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. . . _ Abstract *

+

We have investigated the effect of static azimuthal magnetic flields
H¢ bathing the wall of a hollow cylinder of a hysteretic type II
superconductor (Pb Bl) on its electrodynamic response to sl&i"éweeps of an

R
externally applied longitudinal magnetic field :HN. The specimen is made to

““become superconducting in the chosen H, and the initial H// by cooling from

¢

Tc.tq 4.2 K for all the meagurements. Thwpliturfe of the swinga of H//

extend far beyond the range required to cause chhnges in. Bi' the longitudinal

. -

f Iux density 1n the hole of the tube. The magnitude of the critical induced

azimuthal persistent current I opposing flux entry into or exit from the

$
hole is seen to be only slightly sensitive to the presence of H¢ over the
range of values of the static H, available in these measurements

)
<

a

Although H¢ is maintained fixed, the azimuthal flux permenfing the

wall is seen to vary drama'tically and'i‘ﬁ" an intricate manner during the

sweeps of H//. In parficular, when H// 1s made to 1ncrease from zero, <B¢.>,

the spatial average of the azimuthal flux, 1initially decreases, then traces
two peaks 1in séquence.- The first peak is appreciably higher and considerably
narrower than the second and its des"cénding slope 18 associated with the
arrival, at the inner.radius of the wall, of the advancing flux penetration.

\ .
The magnitude of the two peaks is dictated by the strength of the static H¢.

// with H¢

The augmentation of azimuthal X, generated by an increase in H

kept constant, 1s called the azimuthal paramagnetic effect.
L o
Conversely, <B¢> exhibits an appreclable diminution, in a static

—

H¢, when H// is reduced to zero. This behaviour is denoted the azimuthal

.
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diamagnetic effect. ' In the range of weak H

the W}lll is observed to *have decreased by =50% when the downsweep of H'//

, the azimuthal flux threading.

N -»
— attains zero. -

Sweeps of.H/l from some lafge initial value through zero.to a

large value of opposite polarity, with H, kept fixed, conséquently cause the

¢
& azimuthal flux to display the diamagnetic effect and the paramagnetic effect

’
.

in succession.
The variations of the azimuthal flux gxnerated by changes In H//
"with H'cp kept fixed provide evidence for and data on the novel phehomenon of
| - ’
‘

flux cutting in the presence of flyx pinning behaviour. :

’ The curves of I-¢ andl<B¢> versus H// increasing or decreasingain

. ) .
variocus static H¢ are analyzed to yield estimates of jJ. and j//, the

IE’ IrE‘ the angly-sié, we assume that"jq’ and 1, the azimuthal and
'longitudinal ‘m&rrent densities are upiform fmd occupy the entire.volume of
B "’the wall ft;r those s.ituat:_ions where ;a change in H/"/ causes a chan_ge in .Bi'
zl\lso,_ simple triangdla;' configurations are conjectured for the B¢(r) p;:ofiles
whic_:hi are .consistent with the diamagnetic or paramagnetic lzehaviour

S

exrzﬁbi'ted. This analysis reveals that jJ'_ is critical but that j// is either'
subcritical or occupies only a fzgct'ion of the wall volume.' Consequently, a
reliable estimate is obtained Yor ij. versus B but only a lower limit is
established-foOT j versus B.
' e/l __—
The general critical state theory developed by Clem.is ocutlined and
applied to the interpretation of our observations on the azimuthal
paramagnetic and diamagnetic effects. For computational ease an.d economy, we

exploited an approach where the sequences of flux density and flux

orientdtion profiles are taken to exist in quasi static configurations. The

persistent cubrent densities induced to flow Ll and // to B as a function of

-

N4
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‘circumatances where the induced electric flields, E // and E

‘\-«-’1115 : , o
: ' ' L]

calculations yield good agreement with a ‘variety of. observations 1n l:hoae -\.__.'

L
perpendicular to ﬁ(r), do not cause appreclable exc_:uraions ‘of j“‘and-jk

-

beyond jc// and ij.' Our method, however, is inappropriate for several
criscial situations. In i)articular,_ the arrival of the flu:.:'- disturbance at

the inner surface of the)m‘il cannot be treated In this manner and appears to
\

5

require a relaxat:ion or %iffusion technique.

The “mirror"” phenomena were also investigated. - These are, (a) the

-

influence. of a etaticﬂﬁ)/ on the entry apd exit of azimu..Ehél flux in the wall
of the hollow cylinder and (b), th;' évolﬁ'tion of the'-longitudinal; flux
permeat.i.ng the wall, as H¢ 1s imitlally impressed or made to uﬁdergo'a swing
from some large 1initialr value through =zero to a"‘comparable intensity of

opposite direction. Again, the presence of H// is seen to exercise only a

small influence on the response of the wall to sweeps of H,. Also, although

¢

H// is kept fixed, the 1ongitudinal flux density, <B > all’

is seen to rise

-as H¢ is applied and to diminish when H, 1s decreased to zero, hence a

¢ ‘
longitudinal paramagnetic and a diamagnetic .effect are now observed. As

expected, the'magnitudes of the paramagnetic and diamagnetic effects are

dictated by the strength of the statlc H// and in the range of weak H//’ the

longitudinal flux .permeating the wall 1s observed to havé decreased by =504

when the/downsweep of H¢ attainr; zero. Of course, the evolution of ¢B >wall

now exhibits a diamagnetic and then a paramagnetic magnetization during

-
.

sweeps o H¢ from +H¢u;ax through zero to -Hbmax

L"—“\

gy

A
also been observed and examined in some detall. With a longitrudinal flux cb

initially threading the hole of the hollow cylinder, the nucleation of

parallel and

cinating, although qualitatively anticipated, apifé‘homenon haB.

"
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"1s seen to be decreased to a small fract.ion"of its initial value when H

. . Y
A -~
.

helical flux lines at theé inner surface ¢f the wall and tHeif entry into the- .

wall, brought about by an 1ncreas‘e'1f1 H is seen’tg cause ¢z, hence

¢!

: Bi- - ¢z/1tR12, to decrease. In the range of weak H//, the longitLﬂinal flux

¢

attains the maximum. strength available. Conversely, a decrease of H¢ in a

static 'H//' causes hélica]_. flux lines to emerge from the wall and generates a

rise In cpz," hence Bi" These observations provide a.‘s:l.mple confirmaf:ion and

easy 1llustration on a macrosropic 'scale of prevailing concepts. Their -

progessé’s which presumably accompahy the migration of a lattice of flux lines

of spatially varying.helicity.

analysis méy yi€ld useful insights and quantitative data on the flux 'cul:ting.

o
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Chapter 1

Introduction -
. -~
4
L Y

General Framework

Magnetic phenomena, critical current behaviour and A.C. losses in

4

type II superconductors have been extensively investigated during the last 25

years for the situation where the current density j(x, y, z) is made to flow

ot ; 3 397
perpendicular to the magnetic flux density B(x, y, z). 16,3970

Focusing on
the evolution of the magnetic flux densit; spatially and with time, one can
write, quite generally,

+ »> + ‘ '
.Bf(x! ¥, 2, t+ At) = Bi(x, y, 2, t) + AB(x, y, z, t + At) (1)

The situation just mentioned, has been denoted the collinear regime since it

implies that the veétor Aﬁ, the ghangg in the magnetic induction, lies
IOCélly along gi’ the existing magnetic induction in the-glement of volume
under consideration. It 1s clear that the collinear regimg constitutes only
a very speclal case of the broad perspectlve expressed by equation 1. 1In
general, Aﬁ can be directed along any arbiﬁrary direction with respect to the
existing magnetic inductionm gi' The rich array of situations whéfe AE does
not 1lie glong Ei are then referred to as belonging to the noncollinear
regime. In order that this nomeﬁclature ‘"not lead to confusion it is

{mportant to bear in mind that the labels refer to the magnetic flux density.

. . &>
The reason far this precautionary warning is that the current density 3} in

o

_the noncollinear regime will have a component collinear to E, whereas in the
+> »>
collinear regime ] exists only transverse B. In the foregoing and in this

thesis we consider only isotropic materials.

’



In spite of its great generality, the noncollinear regime has been

‘largely ignored and has only receatly attracted algnificant éxperimental and

theoretical attention. The interest and research activity has focused mainly
on the coll;near regime for several reasons. Probably foremost is the fact
that this 1s the coniguration encountered in the major applications .of

standard design (eg. super;:;;:EEing colls, power transmission cables). This
has guided the pertinent basic research and stimulaned'the applied research.
Also, a conceptual gramgwork for describing and lunderstanding the
observat;ons, the critical state-cohcept2’4’5’28’40'76 together with the
plcture of flux line displacements an& the idea of flux flow voltages, was
proposed at the :}me that thé_ knowledge of ideél and nonideal type I1
superconductors burstlon the scientific and technological scéne in the early

60s. By contrast, no viable concept&al framework existed for Interpreting

and analyzing the phenomena in the noncollinea; regfme until the publication
of the phenomenological rheory developed by Clem and his collaborators.25’59

The noncollinear regime’ is more complicated than the collinear but
builds on the latter. Consequegtly we first outline the b;sic concepts
develop;d for an understanding of the collinear ;ituation and then describe

the central ideas put forward to account for phenomena encountered 1in the

noncollinear regime.

The Collinear Reglme

Magnetic flux is visualizéd as existing in type II superconductors
in the form of vortices or discrete flux lines each conﬁainzig a quantum of
flux ¢o = h/2e. Numerous experiments have now confirmed in some detail this

picture first formﬁlated by Abrikoaov.1 The basic picture is most easily



outlined by focusing, on planar (infinite s8lab) geometry with the external
magnetic fileld ﬁe parallel to thE'surlfaces. .Ifarallel f'11:1x lines repel each
other and are restralned from pushing each other out of the gpecimen by the
externally applied magnetic Eield and, 1In {rreversible type 'II
superconductors, by pinning sites due to imperfections and iImpurities. An
increase in the externally apﬁl;ed.magnetic field ﬁe will caugnew flux
lines to nucleate at the surface of ‘the :;pecimen when He > H<;.1" Bue to !:he.
increage in the flux 1line density at the surface, any adjacent sheet of flux
lines will expefiencc; a net force inwards. This latter sheet w'i:ll eventually
be displaced inwards when the net force (the‘resultant of repulsive forces
arising from neighbodrs on all sides) overcomes the pinnlng forces.

As the rise of He prog”;ésses, one can then readily p.icture a
profile of the flux line density B(x) advancing into the bulk of the slab
from the surf_z_a_ces. By Maxwell's equa‘tion, in the form V x §= uoi, the

—

gradient of the flux line density in pi_anar geometry, de/dx = uojy,

‘corresponds to a quasi-microscopic current density averaged over the

lcross-eectio:;. of several flux lines. Here § and ﬁe are taken to be alorig the
z-axls and x normal to the surfaces of t’he slab. The driving force on _the
i?lux lines is the Lorentz force §L = 3 X E and the -critical state concept
states that flux 1line dis-placement will take place when the equilibrium

* > ’ .
condition F_ <+ fP = 0 13 exceeded. Here fP is the pinning force density

L
characterizing the specimen. fP 1s found to depend on the normalized flux
line density, B/‘Bcz, and on the reduced temperature, T/Tc’ in a minj\%i&:hich
can be approximated by simple analytic functions for various categories of
materials.

For slow changes of He, the profiles or configurations of the flux

denaity (B profilés) evolve through a succession of quasi-static near



A -ll-

eqﬁilibrium_crifical states. Since this is the situation which applies in

our work we will confine our discussion to these circumstances. We note

Y
simply that under rapid changes of He, non equilibrium or dynamic critical

— '

states will arise where viscous retarding forces proportional to the velocity

of the flux lines, as well 'as the pinning forces, come’ into play. .

For planar geometry, the critical state condition can be written
dB

’
B ix = i‘FP . 2(a)

where FP = uofP and dB/dx 1is implicitly taken to represent a critical-fiux

density gradient, (dB/dx)c. -Alternatively, since in this geometry,
. +>

(d'B/dx)c = uojcl where jcJL flows perpendicularly to.B and corresponds to the

critical valué, equation 2(a) 1s frequently written,

%% B tuojcl o b ‘2(b)

Presuming FP(B, T), or equivalently, ch(B, T) to.;g known, the
evolution of the space averaged flux density, <B(ifl;)>sversus He(t) has been
investigated theoretically for a varier of situations. 'Conversely,-authora
have exploite& equation 2(a) or 2(b) to determine jcl(B' T) and/or FP(B’ ™
for numerous materials from tpeir observations of fhe;r magnetic response and
critical current behaviour in a variety of arrangements using” different
experimental techﬁiques. It 1s .useful to remark at this point that
hystéresis losses can readily be calculated, once (ﬁ(x, t)) versus He(t) is
known, by introducing these into Poynting's formula, ' |

A W= §H_.d@By /(3

for the energy dissipation per cycle per unit volume.

A critical current I = f 3c1°dg is reached when the entire

cross~section of a specimen (wire, ribbon or other geometry) 1s filled with

current flowing at the critical current density jcl' The magnetic induction
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in which jcl bathes can arise froé the superposition of an externally ;pplied
magnetic fleld provided by an outs%de gource (which cou{d be neighbouring
curxen}s) and the magnetic induction generated by the current in the specimen
itself. . The spatial digtribution 6f jcl and B can be quite complex even for‘
siﬁéle geometries. For instance, the configuration of';jc'L over the

i:?bss—section of a long straight wire carrying a current I = Ic in a uniform

statlic transverse magnetlic field3 presents a formidable computational

problem.  The problem is even more &ifficult when the-magnetic history.bf;the

gpecimen in the supercondicting state mst be taken Iinto account. By way of

11lustration we mention the computation of A.C. losses for é long straight

wire where both I and He vary simultaneously with time as they will when the

wire 13 part of the winding of a coil or solenoid being energized. ’

The essential physics of the tollinear regime, regardless othhe

complications encountered in pursuing specific cases, resides in and emetrges

from the critical current dengity jcl(B’ T) or equivalently,'the bulk pinning
function FP(B, T).

Finally, we note two features, which although of basic Importance
have played a negligible role in ocur preliminary investigation.

The local density of flux 1lines, B(x,y,z) 15 type II
superconductors whether ideal or nonideal, is regarded as in equilibrimm with
a local magnetic field H(x,y,z) or vice versa. This relationship is Vritpen

Heq (B) or Beq (H) and is denoted as the equilibrium or reversible or

Abrikosovl diamagnetism. This relationship was first derived by Abrikosov

.and depends only on the Ginzburg-Landau parameter k = A/E, when B and H are

normalized to Bc and ch. Here N is the low f1e1§ (London) penetration

2

© oA



depth énd'g is the coherence length. " For a reversible (ideal) specimen, with
negligible demagnetization coefficient, this relationship can be determined
experimentally, by measuring <B7 versus H, (1) by.cooling from Tc to a chosen

" T 4in var;ous“static He or (ii}-by sweeplng He Epom.zero to'H‘c2 and‘vice

versa. We stress that the collinear situation prevails in these
measurements. For ipveversible materials Beq(H) can, in principle, be

extthdped_from‘me;B@reménts, again in thé collinear regime, of (B) versus He
<N )

where he is swept from * H _ to ¥ Hc

2 . 'A careful analysis of the two sets of

5"

data obtained by this procedure can yield'jci(B/Bcé) and Beq (") for the

specimen at the chosen temperature. Consequently,ffor materials exhibiting
strong bulk pinniqg, it ia important that the dimension orthogonal to He' the
radius of the wire or thejthicknéss‘of the ribbon, be small. The reason for
this 1s tﬂ€£, the contribution ?f tﬂg bulk pinning to the magnetiéation (jcl

multiplied by the-enclosed area integrated over the crosg-section) increases
as a power greater than one of the radius or thickness of the specimen. The
reversible diamagnetism per unit volume 1is, however, size independent. In

any case, demagnetization effects must be carefully avoided.

It is also now well known that type II superconductors can support

5,18,46-48

an appreclable, persistent, irreversible, surface current, IS(B),

particularly when He’ hence B, are directed parallel to the surface of the:

specimen. The physics of this surface éurrent'is not ‘well understood and
this problem continues to pose a major theoretical and experimental

challengé. This current, in coatrast with the reversible diamagnetic surface
A

current assoclated with Beq(H), flows to oppose changes in the magnetic flux

threading the specimen, hence it 1is history dependent (irreversible). - The
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magnetic moment per unit volume kggnérated by this current 1is size
independent. As a consequence, although”it is desirable to use a specimen bf_
of smali cross section, to minimize the role of bulk pinning (jcl)"in the

determination of Béq(H), there 18 no advantage in this approach when the

' specimen exhibits a large IS(B).
. 4 '
‘It has been. shown by LeBlanc et al. 8 that IS(B) can_be
dramatically reduced when‘ﬁ 1s tilted so that a component picheB the major

surfaces of the specimen. ‘This stratageﬁ, “however, presents a dilemma.

LT . ' - T Co
. Demagnetization effects become significant when Hé s tilted*ad indicated.
' - 0 R
Alternatively, the sample can be cooled from Tc in the presence of a suiltable

_but weak magﬁétic field Hl difecEgdﬁperpendiqular to the surface and

.

maintained fixed as a magnetic field H/) directed along the major sufches is

applied and c¢ycled. . The latter arrangement, "however, belongs to the

3
’

noncollinear regime where a variety of new behaviour appear whith we will hoﬁf
~address. _In closing this section we note that C1ém23.has publishéd an
excellent syntﬁ@sis of the phenomenologicai description of the magne;ic

response and of hystéresis losses in the collinear regime. ¥n this work'he

also 1ndentifies clearly the various contributions to the energy

- dissipation.

: _k;wf . B

The Noncollinear Regime

A. Historical Review
. - : N

* The study of the noncollinear regime, although this label was

introduced only recently, began with the observationlin 1963 by Sekula et

0 4
al.6 that the lossless current carrying capacity, Ic,Pof'straight wires of

type II superconductors exhibited an impressive peak in the range of moderate
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varlied. The following vear Heaton and Rose—Innes38 re'pbrted the same

magnetic fields when immersed in a longitudinal magnetic field HH. This is

a noncollinear situation since the azimuthal magnetic field H

¢

changing when I is impressed and

produced by

the current I is orthogonal to H// with I-l¢

[

b'e_haviour in nearly reversible NbTa wires. Also in that year, Cody and
Cullen26 found the same phenbmenon-in ribbons of Nb3Sn when He was directed
along the length of the specimen. Meanwhile Bergeron6 proposed that a
force-fret.: configurqtibn,'where 3 at Ic is everywhere parallel to E, could
account for this phenomenon and developed an expression, based on this idea,
which reproduced the general features of the observatioﬁs. He also indicntedn
that the proposed force-free cbnfiguration would cause the longitudinal flux
threading the wire at Ic to significantly exceed the externally applied

longitudinal magnetic flux. LeBlanc et al.“’ pursued this feature and found

that the prediction was verified for wires of the several materials they

1

" investigated. The phenomenon was labelled, the longitudinal paramagnetic

effect. The observations, however, also showed major departures from the

predictions of the force~free picture. )

In 1967, Taylm—'65 discovered that lesses in st'raight wires of type
I-I superconductoré carrying an A.C. current of low frequency and large
amplitude could be appreciably reduced lby immersing the specimen Iin a modest
stationary longitudinal magnetic field. Later Suga'hara' and Kat:oah (1971} and
Nakayama 6 et al55 {(1974) monitored the variation of the azimuthal flux
density, <B¢> and the longitudinal flux density, <Bz\} in straight wires of
NbZr and NbTL carrying A.C. currents of various amplitudes as _‘a function of
H//. Gauthie; and LeBlanc34 (1977) showed that these da'ta could be

reproduced exploiting a simple em'pirical model where jcj. afid do/dr, the
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change 1in orientation ‘of the helical flux lines, were assumed to exist each
in a critical ‘state. We will 'see later in‘fhis tﬁesis that Bde/dx = U, Iy
where %V is a current density parallel to the flux'liﬁé density.

’ The accurate measurement of‘<B$> ye;sué 1(t) in a straight solid
wire poses severe problems, since this qdﬁntity must then be determined frpm

the minute voltage induced across a pair of voltage leads attached to the

sample. In effect, this method measures“"d(Blb)‘ /dt threadiﬁg a single turn

lgjjhﬁpickup coil embracing the area circumscribed by the radius of the wire and

the length between the two contacts to the rspecimen. To facilitate the

measurement of the. two orthogonal components of the magnetic,flux deﬁsity,

-<ﬁ;'and <Bg and, at the same time, to circumvent the difficulties involved in

feeding a Qery largéq;urrent to a sample of high current carryfgglcapacity
via current ieada:connggted to a power supply; LeB;anc and his group adopted
a novel approé;a. ;nd different géomet%y whicﬁ we describe in the next
sect lon.

