fiux avélanche then evol;es more smoothly and is itself the oniy adequatce
source present for triggering the collapse of the critical field profiles
in the adjacent region wiere it propagates-

On the other hand, the Tapidly travelling flux jumps correspond to
situations where 1§rge quantities of energy are dissipated, well in
excess of the threshold required for propagation to occur. The configu-
rations of magnetic induction are highly unstable. Thus, small pertur-
bations are more likely to induce collapse and weak spofs become more
important. Consequently we expect and observe that the 6scillations are
less regular and noisy under these circumstances.

The upper trace in Figures 10-7 to 10-10 measures the transport

current flowing through the wire. The zero level 1S the horizontal grid-

line, 2 cm above the bottom of the photographs. The growth of the
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clectrical resistance along the wire as the flux jump progresses, causes
the transport current to decrease fractionally. This feature leads to

interesting and important conscquences.

We note that the cnergy U8 associated with the azimuthal magnetic
induction of the transport current and available for propagation of the
flux avalanche will alsq_decrcase'as the transport current decreascs.

In certain cases, when Ufj initially 1s not appreciably greater than Uc’

the total energy U_ + Ue mav consequently fall below the threshold value

\\\ic for electromagnetic propagation. In such a situation, the mode of

“ropagation. should then switch from electromagnetic to thermal. In the

latter mode, a nomnal front, extending over the cross section of the
wire, advances by thermal diffusion of joule (IZR) heating. The collapse
of the flux in the superdsnducting vegion is then radially symmetric and
consequently no oscillations should be observed. Figure 10-10 shows

two examplés of this transition from clectromagnetic to thermal coupling.
In one casc the transition 1s gradual and in the other it i;wcvidently
abrup;. On the left of the pictures, the propagation 1s helical (hence,
unambiguously electromagnetic). Later in the pictuies; the transport

current has sufficiently diminished that Ufj < Uc and the thermal mode of

propagation then takes over and the oscillations disappear.

10.4 © Flux Jumps with Helical Trajectories: Results and Analysis

.

Measurements are now presented.on the variation of the helical tra-
jectori:; followed by the flux avalanches with I, H_ and <M_>. Let ¢ o
denote the angle at-the surface of.the superconducting wire between the
path followed by the flux jump and the z axis as shown in the sketch on

the following page. This angle ¢ can be measured in the following manner.

A



1f the number N of oscillatioms in the time interval t, - t, 1n the phb—

1

toaraph ‘of the event is counted then thc frequency of rotation f of the

flux Jump around

thc circumference of the wire can be obtained
N

£f = P (10-1)
N 2 i
The azimuthal velocity of propagation at the surface is then
Vv = 27Rf -2
6 (10-2)

where R iﬁ’the radius of the wire. The total velocity of the flux jump 1s

A o (10-3}

Vo= 8 z
where .
Vo Tt c-l 3 ) (10-4)
2 1-
The angle ¢ which is measured ié then given by
- 1 Ve -1, 2aRN -
dope ° tan v - tan © { —3 ) ’(10-5)

Let usS now
(i) why are the
the electro

(i1) what determ

rurn to the fumdamental questions:

flux avalanches travelling along helical trajectories<in'

magnetic mede of pronagat10n° and

ines the helical path that is followed?

~

In a wire of a type II superconductor carrying a transport current

. 1 4 -
in a 1ongitudinal magnetic field, the vortices are helical, in the cylin-
v

-

drical sheath occupied by the transport current, Fegardlcss of whether

the specimen is

»
W

axially magnetized or not. (In this discussion,™

RS

~

- )

-
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1

~

£

F &y
]

~ . . . [ :
reversible Abrikosov surface currents and irreversible surface currents

are ignored.) It is natural then to associate the helical trajector1es
of the flux avalanches Wlth the hellcal configuration of the flux fila-

ments and to visuali:ebthe flux jump advancing along the flux lines.