B. Noncolliﬁear Regime in Ribbon Geometry with Induced Currents.

An externally applied magnetic field, Hlf orieﬁted along the flat
faces of a ribbpon (thin compared to its length and width) and direétedl
transverse to the length, is made to vary when the specimen is immersed in a
stationafy externalyy applied magnetic field; H//, directed along the length.
By the laws of induction, a change 1h H

L
flow "up"” on one side of the ﬁidplane of the ribbon and "down” the other

will cause a persistent current to

slde, the sénse of circulation being determined by the sign of the iﬁcrgment
AHLh In this manner, a very large current can be made to flow, although in

opposite directions, in each ha¥£ of the ribbon. Since the demagnetization



_10_

effects are negligibTé for any oylenta_tiqn of H = ﬁl + ﬁ// along the flat
faces of the ribbon, the rolles can bevre\'rer.'sed‘ with H kept stationafy and
// made to vary. Evidently a variety of noncollinear and collinear echemes
for the variation of H(t) ; i (t) + H//(t) can be envisaged. The scheme
adopted where‘H/'/ 1s kept fixed and HJ. s varied (or vice versa) is
experimentally convenient. Further, .each half of the ribbon,' on elther Bide
of the midplane, wheg viewed by itself, can be regarded ag a single 1solated
ribbon carrying a canduction current fed to it from'\-an outside power supply.
. The disadvantage of the arrangementlis that now a critical current Ic can be
attained without manifesting itaelf by the a'ppeerance of a rea-iet‘ive
transition or the onset .of‘a f.lux.flow voltege.‘ In other words, dynamic'
" equilibrium critical states (the flux flow regime) cannot be explored with

the applied variables 5tationary, which is possible when I 1s fed through the,

ribbon via leads. , - o "
- Two orthogoﬁal pickup coils embrace the ribbon, one 'r;lonitorilng
//> and the other \B Y (or equiva,lently M// and \M ,‘the componeets of
the magnetizatiot_l). Again focusing on t:he volume of ribbon on either. side of
the midplane, the quantityJ*'\BL“‘ vlahen it 1is HL which 1is nmade to vary, can be
regarded as corresponding to ‘th.e azimuthal flux density *_Bﬁbl in a wire
carrying a cur'i:ent I. The advantage of the arrangement adopted by LeBlanc
et al is that \"BL> can be easily and accurately monitored, in The steady
state or at. any frequency, by a multiturn pickup coil, whilst (IB¢‘,' for the
solid wire can only be measured accurately at appreciable frequencies and
amplitudes of I(t). -
Exploiting the arrangement just described, LeBlanc a.nd'his group
investigated all of the phenoh:ena e;;countered in straight solid wires made to

- e

-
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carry a current I(t) when-immersed 1n a longitudinai magnetic field H//, '
namelp; (1) the peaﬁ in I., {(11) the longitudinal paramagnetic effect and -
(iii) the reduction 1in hyateresis (A.C.) losses (I(t) V(t)) The analegs of
these. phenomena now consist in the:bbservation of, (i) an enhancement in <3!>
versus HL caused by the presence of a stationary H// (11) -an increaae in

//> (or <B )), hence the appearance of a magnetic moment (b”}}along the
stationary applied H// éndﬁg(iii) hysteresis losses, namely the area enclosed

e
by the locus of <M‘) versus H (t) as the latter undergoes a cycle of

?;.
.,!-

arbitrary frequency (which can now be of the order of zero) and of various
'enosen amplitudes. ‘It is noteworthy that behaviour "orthogonal™” Eo that just
listed can now be readily studied'by_keeping HL flxed.and causing H// te
vary. In particular, a “transnerse" paramagnetic effect can now be observed,
‘i.e. an increase 1in (BL), hence the appearance of a‘magnetic mome nt (ML)
along the stationary appliled H . The label is evidently introduced in
analogy with the title, "longitudinal“ paramagnetic effect.
Finally, with this approach, a phenomenon which is a "mirror” of
the longitudinal paramagnetic effect/is now revealed. 1t is found_that'aa Hl

is decreased, with H kept fixed, the flux threading the ribbon along the

/

statlonary H is seen to decrease, hence a diamagnetic moment (M]/) to

/1

appear. For obvious reasons, the behaviour has been called the longltudinal
diamagneticpeffect. Of course the "orthogonal“ effect 1s now expected to
occur and this 1s indeed the case; ‘a diamagnetic moment <MI) appears'along
ﬂ;pé stationary Hl when it is H/) which is wmade to decrease. It is:impertant -
to note that the analogs of these diamagnetic effects are inacceseible when a

wire or-riben are carrying a current I fed into the specimen via connections

to anh external power supply.' The reason is that the wire or ribbon does not

cool below Tc and become superconducting while carrying an appreciable
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current I because of the joule (.IZR) heat;

The major feéturea of a :vast aggsortment of obsérﬁatioﬁs on rijbbon
gsamples have been quantitatively and qualitatively well reproducgd exploiting
the simple empirical double critical state model mentioned earlier. This
model contains two adjustable parame;ers: the pinning strengkth coefficient
lir'lked with jcj. and another ;.)aramet:er"fact.o.riqg ,j-c//, ;*.hé critical current
density parallel to the flux liné density. These workers, however, have
found it necessary to introduce an arbitrary functional dependence or; 8 the
orientation of the flux lines with. regpect to an axis of th.e specimen (the

length or width). Whether this complication is necessitafed ‘by -anisotropy in

the samples or some fundamental deficiency of the model, 1is not clear at

present. 5

C. The Disk Geometry

For completenéss we mention another simple arra‘ngement which has.
been exploited by LeBlanc and his\ collaborators ta reveal and probe the’
wealth of phenomena occurring ia the nohcollinear regime. A single disk, or
a stack of 'electricallyl insulated thin disks, are made to undm:go rotation
about the axis L to the plane of the specimen and passing through its center. '
The_-sample' is immersed in a st;,ationarjr' %xtet;t:ally applied field ﬁ -2 Hz
directed along the flat faces of the disk(s). VWe note that thig situation 1s
‘equivalent to the rotation of an applied magnet_i.c field ﬁ of constant
magnitude in the plane of thle disk. In either case, R changes direction with

respect to any diameter of the disk and the noncollinear regime revalls.

Again, two orthogonal pickup colls embrace the specimen ‘withy one coll
. . ’ 1
monitoring A(B;, , the change of the magnetic flux density alon Hz and the

other A(Byy, the change of magnetic induction in the plane of disk
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t{gnsverae to Hz. The disk may be made to unaergo oscillations.of various
angular amplitudes Bo, hence the analog of A.C. conditions is eécountered.
Further, with this arrangement, the angle of rotati’oq and the amplitude eo
are unrestricted. This Is in-contrast to the change of aqgle of thle magnetic
field ﬁ = ﬁ + ﬁ at the surface of a atraight wire or a ribbon carrying a -
conduction current I in a static applied longitudinal magnetic field Ez where

Bo must be less than #/2. X

AAg_ai-n, a large variety of data and an extensive catalogue of
intricate curves have been surprisingly well reproduced by an empirical two
parameter model ;here jcl am"] de/dx, hence jc//’_ are taken to exist in
critical states wherever they appear; An iImportant feature of tﬁe data,
which the model cannot generate, 'is that the locus of (Bz} aﬁd'(By) versus 8
cycled between chosen limits, will\in some clrcumstances, trace loops which
do not close. When th;.a behaviour 1s encountered, theﬁ deviat:ion‘f-rom
“closure” dimini'shes as the number of cycles progresses. The.reason the
model cannot account for such behaviour 1s precisely because .it st:ip"ular.es
that both jcl. and jc//.must exist 1n critical stateg._ 'Conse<iuent1y, the
model does not contain the flexiblility required to account for. open loops.

The obs vat:io.ns9 reveal that, regardless of previous magnetic-
temperature history‘ the magnetic flux threading the. disk evol;rea toward a
diamagnetic configuration as the .rotation or oscillations progress.
Diémagqetic'here means that ij. circulates in a sense which tends to redt_:c;a
the flux density. ‘'Since the magnitude of the applied magnetic field is
maintained constant, this Implies that either flux lines move out of the
specimen against the flux denaity gradient adjacent to thé surfaces of the
disk or that flux is consumed by._a process of flux line cutting inside the

‘s pecimen.



- 14 - -~

Evidently a theory 1is reéuired whose basic structure will dictate
the observed open loops apd the diamagnetism just mentioned. The general
double critical state theory developed by Ci’em,25 which we will outline‘
shortly, accomplishes this task "naturally”.

~

D. Hollow Cylinder Geometry

Hollow cylinder geometry for the study of the noncollinear rvegime
was fi;;t exploited by Bussiére.l2 In his e*periment, a hollow tube of Nb
was c091ed from Tc to 4.2 K in a statie longitudinal field ﬁ//. Then with
H// maintained fixed at the various chosen values, a current T was madegto
flow along the length of the hollow tube via leads attached to its ends and
ralsed until Ic was attained. An axial picgup colil pla&ed in thé'cgntre of
the hollow tube monitored Bi’ the longitudinal flux density in the hole. As

expected, a monotonic rise in B, was observed as I was increased. This

i
indicates that the longitudinal flux permeating the wall is being displaced
and compressed into the hole. This behaviour does not entall any néﬁ
physicé; The data, however, revealed an important and novel result. For a
range of H//f ag I approached Ic’ Ehé longitudinal flux,'A¢i = ABi.ﬂRiz,
added 1in the hole,_exceeded the 1ongitudi£al flux originally permeating the
wall. Evidently, helical flux lines are mad; to enter the hole while the

-longitudinal curreat has not yet reached a criticai ﬁonfiguration thrbughout
the wall of the tube. ‘Gauthier hag ghown that these observations can be
accounted for using the empirical critical state<;ode1.r Calculations are in
progress in our grouﬁ to apbly the Cliem theory to these intriguing data. 1In

our view, flux line cutting plays a cruclal role in these results, but the

conceptual connection is indirect and subtle.
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In an effort to ;btain unambiguous evidence of flux line. cutting,
%e also adopted hollow cylinder geometry.30 In our arrangement, “"pure”
azimuthal flux, provided by a steady ;urrent I flowing in é stralght wire
running along the axis of the tube, is trapped in the wall of tﬁe hollow

cylinder. This is accomplished by letting the cylinder cool from Té—to 4.2 K

. while it is bathing in H¢ generated by I. Besldes H¢, only the earth's field

was present, hence for practigg% purposes, H// was zero. Then I, hence the
assoclated H¢, are reduced to zero. This leaves the wall thfeaQed by
aéimuthql flux lines {vortex Eingsf‘EE\xerrfied by a toroidal pigkup coil
embracing the wall. pr allongitudiﬁal magnetic field H// was applied while

{B@) in the wall and B, in the hole were monitored by pickup colls. A4s

1
expected, longlitudinal flux appeared in the hole at H// ig ch and increased

in density until Hc was attained. The crucial feature, however, is that,

2 %
a
azimuthal flux coatinued to thread the wall, although with diminishing

density, until H// attained ch. Sinqe, outside the cylinder, H¢=~0_as H//V
was impressed, the flux\gines entering.the outer suﬁface of the wall must be
purely longitudinal. Eventually, longitudinal flux enters the hole while
azimuthal flux continues to .permeate the wall. This shows, rather

dramatically, that the longitudinal flux lineszentering the outer surface
AL '

o '

have, by some process, cut through the vortex rings..

T

We then undertook an extensive series of measurements on a hollow

cylindrical specimen which are presented in this thesis. One of the purposes

of this investigation was to explore in detail the analogs in this geometry
of the several noncollinear phenomena already known to arise in ribbon and
solid wire geometry. These are: . i

(1) . The enhancement in {M ‘); the mAgnetic moment along H,, when 0 “is
~ , 1/ // $

kept fixed and conversely the enhancement in (M&}, the magnetic

I |
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moment along H

- ¢
equivalent to the peak in Ic observed in wi&ea in static H//.°

when H// is kept fixed. This, as noted above, is

(1iy The reduction 1in hysteresis losses occasioned by the presence of a
) *
~statlic component of H orthogonal to the varying component (H/7 fixed

with H oscillating and vice versa). We.remark that there is a

b
direct link between (1) and (ii).

(i11) The longlitudinal and transverse paramagnetic and diamagnetic
effects. The azimuthal coordinate now replaces the transverse

direction.

A ﬁollow cylinder with a longltudinal slit across its wall relates
directly to ribbon geométry since the curvature plays no basic role in the
phenomena of interest here. The only advantage of the slit hollow cylinder,
however, would be that the demagnétization factor is truly =zero in the
azimuthal girection. Consequently we viewéd a hollow slit cylinder as
presenting no new challenge.

A hollow cylinder with a continuous wall constitutes a very simplej
configuration for investiéations of flux cutting phenomena. Further tﬁe
- closed geometry of the "connecéed" wall gives rise to interesting behaviour
as we have already seen in the experiment of Bussidre and in our preliminary
study of flux cutting. A more versatile arrangement would be one wher;vthe
azimuthal magnetic fiela-would be provided by two,}ndependent sources. (a) A
toroldal, magnet coil embracing the wall of the cylinder (or'a single wire
.placeg along.the axls of the cylinder and garrying a suitably large current},
plus, (b)ra Jongitudinal current flowing aloné the length of the cylinder
wall and fed into the wall via leads attached to its ends as in Bussidre's
work. Ihe implementat;on'of this combined scheme, however, presents severe

experimental difficulties wheh one also envisages accommodating a toroidal
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plckup coll gmb;acing the wall in order to m;nifor <B¢>. We elected to
pursue scheme (a) alone for our investigation. Future werk should probably
en&ggvour to implement the combined drrangement.
Flux Line Cutting and'jc//

The Gbitage observed between probes attached.along the length of a
wire of a type II superconductor, carrying a steady curreat "in zero
externally applied magnetié'field, is thoughf to arise from the continuous
;reatig% of the vortex rinéa at the surface which collapse by shrinking
radially and self-annlhilate at the axis of the wire. This dynamic model was
first proposed by Gorter35 to account for resistive pﬁenomena in the
. Intermediate state of type I supereonductors. A paradox, as first noted by
walmaley,72 is encountered when the model i1s applied to the situations where
H// # 0, the noncollinear regime. Now the vortices nucleating at the surface
of the wire are helical and their radial migration to the axis, instead of
leading to annihilation, will cause a continuous accumulation. of longltudinal
flux in the specimgn. " Such an unrestricted growsh is -inconceivaﬁle.
Walmsley72 atudying the longitudinal parémagnetic effect in the flux flow
{resigtive) state of NbTa wires observed a stationary <Bz> as expected. To
resolve the paradox, he proposed that, by a-process of flux cutting, the
azimuthal .component of the helical flux lines could be transported to the
axis across the stationary longitudinal comp%?ent. The detailed picture is
unclear.

Clem22 has developed a detalled plcture for the flux flow voltage

and the flux cutting process 'in these circumstances. Here a right handed
.
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helical flu:r; line in a longitudinal conduction current shrinks radially until
it reaches the a;cis. Clem shows that a flux line, at the axis, un‘dergoing
fluctuations or perturbations to the left handed helicity is then.unstable
and will now expand until ejected at the sx-srface. | Thus two 0pposit-e1y movi.ng
lattices of flux lines can be visuvalized as cutting through :ach other, each-
coqtributing to Ez the longitudinal electric fi::ld by the radial motion of
their azimuthal comporent, according to the expression Ez = -y B.

¢
The process of flux c:utting is shown schematically in the sketches

below. The solid lines in 'sket’ch (a) represent a sheet of flux lines (A),
and the dashed lines another adjaceﬁt sheet of flux 1lines (B). The two,
initially' separar:e sheets are visualized-as merging, e;r_her through some
mechanisn compressing them together or through mutual attraction, and
te.mporarily forming a.grid. (Brandtlo et al ha\lre shown that a critical angle
dc exlists where the mutual repulsion experience;d by flux iines; when 8 <Bc,
vanishes and is replaced by mutual attraction when 8 > ec). " The overlap
reglion of thé grid network, containing two flux quanta, 1s energetically
costly and this situation cannot ‘persist. A Mew arrangement emerges where

the segments of flux Jlines from sheet A are connected to the adjacent

segments from sheet B as depicted in sketch {b).
y )
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The zigzag flux lines which. ensue from the cross jolning of the

gegments will now straighten, thereby Teducing their energy which is
proportional to the length. The resulting sheet of parallel flux lines is
now much more densely packed than the two separate sheets at.the outset and

the lines exert considerable repulsive forces on each other. , (foneequently

.

the “sheet 1s unstable and will expand to occupy the avallable space by
. } . .

separating Into two adjacent sheets. Pursuing this picture one can now

. visualize the penetration of an anguler disturbance 6(x) from the surface the

specimen into itse volume just as we lmagined the advance of a change in flux
density into the bulk in the jclj(colli_near) regime.

In planar geometry, Maxwell's equation, ¥ xB = uoj’ leads to
p.oj// = B d8/dx, hence the spatial -variation or gradient of the orientation

of the flux lines constitutes a current density flowing along the flux line

~density ﬁ. We stress that the quantities 3 and ﬁ represent averages over the

dimensions of .several cross sections of flux lines. The detailed picture is

beyond the scope of thiswork. Our primary concern in the interpretation of

our observations is the existence.of a critical angle 6 » hence equivalently,
a critical current density j e/ / for flux cutting. The concepts of } el ® and
h| vy alone, constituted the empirical double critical state model exploited
go successfully by LeBlanc and his group. Beaides the shortcoming of its
empirfcal nature, this model fafled when confronted by certain novel
phenomena we encounte{ed in our study of hollow cylinders. Fortunately, a

fundamental model, the general critical state model of Clem, which we will

-

outlihe?‘below, came to the rescue.

The decrease’ of sthe magnetic flux density along a .stationary

3

component of ﬁe, the externally appI]..ied field, as the latter is caused to
: o
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.change direction and magnitude, is the signature of flux cutting. - The
evidence, of course, has more Impact when the magnitude of ﬁ; isrincreasiﬁg.
Consequently, (i) a decrease in the longituﬁinal_ox transverse paramagnetic
effect, (1i) a diamagnetic effect in}ﬁe\ increasing and (iii) tﬁe
longitudinal or transverse diamagnetic‘effects are adl ménifeatations of flux
cutting although {11) clearly offers the most dramatic evidence.  Further,
although less direct and convincing evidence of flux cutting can eme rge Erom
a comparison of the growth of the paramagnetic effect with the much greater
rise expected if flux transport at constant orientation were taking place.

The message here is however less explicit and somewhat model dependent. -

The General Critical State Model

We now present a qualitative déscript;on of the gene;aL critical
state model developed by Clem and collaboratoga to account for phenomenas in
the non;ollinear rvegime. 1In chapfgr 8 we will present the formalism of this
théory in some detgil and apply it to some of our obse;vations'in chapter 9.

The model is based on two basic ldeas: the existence of a critic;1
current density jcl perpendicular to ghe flux line density, and a critical
current density jc// parallel to the flux line density. jcl'is already well
known 1n the collinear regime and 1is respdnsiblé_ via the action of the
Lorentz force overcoming bulk pinning, for the displacement or transport of
flux lines, heﬁce the evolution of the B profifes. Clem introdu®es the ’
crucial concept of a critical curreﬁt density, jc//, for tﬁé‘onaét of flux
' cutting.' |
At a given time and place in the zone‘of action of a specimen, flux

lines must be undergolng one of the following.

.
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(- Displacemeﬁt without change qf orientation, hence comgfeasiqn or
qecompression of flux l.e. an increase or a decreageriﬂ flux densit}
.1s taking place. o ' :

(i1) " Flux cutting without any displacement of the flux lines is- taking
place, hence the flux line density must be decreasing,

(£41) | both flux line cutting and fluxif?:e displacemeﬁt are simultaneously
taking place.

. It is important to réaii;e that‘depending on the. circumstances, a
specimen can be océdpied by some combination of fﬁbse three zones as wel} as
possess an ineét ot passive region when no changes are taking place. “The
latter 13'denotea an.0 zone by Clem. i

Campbell -and Evetts have proposed that collineaf phenomena could be
accounted for by postulating flux franSport at fixed brientation or constant

S
helicity (scheme (1)). Lorrain et aI;“have gerutinized this. proposal in

considerable detail and shown that this rigid picture leads to several-

™
~
N

uﬁphysical consequences. The Clem theory allows {bﬂ\the.appearance of such
zones in conjunction however with the simultaneous or sequential existence of
the two other zones. |

The simple empirical double critical sﬁate model of LeBlanc et al
did not envisage the possibility of pure flux gutting-regions. Further, in
thelr scheme, the bouﬁdﬁry between zqnés'(i) and (iii) was-dictapea solely by
the interplay oﬁ jgl‘and jc//.'. | )

In the.theory of Clem, the sequences of the spatial.configurations
of 3, E and of éhe electric fieldlﬁ; are uniquely dictated by baslc

electrodynamics once the dependence of jcl and jc// on B (and T) are tyjken to

be known. Specifically, the components of E and-ﬁ must be continuoug. The
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speclal or model constraints, introduced into the model are the following:

(a) chand jc// must flow in the direction of E.L and E// -reaﬂ(ectively.

L

‘ where EJ_ and j//‘ are the components of the electric field L and // to

the £flux density E. This constraint is more stringent than required by
the baslc electrodynamic condition that E 2nd 3 subtend an angle y with
0 < ¥ <n/2. The more rigid constraint imposed in the Clem theory is a
consequence ‘that both flux transport and flux 'cutting are dissipative
processes and occur independently.

{b) In the quasi-steady state, jl and j// cannot exceed ch and jC//
respectively. The former can, howéver, assume any valﬁe between 0 and
the c.orresponding critiéal value in pure flux cut:tin'g and pure flux

transport regions, hence subcritical B and © profiles can occur in these

zones. Here, however, jJ. and qh/ are not at all arbitrary but ensue

from basic physics.

In this thesis we pregent axtensive measurements. of the azimuthal
(transverse) and longitudinal paramagnetic and diamagnetic effects and our
observations of some related phenome-na. We estimate jcl and jc// versus B
. from some of our data. Then we present the Clem general critical state (
lth'eory in some mathematical detail and finally apply thls theofy to the,

analysis of some of our .results.
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Chapter 2 ' .

- : Experimental Arrangement and Procedure
- -» .

[]
3

Introduction

L]

Qur purpose was to inveségipte magnetic. phenomena 1in a -hollow

cylinder of a type II superconductot Eziggéied to changes in an externally
L

a;plied loﬁgitudinal magnetic field, H//, while immersed in a stationary

externally applfed azimuthal magnétic fleld H¢ and vice vergsa. Hence, in

v . A .
brief, to determine the behaviour of the magnetic flux in the sample, (1)

when H// is varied with H¢ fixed, and (i1) when H, 1s varied with H// fixed.

¢

These two sets of procedures -were selected because they can provide
considerable basic 1nformation while being simple . inl implemeﬁtation “and
convenlent ‘for interpretation of the data. The magnetic response of the
cylinder—to chanées in Ehe exéernaliy applied magnetic field is monitored by
sim&itaneously dete;ting any variations in, (a) the magnetic flux threading
the entire sample (the combination of hole;and wall) longitudinally, (b) the
magnetic flux permeating the wall a;imuthally, and (c) the longitudiﬁ;1 flux

-

density in the hole.

Description of the Sample Assembly

A. The Specimen—Heater Unit .
The eutectic\flloy of PbBi was chosen for investigation. This
material among the many candidateg for investigation hés many features whiéh

recommend 1t for a stuéy of new phenomena in type II gﬁperconductors.ag’so

It is- superconducting at 4.2 K, the temperature of liquid helim at

atmospheric pressure. This 1s clearly a great experimental convenience. Its
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upper critical Field ch at A’K is of modest magnitude (= 1 Teélé), hence
, o - £ _ . . .
its superconducting behaviour can be investigated over a significant range

without bresenting severe pFoblems. The supercohducting hysteretic
prdperties of this alloy have heen'wéll documented, and it can be easil}
“transforﬁed“ through a broad spectrum of bulk ﬁinning behaviour ranging
from'strgngly hysteretic to nearly reversible by simple anqealiﬁg treatméntsﬁ
This _feature\ 111 vcertainly prove highly beneficial for the leong, term
objectives of Your research program-since one of our ultimate goals 1s to
determine the dependence of jc/'/ or e(:fuivalent'].y, oflt_he flux c.uttfng pbqeés
n the strengéh of ﬁhe bulk pinning. Further, this alloy has a rela;ively
}ow melting temperature, heﬁéé i£s preparafion is qui;e easy. Finally, tBP
components are inexpensive and can be obtained very pure at méderate cggf:'
..%he sample iS'a'hoilow cylinder 10 ?m‘tn iength with an outér
radius of 0.415 cm and Laner ;adius of 05345 cm of g PbO.QSBiQ.SS

eutectit
alloy. The sample was made by melting high purity lead and bismuth sealed in

an evacuated glass tube at about 600 C. The 1liquid was kept at this
/ . ) . ' r .
"-figmperature‘ for a few hours to-allow the two liquified metals to mix by

.convection and occaslonally™the sealed tube was shaken to release gas bubbles
which may have formed in the liquid. At the end of this period the_éﬁbe wasg

dropped out of the bottém of the melting furnace and its contents were

gquenched. by cooling in air at room temperature. The alloy ingot thus formed - : .

et

was then méchinef to the dimensions given above. No further mechanicalzpméff-
. ' . ‘.5.-',. .

chemical treatment of the sample was performed. v

In magnetlc and critical current measurements of 1rreversib1e‘tfﬁe‘

II,supe:conductofs‘it-is mandaéqry that the Lnitiél conditions be known and

controlled. This requires that the temperature of the. sample can be ralsed
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"gboye T;Iin tne cnosen ﬁ// and H¢. To ecconplish thie,.e non;inductive
single leyer bifilar heater was wound around the circumference of the sample
over 1its full length, making sure that no gaps were left between any, turas so
that a uniform temperature distribution is achieved along the length of the
cylinder. A uniform temperature is important for eventual measurements to
esggklish the temperature dependence of J c/!? hence of flux cutting in the
‘range between ambient and Tc. Causing a current of the approprilate value to
‘ilow ;hrgugh the-heater increases the temperature of the cylinder above Tc
thereby. erasing anﬁ . previous magnetic history before a weasurement,
Ingulated manganinlwire (38 gauge, W&lbur B.Driver Company) was used for the
neater since it has a hggh resistivity at low tenperatures and negligible

magnetic permeability. -

| ‘This Speeimen and heater unit 1s inserted into a snug fitting thin
walled cylinirical delrin sleeve; The latter serves several purposes. It
protects the hedter uire from physical damage during the winding of the.
toroidal,pickup coil. It also assures the electrical insulation between the
heater:and the toreidal plckup coil and provides a smooth base on.which to
wind the latter. . Finally, poete fitted to and extending from both ends “of

this sleeve are inserted in end plates thereby denying the unit longitudinal

and azimuthal movement inside the sample holder. :

B. The Pickup Colils

* At least three different'pickup_coils are required to gather the’
desiréd signals. A toroidal pickup coil must embrace the wall of the cylinder
to monitor the azimuthal flux permeating it. A_lnnéitudinal pickup coll must

be placed in the hole of the cylinder to register the longitudinal £lux

density there. Another azimuthally wound, hence longitudinal pickup coil
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muat"éﬁbrace the cylindrical sample to detect the longitudinal flux

permeating the wall. = Inevitably the latter coil also measures the

) lqngitudinél flux in the hole. The net longitudinal flux in the wall can be

detgrmined' by subtracting the. signals generated by the two longltudinal

pickup coils, (i) electronically at the inputé after suitably amplifying that

t

from tge ianner coil or, (iij digitally at the outputs.
| .TQe cross-gsection of the hole must accommodate not only the central
L A
longitudinal pickup cofl and the i{nner windings of the toroldal pickup coil
but also the inner windings of ﬁhe toroidai magnet coil. Care must be taken
to eliminate any possibllity of electrical contact bhetween tHese three sets
of windings cFoﬁded into the Iimiged space of the hole so as to oﬁtimize the

use of the available volume. Simple considerations dictate the geometric

pbaitioning'pf:the various windirgs. Also, to maximize the number of turns

-of the pickup colls, small diameter, hence fragile wire must be employed.

A filve layer toroidal pickup coil of approximately 2,000 turns
embraces the cylinder wall and delrin sleeve lengthwise. The winding of this
pickup coil i3 a 39ée§hat tedious and deiica&é operafiqn. A 1ep@th of
formvar insulated 45 B & § cbpper wire §or tﬁis piékup coll is.firéfﬁwoﬁnd

: . >

onto a spindle. The wire 'is threaded through the hole of the cylinder by

passing this long spindle through the hole, the wire being unwound from the

- spindle as needed for each circuit. Not enough wire, however, can be wound

on the spindle for the construction of the toroidal coil in a single
operation. The formvar fnsulation from the énd of the section just wound
must be removed and goldered to the bared en& of the next section.l These
jointé are lngulated f?om eac?ﬁg}her by thin mylar strips glued into place.

The windingbof the.inner longitudinal pickup coil of 20,000 turns

. -
of formvar insulated 45 B & S copper wire occuples a length of 6.4 cm, and
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.

hag an inner radius of 0.10 cm and outer radius of 0.275 cm. The leﬁgth of ~
the winding 1s chosen significantly shorter than that of the cylinder Lo
engure tha: this coil mea;ureb the idngitudinal field threading the “"walst"
of the hollow cylinder. The former or frame for this pickup coil comprises
three sections glued together since 1t was not feasible_wto machine an
integral unit of the required geometry, i.e. long thin 'Ggiléd central
section. The end pleces each of 2.25 cm length are thickwalled and made of
delrin. The central section which Farries the winding 1s a very thin walled
hollow cylinder (~ 0.075 cm.thick),:mgde of orangewood which fits tightly
inside 1nner circular shoulders bored 1anto the portign of the end pieces
facing each other. The outer ends of the end ;IZEWB are milled square and
fit tightly into the support plates which keep this pickup coll as well as
gﬁe sample~heater—toroldal pickup coll unit in plaéz in a seml cylindrical
bakelité older. The frame for this pickup coill therefore extends the entire
léngth of the hollow sample unit. The center of this frame i§ hollow and
circplér and will be threaded by the winding of the.torbidal magnet coil.

| No bucking coll was provided for the toroidal pickup ¢oll. Penury
of space to accommodate such a coll played an important role in this
decisfon. Further the background signal arisiﬁg from the akimuthal flux
threading A;, the avefage area embraced by this coil outside the wall of the

.

cylinder is about one half oéulhe'éignal from the flux threading.the wall

area A' and can readily be subtracted digitally_fé;m the‘measured signal.
The‘ third pickup coll embraces the c¢ylindrical sample-heater-

toFoidal pickup coil unit. . It comprises 180,000 turns of formvar insulated

45 B & § cdﬁper wire wound on a bakelite apool. The winding occuples a

volume of 5.7 cm length, 1.9 cm I.D. and 3.2 cm 0.D. Only about 60,000 of
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the turns however contribute to the net signal arising from changes in the‘
longitudinal flux threading the cylindrical sample (wall and hole combined).
The reason for this is that the coil is self-balanced, i.e. i ongists of
two concentric-oppositely wound ooile‘where Ni_<ki} = No \A;}. Here N1 and
No denote the number of turns and QAi5 ahd <A°7, the average area embraced by
the turns of the inner and outer of the two concentric coils. The radius of
_ the interface between the two concentric abils which_satlefieo‘this balanced
condition was calculeted'and tﬁe winding direction revefaed when thls radius
oas reached; Actually, since it is more~conyenient to balance a coil by
progressively removing rather than by adding turns, an estimated and
significant excess number of turns was deliberately allowed infthe winding of
the outer coil. .Very’ approximate balancing 1is first performed at room
temperature in a copoer wio; wound loog soleooid,f then more accurate
balancing; yet deliberately ‘allowing for a few excess turn; on the outer
coil, carried out: at liquid nitrogen tempeoature. The final balancing 1s

done at liquid helium temperature and 18 ac¢curate to the order of one to five

turns. '

~ The concentric balanced pickup coil arrangement devised by

Dr. M.A. LeBlamc is chosen in preference to the standard and well known set

i , .
up where the bucking coil 1s separate and located so as not te see the sample

+

yet sense the applied magnetic inductlion. The latter arrangement regquires a

longer solenoid for the longitudinal magnetic field than our technique. More

importantly perheps is that the balance in the standard configuraticn is

. sensitive to possible small displacements of the-two coils with respect to

each other and to the ambient field. The disadvantage of the concentric

i o
hence only a fraction, (N1 - NO)/(N1+ N6)~of the total number of turns.
, - p

balanced arrangement is that the effective number of turns 1s N, - N
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Indeed, it 18 often a surpfiaAe to scj.etitist:s that the concentric balanced
pickup coll yields a signal. This 1s made evident, however, when ;Jne
considers that the desired signal 5, by Faraday's law of 1nd'uctioln,. is
determined by, A, the area df the sami:le and the resultant number of turns of

the pickup.goil embracing it, hence

» Ay .
= [ edt = (N, - N) A aB= N (<A1> -1) A A\B>'_ (1)
where we have introduced the balance condition, -
| N, <4,0= NO<A°>.‘ - (2)
C. The H// and ch‘ Magnet Coils

A longitgdinal magnetic field H//., ur.:ifo:@ to<2% over the volume
of the éample, is provided by a superconducting solenoid fabricated yging
multifil;amentary_ 0.040 cm diameter formvar insulated commercial NbTi wire.
The winding of the solenoid occupﬁ\a- volume .17.8 cm in length, 6.8 c¢m 0.D.,
and 3.8 cm I-.D. A battery driven, air cooled, trgnsistorised power supply
gsupplies ripp'1e free. magnetic -induction of 0.0716 Tesla/Ampere. The applied
field can be m.aint:éined steady to {—,I/iOOO at 0.6 Tesla for the duration o.f a

measurement (several minutes).

The azimuthal magﬁetic field H 1is, provided by a seven turn

¢
toroidal coil r&ade .wil:h NbTi wire identical to that used for the solenoid.
The seven turns pass through. the central hole of the inner pickup coil and
form a tightly packed hexagon surrounding the central wire. Six of the
windings return through grooves made_‘in the outer radius of: the frame of the

outer plckup coil alsoc forming a hexagonal arrangement.  The ends of the

_first and seventh turn each terminate in_side a sandwich of indiwm foll
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pressed tightly with brass screws between massiée copper blocks secured to

the semL-cylinQrica} bakelite holder of the sample-heater—pickup coil unit.
A set of four copper wires symmetfically plaged outside the solenoid link ﬁhe
lower copper block to one.of the main leads above the solenoid.-

A'large transistorised, watetr cooled, battery driven power supply
can provide up to 400 Amps of ripple-free D.C. current for a few minutes
without excessive current drift and helium boll off and 300 Amps of current,

steady to better than * l1%, for the several minutes required for those
heasurementslwheré the H¢ must be~he1d fixed. Applying Amp2re's law

} E.dI = y I to this arrangement leads to ‘
i) ° _ .
wl
0

where I = nI', with n = 7, the number of turns of the toroidal coil and I',
the currenﬂ_flowing in each wire. Thus at T' = 100 A, B# = 40.6 mT and
33.7 wl at the inner and outer surfaces of the wall of the hollow cylinder
sample. ' ‘ | :

t C ‘

D. Monitol‘ingSet Up Iy

b .3

=

‘
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1

'

The output of each dg‘ the three pickup ;coils is fed to an
inzegrating amplifier (PAR model 215) each of which in«fhrn drives the Y axis
of an X-Y récorder. The X-axis of the recording instruments can be connected
to a sﬁunt monltoring the curreat flﬂwing-in the soleﬁoid or to another shunt
monitoring the current flowing in the toroidal coll. With this arrangement
tﬁe locus of Bi’
azimuthal flux density in the wall and A<B¥>cyl’ the change in the

the longitudinal flux density in the hole,(iB¢}, the

longitudinal flux density threading the combination of hole and wall can be
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monitored znd recorded simultaneously and continuously versus H// dE’H// is

varied with H¢ kept fixed or versus H, as H¢ is swept with H// stationary.

b

Measurvment Procedure

J

Following established pracéice the signals are calibratéd on the
aasuﬁption that the specimen exhibits pe:{:;: shielding against an 1increase

from zero of H or H, in the range of weak fields, {1.e. H < Hc

7 o " 40 uT,

1

with the specimen. in the virgin state.

From every measurement the samplé is made to cool from Tc to 4.2 K

1n.the chosen 1niti§1.va1ues for H// and H¢. The "measurement” 1s repeated
with the sample held in the normal state by maintaining its temperature above
Tc. The latte; measurement prgptﬁgg a background or reference curve.
Unfortunately, in some circumstances, Nernst foltages can defeat the attempt
to determine the corresponding reference curve. 1In these casés we rely on
the most appropriate backgroynd curve. Alternatively we-can exploit the more

tedious procedure of establishing absélute reference values at various points

along'the desired measured curve. The latter is accomplished by driving the

,

sample into the normal state'by heating to Tc‘at the chosen “coordinates”.

Appreciable Nernst signals can arise at T greater than ambient for the
" .
following reason. At T ZZTC'7 ambient temperature, she wire of the
L]
. o -
windings of each of the pickup coils batﬁgs in a temperature gradient 1 to

the wire axis. A Nernst emf will develop'when a magnetic field tranaverse to
the wire axis 1s also present. Since the total leagth of wire T™M\any of the
pickup colls is large, significant Nernst voltages can be generated. This

voltage 1is particdlar]y troublesome in situations where .a long time iIntegral

is required, such as iIn the measurement of a background curve, but can be
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negligible in a one-shot or pulse measurement. Clearly, when the two

procedures can be exploited it is useful to do so as a double check on the

reliability of the net signal obtailned.:

[ 2] .

Finally, at the end of each mebaurement, the amount of electronic

drift can be ascertained by shorting the integrator - amplifier. With the

applied field and temperature variables at ‘the initial values, (hence

T = Tc) the recording pen should return to its fnitial position. Data curves

which deviate significantly from this requirement are rejected.
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Chépter 3

The Azimuthal Paramagnetic Effect

Introduction
In thié chapter we present our observations of the evolution ;f the
magnetic fiux pefmgating :the wall of a hollow type I1 superconducting
cylinder as a lonéitudinal magnetic field H// is iﬁpressed while an
externally appliéd azimuthal ;agnetic field H¢ is kept éixed.. An increase 1in
o tbe externally app}ied longitudinal magnetic field will, in keeping wiéh‘the
cl#ssical laﬁs of inauction, ilnduce ;zimuthal screening currents in the_wall
of.lthe cylinder. | Since the material 1s superconducting these currents
flowing a:puqd the circumference of the cylinder are persistent. Also, ain;e
thé current density must be finite, hence have a critical value jc, the.
screening will be Imperfect and penetratioé ‘of the applied Io&éitﬁdiﬁal
magnetic flux ﬁill occué along the periphéry of the cylindér. The depth of
this pehetrationlis determined by the ;ziﬁuthal cuprent.denslty j¢(r)j>or
eﬁuivaleqtly, je(B, T) for the particular material. Since jc is generally
much smaller than the current density associated with the London penetration
depth A and Melssner Effect currents, this penetration far exceeds A and can
readily be wmeasured by undergraduate laboratory ﬁeshniques (eg. pickup
coils). The-penetration advances as Hlllincreases and evéntually_thé entire
width of the wall 1é filled with screen¥ng current.
, At this juncture, 'the B;(r) profile varies from QOH// at the outer
circumferenbe.to'zero at the inner boundary if initially no longitudinal flux

threaded .the hole. In the language of irreversible type II supercondultors,

the flux disturbance or front of the Bz profile has advanced to the inner
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surfacé and a agturatea critical state now exists throughout the wall. Any
furtﬁer 1ncreaselin H// will cause the iongitudinal‘magnetic induction Bi in
the hole to grow from zero. The difference between these two quantities can
be written,

R
o

A =.£ j¢(r) dr | ' ' Fl)

B
—%:I
0 1

1
where I‘5 1s the azimuthal current‘per unit length of the cylinder and Ro and
Rt are the outer and inner radius reépectively- Equation 1 is qgite general
since 1t expresses Ampére's law, but gresunably”j¢(r) = 0 over part of the
inner volume of the cylinder wall until Bi begins to change.. i¢ will
diminish from the maximum attained at thé onset of full penetration since in
type II auperconduétbrs jc decreases as B increases. (The pgak effect i3 an
exception tﬁ this rule but it is a special phénomenon encountered only in the

i £ -
vicinity o Bcz)'_

- Many workers have used this app.roachaz’29 and équation 1l to
determine jcaa a function - of B and T for a variety of materials and FS study
the effect of annealing, mechanical treatment and various types of
irradiation and dosage levels on jc for a chosen specimén; In these
investigations it 1is fréquentlx. convenient to use thin walled 'cylinders.
This'helps to eliminaté flux jumping and can simplify the'analysis of the

.data. Generally, the linear approximation,

u H + B .
__oil/ i
<B;>wall : 2 (2)

is 1introduced for the average magnetic 1induction permeating the wall.
Caution must be exercised however, since 1n thin walled cylinders surface

currents can play an important role and even dominate the bulk current,

thereby invalidating equation 2 and thé‘interpretation of I¢.
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- In our work we monitor the "lag"” between B, and uOH/,;by means-of

i

‘an axial pickup coll placed inside the hollow of thg cylinder. Further, we,

in effect also measure <Bz> slnce we also monitor, ¢ the total

wall total’ ]
longlitudinal - flux pérmeating the cylinder with a pickup coil embracing the

latter. (Actually, as indicated in chapter 2, we monitor the difference

, ' 2
between ¢tota1 and ¢applied = uOH// n R0 , but this is immaterial here). \ The

i L
flux threading the hole,“@hole, can be subtracted electronically from

b

total during the actual measurement by suitébly combining these two signals,

or subsequently by digitizing and subtracting the corresponding data traces.

‘The major new feature which was introduced in our work, is that the

wall of the cylinder can bathe in an externally applied azimuthal magnetic

J

fieid H@ as the léngitudizal field H// is applied. To simplify thé pﬁysical
situation and the-.consequent interpretation of the data we have elected to
letrthe cylinder become superconducting'in some chosen azimuthal field which
is subsequently maintained fixed at the selected ‘value tHroughout the
measurement. This approach enables us to assume tha; when the measureﬁent
commences, ;.e. when uoH// ié increased, B¢(r) can be reliably approximated
by its éonfiguration in the normal state. Our sample, like other hysteretic
materials, exhibits negligible Meissner or Abrikosov &iémagnetism during
cooling from Tc in a magnetic field.‘ Bulk pinning'and-possibly surface

barriers inhIbit the expulsion of flux expected for a reversible type IT

superconductor. In view of our arrangement for generating B

5’ thia
configuration is described by the standard expression,
- uoI
B (r) = g . - (3)

where I = nI', with n, the number of wires sor turns and I', the steady

current flowling in each wire threading the axis of the cylinder.

/
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. The preeence of this stationary appliéd azimuthal magnetic
. & ‘

ipductipn orthogonal to the inereasing 1ongitudina1 magnetic induction.causes

the)magnetic flux permeating and penetrating the wall to display a variety of

complex and fascinating behaviour.

1.