This associafion, however, bears careful scrutiny.
. . ‘ ’ 4

We note that the orientation of the magnetic induction §(r)
§B (r) + EB~(r),'varies with distance from the surface. Thus the pitch,

of the helix of thc maqnetlc conflnuratlon 15 far from constant but
—

varies considerably with depth. The question then remains: which of the

many helices encountcrcd in a given flux configuration is followed?

-

The interestlnq.p0551b111ty that the helxi\::::z}nq at the surface

) /
determlnﬂs the trajectory of the flux avalanche e 1mmed13telv_

4

rejected. . The reason for setting this 351de is that helical propagatlon
of flux jumps is observed when the wire is axially magnetized and

cdrryi??fa\transport current in “Ho =0 (sée Figure 10-11 ). Under

these circumstances, B_(R) —‘0 B (R) > 0 and the pitch is infinite

singe the lines of magmetic inductlon at’ the surface are purelv azimu-
thal. ) ' . e
' . - 7

Further, we note thaﬁlinside the cylindrical sheath occupied pg/xﬁe

transport current, B (r) # 0 in a%} of +he ‘measurements where helical
propagation 1s encountered: The vortices in the core of the wire are
strajeht. Nevertheless, helical propagation is occurring. Clearly this
core region does mot dominate the behaviour. oo .

As a first crude approximatidn an intermediate helix is chosen
between that existing at the surface and the purely axial direction of
a - - -
the vortices deep inside the wire. In the spiTit of the Bean-London
appro§1mat10ncan—ar1thm§t1c average ¢, | _



-

S S I : _
¢calc = tan’ { 'H | + ]H.| } (10-6)
. 0 i

LS

is taken. This corresponds to defining a helix where the azimuthal magne-

tic inductioen <Be>‘= BG(R)/z = uoHe(R)/Z and the longitudinal magnetic

induction <[B:l>/uO = (H |+ IH,[)/2. Here Hy is the azimuthal field

gt;thé surface of the wire and uoHo and uOHi are the longitudinal‘magnetic

induction at the surface and deep inside the superconductor respectively,

and as sketched below .for a paramagnetic and a diamagnetic B_ profiles.

B,(r) | Bg (1)

-R rr O n R R r 0 r R~

In Figures 10-11, 10-12 and 10-15 the helix generated by this crude

_approximation 1is compared to the extensive observations .on the Nb wire.

For a given curve in any of these Figures, the transport current Iis

increasing as ¢_,i. inereases since the demominator in the argument of

-

. e P
equation 10-6 is constant. Perfect agreement between the two quantities,

and ¢

é would yield the straight dashed lines. It is evident that

calc obs

+he overall correspondence is only mildly.satisfactorx. This is not too
su;prising in view of the crude averaging procedure embedied in ¢ca1c;
Further, ﬁhe error in many of the data points can be several percent 2as
can be appreciated by in$pecting'the photographs displayeé in Figures 10-7

through 10-10. Finally, the approach exploited in-estimating ¢ is parti-

cularly questionable when the B_ profile is strongly hybrid. Strangely,

.
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however, the agreement is generally better in these circumstances. The
phenomenon of helical propagation was also observed in the Vanadium wire
and exhibited the various features that were discussed in the previous

~

section. The measurements of the helical propagation in this sample,

however, were not as detailed as for the Nb specimen and are not shown.

10.5 V vs Ufj and Threshold Energy

In trying to establish a functional relati03§hip between the velo-
¢ity of propaga;ion of the flux jumps and Ufj’ the total energy dissipated
during the avalanche, the fact that the avalanche follows helical paths
must se taken into account. The total velocity of propagation of the

flux jump at the surface of the wire is then . .