Reaults and Discussion
A. Initlially u H//

Firstly we examine the effect of the applied azimuthal magnetic

field Hﬁ on the capacity of the induced azimuthally circulating persistent

currents to_ screen the wall and the hole against penetrating by the’
increasing externally applied longitudinal magnetic field H//, Figs. 1 and

2 compare the screening when <{B ) = 0 and when (8\7 = 90 mT. The
P - 'g < ¢ app _ ' $" app
latter is near the limit that our apparatus can provide without drift in our

-

set up. This corresponds to supplying a steady current of 240 A to each wire

’

of the 7 turn toroidal cotl generating H¢. Since the applied B¢ = uOH¢
varies as 1/r we let <Bp>app denote the spatial average of the applied

-
azimuthal magnetic induction hence

‘ N 'u 1 R '
§B¢ app 2ﬂ (R - Ri) 2n0—;) (4)
Our measurements with 0 < (qu ( 90 mT show curves which lie between the

two curves displayed in Fig. 1 and 2. We note that (B¢}aﬁ; has only a small

influence on the screening current I

. ¢
range below the peak and enhancing it slightly in the vicinity of the peak

,-reducing it slightly over 'a small

and over a small range beyond it. Several workers in our laboratory have
explored this analogous phenomenon in ribbon samples and shown that the B

dependence of the pinning force density FP’ plays a.dominant. role in this
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{eature. - Writing FP = uBn, they find large enhancement whea n <1, the upper

(Bean-London) ‘limit of the physically allowed range, ﬁndJsma}l enhancement
* when n > 0, the lower (Kim) liﬁit,,of the reﬁorted values fér n.

Fig. 1' is a direct measure of I¢; _Ideally we would eipect a

L4

-

perfectly linear region followed by a _monotoﬁically desgcending curve as

sketched in the imset. We note that the observed curves deviate from linear
\ ) . .
while still ascending, and trace 7/,curved. summi t. Such behaviour is

N .
)
generally encountered in practice and 1s attributed to end effects and

iphomogeneity of uo“// over.the large dimensions of the‘saaple. We'adopf the
usual and reasonable view that full penetration corréépdnds to the maximuim
The curvature of the peak, howéver, —intrbduceér éome uncertainty in "the
determinagion,of the valué;bf bl where the maximum occurs.

. Fig. 2 displays uoH// -'\B;? the difference between the applied

cyl’
"longitudinal magnetié induction ang KBz\cyl’ the average 1ongitudina1.
magnetic flux deﬁsity éhreading the entire.croés—section of the cylinder,
i.e. both the wall and the hole. It 1is this quantity which 1s directlf
monitored by the balanced pickup coil which embraces the cylinder. 1In the
framework of the defimition uoH,= B - uOH, this is the average magnetization
of the entire cylinder, {(the hole {ncluded). . This quantity also provides a
{ * ' : )

reliable measure of I> although the‘relationéhip may.not be exactly linear.

Using Maxwell's equation in the form de/dr = —-uoj¢ leads to

. r .
B = + d ‘ 5
z(1-') B1 Mo 1 jt r (5)
. Ri
Introducing this in the definition, y
Ro
K N o '
(B (r)): , =—2 [ B (o) dr C (6a)
z cyl R 2 o z .

o -
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leads tP .
. R ‘
- i : 2uo o r - . :
o <B?,cy1 =B +—5 [ rdr [ ENCILL . (6b)
. R R R .
) o i i -
Oom:equentlir ‘ ’ . JK
lloH// - QBé>cy1 - uoI4> - f(jlp) (7)

vhere f(jp)can be regarded as a term amending 11) and'c_:ontainiﬁg information

-

.on .any deviation of the. Bz(r) profilé from 1iﬁearity. 1f j¢ is taken as

: unifoni;, hence Bz(r) és.linear, _then _
o2 2"
‘ 2R - RR, - R
0 o1 1
£(34) = 8 1,0 5 )

. . (8)

The fqétor in pk‘rentheses is 0.17 for our sémiaie. In a later ;:hapt.:er we will
éxploit these Icla'ta to estimate the magnirag; and -the B deﬁéndence of the
critical current densities L and // to the magnetic induction permeating the
wall of the éxlinder. We note that when_an azimu;hal field 1s present, j¢ is

no longer purely transverse to the magnetic flux dengity but now flows with a
]
. >
component // as well as a component . to B.

The most fascinating feature of the observations reported in this
chapter 1is the evolution of the magnetic induction permeating the wall as
H// is impressed although the applied azimuthal field‘H‘b bathing the wall is

stationary. ‘Fig. 3 presents a small selection of measured curves displaying

L

the variation of
. _ A LA
aBY = (BY - B, 9
VR ERCh ®
versu.s "oH//- in various fix$’d<3¢)app. Here <‘B¢) is the average azimuthal

magnetic induction permeating the wall and <~B¢>app is the average applied

magnetic induction. A<B¢> is the quantity monitored by the toroidal pickup

——

coll embracing the wall of the cylinder.



~ 39 -
The occurreqcb'of the ‘quantity A(B;) indicates unambiguously that a

longitudinal persistent current Iz is induced to flow -along the outer volume

-

of the cylinder wall with‘&y equal return longitudinal current flowing along .

.the inner volume of the wall as H// is increased. We stress that the
. L]

appearaﬁce of such a current is unexpected in the framework of traditional

electrodynamics since this current flows along thé direction of the varying,.

component of the magnetic field. This longitudinally circulating current is
denoted as paramagﬁetic {diamagnetic) when the azimuthal flux 1t.:;anefates
enhances (opposes) the applied azimuthal flux dénsity. E}dﬁ-examinatton of
‘Fig. 3, it 1is clear Ehat, except for a wéak initial diamagnetic‘excursion,
the major peortion oE ;he behavioﬁr is paramagnetic, hence is referred to as
the azimuthaiy paramagnetic effect, giving thia chapter its title.
In this chapter we wiil focus on the paramagnetic behaviour because
it is evidently dominaﬁt and intricate. The initial diamagnetic region
however, althougﬁ it represents-a proportionately small effect, will emerge

as quite 1lmportant in the theoretical analysis of these curves. There we

will see that this diamagnetic effect is the signature of the zfﬁhrrenée of a
A

pure flux cutting zone in the vicinity of the front of the advancihg'flux

disturbance.

e . — '
] We note that the locus of all the A(B¢) versus H// curves display

the same major features. After the weak diamagnetic "dip", the curves all

. )
trace a sharp peak, traversé a valley and then map out a second but very

broad peak. From related work on ribbon samples we expect that the curve

beyond the second summit will decline monotically to zero as B approaches

B, | - - .
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Fig. 4 displays A B » the height attained at the maximum

Zspeak(1)

of th-é sharp peak” versus the ‘statio'nary?B 7app° The height of the

¢
paramagnetic peak 1s seen initially to rise rapidly as the value chosen for

the fixed (B which bathes the wall is larger. Then the rate of increase

>
¢ app

of 8B 7 eak (1)

measurements on ribbon samples indicate that the plateau we observe in Fig. 4

dwindles and the curve reaches a saturation level. Relat_:éd

will be followed by a monotonically declining curve, with the descent

-

commencing just beyond the present limit of the data,
It 1is useful to estimate and compare the magnitudes of the’

longitudinal and azimuthal current densities which are encountered in the

-

phenomena just described. Assuming that the longitudinal current Iz has a
uniform density jz, ‘then jz w 4(107) ﬁL/m2 at the summit of the highest peak

. ) : 7 2
observed where A <B¢> #= 9 mT. This is to be compared with j¢ #'11¢(10° ) A/m

associated with the ma ximum p.;)-I¢1 = 100 nT (see Fig. 1)2 assuming a uniform
j¢. Also, in the framework of a uniform —'jz occupying the entire width of the

. ' )
wall, it 1s deduced from the azimuthal paramagnetic effect that the B¢

profile rises from an initlal value of 14.7 mT to 23.2 mT, hence increases by
“60% at the interface of the positively and negatively flowing Iz from its

initisl value when <B >app a 15 mT. In our view such a large change 1is

¢
impreasive indeed. '
Considering Fig. 3 again, one notes that the positioh of the sharp

_peak does not appear to shift as its height 1s seen to vary under the

2

influence of different c_hoic.e; for the stationary <B¢o>app' . Fig. 5 presents
H, : ‘ \ .
By /] peak (1)’ the yalue of p.ol{” where the first peak’_ attains i_Jts summi €,

versus various fixed <B¢>a Evidently, there i1s some uncertz;inty involved

PPe

in the determination of the exact position of the summit, hence some scatter
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is geen in the data points of Fig. 5. Névertheless, this graph indicates
. ‘ B [

quite convincingly th‘Eﬁthe position of the summit is 1nsep§1ti§é to #he
magnitude‘éelected for the stationary azimuthal field bathing the wall..
The position of the maxima in I

. b
'"oH// - <B£>cyl versus‘UOH// were alsorgeen to be insensitive to the cholice

versus_uoH// and of

of <B¢>app (see Figs. 1 and 2). We note that the position of these haxima

coincides within a few percent with the value of u_H ~ 148 mT

, . /! peak (1)
emerging from inspection of Fig. 5. Physically, this correspondence means
“ . o .

that the azimuthal paramagnetic effect grows until the penetration of the
invading longitudinal flux density profile attalns the inner surface of the

cylinder. =

It 1s perhaps tempting fo postulate that the azimuthal vortices
initially- permeating the wall and the successive generations of helical
vo;tices introduced at the outer surface as H// 1s increased, migrate purely
radially acrosé_the wall of the Eyiinder- This plcture, firét proposed by
Campbell and Evetts, qualitétivéﬁy and semi-quantitatively accounts for the
initial rise 1in the paramagnetic effect. With this pleture, the inicial
growtﬁ of the.aéimuthal_fluk can readlly be Qnderstood from simple critical
state conside:ations; The ézimuthai—flux initially permeatifg the outer

region of °the wall becomes compressed in a cylindrical zone which, at the

same time, 1s displaced inward by the advance of the inner boundaéy of the

8 -

. successive geﬁerations of cylindrical sheets of helical vorti;es ¢reated at
the surface. This process of compression and displacement continues until
the front of th; zonelsf compression attainé the inner radius of the hollow
cylinder. Until that happens, the azimuthal flux threading the wall has been

-

continuously augmented by the addition of the azimuthal component of the

4



u
helical vortices injected into the wall at the outer surface. Meanwhile, the ,
wall has retained its initial cbmﬁlement of‘vorteﬁ rings since no transport
has taken pléce across the inner surface.
A fundamengal problem, however, now g;ises with this picture once
the frqnt of the advancing zone of éompresqion has reached the inner surface.

-

We note that by Ampére's law, B¢(Ri) = uoI/ZHR is and must remain fixed at

L
the value set py the toroidal generating coil. 1In other words, the hole acts
as a sink for azimuthal vortices {and for the azimuthal component of helical
vortices) which cross the inner surface and enter thg hole. Consequently any
1n§reaae in the éotal magnetic induction in the hole must arise from ;he
appearance and growth of a longitudinal flux denéity. The model we have been

'pursuing therefore leads to a contradiction at this juncture. The volume
éurrounding the immediate v;cinity of the hole is filled with pure azimuthall
vortex rings. Yet a?j gurtﬁer increase in'H// must cause 10ngitud;na1 flux
to enter the hole. Where can this longitudinal flux come from? Such flux 1Is
aQailable-in the volume penetrated'by helical vortices. This_zone however
is physicall; separated from the hole by the region of compressed azimuthal
flux which it embraces. The ﬁodel of flux conservation and radial

displacement does not permit these helical vortices to cut through the
. "barrier” of azimuthal fluiﬂgﬂd appear'in the hole. This 1mpasqe compels the
.rejection of this model. The paradox indicates that a model which allows for

.the juxtaposition of zones of flux transport and zones of fluxlcutting and

) the coexistence of fldx transport and flux cutting in some reglons must be

-
‘

invoked to avoid inconsistencies and anomalies. The model of pure radial
migration of the flux lines can be useful however, in pfoviding an upper

limit for the initial evolution of the azimuthal paramagnetié effect.
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In ;~ framework where flux cutting, hence thei consumptioh and
reorientation of flux are allowed, it seems no longer possible, however, to
predict. intuitively whether a pargmagnetic'of diamagnetic effect will arige.’
Consequently, the I1nfluence of the hole on the evolution of the azimuthal
flux in the wall is extremely difficult to visualize and account‘for.

Ouf obgservations show that before the flux front reaches the holé,
the process of flux consumption and reorientation by flux cutting cannot

'compete with the }qte of entry of azimuthal flux and the latter accumulates
in the wall. Once tﬁe flux disturbance has attained.the inner surface and
flux is being fed into the hole, The ejection of azimuthal flux ;ombined with
flﬁx cutting‘appear to strongly outweigh the rate of entry of ;zimuthal flux
‘carried by helical voétices qreaéed at the outer surface and we witness a
rapid decline in (BQ), the net amount of azimuthal flux permeating the wall.
A priori, however, other possible behajiour can be ‘vigualized at this
juncture. For 1nstance one.coula expect a simple slowing down in rate of
growth of (B¢> versus H// éf the onset of a steady state where <B¢> would

decrease monotonically with H//. The reason for the massive and rapild

reduction in <B$} 1s not at all evident in our view. Further we cannot point

. 1

to a simple explanation for the second accumulation of azimuthal flux {the
second peak) after the abrupt descent. These'compléx features present a
daunting challenge to any.hodel and theory.

For completeness, we close this section by p:ésentiqg Fig. 6 which
displays A*<B¢>.valley (1), the height observed for the -bottom of the valley
between the Shaersﬁméit and the broad peak versus variou34<B¥7app (see Fig.
3). This quantity appe;rs to bé inéensitive.to the magnitude of <B¢>a

_ PP
although‘<8£>app must be present for this behaviour to appear. When'<B¥7

1

app



is very emall, the signal for A <B¢} is correspondingly weal:cer and the
pe_r:cen'tage error in the data beeomes appreclable. Hence, no particular
significance is assgsigned to the polnts plog:_ted for <B¢>;pp small.

. K
B. Initially uol{// # |

We now examine the magnetic, response of the hollow,cylinder to an .

incr.e‘ase in H// starting fr.OIﬁ some selected initial value H/ﬂ while the wall
is batnin'g in a fixed azimuthal field. Since " the cylinder becemes

superconducting in both <B> pp and L H it 1is permeatec'I by ecylindrical

171°

‘sheets of helical vortices when the :I.ncrease in H// takes place. Our main
purpose here was to explore the phenomena in the absen.ce of vortex rings
(pure azimuthal £lux). For this series of measurements we selected the
maximum Hp which our apparatu's could sustaln without drift and excessive
consunption of 1iquid helium, narnely,' <B¢>app 90.mT. Figs. 7 and 8 display
the rise in the screening current to its maximum value, attained presumably
when the current fills the entire cross-section of the wall, .and show the
subsequent decline in I¢, reflecting the B-dependence of the critical current
density. These two figures contain no surprises and present "standard
behaviour. The fect that, within our experimenta]. accuracy, the various
curves merge and trace a common envelope regatdless of .t:he \atarting point,
indicates that, the spatial distribution of the azimuthal current density
across the wall, after full penetration, is independent of or at least is,
insensitive to the degree of helicity \of the initial -configurat:ion- The
curve trace'd when the :I.-nitiel c_onfigutation is purely azimuthal eppears
however to deviate significantly-from the common envelope traced by the other

curves. This indicates that under these circumstances a larger azimuthal

current can be induced.
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Figs. 9 aﬁb show the ‘evoluti'.on of nthe exce.sa aziomuthal flux
A(ﬁé} versus_ﬁ// sLarting with weak lpngitudinal fields H//i (Fig. 9) and
stronger H//i (Fig. 13). We see no evidenée that the various curves overlap
and an. tendency”'to trace a common envelope or master curve once full
peaét?ation has been achieved. Our observations therefore suggest that the
configurations of the longlitudinal “currents and hence of the azimuthal
magnetic flux 1is quite history: dependent even when the entire wall 1is
saturaged with persistent current. These data indicate that a double

critical state model will be inadequates The reason is that 'a double

critical state wmodel will by 1ts very nature generate previous history
independent behaviour after full penetratidn - (saturation) is established.
Consequently these data demand a more versatile‘; ' ble framework.

Another Interesting feature which emerges from inspection of Figs.

9 and 10 is the following. We.note that the initlal peak in the paramagnetic

Qi&iii,}S less pronounceﬂ and even vanishes when H//i is chosen larger and

larger: Close examin?tion, however, reveals that either a peak or an
inflection point is Qraced. AH// = H//-— H//i’ the increment in H// needed
to reach the summit or the inflection point is ﬁlotted versus H//i in Fig.
lf. Also in Fig. 11 we plot AH//, the increment tn AH;/ required to generate
:he'maxlmum I¢ versus H//i_(see.Fig. 7 and 8). We note that these two graphs
correlate quite weliz This-cofrespondence'again confirms that arrival of the

flux disturbance at the hole precipitates an appreclable change in the rate

of accumulation of azimuthal flux in the wall.

Conclﬁaioh

The magnetic phenomena when a hollow cylinder of a hysteretic type

II superconductor is subjected to the application of a longitudinal field H//
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while immersed in & static azimuthal fileld H¢ have been‘investigatéd. In the
material we have studled, the-magﬁitude of the persistent azimuthal screening

current I induced to circulate around the cylindrical wall by an increase in

¢

H// appears not to.be significantly affected by the presence of'the azimuthal

field over the range of H,_ available in the present set up.

X | | ¢

The azimuthal flux permeating the wall, however, exhibits a complex
) L)
and {intriguing behaviour. An 4initial decrease in the azimuthal flux,

although not appreciable, provides strong evidence that the initial increase

R 1

in the externally applied field causes flux cutting to occur in the vicinity

of the outside surface of the cylinder. The only mechanism presently khown

\

which accounts for the consunption of flux in type II supercoaductors is the

process of flux cutting. Cohsequently the disappearance of somér of the

azimuthq;_f}ux petqeating the wall in the circumstances existitig here, where

flux 1s being introduced into the wall at theé outer surface and no flux 1sg

-

being extracted at the inner surface, can only be attributed to flux cutting.

The shallow diamagnetic valley is followed by a dramatic rise in
azimuthal flux in the wall. This augmenéation of az}muthgl.flux; howe;er, is
less than anticipated from counsiderations of flux conservation coupled with
-the postulate of pure radial displacement of cylindrical sheets of azimutﬁal
and helical vortices. Consequently, in an indirec; manner, the accumulation.
of azimuthal flux.in the wall can'als§ be iﬁterpreted as evideﬁce tha;,
during this phase, flux éutting 13 again taking place; The argument here is
of course less convincing.

This accumulation of azimuthal flux,. denoted the azimuthal

paramagnetic effect, 1s seen not only to cease but to collapse abruptlx,

1mmediaéely after the front of the flux disturbance has attained the inner



fhurface of the cylinder. Experimentally, a decrease in the azimuthal

screening current T 'is taken as the criterion that the entire cross section

$
of the wall has been filled with azimuthally circulating current, hence that

the flux disturbance has penetrated to .the inner radius.
» . .

The decline ih Hﬂﬁg paramagnetic effect qhicﬁ can bg_quite steep -
when 1nitia11y~H//-isbsmall, also sugggsts that much of thg accumulated
azimuthal flux is made to wvanish by flux cutting. The accounﬁnhgrenls no
1onéér straightforwa;d however, since the wail is now.feeding.flux into the
hole. Finally as H// proceeds:to larger values, .a second intriguing
accumulation of azimuthal- flux islﬁféé;ved. All of these features present a
variety Qf serious challenges whiéh a model mé;% meet to be acceptgd.

We have also observed that the evolutiog_oé‘the ;zimuthal flux,
afte} full penetration, shows dependence on the initial configuration. This
feature indicates that the dogble'criticaljstate nodel éﬁéioitpd by. LeBlanc

and his collaborators must be modified or set aside since it cannot account

for history dependence of this nature. .

T . o -
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Cbmpare’s the azimuthal current I, induced by an increasing
longitudinal magnetic field H,;,; when the static applied azimuthal
magnétic induction <B¢)app {s zero {(curve A) and 90 mT (curve
B). :
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Fig. 3-2.

_static applied azimuthal magnetic induction <B,>

0.10
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Illustrates the influence (negligible) of the presence of a |

on the
magnetic response of the hollow cylinder to the appficj?ion of a

longitudinal magnetic fileld H /* Here A<B§--u (M£> is the

deflcit of flux iIn the cylinder averaged over the cross section
of .the combination of the wall and hole. .
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Fig. 3-3.

Illustrates the evolution of the azimuthal magnetic induction
permeating the wall with various static azimuthal magnetic fields
present as H;; is impressed. The initial negative dips and the
valley constitute clear evidence of flux cutting. Only three

. representative curves are displayed from the several measured

10

curves to avold clutter. The observation;of A<B

> > 0 1is
denoted Ehe azimuthal paramagnetic effect. |
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kS

Fig; 3-4. Complements the previous figure and shows the dependence of the
: height of the first paramagnetic peak on the statle applied
azimuthal magnetic induction <B‘; app’ - :
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Fig. 3-5.

(mT)

}loH// peak (1)
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P :
Complements the two previous figures by displaying the value of
uw H;,;, where the maximum of the first peak is attained, as a
function of the static "applied azimuthal magnetic 1nduction
<B-p7app‘ The position of the peak 1s seen to be insensitive to
('B.,b)app' . g v
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Fig. 3-6. Complements the three previdua figures by showing the dependence.

-0f the height of the paramagnetic valley on the stat{c applied

azimuthal magnetic induction< Bqa‘)app'
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Fig. 3-7. “Shows the evolution of the 1induced azimuthally circulating
current I, as.a longitudinal magnetic field H is impressed
starting grom diffrrent initial values H 1° A ata‘:&i azimuthal
magnetic induction <B¢>a " = 90 mT is present for all the data
curves. The envelope 1s sggn to be insensitive to the choice of

8 tarting point. .,
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‘gtarting point.
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i

from different initial values H// + A static azimuthal magnetic
induction <B¢>ap = 90 mT is present for all the data curves.
The envelope "is gee_n to be insensitives to. the choice of the

1 ) . . .

Shows the magnetic--response of the cylinder when aﬁ éxl:etnally .
applied longitudinal magnetic field H is impressed starting . .
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Fig . 3"9-
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/ R

Illustrates the evolution 'of the azimuthal magnetic induchion
permeating the. wall as H is impressed starting from different
initial values H . A'static azimuthal magnetic induction

434? p = 90 wT is present for all the data curves. An increase
in tﬁg choice of H causes the peak to shift to the right and
diminish in height. 80, the locus of the second peak shows no

overlap, hence the configurations of the magnetic induction and
persistent currents must differ from one curve to the other.

»
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Fig. 3-10. Same as the previous figure but shows the behaviour over a wider
range of H/ . For larger H i,Vthe paramagnetic peak and
associlated va{iey have gradually vanished and have been replaced
by an inflected curve (see curves C and D).

R
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The wupper data curve is extracted from the wmeasurements

Fig. 3-11.°
: illustrated in Figs. 3-7 and 3-8. ‘Here the incarement,
AH/ = H// —'H// , 1l.e. the sweep of H starting from H
need;d to attain the summits in these figures, is plotted versus
Hyppo At the summits I, £ills the entire width of the wall. The
lower data curve is eﬁtracted from the measurements illustrated
in Figs. 9 and 10. Here AH,,;, the sweep of .H;, starting from
H /4 needed to attain the top of the first peak or the start of
tﬁe inflection, (see Fig. 10}, is plotted versus Hysy . The close
proximity of the two curves shown above 1s evidence that the
penetration of the flux disturbance into the hole initiates a
considerable amount of flux cutting in the wall.
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Chapter 4
\-—) - N P

Diamagnetic to Paramagnetic Azimuthal I:foelt:‘t - 20

Introduction ' - _ -

v
1. "o

In this chapter we report on our observations of the magnetic
. N . . .

behaviour of a hollow c¢ylinder of a type II superconductor subjected to a

sweep of an externally applied longitudinal magnetic field H// starting from

some appreclable value H// ma x in which 1t has become superconducting by

"¢cooling through '1‘c to 4.2 K. The sweep of H// traverses the zero value and

-

continues to a comparable intensity of opposite polarity. The new-element in
our investigation is that the sweep can be made to occur with the wall of the

cylinder immersed 1n various selected statiq_narsr azimuthal magnetic fields

H¢.

It is useful to first review the sequence of events with H = 0.

b

By the classical laws of induction, a decrease of H// from some initial value_ .

—_—

H//max wlll generate a persistent cur‘rent, AT circula-ting azimuthally

¢l
around the periphery of the cylinder. Since the current density'j¢ muet be

finite, this current occuples a measurable fraction, AR/(RO - Ri)’ of the

wall thickness. Within this volume the magnetic induction decreases

spaticjilly. from p'oH//mx at the inner boundary of the reglion occgpied by AI¢,
to pOH// at the outer surface of the’cylinder. The detalled spatial

varfation of Bz with radius r is determined by j¢(r), hence by the dependence

of the critical current density jc = j¢ on B(r) = Bz(r). It is useful to

.

contrast the present.situation with that examined in the previous chapter

where H// was taken as increasing thereby inducing a screening or diamagnetic

current
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AI¢ which'0pposed the henetration of the applied ﬁaghetié flux. Here, the
sense of the circulation of AI¢ must Oppoée the exit of the flux permeating
the cylinder and is therefore referred to as a flux retaining or paramagnetic
current.

In the previous case we~visualized a profile of flux encroaching
upon and penetrating the wall of the cylinder. Now we must c;nsider a
profile of flux undergoing a reduation in density in the annular region of
tﬁickness AR adjacent to the outer surface of the cylinder. The flux
embraced by the iInner radius of the annular reglion remains undisturbed,
however, since 1t 18 shielded ffbm.any knowlédge of the decréase in H// by
the induced current AI¢ flowing in the anpular fegion'AR. It 1s convenient
and meaningful to, continue to refer to the annular reglon as penetrated by a
flux disturbance and to its inner boundary as a flux front. [This disturbance

advances Into the wall as H// continues to decrease and eventually attains

the {nner radius. We can then write B
‘ R - .

B1 S 0 .
. 2 ——— = H = "
I¢ uo 7/ [{ j¢(r)df (L)
i -
where Bi’ the longitudinal magnetic induction in the hole is equal to
W H g until the decrease in H,, has induced an azimuthal current density
o //max N . /1 -

in the entire thickness of the wall.. Any further reduction of H// will cause
A .

Bi to diminish from uoH

the hole to decrease. The flux leaving the hole first ﬂucleates into’

/ lmax énd,.coﬂsequently, the magnetic flux threading

vortices at the inner gurface of the wall. These cylindrical sheets of
vortices subsequently migrate across the wall and midy eventually arrive at

and ex{t through the ocuter surface.
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A portion of_the magnetic flux threading the hole and permeating

the wall can be regarded as excess flux, and 1s defined by

.
: 2
Pexcess " (< ‘>cy1 - uoH//) "% (2
It 1is viewedi‘as.'exceas because it 1is not sustained by the

externain applied magnetic field. Alternatively this excess flux can be

regarded as trapped. Unfortunately, there is some confuelon 1in the

literature in-this area and many authors refer to' the entire amount of flux

" permeating the sample; (1) after cooling in a field from T , or (11) after

some decreaae'of the applied field, as'trapped flux. Adopting*the

nomenclature of magnetic materials, the excess flux, when H// has been

reduced to zero, 1s referred to as the residual or the remdnent flux.
Evidently wﬁen H// is being increased, and <Bz’cyl lags behind uoH//"
equation 2 can be used to define a deficit of flux. Also, equation 2 can be
seen as describing the magnetic moment of a unit length of the cylfndtical

A 2 2 ‘.
sample. In this context, ?ekcess/"Ro (or ﬁdeficit/“Ro )lare eqqinalent tof

the magnetisation or magnetic moment per unit volume. >

In principle, for a homogeneous cylinder, the saturated flux

retaining current I , measured when H// has beenlreduced to zero, should

)

colncide in magnitude with the flux screening I, observed at full penetration

-

b
upon applying H// starting from zero. Indeed, for a hollow cylrnder, we

expect an exact cbrrespondence between flux "screening and flux retalning

saturated states. This correspondence or symmetry can be written S
B, . B, - ' '
I¢+ = H//+ --;;+ = I¢+ = E;+ = H//+ . (3
with, '
//+ = B+ and y H// = B¢ ) (4?

where the vertical arrow t(+) indicates that uOH// haa been Incteased .

]
- h .t
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(decreased). ' It is important to stress théénequation 3 is valid even when

-

equilibrium (reversible) currents assoclated with Beq(H) and irreversible

surface currents are- taken into account, proviﬂed that the outer and inner

‘

-surfacés are not physically different. The reason for this 1s the reversal

of the roles playéd by the outer and inner surfaces during the up and the

down swing of H,/. When one surface opposes the entry of flux into the wgli,
the other impedes exit 05 flux from the wall. A comparison of our

measurementa of I¢+ and I1/+ confirms the validity of equation 2 with an

, $

experlmental accuracy of a " few percent. The I

+ and I + data Cwﬁ;; H, = 0)
¢ VI I $

can therefore be regarded as mirror images of each other. ‘Several workers
have exploiﬁed these measureﬁents to determine jc(B’ T) for various
materials.  This induced curreat technique is particularly convenient for

materials with high eritical currents.

" The sense of circulation of I¢ remains unchanged when the‘sweeprof

.

- 1
H// traverses zero and continues its swing in the direction opposite to ‘the

starting value. I¢ éan ho?everidnow be regarded as divided 1nto tw;
conceatric ahnulﬁr rgg%ohd Qith an ;uter zone. occupled by a flux screening
curreﬁt opposing the entry of‘ﬁhé applied magnetic indgétion |uoH//} and an
inner zone filled with a flux retalining current impeding the escape of the
original ﬁlu%,acill_remaining in the hole anq in the wall. Thé Bz(r) profile
‘15 now sopewhat more‘complex, decreasing in dgnaity from luoH//l at the outer
surface of the cylinder to zero at the interface between the two current
zones, thén changing polarity and rising in density to Bi at the surface of.
the hole. The béundarf wheréﬁBz(r) = Q ;ill_move,inwaré as \H//| is

increased. The vortices of opposite‘polarity meeting at the moving interface

undergo mutual annihilation with consequent dissipation of energy. Clem has

I
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examined thls process phenomenologlcally in some detail in his analysis of

the various contributions to energy dissipation in .hysteretic type II

superconductors.

$
situated at r = (Ki + Ro)lz, the midpoint between the inner and outer radil

-

The current I, will display a maximum when the interface is

(see Fig. 1). This follows from the symmetry of the Bzﬁr) profile at this.

kY ‘ . .
juncture (when Hq; = () together with the fact that jc(B,T) decreases

nonotonically with B.

As the magnitude of the sweep of H // progreases after the reversal
of polarity, the moving interface eventually reaches the surface of the hole.

Qt this juncture, ignoring any surface barrter, and always in the context of

4

'a homogeneous infinite cylinder, the -hole presumably contalns .no 1ongitudinai ‘

'I’lux and the wall {is perineated with straight vorticea of the polarity of H”.

-

The configurations of B (r) = B(r) and j (r) = j (B T) should npw be

identical with that encountered when full penetration is attalned after

starting in zero ap'plied field with no flux 4initlally in the sample as

discussed in the introduction to the previous chap{:er.

The continuation of the swing of H// will noﬁ recreate the sequence

of events alreadj encountered during the first application of .

outlined earlier in this thesis. ‘ T
The important new element we have introduced in tfefe studies 1§

the presence of a statlomary azimuthal mgnetic field H¢ as is decreased

2
from H//max throuéh zero and then swings to a comparable intensity of

opposite sign. Due to the presence of H¢, the 1n¢uced cnrrents now haye a

component // to the total magnetic induction. This generates unusual and’

4 S ;
intricate flux configurations which we now describe. These observ'ati.'ons can

, ‘
iy Ve

. =
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onlf be accounted for by invoking the flux cutting  phenomenon.

Results and Discussion ' . o AN

A. }nitial decrease of H//‘ffom H//max to zero.
Fig. 1 displays Irb and Fig. 2, the excess or deficit of

longitudinai'maénetié flux density, namely ,/ (B') versusfH//'both

u

. measured with H¢ = 0 and uo“p = 90 mT. Within the experimental acguracy and

reproducibillﬁf of the data, the family of curves measured for I¢‘versus H//

appear ‘largely unaffected by the presence of‘H¢ over the range of uoH

b

available in our . set up ( 90 mT) (see Fig. 1). It 1is then not surpriging

.

th&c,the locus of the excess flux and flux deficit, versus H// also displays
no significant dependencé on ﬁ# (see Fig. 2). This insensitivity to the

presence of Hb io/particular to the material under otudy. In some materials

(eg.- NbZr,-Nbfi} NbTa) these quantities can be appreciably enhanced by the
4 - : ! T .

presence of a htacic fleld orthogonal to the varying magnetic field.

' The- evolutlon of the azimuthal flux permeating the wall of the

cylinder as H// is gswept from a large positive value, through zero, to a’

coqparable negative value, with Hb kept fixed, is displayad in Fig. 3.
k] . ! ' -

Although measurements were madolio numerous H¢
curves.have been aelected for.display in this figure to avold clutter. The
b T . . ’ -

quantlty of interest is the chagge in the azimuthal flux, name ly

-

v | .
R R N

- . ¢app

"where {3;7 is *the average azimutha1 magnetic induction and® \B 7 app is the

L
aggrage applied azimuthal. ‘magnetic induction permeating the wall 1n the

.

normal state. By Ampire's law, B¢ -, Iian, in the normal state, hence
L .

, only three representative
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Since the expulsion of flux is negligible in this material during cooling

' fromrTEnto 4.2 K, this ‘also represents the avéraée azimuthel flux density in

the aupercopddcting state Just before the decrease of H/) comﬁencgs- The

- toroidal pickup coil monitors &¢B > directly. '
. . L Y

< First we focus on the behaviour when H// is decreased from
uo“//max to zero. ‘we note ;n Fig. 3 that, athough the applied azimuthal
magnetic field is stationary, the amount of /azimuthal flux permeating the

‘wa;ll,is decréaéing dramaticaiiy} This means that the change 1in the

lbngitudinal applied magnetic fleld, besides generating a flux retaining

azimuthally circulating current AT

1Y ¢’

somehow, Induces a persisteant current AIZ to flow along the length of the
SR, 'E ol

in harmony with Faraday's law, also,

cylinder wall, presumably near its ' outer surface. By conservation .of
‘guééent, a; equal, oppositély flowing, return c;rrént_must also be present.
Presum;bly, again in keeping with the laws of inductioﬁ; thesé couéterflowiag
longitudinal \currants occupy concentrice aﬁd ad jacent cylind;ical ‘shells.
This 1onéi£u¢inaily:circuléting curreﬁt is designated as diamagnetic since it
' causes a decreépe in the azimuthal flux threading the wall. In othér words,:
A;z and its reFurn coqp;nion, generate'ah azimughgl magnetic field which
‘opposes the éxternally_appliéd stationary azimuthal magnetic fleld H¢. As
the decfeaae in H)/'prbgréfses, tAIz grow in magnitude aéd eventpglly the two
cylindrical shells they occup;\éﬁﬁaﬁaﬁfsﬂfill the entire cross section of the
wall. . ' 7 |

For obvious reasons, the phencmenon we have just described, 1is

labelled the azimuthal diamagn'tic effect. It can.be viewed as a mirror



'1mage- of the azimuthal paramagnetic effect encountéréd- in" the prevﬁous
chapter. Consequéntly, both phenomena Ean bg 1ntult1ve1y understood in the
framework of cbnse;-vation' of flux coﬁ:bined with a pic;.t:ure of "pure radial
di?placgqent of_ﬁelic§1 vortices. In this context, when H,/ i; decreased,
helical flux lines adjacent to the outer surface of the cylinder, are made to
exit via‘tﬁé-action &f their mutual repulsion since they'are leaé effectively
sustained 1in the wail when the externally apﬁlied helical field
2 2.4 ‘

H = (H// + H¢‘) 18 reduced in strength; Each helical flux line which

' leavés, however, éarries 'an azimutﬂ;; component, hence the” amount 6f
azimuthal flux remaining in the wall diminishes. This simple picture,
unfortunately, cannot be reta‘ined.. . Detalled cohsidéra‘!;ions reveal that it

_;gada to arbitrary and untenable 9iscontinuifies in éhe components of the

magnetic’ induction at cthe suffaces (and also in the body) of the specimen. -

'This can be appreciated by noting that the helical cbnfiguration poséessed

initially by a given. cylindrical sheet of flux 1lines cannotl ﬁatch that

exiating ;t the sﬁrface when the chosen sheet reaches the surface to exit

there. We must bear in ﬁind that Fhé orientation or hellecity of the exfernal-

magnetic'figld has cﬁaﬁged,_eséentiaily in an arbitrar& manner, dur%ng Fhe

radial ﬁigration of any specific cylindriégl speet of fiqx lines to the
";urface | - .

)\ The only geﬁeral way-;he boundary ébnditions can be satisfled is to
envisage that‘ the cylindrical shells undergo changes of helicity as they ére
compelleq to migrate radiqliy. " There are however, no electromagnetic forces
acting azimuthally and longitudinally on the cylindriﬁal.sheets to accomplish
this. Consequently the process of flux cutting must bé invoked ﬁb qchieve

the required changes of orientation (helicity) -of the flux lines. The

R . 2
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azimuthal and longitudinal megnetic £lux permeating the wall can conseqeently
" decrease by consunption. of flux as flux cutting takes place, and by the
departure of flux lines at the quter surface as H// is decreased.
Eventually, when the. flux disturbance hae reached the Iinner surfece, the
decrease can 'be mitigated aﬁd even ovem}lelmed. by the entry of flux from the
hole into I:helwall. From inspection of F'ig. j, we note that the azimuthal
flux does indeed cease to diminish end starts to increase as H”+ approaches

zero when the stationary H, is strong.

P _

The magnitux.:le of -A{Bq") 1s seen ip Fig'. 3 to increase, the stronger
the stiatidnary H¢ is.chosen. » Fig. 4 displays A\’,Bq’? at H// = (), denoted
A(Bq;-‘res Fe.ince it ﬁertainﬁ to the residual or remanent azimuthal fiux in the
wall), plotted versus \Bb\a p’ Fig. 4 coastitutes a vértical cut taken at

H// = () through the entire family of curves of A‘\B¢P versus H// we have

catalogued and reproduced only in part in Fig. 3.

It is noteworthy that the height of .the plateau of A'B./ res versus

. %
o~
B 7 inFi.Aisti th heihtofth lateau of A“B
9 s app seen g wice e g e pla u ¢ peak(l)-
versus (\:Bt::'\‘}app’ the sharp paramagnetic peak reported in the previous chapter
. :

(see Fig. 4 of chapter 3). The value‘ are =18 mT and ~9 mT respectively.
The difference in the magnitudes of A B¢ between these two situations

Signifies that \Izj hence ' § , arvgcorrespondingly different. The difference

can therefore be attributed to the facl: that the local magnetic flux density

B = (Bz2 + B¢2)§ averaged over the wall thicknlesa is appreciel‘ly smaller

for the azimuthal diamagnetic effect (B .(r).<; B¢(r)app) than for the
g e h
azimulihal paramagnetic effect (B (r) > B (r) ). This weaker flux density
leads to higher critical current densities in the “"diamagnetic” situation

compared with that prevalling in the “paramagnetic” case. (We should recall
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that I , hence the Bz(r) profilee, in the two situation’e'undéf scrutiny, are

very similar). ' 'I'Ihe‘increaae in: the ‘total critfcal current density with
. . L ] Cot .

-

decrease of B euggests that jc//', the critical current // to ﬁ (the flux,l
cutting' criticel current density) also increases as B decreases. ‘It is
already well established that j L the crit!icel current Hensity transverse to
B (the bulk pinning or flux tranSport critical current density) rises as B’
diminishes.

It 1is userf\ul- to estimate and compare (‘jz') and (j¢) ae H// i

'decreaaed.' We focus on the situation where H// has been reduced to zero.

Here u°I¢ - 110 nT and ia insensitive to H (see Fig. 1). ‘Assuming a unifom

j then (j =1 /u (R + R ) = 12.5 (10 ) A/m . At the plateau in Fig. 4,

¢,

| ~ N . .
A(B'p} ceg = 17 aT. Assuming j_ uniform, then<{J5 7.8.(10 ) A/rn , ‘h-ence

(‘jz‘//(j‘p} “ 0.6.

It 18 als¢ of interest to explore the B¢ profile, especially when
.vp

<N is weak B; wa "of illustration we take B -' » 15 mT. Here
By app i By’ app ’

¢

from Fig. 4, ANB. 7 = 7 mT, hence <‘1z} ~ 3.2 (107) A/mz'. At the Interface

$° res
r, between + I and - 1 ,
. z z .
. " R 2 2
o P T | ‘
B¢-(ri) Zuri [I - ka\) “( 2 ) (7)_

2 2.k
where r, = (Ro. Ry )

{ //2 = 3.82 (10—‘3) meter, Consequenbly B¢(ri) = 0.5 mT.

- The B (r) profile 13 ‘seen to vary from 16.2 mT at'R to ~ 0.5 oT at the

i

interface to 13.5 mT at R « In the normal state B (r }= 14 7 m’I‘. This

indfcates that the azimuthal diamagnetic effect hasg essentially caused thz'“'

azimuthal f£lux ;_,density to vanish in the vicinity of the interface when

ot

<‘B>app X'15 mT. This, in our view, is an Impressive result.

%
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B. Second part of the swi : - H
| econd part o : g. swl ng of H//._from 70 to / fmax

-The. extern'ally applied H/'/ having ‘traversed zero now continues its
~awing, hence 1ncreases in magnitude but with its polarity opposed to that

‘existing during the. ‘first half of "the sweep. The radial pattern of the

""ihdu'ce‘d persiatent cqrr‘ent I¢ is qualitatively simple, aincé its sense of

circulation must remain unchanged as the sweep. progresses, and it continues

to occupy the entire cross section of the wéll. ' Also, the magnitude of I¢'ia
seen to be insehsi_tive to the presénce of'H¢,' (see __Figé. 1 ar;d 2). '

The rI:onfiguration ;f, the total magnetic -in&uction E(rj, ig .complex
" however. 'Takingfﬁ,(b to be positive', then next to the h.ole and the wgllll‘is
initially .permeal:ed‘ by right-handed \lelical' flux lines while left-handed
helical flux lines- are now. made to enter at the.cm;er_surface 'z'md penetrate
into the wall. We can then visualize two zt'mgs separated by an inward moving
cylindrical interface of radiua ri where Bz' =-'6, but f3¢ # 0 (presumably

Bolry) = Byl agy)” .