V
V = s i (10-7 a)
or equivalently
2 2k .
v = (VD + VE - (10-7 b)

In chapter 8, the Taw data were presented for V: as a function of I,
Ho and <M:>. The actual state of affairs woﬁld be more appropriately
displayed by presenting graphs of V vs the variables I, Hj and <M:>
To determine V, however, measurements of both Vz and Vé (or &) are
required. As indicated earlier in this chapter, thé oscillations from

which Ve {or &) were extracted are too irrcgular, in many sets of
i . o
circumstances, to yield any reliable or significant inform;tion. Conse-

. quently, much less jnformation on V than on Vz was obtained experimen-

A
tz1ly.

in view of the approximate agreement between ¢obs and ¢calc and

since the latter can, of course, be determined for all situations, itdzs
- ,‘43
ELN

AN

Q



¢hosen, for convenience, to exploit this empirical relation, although
it_provides only a crude description of the observations. With this
empirical expression V: in Figures 8-1 through 8-5 can be converted to
V by equation 10-7 and the results of this exercise compared with the Uf. ’
vs I curves displayed in Tigures 9-6 through 9-10. This approach,
however, only reconfirms that V and Ufj are functionally related and
provides little additional information. Since it is ultimately desired
to delineate this functiomal relationship and the behawlour of the

threshold energy U, it is more instructive to procecd as weRave done
earlier in //<p;cf1;jhuLJﬁbt Vovs Ug.

Figures 10-14 through 10-18 therefore display the correlation
between V and (Ufj - Uc) where Uc is the threshold energy for the onset
of electromagnetic propagation.K-It is again evident that curves drawn
through the data p01nts shift horizontally depending on Ho and the sign
of <M_> . U (H ) obtained from these Figures is only slightly different
from that extracted from Figures 9-6 through 9-10. The variation of U
with Ho and the horizontal shift of the entire curves, confirm the con-
clusion reached earlier that the flux flow resistivity p = DnB/chﬁT}
plays a role comparable to Ufj in governing the rate of energy dissipa-
tion during the flux collapse, hence, the rate of electromagneéic propa-
gation'df the flux avalanche. The remarks. made 1in chapter’ 9 regarding
the two Figures wheTe the initial <Mz> is hybrid, namely; that it is
<IB |> rather than <B > Wwhich must be considered in the flux flow resis-
%ivity, continue to apply. It js noticed that <lB |> plays a role, not
ofily in the horizontal shift from one Figure to another, but also in the
horizontal distribution of the data points within each Figure. FoOT this

and other reasons it has not been considered meaningful to extract an



™

empirical functional form for V in terms of (Ufj - Uc) from these Figurcs.
This analvsis however suggests the direction which could be pursued to
establish such empirical relation and the accompanying model for the

velocity of propagation of flux avalanches under electromagnetic coupling.
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Summary and Conclusion
Part II -

The velocity'of prOp;gation.of flux jumpé in wires of type II super-
condu.ctors carrving a transport current and axially magneti:egd in a lon-r
gitudinal magnetic field has been investigated. Two distinﬁt méchanisms
for the propagation of the collapse of the superconducting state were‘
identified. They are referred to as thermal cpupling (or mode) and
electromagnetic coupling (mode) . -

When fhe wire 1s not axially magnetized (or at least not strongly
magnetized} and the f;ansport cu};ent is not too close to I thermal
coupling operates. An interface divides a fully normél region where
P =Py and a superconducting region. The normal front advaﬁccs'by.
thermal diffusion of joule hé;t (jzon) across the interface into the
adjacent superconducting-régionj When the wire is axially magnetized,
the .azimuthal persistent currents in the superconducting region decay and
the attendant magnetic.moment disappears as the temperature rises. This
decay oﬁ the persistent currents and tﬁe destruction of the magnetic
moment’gs not a flux avalanche. The collapsé does not arise from an
instability of the configuration and it is not self-perpetuating and
self-generating. The velocities of propagation observed under these
circumstances are S1ow and are governed by the rate of heat difﬁusion.
Furthermore, the collapse of the supercqndﬁcting state is radially -
symmegric. This phenomenon has been investigated in typi/P’EEberco§duc-

tors and in unmagnetized -type IT superco_nducto:‘s b%ﬁke?s.