In the inner zoane, Bz(r) varies spatially from B1 at Rl to 0 at
'r"l. As r:'1 moves-inwérd this zone shrinks in size. Also B, and Bz(r) are
. . L
. + 6

dec'reaaing. In this zone, the configurations of ﬁ(r) and "j (r) should
continue to be similar to that jus;\é{lcountered when ll// was reduced to zero.
This Bituation was discussed in part A of this chapter. There, on the basis
of r.he,observa’tions, we visaali;gd a tjeep trench goug:adr out of the azimuthal

flux profile. - Taking §¢as directed into the paper, we can plcture Jz

circulating loﬁgitudinally in a counterclockwise ‘(diamagnetic) sense in th$

- -

faner zone,. thereby producing this deep depression in B¢(r) by partlalljr

cancelling the applie’ azimuthal magnetic field there. We refer the reader



to the gketch below which depicts the situation schemaqiéally.
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Sheets of right-handed helical flux lines entering the wall at Ri’

surface of the hole,  are subsequently consumed by flux cutting in the innet

-

zone and at its moving boundary r!'.

i°
In the outer zone, B (r) varies spatially from 0 at ri to - //
’ ‘
. at'Ro. Also, l B (r) increases as |u H//| increases and the zone expands as
r' moves inward. Here jz is circulating longitudinally in a clockwise.

1

_(iaramagnetic) sense, thereby producing a hump in B$(r) by aiding the applied

azimutﬁal magnetic field there. ‘Thé situatién in the the outer zone, except

for the‘change of sign for B (r), is identical to that eavisaged in the

previous chapter during the 1initial penetration of the externally applied

longitudinql magnetic induction u H// into the wall.

Aa the outer zone expands, the inner zone shrinks corresbondingly

with the diamagnetic and ‘paramagnetic szimuthal effects coexisting side by

side and shariﬁéﬁthe thickness of the wall. .
.

resultant’ éipression of these “competing" pheno&ené. Initially, the

azimuthal diapagnetic zone i3 dominant. Then at somé ]H//|, the two effects

cancel exactly and the net A<p¢)_- 0. Subsequeh;ly, the paramagnetic effect

reigns supreme an@ a peak in A(B;), denoted A(B;}p is attained when ‘the

eak(2)

7 ‘ ; . . - . ' i

-the'.

The observed A<p;> is the
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longitudinal magnetic lnduction in the hole .‘Bi vanishes (see Fig. 3.

Fig. S‘displays A(ﬁ Y, the height observed at ,the summit .this
sharp peak versus various {B} app’ This figure shOuld be compare th. Fig.

4 'of Chapter 3. It {is remarkable that A \B } 18 larger than

peak(2)

for-all corresponding <Bo>app’ the ratio of_the foroer to the

ﬁ<Bv‘>1n=-ak(1) _
latter being ~ 1.3. 1In particular, at the plateaus, we find d(Bf)"- 12 and

9 aT for peak 2 and 1 respectively. ~ We can provide no qualitative ‘or

\

intuitive explanation for this unexpected result. This feature is ehrprieing

"“r .
- .

indeed since for a chosen.\B¢)épp the bOundary conditions (B = 0 and i H//)

correspond closely when these summits are traced.

. ‘ \
Fig. 6 displaya y H//peak(Z)' the suing of \uoH//' from zero

required to reach ‘the summit of the sharp paramagnetic peak for various

. <pa>app as represented in Fig. 3. We note that p H// g #142 mT and

pea k(2)
insensitive to the magnitude of <B¢7app; The latter must however be present

for the phenomenon under consideration to occur. Comparing this quantity

[

with the equivalent quantity, y H//peak(l) (see Fig. 5 of Chapter 3)r we
find that the former is ~ 5% .smaller, indicating a corresponding diminution

in I$. This diminution, as well as the asaoc}ated higher azimuthal

paramagnetic peaks, present a formidable challenge to a definitive model.

v
N .

Fig' 7 thPlays A<B valley(Z)

dlrsua various <B¢/ app as represented in Fig. 3. It ia:noteeorthy that the

height of the valley is greater-under the circumstances under consideration

, the height observed at the valley

than for the case where the cylinder became superconducting in H// examined 2
in the'prengue chapter. Fig. 7 should be compared with Fig. 12 of chapter

3. Indeed the ratio A{B‘} /6B 2

Valley(z) valley(l) - 1i3 for any chogén

Coerw : _ _ —
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<B£7app' corresﬂonds to that.%ncquntered when comparing the sharp peaks. " All

of these features are presently unaccounted for.

Conclusion

We have' examined the magnetic behaviour of a hollow cylinder.of a-

type II superconductor éubjected to a swing of H// from éome iniFial value
~ through zero to a comparable magnitude of opposite polafity while immersed in
various stationary H¢.

‘The longitudinal responseré.the cylinder to the sweep‘offﬂly is

\ : I
clagssical and is seen to be insensitive to the presence of H . This

b

independence on H¢ is thought- to be particular to unzsémple under study. ™

AnalggOus experiments on ribbons of other materials suggest that Iitbhence
j@(f), initheae'materigla wouid be appreciably enhanced by the presence of é
stationary H@ of appropriate strength. | '

The decrease of H//_causes an appreciab1é-fraction of the a;imnthal

magnetic flux permeating the\xall to vanish. This feature provides solid

,confirmation that flux cutting is made to occur and congumes much of the

azimuthal component of the flug\\ A corresponding <onsumption of theé

}ongitudinai component of the longitudinal flux 1is presumably also éaking
place but 1s masked by the concomi tant trangport of cylindrical sheets of
helical flux ;ines out.of the specimen as H// is made to decrease.

The large residusl azimuthal diamagnetism observed at H// = 0 after

LY

the decrease of H,, from H ., indicates that B.(r) »~ 0 in the wall, ia a
. !/ - 7/ /max - . -

reglon straddling the radius r + R )%/JZ.

1"(1

. The coexistence of a shrinking annular ione depleted of azimuthal

5

— N
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.’

magnetic flux ‘surrounded by an expaﬁding annular fegio_n rich in azimuthal

flux 1s surmiged from the locus of A(B‘p as the sweep of H,) continues after

crossing zero. ‘ ‘<

*  The location along the ", axis of the sharp az_imut;al paramagnetic
peak wr’lich. ensues indicates that it ie.; attained when Bi traverses zero and
thé Bz(r) pr.:ofi"le has just been converted to the polarity of ho“//' The

height of the azimuthal paramagnetic summi ts, howé\"er, and of the subaeduent
valley is‘/geen to be some 30% greatér than the corresponding featiures
generated by an initial sweep of H// from ierq with no previous magnetic
.historSr in the superconducting state other than cooling from T, to 4.7 K in
the chosen (BJ] app’ Thg.se appreciable chénges .in the mqgni!:'ude of the

azimuthal paramagnetic effect are fascinating but baffling.




.
‘ ,

from +H~"{nax to -H
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3 Fig. 4-2. Illustrates the influence (negligible) of the presence of a
. static applied.azimuthal magnetic induction <B ?a p. o0 the
% oF H// from

magnetic responsgse of 'the hollow cylinder to a swee

Hyimax T° “H/ /maxt




Fig. 4-3.

Z g6 -

Iilﬁstfates the evolution of the azimuthal magnetic induction
permeating the wall with various static azimuthal magnetic fields
present as H,, is swept from +H to H max® The dramatic

display of flux cutting althOugg mahe 1nterpretation requires
careful consideration. _ We note_; the correspondence of the
behaviour displayed in the left-hand quadrant and that .presented
in Fig. 3-3. -“Only three representative curves are displayed from
the several measured curves to avoid clutter.
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Fig. 4-5. . Complements the two previous figures and shows the dependence of

' - * the height of the paramagnetic.peak -on the static azimuthal

magnetic field present during. the sweep of H from H . to

¢see Fig. 4-3). .1t ig®remarkable that t{lese paramagnetic

peaés are higher than that observed upon an initial application
of, Hyy from zero (see Fig. 3-3 and 3-4.).

N ) ]
T 1 ¥ | LN 1 ' 1 !
. : O P
— lz_ Fa A D -
= .t °
. ' Fa
~— I \
Ay
a . - : -
-
o v
] A :
-t T .
m al & R . "
OA 5 l ' L 1 i l H l 4

100



- 79 -

teet "

1)

Fig. 4-6. Cqmplement:s the three previous figurea, and displays I:he. value of

M H// where l:he maximum qf the paramagnetic peak is attained
(see Fig. 3) as a function of qhe static applied azimuthal -
magnetic induction.<B¢ p* The position of the peak is seen to
. be insensitive to <B3 These data correspond closely to that
of Fig. 3-5 and commnigg.ta-.the same message.
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Fig. &4-7
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Complements the four previous figures, and displays the
dependence of the height of the paramagnetic valleys seen in Fig.
4-3 on the static azimuthal magnetic field present during the
sweep of H//.' This figure should be compared with Fig. 3-6.
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Chapter 5

vt
e w?

Eetimatea of jci and dc/[iversue §£L,-

LI
l"

Soon abter and over the years since the discovery of high curreat,

'"high field type II superconduc;ors, workers have exploited hollow cylinder .

geometry to obtain data on. the dependence of the critical current density

- L]

c'Lon magnetic flux*denﬁity B; and temperature T, in thesé materials. All of

theee inveatigations have focdged on the collinear regime. As a conséquence

j (B T) is =a relatively well known quantity In contrast, to date, only

one curve of jJ e// versus B “has been published in the literature. This

solitary result appears in a paper by Perez-Gonzalez and Clem59 who analyze,

» .t

by way of illpstration, measurements of LeBlanc and Lorralin of hysteresis

losses in a ribbon of Vs, 24Tio 76 in the noncollinear regime.

In the collinear regime, the procedure and the arrangement for the

.
. 4

determination of ] el are quite straightforward A pickup coil centrally

'poaitioned in the hole of the cylinder monitors, Bi’ the internal

longitudinal flux’ density, ds " an externally applied longitudinal magngtic

field H// ise impressed and raised to H if that limit can be attained. The

2!
. £ B s uH H,, - ad d
curves o i"\:rereu ", //, ence, u I¢ . ¥, !/ Bi' readily yield curves of
j? = jci versus B for the range “oH//'T'B o H//m x* where H// is the

applied field H// when longitudinal flux begins to appear in the hole.

Curves of Bi vereus uoH// decreasing from H//max to zero complement the firat
- . . . ! g

get of data and should confirm the results obtained there. Furthermore, in

these measurements, there exists no anfiguity that j@, hence jl exists In
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critical states; i.e. J, = jl = j .. Variations on the experimental theme

; b cl
just outlined substantiate this identificatioﬁ{/

~

In this chapter 'we extract estimates of jci} as well as data on
. .

ch versus-B for our sample from the measurements of A&B;? and ﬁi (oF,
[ ] Y

N 4
equivalently <Bz)cy1)'versus H// ipcreasing from zero, prqunted in

chapter 3, and versus H// decreasing from H//max to zero, presented iIn

chapter 4. The procedure for obtaining these quan;ities is, inevitably,;

. appreciably more compllicated in the noncollinear regime than in the collinear

regime. Nevertheless, hollow cylinder geometry ‘and the types of measurements

we have carried out probably provide the most direct method of obtaining data
b . . .

% ’ .
. L
on jc// in bulk materials | o

_Description of the Approach (

The method we; have explpited is relaﬁively unsophisticated and
constitutes a first approximation approach. Refinements of the app;oach,
-however, pose severe problems, in our view. |

Firstly, we focus on only those parts of the data where I¢ 1s

flowing throughout the volume of the wall. This restriction is necessary to

einsure that we are dealing with situations where flux is being transported

Mcross the wall from the extetior into the hole when H// is increasing from ~

zero and from the hole to the utside world when H// is decreasing from
// to zero. Th%_configurations of the currents and magnetic induction in
the wall when the sweep of H/jacontinues through zero into the reglon of
opposite polarity are more intricate and complicated and will not be dealt

with in our analysis. By assuring that' flux transport is occurring across

the width of the wall we are ensufing that ch exists in a critical state

b
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everywhere. This certitude follows from the concept, that flux 1line
displacement can only take 'place when jl. - jcj.' Also, the occurrence of flux.
transport across the entire wall sets the staée for the appea‘r%,nce throughout -

the volume of the wall of a current dénsity, j//, flowing along E. However
any j//, 1f present, need not exist in a critical state j Y and zones whe?e -
j// < ] // may arise. A priori, even 1f the behaviour of (B(‘? versus H//

.

attests that flux cutting 1s taking place, this process may be localized in

annular rt_a_gions', lhe.rfce jH< j(':// in the remaindejr‘ of r.h; volume.

To unravel jc.L and j// from the measurements of I¢, and A(Bg we
must f'irst egtimate j¢(B) and'ji(B)”.-\ Following a .'sta.ndand approach, we
assume J and j to be uniform across the width of the wall although these

$

two quantities are allowed to vary with B. These two suppositions are

evidently inconsistent but are generally accepted in the spirit of this

approximation.
With the stipulation of a uniform j¢, any measurement of I'P versus
H/./ then yields, ‘
I .
1, " ~ )
Cb ' RO Ri -

Also the stipulation of a-uniform jz combined with simple
configurations for B¢(r) when the azimuthal paramagnetic (chapter 3) and

azimuthal dia'magr}etic effects (chapter -4) occupy the width of the wall as

shown in the sketches below, leads to
< = ‘ |
A.P;zn 3, C ‘ (2)

as shown in the appendix, where

2 2 2 R, '2‘ Ro
C'(Ro'l'Ri)ﬂ.n{ -}'_Ri,ln(-R:) (3)
R+ R
o i

2(R0 é‘ii)



> -
s |
B Lo
I - i , {
,{_, ‘ . v : ¥ v \
) - Tz | N .
l ' ;'%)J_ o
- e ‘/ r" v . - /1‘/ ) H/’,, '|
C ~ | _. | A
/ "'—i . " -
(0D | Ko~ Ao o A

The sketches show schematically the configuratioﬁ of jz, j¢, B¢(r)
and Bz(r) which correspond to our model when, (a) pOH// is increaqlng and,
(b) poH// is decreasing, with the applied azimuthal field kept constant.
Clearly two regions must. be identified in both situations (a) éngggjlsince
jz reverses direction ét an interface of radius ri. We must therefo;e treaE
the outer and inner reglions separately.

Applying equations 1 and 2: it is a trivial exercise to determine
the direction and magnitude of tﬁe current vector

: Fa%y 443 O

- z ¢ .

for each reglon from the family of curves of I¢_and A<B¢> versus H//
illustrated in Fig.'B—%, 3-3, 4-1 and 4-3. The magnitude and ditection of an
”avérage" B assoclated with each region and each E‘Véctor is obtained as

follows. We introduce the linear approximations,

b1 :
) o + _O_i
. B rg) = M Ay =72 | G
: ® :
and B(ry) = {1ty 1;(1'12 - Ri")} (6)

i
as shown in the appendix. Here I is the total curreant in the toroidal coil

£y
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. o
- 2 2.3 ' ﬁ . ‘
where . Ty (RO + Ri e d’tRo + Ri)/%. . . |

/(—#—’*It 16 now straightforward to determine the magnitude ,and direction of the

[

vectotfs ﬁ;’and 51 whosé components are given by the linear approximations;
R - " . + -
b pOH// + Bz(ri) - _-Bi Bz(ri) .
. . zo 2 ’ zd 2
+ B (r,) - H  + - '
b boHay + BoCr) . Bola ¥ BT . 8
$o 2 ? o1 . 2

where the subscfibts o and { denote the outer and inner regions. H¢i and H¢;

denote the aziguthal field at the outer and inner surches of the wall.
. Finally, the 5 vecﬁors are then decomposed into components // and L

to th;‘corresponding ﬁ véctors thereby ylelding j// and jcl'

Red}ilts and Discussion : -

| Some of the ,results of the analysis of our}data accofding to the

method just _described ar;e diar;layed in Figs. 5-;: through 5-6. Curves of jcl -

and j// were déf@réined for each éhoice of a stationary applied ézimu;ﬁal

magnetic inductiPn <B¢i>app as'H// was madé to increase or to decrease. The

vertical arrow along the symbol <B>for the "average” magnetic induction

bathing, the region, denotes qhether H// was mgde to increase (%) or to

‘decrea (+). We only presgﬁt a few representati#e curves selected to span

the range of ¢B of the measurements.

¢> app
Figs. 1 and 2 display jcl versus (B> 4+ for the outer and luner
regions. .Tﬁe curve labelled A belongs to the collinear regime since, here

H¢- O. We note that_with larger {B

p , the curves are displaced downwards
¢~ app ~ .
in the outer region and upwards in the inner regionm, hence the deviations ’
. ———— ) 2

from curve. A cancel out when an average over the entire wall is taken. This

is as expected since jl.nust be in a critical state under the circumstances .

under . f\\<\‘

- s
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scrutiny. Tﬁe deviations arise from:;he 1inear approximgtiﬁns ;ﬁtroduced.
This view ié in keeping with tﬁé trénds‘of.the‘displacefgnts( i
‘.. ] The values of j// coexisting wiﬁh the jcl displaxed in the previous
figures are presented in Figs. 3 and 4. We note that these curves‘exhibit a
considerablg spread indicating thgt j// does not egist in a critical state
ovkr a significant fraction of the volume of tﬁe wall. Since our method
-calculateE;SpatLal ayeréges, j//<? jc// can represent eiﬁher, (1) the actuai
state of -affairs over the-region or, (11) an average of j// = jc// over part
of the region plus 0 < j//<'jc// over the rest of the region. The rise in
j// with <B¥> app seen in Fig. 3 suggests thatleither (1)[j/l 1s approach}ng
jc// everywhere 1a the outer region or {(1i1) j// = jc// is occupying-an
increasing fraction of the regiomn. Presumably the uppermost curve ylelds a

‘good estimate of . ,
g 8 e jc// |
Figure 4, indicates that, as expected, j// changes direction with
4 ’ . ‘.
respect to B at an interface in the inner region in proceeding from the low
to the high frange of B. Here, however, our coarse averéginé procedure and

crude approximations do not lead to ?Faningful information.

Fiéﬁ. 5‘'and 6 display jcl and j// for‘H// decreasing where we only
present thé ﬁhrves for one region in each case. The comments made ear{iir
again apply/here. 'We note that the ;pper curves for j// in the range of low

<{BY for Figs

and 6 correspond closely. -

“Conclusion

. L .

A raightforward analysis of out measurements on.<§h€ hollow
. P P
cylinder show that j// does not, as a spatial average exist tnf:ﬁcritical
. : /

state in the wall although jl is in a critical state. Nevefiﬁeleés, the data

provide a good estimate of jc// versus B.

"
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Fig. 5-1. The critical current density Jo| versus <B? in the outer region
for increasing H;,. The sample was cooled in a 'static <'B¢>£‘1:‘p of
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:'F;é. 5-2. Complements the previous figure and shows the critical current

yncreasing.

density J., vs. <BD> in the inner region of the wall with H
e sample was cooled in static-(B%)app of 0, 45 and

for A, Bfand C.
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Chapter 6

*

Longlitudinal ?aramagne;ic Effect
- .
Introduction ) |

In this chapter we repor£ on our observations of the evolution of
the magnetic flux permeating the wall of a hpllow cylindér of a stype 1II
superconductor.as an eizhrnally.applied azimuthal magnétic field\H¢ is
jmpressed while an externally applied longitudinal magnetic'fielq H// is
maintained stationary. ;n chapter 3 we examined the behaviour when H// was
impressed while H¢.initially present during the transition to the
sterconducting state was kept fixed. Now the cylinder becomes
sﬁpefconducting in the: chosen H// as 1t coels through Tc to 4.2 K.

Several workers have examined the magnetic reagonse. of ribbon
sampleslsubjected to gn externally applied magnetic fleld ﬁ airected:along
‘the broad faces of the ribbon. In these measufeﬁents it is convenient to
orient ﬁ either along the leffgth or t@e width of the‘ribbop: In eitﬁer case,
the demagnetization factor 1is negligible'provided.tha the iength and width
are_}arge compared with the thickness of the ribbon. onsequently, H will be
spatially unfiform over the surfacés of the specimen andjthe latter can then’

be treated as an infinite slab. Further, the B profiles are symmetric with

[

respect to the midﬁlane of the ribbon iﬁ homogeneous applied field. The

: combonents of H along the length and width of ¢t bor' are denoted H// and

A 8
H// kept fixed while H

H respectively. Several workers have examined the ﬁagnetic'behaviour with

L 18 varied and vice versa. This arrangement has

several advantages for the study of the critical current, flux cutting

~



phenomena and hysteresis losses in ribbons with large current carrying

capac;ty.

"Azimuthally, the wall of the cylinder has a zero demagnetization
factor and, in this respect, the'wail can be regarded as an ideal infinite
slab with H¢ playing a role equivalent t:cle_L for ribbon geometry. A

.coﬁplication arises, howeve;, with a thick walled'ﬂgllow c&linder, since
-H\p = I/2nr and therefore varles Faéially, beihg appreciably larger by = 20%

for our specimeﬁ, at the inner ‘surface of the wall than at its outer surface.

-

Also because of the cylindrical geometry, the mathematical description of the

profile of the azimuthéi flux density B (r) is more difficult than in the

$
case of the corresponding Quantity,rBl(x) foE:Ere wide ribbon. - The reason

‘ e
for this isythat Maxwell's equation, V x B = u,3 which reads dBL/dx = ud,

for the infinite slab, now reads ’

48 B '
vl = a7 +'"%' (1)

with the second term on the right hand side not negligible in our

arrangement. .

When H¢ is impréésed, a persistent screening current +AIz is

induced to flow longitudinally along the outer surface of the cylinder with '

an equal oppositely directed (return) current —AIz flowing along the inner

'surface of the wall. The current +AIz can be regarded as opposing the

\

penetration of the applied azimuthal flux into the outer surface of the
cylinder while the current -BIZ as shielding the wall against invasion of the
applied azimuthal flux from the hole. Sincé the longltudinal current density
is finiée, éﬂ% applied azi@uthél_ flux cannoi ‘be _coméletely excluded and
penetration takes place on a macroscopic scale compared with London's

penetration depth A. Azimuthal flux therefore enters through both the inner

.~
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and outer surfaces of the wall. Eventually, the fronts- of the tqo advancing
B¢ profiles meet. At this juncture, the cross section of the wall i filled
by the two oppositely flowing longitudinal currents I and the situation is
denoted as saturated.
'inicially, after the hollow cylinder has cooled from Tc to 4.2 K,
in pOH//,

18 no requirement however, that B

the longltudinal magnetic induction in the hole, Bi = uOH//. There

1 wil]l remain at this level subsequently as

l{¢ is varied although_the{égzernally applied longltudinal magnetic inigction

at the outer sé:;;:% of the cylinder 1s maintained fixed at the chofen valwe

.

for poH//' Indeed our observations reveal the occurrence of an extremely

4

interesting phenomenon under these c{rcumstances. We discover that as H¢ is
[ .

impfeased,_ the level of the longitudinal flux density in the hole  is

diminished. The longitudinal flux that vanishes from the hole is presumably

_—

transferred to the wall. This is thought to take place through the creation
of helfcal vortices at the inner surface of the wall which then pemetrate

into it carrying each their component of longitudinal flux.

-

The transfer of flux from the hole to the wall yill not generate
any signal 1in the external pickup coil embracing the cylinder. We find,
however, that the longitudinal magnetic flux threading the specimen grows as

H¢ is increased. This indicates that some longitudinal flux is also being

deposited into the wall through the outer surface of the cylinder as H¢1s

impressed. The increase in <Bz>w the longitudinal flux degg}xy

all’

permeating_thé'wall, indﬁced by an increasé in H¢, is denoted the

. longitudinal paramagnetic effect. We now present our observations of these

[

phenomena.



Results and Discussion Eeon

-_..’.r.

Adapting the classical relationship, B = luOH + qu, to the present

gsituation where azimuthal flux «permeates the wall of a hollow cylinder we

write
‘ -u<M3-<B> - <B>" 2
© T B app T % 2
where u <M ) and <B¢> are spatial averages of the azimuthal magnetizatiom and
‘&zimuthal flux density in the wall anaJ : -7
' uoI Ro
<B¢>app = —"_Zn(no-ki) zn[i—i-) . (3)

is the applied azimuthal flux density in the absence of the specimen but
- ‘ 1‘
averaged over the dimensions of its wall. We can regard a negative uo<M> as

ad ficit or lag in flux density.

(

Fig. 1 displays the influence of a stationary, H// on the entry of
azimuthal flux into the wall as _H¢ is impressed. We note that this
influence;, over the range shown (= 100 mT) {s not significant. The range of
H¢ available in our arraﬁgeme;lt appears oniy sufficient to just attain full
penetration of the wall by the two .advancing B:b profiles. Consequently, the
tantalizing panorama of behaviour lying beyond full peﬁetration which we were
able to explore in the case of the azimuthal paramagnetic effect (chapter 3)
remains beyond the reach c;f the present study. Nevertheless the regsults we
have obtalned amf™ will describe shortly 1in same detail, p-_:ovide_ new
information and insights of considerable interest.

Assuming a uniform current density jz', and that the two advancing

B¢ profiles have just met leads to the. expression (see Appendix)

R .

%o 2 ? 2, (.2
becH,> = T(Rz— {fR + RY) &n (—R:) ~ R]2n ‘(Tl-)} | (4)
where R, } {R:ZZ + R%] /¥2. Taking uo<M¢3 = 70 mT (the maximum value attained
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in Fig. 1) leads to jz - 32(10°) A/m".
4 . Flg. 2 displays the evolution of the longltudinal flux threading

the entire cylindrical sample in various stationary H// as H, 1s impressed.

¢

It is more convenient to present A<IB;> oyl f§z> evl uOH//, the change in

yl vl
the spatial averagé‘of the Iongitudinal flux threading the combination of
wall plus hole, he?ce perneating the entlre cross section of the hollow
cylinder and denoted <B_> .

z” cyl
the pickup coll embracing the cylindrical sample.

This is the quantity directly monitored by

Firstly we note that, initially, the longitudinal flux permeating
the:sample i8 seen to diminigh. This decrease, .although not ;onside;able, is
the signature that flux cutting must be taking place since the externally

applied longitudinal field H is kept fixed and the applied azimuthal field

/!
Hlp at both the iQner and outer surfaces of the wall is made to Increase. We
. drﬁwithe attention of'the reader to an analogous behaviour encountered in
Chapte? 3.

‘As the rise in H# progresses, the longitudinal flux ceases to
diminish and then sh;ws an appreciable increase. This phenomenon is denoted
the lonhgitudinal paramagnetic effect. Historically, this expression: wag
first introduced to dgscribe a related phencmenon, namely, the rise in
longitudlnal flux permeaéing a wire Lé,a statie H// as a trangport current I
was lmpressed. The magnitude of the longltudinal par;magnetic effect %s seen

to depend on the strength of H showing a greater increase where the

/1’
stationary H// is chosen stronger. The influence of H// on the longitudinal

paramagnetic effect is presented in Fig. 3. This figure complements Fig. 2
and displays vertical cuts through the measured family of curves of A(Bé) eyl
versus <B¥> app’ represented in part in Fig. 2. Vertical cuts for three

N~
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'values OE-<B$>app are shown in Fig;'3§-=Wb note that the'influeﬁce"of H//
"saturates". The saturation exhibited here ghould not belintérpreted as
showing that the wall is now filled with induced persistent current: Rather,
the plateaus here only show that the manifestation ‘of the paramagnetic

L

effect has been optimized for a chosen increase in <B >app' Analogous

¢
measurements on ribbon sﬁmples and our observations of the azimuthal
-paramagnetic ~effect (see-Fig.q2‘7NL Chap. 3) indicate, however, that this

family of curves 1s approaching an upper limit. Further the uppermost set of

data points in Fig. 3 are close to this "saturation” curve.
Initially, the longitudinal flux density in the hole, By = U H, s
the externally applied 1ongifudina1 magﬁetic induction present when the

hollow cylinder cooled\from Tc to A.Z-K. The longitudinal flux density Bi is ~

seen to vary as an azimuthal flux 1s impressed. A few typical traces of this
evolution &re depicted in Fig. 4 for various stationary H//. For
convenlence, Aﬁi = Bi - uOH//, the change of Bi with respect to the initial
strength udH// is displayed. -A rgméiﬁéble large scalé ?Sgnomgnon 1§ now

observed for the first time.

As the increase of H¢ progresseg, the 10n§12§dina[\flux density in
the hole ié geen to dimin}sh dramatically. This decrease can be readily
understooé in the accepted framework of flux lime nucleation and migration.

. . A
Helical vortices are created in the wall at the surface of the hole as the

total flux density Bt = /,(Bi + poﬂi) in the hole is made to increase. At
the same time, helical vortices are being created and entering the wall at
the external surface of the cylinder as we have seen above in Fig. itL;The

. =k '(. )

focus now, however is on-the behaviodr ih the hole and in the adjacent volume

of
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-the wall. Eaf:.h helical vortex intro&ucea into the wall from_\the hole carries
with it a'quantity of lt;ngitudinal flux whpse source can only be thre finite
reservolr of longitudin'al flux contained by the hole. The_"pumpiqg" of
helical flux lines from the hole into the wall therefore lowers the level of

longitudinal flux in the hole. By conﬁraat, the azimuthal flux is‘sﬁstained-

by its gsource, the toroidal generating coil.  The hole 18 effectively

1solated by the wall from the source of longltudinal flux, the f}}ernal
v~

solenoid. This isolation will persist until the helical flux lines
penetrating from the outside inte'ract in the wall with those penetrating from
the hole. Only at this juncture do we expect B:L to cease decreasing and

exhiblt aun increase towards uoH//, pr'esumably‘ attaining this value when

i c2

accessible with our present arrangement.

B =B .. Unfortunately, this intriguing expected behaviour is not
L ] .

Fig. 5 presents various vertical cuts through the measured family

*

of curves of which only a small sampling is displayed in Fig. 4. The two
figure:; therefore complement each other. Agairf. we note the saturatlon
behaviour and refer the .reader to the pertingnt comments made a few
paragraphs earlier. .

The plckup coil embracing the  cylinder azimuthally, hence

monitoring (Bz> cy tlie magnetic flux density threading the combination of

1’
hole and wall longitudinally, will record the. net change in

2 .
¢cy1 <Bz>cy1mo' Any redistribution of flux between thg hole“and the wall

and in particular, the transfer of £lux from the hole to the wall will not be

registered by this sensor. This external i)ickup coil will however measpre
., i ql\‘-
the resultent of various competing processes. (i) Any augmentation\"o(f’\g'cyl

arising from the entry of longitudinallfluit through the external surface and
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1

R

(11) any decrease of ¢cy1 due to consumption of longitudinal flux by flux

-

cutting. We note that flux lines that have entered the wall through either

the outside or the inner surface as well as flux lines initially prgsE;t in

EEe wall, can experience flux 1line cutting and hence be "depleted” by the

Ny
-8y \
3

attendant flux consumption.

As a first step towards identifying the actual net avgmentation of

the longlitudinal flux in the wall, it 1s appropriate to "“normalize" the raw
. * ' . , 2

data displayed in Fig. 4, namely A¢cy1 A‘(Bz>cy1nR° and recast it in terms

of the dimensions of the wall, using the followirdg identity,

' 2 ' 2 2
by1 = A<B> cylnRo = A (B‘? wa11"(Ry ~ BY) (5a)
which can be rewritten to read,
' 2 _
T : ' '> ’ t Rd -
. A {st wall = 0SB o \———Rz - 'RZ) {5b)
) o 1

The above quantity, however, does not provide a true mgasure of the

change of longitudinal flux density in the wall since it takes no account of

‘the fact that longitudinal flux has been transferré&~froﬁ.the ‘hole into the

wall. The amount of flux thus displaced can be written,

. 2 2 o
Normalizi this'tr;nsferred flux to the cross section of the wall leads to

-

the expression

A<B > (Rz -'iz) = (4 B,) AR (7a)
2 wall™ o T 1 LA I
which can be rewritten to read, .
2
. ~ " N ' 7b
a<BY g (8 By) () (7b)
Ro - Ri

“It is important to bear in mind, that a portion of A¢hole will

.
.

sure be made to disappear in the wall as flux cutting, hence flux
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co‘nsumi:tion, takes place. Unfortunately our sets of pickup colls cannot

determine directly what fraction disappears. —

Nevertheless we can define a quantity,
tr

]
A(Bz> wall =4 <Bz> wall + A <Bz? wall \ i (8a)

which 1s a measure of the actual net increase of the longitudinal flux

density in thé wall. Any longitudinal flux which has been made to

diéappe.ar :as cortributed to the signal detected by the external coll and is .
¥
therefore cluded in A (Bz> 'wall' Introducing equations 5b and 7b into 8a
ylelds, .
ACB > = A <B 7 R2+(AB)R2 -
z” wall. z>cy1 o 1771 (Bb)
. 2 2 -
- , RQ Ré

The marriage of the observations depicted in Figs. 2 and 4 and ©
announced through equation 8b is displayed in Fig. 6. We find"that" —
Ach;wall and A <Bz>':ra11 make comparable contributions to A <Bz>wall' We o
had expécted the latter ﬁo be somewhat smalle'r gsince 1t r‘epresenta frlux
ingress diminished by the flux corisum;)tion in the wall wherea‘s—:. rthe Aformer
meaaures flux ingress only.

Two sets of Bz profiles conmsistent with our observatiéns and wi‘.t:h
critical state concepts are sketched below depicting limiting cases in tﬁe
regime of saturated states. For simplicity, all of the slopes are taken to
be constant and identical, Lhence j¢ is assumed uniform and fixe& in
magnitude. 1In the apl':end'ix we develop analytic expressions for A(Bz> eyl

wall

1llustrated by these sketches. Introducing the maximum values observed for

and equivalently, for A (Ez> in terms of A B, and j‘b in the f ramewotk

AB . .
1 and A (527 eyl (or equivalent A <Bz> wall) into these expreesim:s name ly

AB, = 2 uT and A ¢B_
. z c

. = 1.2 o yields j, = 4.3 (167) and 8 (107) N

vl
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depending on whether configuration (b) or (a) is stipulated. _These values

are comparable to jzlestimated in a similar context from the azimuthal

paramagﬁbtic effect (see Chap 3).

To further comparé the magnitudes of thg.longiﬁudinal and azimuthal

L -

paramagnetic effects we can inspect the uppermost curve of Fig. 7 side by

side with Fig. 4 of Chap. 3. We note that the height of the plateau for the

former case is = 2/3 that ‘of the latter. This may be expected, however,

‘ *
gince one of the boundary fields (Bf)'has decreased by = 2 mT during the

generation of the' longitudinal Earamagneti; effect. Also, 1Iin our

.~

arrangement, the peak of the latter Shenomenon may not have been attained.

.

Conclusion

The magnetic fiux dénsity permeating the wall of a hollow cylinder

cooled into,tge superconducting type‘II'state'in a fixed externally applied

‘;longituéinal mag;etic field H// has beéﬁ moyitored as an azimuthal fielﬂ_H¢
was impressed. Although H// is maintaineq stationary, the longlitudinal flux

threading the wgll is seen to 1ncreasehas H¢ is aﬁplied.- This phenomenon 1s

‘labelled the longitudinal paramagnetic effect. It is evidently analogous to
' i

the observation reported in Chapter 3 of an augmentation in the azimuthal
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-flux permeating the wall of a hollow cylinder bathing in a stdtionary applied
azimuthal field ao a 1ongitudinal field is 1mpEZ§3ea. In the framework of
‘the two coordinates 1nvolved in these experiments, namely, the azimuthal and
longitudinal unit direction vectors ¢ and 21 these two- effecte can be *
regarded as "a single phenomenon, viewed in a freme of reference in one
Iinstance and then in this frame of reference rotated by 90 in the other
caee: In this context, the occurrence of the longitudinal paramagnetic

effect could be readily predicted once its "twin“,‘the azimuthal pare%zgﬁetic

effect was observed and vice versa. : _ ., -

-

There 1s however, no longitudlnal' cut across the wall of our

c&linder, hence its wall 1is continuoua"hlong the $ coordinate. . As .a

~

congequence, this perspective is not entirely appropriate. Indeed important
new behaviour has been encountered in'onr experiment,.precise1y3pe€3use the
longitudinal_fluk_in the hole is prevented by the wall from communicating
with the longitudinal magnetic field outside the cylinder. In particular we
observe that the longitudinal flux in tne hole diminishes as H¢is-1ncreaseoJ
This behaviouﬁ@VIike the peramagnetlc effecte, is fully consistent wlth the -
accepted picture :pf flux .1lines nucleating et the surface of type II

suoerconductors from flux existiné;ln emoty stace and then migrating into the

bulk of the material. This large scale phenomenon, although predictable, has

not been previouely reported and provides a ueeful laboratory demonstration

'MOf mecroscopic flux dynamhce in type II superconductors.

—

The observation of the displacement of flux from the hole into the

wall yields, by itself, no information on f%3§ cutting processes. One can

however, design experimental arrangements where this transfer of flux from

‘ the hole into the wall can yield important data on the occurrence of flux
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cutting apd the attendant flux consumption in ‘the wall. The key to these

finvestigations will be the important feature .that the quantity of fluk -

entéring the wall can be measured by monitoring the longltudinal fluxX in the

hole.

-—

. .. .ot
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Fig. 6-1. Illuatrates the influence of a static longitudinel magnetic field
on‘the magnetic response (shielding against flux entry) of
t{xe wall to an Impressed azimuthal field by comparing the -
behaviour when u H;, = 0 and 80 mT. For intermediate values of
the observed curves 1ie in sequet.ce between the two curves
ngP{ayed above.

-}
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The curves 1llustrate the evolution of, <.Bz>c 1° the_average
longitudinal magnetic flux threading the cross ‘section of the
cylinder (hole plus wall) in various stationar externally
applied H as an azimuthal magneticmu—c_ti—m%(}})
impressed. Only three representative curves are displayed %rom
the several measured curves to avoild clutter. The phenomenon
that ACB> > 0 is denoted the longitudinal paramagnetic ‘effect.
The maximum azimuthal magnetic fleld we can generate with the
toroldal magnet coil in our experiment 18 not strong enough to
trace the peaks expected for thesge curves.
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. :
Complements the previous figure by displaying data points taken
along vertical cuts through the family of measured curves
represented in that figure. The vertlcal cuts shown were taken
at <B > = 50, 77.and 100 mT. Since the maximum available
azimué%éip%mgnetic field was inadequate to trace the expected
peaks in Fig. 6~2, we can only presume that the upper curve above

corresponds to "gaturation”. A
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Dispiays the decrease of the longitudinal magnetlc flux density
in the hole in various stationary externally applied longitudinal
magnetic fields H;,, as an azimuthal magnetic induction <B.,”> is .
impressed. = Only three representative cufves are bresengeSPFrom
the several measured curves go avold clutter. The flux
disappedring from the hole must be transferred to the wall.
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Fig. 6-5. Complements the previous figure by displaying data points taken
along vertical cuts . through the famlly of measured curves
repregented -in that figure. The vertical cuts shown were taken

* at <B¢>app = 50, 77 and 100 mT.
| l - L l ¥ - I L] l
o O o
Iu6 - ° o Q o o | =
° 0 : o o o
- | (Bgdgpp (mT)
| E 1.2 |- 'e) . o 100 - ' -
— L a 77 |
) © o 50
! (_).8 - R s A, - -
f (o] A ) > a 2 a A -
0 3 A ¢ N
3\.
n 0.4} R -
— o
a R . ]
<l g 8 % o o o 4 a
o L= = ) ) 1 , 0 9 7 9 9 g
o 20 40 60 80



- 110 - ' .

Fig. 6-6. The curves illustrate the evolution of the average longitudinal
. magnetic 1inductionm permeating the wall in various stationar

externally applied H/, as an azimuthal magnetic Tield 1s

impressed. These data curves are constructed, as described in

the text, from the famlly "of measured curves displayed in Fig.

6-2 and 6-4. Only three representative curves are displayed from

the several data curves to avoid clutter. The phenomenon that
6<B 2 111> 0 is labelled the longitudinal paramagnetic effect.

A By © (mT)
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g. 6-7. Complements the previous figure by displaying data points taken
* along vertical cuts through the famlly of curves represented in
’ that figure. The upper curve presumably approaches the saturated
critical state curve and can be compared with the analogous plot
for the azimuthal paramagnetic effect shown in Fig. 3-4.
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- Chapter 7
Longitudinal Diamagnetic—Paramagnetic Ef fect

Introduction

.
-

We have seen in the preceding Chapter that, subjecting a hollow
cylinder to an increasing extermally applied azimuthal magnetic field ‘Hlb,
while the cylinder 1s immersed in a stationary externally applied
longitudinal magnetic field H// causes<BZ> wall the longitudinal flux

density in the wall to increase and, B the longi'flﬁinal flux density in the ~

i,

hole to diminish. These two concomitant phenomena can readily be understood

with the plcture of helical flux lines being made to enter the wall at 1ice

. . : |
inner and outer surfaces as the total applied field H = (\HZ// + Hi) ls caused

to increase sil_'lce each flux iine carries a component of longitudinal flux.
'i‘he longitudinal flux entering the wall from the hole must be extracted from
the supply of longitudinal flux initially stored in the hole thereby dax;éing
the level of Bi there to drop. In light of these observations we expect the
opposite behaviou'r to oc::ur when H¢ instead of beiﬁg increaaed from zero t;o
some maximum value H¢ nax’ 1s made to decre‘ase from H¢ max to zero. The
observations we report in this Chapter indeed fulfill these e?cpec.l’:ationa.
‘_<Bz>wall is seen to diminish and B'i is observed to rise as helli_cal.flux 111es
are made to exit from the wall by the decrease in"the externally applied
A :

magnetic field. The decrease of <B in a static H,, is, for obvious
_ z wall - I8

reasons, labelled the longitadinal diamagnetic effect.
+

’
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The swing of H from H is made to traverse zero and allowed to

[ ¢ max
continue on into the reglon of opposite polarity until a value of comparable
magnitude is attained. From our experience with an analogous situation
recfunted in Chapter 4, and from the pilcture of helical flux lines exploited
already, we antlcipate tPat the evoiution of both‘(B;),wall anngi will now
change direction. The ofservations we now present are seen to justify all of
these expectations. ‘

"

Results and Discussion -

. . _
Proceeding ds In previous Chapters we first compare the magnetic

behaviour of the wall to a awing of H from H to -H in the absence
¢ $ max $ max

and in the presence of a static H//. This comparison is depicted in Fig. 1

where, as previously, we note a small enhancement in the azimuthal magnetic

moment of the wall, hence in <j£>, when H// = 70 mT 1is present. The

behaviour exhibited by this material is consequently rather pedestrian in

" this respect.