When the wire is str6€;;y magnetized axially and/or the transport

current 1is near Ic’ the configuration of the magnetic induction is unstable’
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avalanches occur. The avalanche’and its longitudinal

L .

vance feed on the magnetic energy stored in the azimuthal and axial
]

-

omponents of the magnetic induction. The collapse of the superconduc-

ting state in
cOnflguratlon

(elgctromagnet

because the re
—
collapse. The
phic, terminat
of propagation

mal diffusion.

one place triggers thancollapse of the critical magnetic’
Q‘\- .

iththe adjacent reglgE‘Pv electromagnetlc induction

ic coupling). The rate of progress of a disturbance along

. the wire can then be measured. The'disturbance‘can'gropagate only

gion it penetrates 1s an unstable state on the verge of
collapse of these unstable states is rapld and catastro-
lng w1th the creatlon of the normal state. The velocities
are large since thb} are not llmlted by the rate of ther-

Ffurthermore, it is found that uhen electromagnetlc

coupling operates, the flux jumps are azimuthally asymmetric and follow

-

helical trajectories along-the wire. ' ‘ .

For the t
data are prese
pr0pagation on
H and the ini
path followed
determined.

An exa;in

ps;sf;durlng t

hermal and electromagnetlc modes of g;eﬁi;ation,uextenéive-i

e

nted on the dependence of the longltudlnal velocity -of

the'transport current 1, the longltudlnal magnet1c f1e1d

-

tial magnetic moment <M_>. The dependence of the helical

by the flux jumps oR the varzables just enumerated is -also

‘q_ - o e

-

ation of the correspondence between Ufj’ the energy dissi-

he. flux jump and its velocity of propagation V is under-

v

taken. In order to calculate the enérgy d1551pated .during the avalanche,

it is necessarf-to know the B_ and By profiles before and after the flux

.

* jump. From measurements of the magnigude of “the pulses observed during

F

. the adyance of the flux jump it can be verified that t?e‘normal stategﬁs

- i

0

.
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the final configuration. The initial B_-and Bé‘?ﬁofiles are estimated

in the spirit of the Bean-London approximation. More. specifically, the

axial and azimuthal current densities are taken as spatially constant,

but to depend only on Ho in the first instance and on both Ho and I in

the latter instance. Within the context of this approximation it is
- e . . s -

found computationally convenient to exploit an empirical *expression to

determine the azimuthal current density J rather than extracting this

value directly, step by step, from fhe experxmental curves of <M > vs., Ix

' Thls emplglcal formulation falthfullv reproduces the experimentally

observed evolutlon of the ax1aﬂ(magnet1-ation <M_> as the current increa-
— -
ses to I in various Ho and starting with different initial moments. It

is however only 2 ool déed to perform a specific task and is not put
forh'ard as a model-wigh physical content.

The approach 1ntroduces two parameters I and I". These two para-
meters are found ta be nearly equal. The latter has a clear physical

A

meaning since it is defined as the transport current which will.fill the &

entire cros;-section of the wire. fhe experimentally observed critical

current I 1s found to fall fr;cfionallyugglgyflg x Ié; It is specu-

lated that the occurmmcé of a spontaneous flux juﬁi at Ic may account for

this behaviour. : -
In view of the similarity between,_the observed Véavs I families of

curves and the calculated Ufj vs I families of curves this information 1s

combined in graphs which jllustrate the fuictional ;e%gtionship between Vz

Eor V) and UfJ This repre;entition makes it possible to determine -the

dependence of the crltlcal threshold energy UC for the propagation of 2

flux jump on HD and qn the initial magnetic state. The Tesults indicate -

that the flux flow resistivity p =Py B/H O(T), as well as Uf » play an



~—

Bl ‘ ) . \P\-A '
1mportant role 1n contr0111ng V. ' Because of this complication and the
. . L.

consequent horizontal spread in the data exhibiting the correlation

between V and Ufj it has not been deemed meaningful to extract an empi-

-

rical formula for V vs Ufj - U_ from these graphs. -

The zssumption that the flux jumps follow helical paths correspon-

“\...-

ding to the average hellx of the flux vortices in the cylindrical region

occupied by the transport current adjacent to the surface of the wire is

explored. To estimate the pltch of these helical paths, a-crude arithme-

tical average of Be and B “in the region carrvzng the sxansport current

is used. A comparison of the results of this approach wltE:the present

experimental observations on helical propagation indicates that the

basic idea appears to be valid.

Paan )
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