The evolution of A-(B;> the change in the average longitudinal

cyl’
flux threading the entire cylinder (hole and wall combined) during the swing
of H¢ from +H¢ max to _H¢ max in various stgtic H// is displayed in Fig. 2.
Again, to avold clutter only a small sampling of the geasured curves 1s
presented. To provide a more completé'picture of the behaviour of the entire
famiLy of curves as a function of the several choices for the fixed H//, we
have plotted, in Fig. 3, a selection of vertical cuts through our full

collection of such curves. -

During the first half of the sweep of H¢, as H¢ varies from H

¢ max
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to zero,*:B;>cy1 18 seen to decrease. This decrease indicates that the exit
of flux lines, Bccaéionéd by the decrease of the applied magnetic field,
removes longitudinal flux from the wall although tﬁe externally appl#ed .//‘
is stationary. That this disappearance of longitudinal flux in a static H//,
must involve flux cutting is perhaps not evident. To appreclate this
feature, it 1is useful to first note that the helicity) of the magnetic
induction in‘free space at the surface of the cylinder, cannot correapon&,
during the decrease of H¢, to that initially exiseing in the wall, since the
former has been made to change. " Two poséibilities can now be envisaged.
The dineétion of § just inside the surface is taken eilther as, (1)
permanently fixed once-the superconducting gtate has been established or,
(11) as capable of changing in step with the change of orlentation of E
outside the surface. The_first hypothesis leads to a discontinuity in the
orientation of E across the surface. Such a discontinuity can, of course, bé
accounted for in terms of a surface éurfent flowing parallel to E at the
surface. This explanation, however, relles on the ad hoc exi;tence of a
surface current of arbitrary and unrestricted magnitude. Physically, a
limitiﬁg value for such a cﬁrrent mist eventually be attained. When this
limit 1is exceeded, the orientation of B inside wil; vary in unison with that
outside. Consequently, we must finally address the fact that the helicity of
the flux lines in the bulk mst change from the existing configu?ation
towards that prevailing outside. .In order that these changes of helicity
take place, the process of flux cutting and attendant flux consumption must
now come into play. Consequently, 1in view of the conaiderations just

x . - a
outlined, the longitudinal diamagnetic effect can be regarded as intimately

linked to and a manifestation of the occurrence of flux cutting in the wall.
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We caﬁnot, however, from our present data, identify the relative

contributions of .flux exit and flux consumption to A(Bz) eyl

The exit of helical flux lines from the wall is made dramatically
evident by the rise of Bi' the longitudinal flux density in the hole during

the decrease of H¢, displayed in Fig. 4.

As in the prévious Chapter, we have combined the two sets of data

represented by Figs. 2 and 4, to obtain an accurate picture of 'the evolution

P o
of A (Bz> the actual decrease of the longitudinal £lux density in the

wall’

wall. As described there, A (Bz) va takes into account that flux is

11
displaced from the wall into the hole.. This is measured by the inner pickup

coll monitoring Bi' Also flux 1s consumed in the wall and exits from the

outer surface of the cylinder. This 1s monitored by the outer pickup coil

. which measure A.(Bz:>cy1, the change of flux density averaged over the entire

cross sectlon of the cylinder (the wall and the hole included). The

evolﬁtion of A (Bz>' the deficit of longitudinal flux Iin the wall as H

wall’ $

"descends from H through zero into the region of opposite polarity is

¢ max
displayed in Fig. 6 and complementary data on the numerous family of measured

curves, providéd by Fig..7.
The limiting Bz profiles in the regiﬁe of saturated states are

depicted schematically in the.;;;kel:ches below. Introducing

B. (M S
e -
N N %

B} (r f'v)

rd

T’j \“\//: - | | . \//,/

N
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t':rhe values observed at H¢ = 0and p H,, ~ 15 T, name ly S(Bz) ;a

o// 11
= 0.5 oT), and A B, = 7.5 mT, into the expression

* 3.5 mT,
(or equivalently A(B? eyl !
& derived in the appendix, ¥e find that B, ~ 0 at the minipum of the Bz
X

profiles. The longitudinal diamagnetic effect ig, therefore seen to cause a
dramatic reduction in the strength of the Bz profile.

. S

A comparison of Figs. 6 and 7 of this chapter with Figs. 3 and 4 of
Chapter 4, indicates that A<B_ 7> /] A<BY is « 0.7. Part of the

z wall R _

deviation of this raflo from unity can be ascribed to the fact that the
occurrence of the decrease in< BQ? vall is accompanied by a competing rise in
Bi which will tend to lmpede the exit of flux.

As the swing of H'b proceeds tq hig.her magnitudes in the regic;n of
"negative" polarity after traversing =zero, the longitudinal paramagnetic
effect discussed ‘i‘n the previous chapter (and the assoclated decrease in Bi)
initially cpexists in the wall with the "remains" of thevlorigitudinal
diamagnetic effect as deplcted schematically in the sketch below.

Eventually, the former dominates and finally overtakes the entire volume of

the wall.

/.
From an inspection of Figs. 2 through 7 of this Chapter alonepor of

-

these together with Figs. 2 through 7 of C;hapter 6 we can compare -the

relative magnitudes -of the longitudinal paramagnetic and diamagnetic
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effects under corresponding circumetonces.n This comparison indicates that-

¥ . . -

these phenomena are quantitatively very similar.. We view this gs surprising

gince flux consumption which occurs in both cases will tend to diminish the
9

, paramagnetic effect whereas it should assist the diamagnetic phenomenon.

L J

Conclusion

The magnetic flux permeating the wall .and the hole of a hollow
cylinder of - 4 type II superconductorghhathing in a stationary applied
longitudinal fileld H// has been monitored as the applied azimuthal field H¢
swings from H to - H . The longitudinai flux in the wall is seen to

‘b max ¢ max
diminish appreciably and the 1ongitudinal flux in the hole to grow during the
descent of H, from H to zero. As the swing of H,_ continues from 0 to
o ¢ ¢ max b

-H , the reverse phenomena appear and the longitudinal flux in the wall

¢ max
is observed to increase while that in the hole decreases.

This set of observaxions éonpletes oor ourvey of the magnetic
responso of a hollow cylinder suhjected to two related ;egimes of varlations
in the applied magnetic fleld, namely: (1) where H, is held fixed while H/,
-is applied from zero or made to undergo a full sweep from positive to~ &’
compatable'negative value and (11) where H[/Eis'held fixed while H¢ is varied
1n’ the manner just described. We have seen thaﬁ in'those cifoumstances, the
component of the flux density in the wall along the stationary fileld
increases (decreaoes) although it is the applied field componen; orthogonal
to that direction which is made to increase (decrease). All of these
phenomena can Eeadily he understood exploiting a picture of helical vortices
boing added to-or subtracted from the wall. More careful considerations

show, however, that thease observations are basically manifestations of flux

cutting processes.
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Illustrates the influence (seen to be negligible) of the presence
of a stationary externally applied H// on the magnetic response
of the wall of the cylinder to a $weep of an azimuthal magnetic
field swinging from a "positive” a "negative” wvalue. The
curves compare the behaviour when/u H;, = 0 and 70 aT. For
intermediate H//, the curves lie be€ween the two shown above.

~
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The curves illustrate the evolution of <B> , the averagé‘

longitudinal magnetic flux threading the cross™ section of the
cylinder (hole plus wall) in various stationary externally
applied H;, as an externally applied azimuthal magnetic field is
made to swing from a “positive” to a "negative” value. The
disappearance of longitudinal flux exhibited by the curves in the
first quadrgnt is called the longitudinal diamagnetic effect and
constitutes an impressive manifestation of' flux cutting although

.the 1interpretation ra2quires careful consideration. The effect

evolves from diamagnetic to paramagnetic as the sweep of
<B.>app continues into the second quadrant. (See Fig. 4-3 for
thg analogous azimuthal effects). Only three representative
curves are displayed from the several measured curves to avold
clutter.



1.0

Figo 7-30

A -
. \t :
’ i
¥ 1 v I T 1 T T T
L _ o o o o : _
o 9 : °
,o° % )
t,.io
- A A A A -
o A A ;
. AA - .
A D .
o A S (m] 0O .0 (m] N

MoHy  (mT)

- .( ‘e . a 52 ~ .
P o ()
- '3 0 -3 .
° ° ’ ‘ ._ -90
’ ' *le ¢ o o L ®
L ; 1 A i N 1 A 1 A
0 20 40 60 80 100

Complepénts the previoué figure by displaying data points taken. " .

along . vertlcal cuts through
" represented in that figure.

the family of measured curvész;k”"

The vertical cuts shown were takén. . .

at<<B'>a = 52, 0, ~52 and -90 oT. The reason for these cholces .
becomgs BPideat from inspection of that figure. o
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Fig. 7=4.

The curves 1llustrate thé evolution of the longlitudinal flux
density in the hole in various stationary externally applied H//

“as an applied azimuthal magnetic fleld is made to swing from a
"positive” to a "negative" value. In the first quadrant, the

increase of the longitudinal flux in the hole must originate from
helical flux in the wall. Longitudinal flux is returned to the
wall throughout the second quadrant, the density of longitudinal
flux in the hole equalling the externally applied but stationary
uOH'/ at the cross over of the curves with the horizontal axis.

Again only representative measured curves are displayed ‘to avoild
cluttering the figure.
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Complements the previous figure by displaying data points taken
along vertical cuts through the -family of measured curves
represented in that figure. The vertical cuts shown: were taken
at*:B‘>a p = 52, 0, =52 and -90 mT. The reason for these cholces
becomes gvident from inspection of that figure.”
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The curves illustrate the evolution of the average longitudinal
magnetic induction permeating the wall in various stgtionary
externally applied H,, as an applied azimuthal magnetic field is
made to swing from a "positive” to a "negative” value. These
data curves are constructed, as described Iin the text, from the
family of measured curves presented in Figs. 7-2 and 7-4. Only
four representative curves thus constructed are displayed to
avoilid clutter. The phenomenon that A<B£> g1l 18 negative in the
first quadrant is called the diamagnetic Yongitudinal effect and
constitutes strong evidence of flux cutting. The behaviour
evolves from diamagnetic to paramagnetic as the sweep of(Bq;)a
continues into the second quadrant. (See Fig. 4-3 for 31
analogous azimuthal effects). ' '
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Complements the previous figure by displayiﬁg data points taken
along vertical cuts through the family of curves represented in

that figure..
0, =52 and ~90 mT.

The vertical cuts shown were taken at <B

clear from inspection of that figure.

= 52,

The reason for these cholces sh ufgpbecome



w

- 125 -

. AR
'

Chapter 8

The General Critical Statg Model

Introduction

" Qur \measurements monitor the evolution of ~"the average
magnetic inducti aLong the z and ¢ coordin;tea,of‘h hollow cylfndef'
aé H// is varied with H¢ kgpt ?ixed or vice versa. IThes? data readily
provide some 1insight into the general patterns of tﬁe ﬁer;istent
currents which thendfircdlape 1ongitudin§lly and aiiﬁuthally. Vis 2
vis the. physical mechanisms, the lmportant quanéities, however, are jl
and j//, the current densities flowing perpendicylar and parailel to
the local flux denéity E(r). The apprdpriate frame of reference then.
ig the vector ﬁ. The direction ;;\Ehig vector, however, varies with
padlal positioq_ig{Ehp specimen, hence with respect to ;he sample or
1aboratory coardinaCes. We will refer to the latter as global
" coordinates and to the frame of reference defined by the vector ﬁ as
the local coordinates. The realization that Maxwell'slequations should
be expreésed in the local coordinates rather thaﬁ the globall
coordinates comnstitutes the crucial first step of'%he theory Qeveloped

by Clem and which we now describe.

Maxwell's Equations in the Frame of Reference of E(r,t).

. ' o o W
2 With reference to the cylindrical coordinates ¢ and z of the

specimen, the magnetic flux density can be written,

B(r,t) = $n¢(r,t) + 5B (z,0) | (1)
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Alternatively, viéualizing a unit vector a, locally parallel
to the flux density ﬁ, we write - rjj
’ > A ' .
B = a B{r,t) ' (2)
' where, the unit veéi:or, ‘
AN N -
a= ¢ sin a + z cos a (3)

. . ' ~
is constructed by combining the components of the unit vectors ¢ and Q
along 9, and defines this unit vecto‘r with respect to the global
Fal

A A
coordinates. Another unit vector B, orthogonal to & and r can be

defined by the vector product,

LA A
p=ax r (4)
Hence,
B="tcos a~-z sina (5)

The converse transformation ‘relations can be obtained by

multiplying\ equations 3 and 4 by sin a (or cos a), comb‘ining and making

: 2 2
use of the well known trigonometric relation, gin a + cos a = 1. This

yields,
N oA ' n
‘4= as8ina+ P cos « (6)
AA A
z=acos @~ B sin a (7
The electric field vectér*'g(f},t) reads
. _ | E=$E¢+QEZ (8)
in global coordinates an.d, ’
‘ N , A
E-aEH-+';3 EJ. (9)

. ‘ ' + A
in local coordinates where E// denotes the component of E along a,
»
hence along E, and El’ the component perpendicular to B. Introducing
equations 6 and 7 into equation 8 leads to,

A A '
E = a(E¢ sin o + Ez cos a) + B(E¢ cos o -.,Ez sin a) (10)
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In view of equation 9, the component E// and El ‘then read,
E// = E¢ sin o + Ez cos o (11)

EL = E¢ cos a - Ez sin o (12)
Alternatively, introducing equations 3 and 5 into equation 9

leads to,

L
In view of equation 8, the components E¢ and Ez thed read,

E = ¢$(E sin a + E, cos o) + z(E,, cos &« — E, sin a) (13)
/1 L cos @ /! 5 2

E// sin a + El cos o . (14)

E - i .
. // cos o El gin « (15)

. The components of the Maxwell—Faraday equation,
+
_aB .

VXE"EE (16)

in global cylindrical coordinates read,

BE¢ EE_ -BB
or T at (a7
and
aE_ 3B ' '
—Za_2?
ar ot SlB)
We note that,
Bz = B cos a, B¢ = B sin a ) (19)

Introducing these expressions as well as equations 14 and 15

into equation 17 leads to,

) °F 20
sin «o T + cos a 3?—-+ (E// cos a‘—fEI-§in u)'ﬁF
E sin a'+ E, cos a
!/ 1 da .
T cos o 3; + B sin o — 3t (20)
Now, introducing equations 19, 14 and 15 into equation 18 yields,
: %y 3F, o T
° cos a z—— = sin a T --(E// sin o + EL cos a)-g; :
aB Ja :
sin « T + B cos o T (21)

Multiplying equation 20 by - cos a and equation 21 by sin a
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and combining leads to,
~3E 2
3B L _ cCos o _ 3a  8in a cos &
ot ar B =T E/I(ar + r =) - (22

Multiplying equation 20 by sin o« and equation 21 by cos o and

combining leads to,

g 9% . aE// +F sin’e _ & ¢3a _ sin Ros o) (23)
at ar /l L ‘3r r ,
The components of the Maxwell-Amp2re Equ§
> > ¢
VxB=y ] (24)
in global cylindrical coordinates read,
-8
[ : . 9r = uo j¢ ’ (25)
9B B
4 .
ar + T Ho jz ' (26).

In analogy with equations 11, 12, 14 and 15 or proceeding as

we have done in obtaining these expressions, we write,

.j// = j¢ sin a!:>jz cos o '(27)

'jl = j¢ cgs a - jz sin o (28)

- J¢‘ = j// sin & + j cos a (29)
-y, = jj cos a=-j sina ' (30)

where j// and jL are components of the current density 3, along Q and
ﬁ, hence parallel and perpendicular to ﬁ(r,t). Introducing equatibns
19, 29 and 30 into equation 25 ylelds,
Ja 3B ‘
B sin @57~ cos & m = uo(j// gin a + jl cos a) (31)

Now introducing equations 19, 29 and 30 into equation 26

°

yields,
: 3B 0B B sin o )
B cos o5 + sina ™ + = = uo(j// cos.a jl sin a) (32)

Multiplying equation 31 by sin a and equation 32 by cos o« and combining

‘ylelds,

gin o cos u)

" (33

d
Modsy ™ B(S%'+k
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Hultipiyihg équation 31 by cos a and equation 32 by -gin o and

combining ylelds,

‘ - 2
j = -dB _ B 8in a
o-l ar r

Equations 22, 23, 33 and 34 constitute general formulations

u (34}
of the two pertinent Maxwell's equations for an infinite cylinder in-
the frame of reference of the flux density. The .appropriate

expressions for infinite slab geometry can readil& be obtained .by

letting r go to infinity.

Since a + B ="7/2, then

doo —3B A -8 '
o 3t | at and ar  ar (35)

Substituting the latter.into equations 22, 23, 33 .and 34 expresses

these in terms of the complementary angle 8.
Application of the Clem Equations to Tyﬁe IT Superconductors.

We refer to equations 22, 23, 33 and 34-as the Clem equations
and now examine the application of these general formulae to phenomena

encountered in type II superconductors subjected to the noncollinear

regime.
Firstly we note that the formulae iacorporated the "free
space"” relation, S
' . + > -
B=uy H (36)

hence, these do . not explicitly take equilibrium (intrinéic or
Abrikosov) diamagnetism into account. We will therefore proceed, in
this discussion and in the next chapter, In a framework where the role

of Beq(H) 1s taken as negligible and-regard equation 36 as an

acceptable approximation.
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| fhe effect of flux pinning. is introduced phenomenologlcally
?y postulating‘thg ex}stepce of # critical cﬁrrent density jcl(B'T)
-péfpendicular to ﬁ which characterizes the c;osen ‘ﬁterial. When
'jl 7-jcl, th; Lorentz driﬁing force éxceeds the pinning forces and the
flux lines are made to migrate, thereby génerating an electric field,
| B =vB=0o(, -1 (37
whgre'vl is the flux line vglocity perpendicular to the flux density
and Py is denoted”the-fiux flow resistivity. So far then, the Clem
theory builds on the eritical state concept enshrined in the literature
for .two decades and exploi;ed{ in hundreds of papers addressing

phenomena in the collinear vregime. In our work we confine our

. ‘ > *
attention to sequences of quasi-static configurations of J and B, hence

we will henceforth limit our discussion to flux transport critical

state situations where jL = 3 . Equation 37 accordingly plays no

cl
explicit role in our anaiysis. The electric field EL which griseg

as the B profile_changes from one metastable configuration to another,

is obtained from Maxwell's equation as formulated above by Clem. 1In

-

harmony with established views, the first angatz of the Clem theory 1is
. -
that zones can appear in the specimen where,

E, #0, 1, >3 _%% £ 0 (38)
These are dencted pure fiux transport reg16n§ (f zoneg). Since the
displacement of flux lines is a dissipative process,
EL must be.in the same dirgction as jcl (39)
The effecq of flux cﬁtting is introduced phenomenqlogically
by p&stul%ting the existence of a ¢ritical current density ch/(B, T)

flowiné parallel to B which characterizes the chosen material. When
S . .
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j// » Jc)/; the process of flux cuttingrtakés place, thereby generaéing
an electric fleld E,, directéd aiong the local flux density B. Any
consumption of flux which enaueé from the ope;agioﬁ of flux cutting is
emﬁodied iq and e;erges from the pertinent formulae (equations 22 and
. 23). Consequently, the detailed mechanisms of fluxléutting and flux
consumption play no direct roie in the impi;mentatipn of the theory. A
'flpx cutting resistivity p// can be introduced via the relation ‘.
TRLITRS TR NP (40)

We will, however, not pursue ‘thig important equation further siﬁce in
Au: work we have dealt only witﬁ sequences of quasi-sgtatic
configurations where j;/ is only infiﬁitesimally_greater than jc//‘when
the changes 1in the externally';ppliéd magnetic fleld are taking place;

Thé crucial ansatz of the Clem theory can then bé summarized

in the following statement. Regiong ‘can appear in ‘the speciﬁen in the

noncollinear regime where,

W
OB oa
E// #0, j// > jc//, 3 + 0, 3;-# 0 (41)

Two possaibllities how arisge.
a) Reglons can exist where both flux cutting and flux transport are

taking place. These are denoted CT zones. Consequently,

. ' ~ dB dax - o
B 0 B[R0, 3> 4 3> 3o 32?0 et O (42)

b) Reglouns can exist where only .§lux cutting is occurring and no flux
transport is taking place. These pure flux cutting reglons are denoted
C zones. Consequently,
' | . BB, . Dda
F - ) —_— ——
1 #0 ELm O 3y 3y 003 e e 0 e PO G

The first possibility had been envisaged, in an unsophis-

E

ticated way, in the empirical double critical state model of LeBlanc
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and his group. — The secoRd situation constitutes a major depariurq from
the "clagsical”.critical state picturéJ The classical critical state .
concept, applicable tolthe treatment of the collingar regime, allowed
fof”therpccurence of-O < jl<( jcl only in passive (ihert) zones where
dB/3t = 0.;.Using the prevailing parlance or jargon, one can say that
the Clem théory.allows for the generation of subcritical B profiles in
active (3B/ot # O hnd/or aa/3t # 0 regions).

Since flux cﬁtting is a ‘digsipative process, 1ﬁ is also

required that E// have ;he same sign (i.e. the same direction) as j//.
The Clem = theory conséquently. imposes ,a more stringeat set of -

.constré}nts than 1s normally applied ‘usually to energy. conguming

'inﬁeractionq. In the latter case, 1t 1s generally only éﬁquired that

-

the angle between E and ] be less than 90°. ’

It 1is 2333?1 to return now to the pure flux traﬁsport reg?on
(T zones) and examine in more detail Phe variéty of situations which
this can encompass . We can envisage a reglion permeated by planar or
¢ylindrical sheets of flux 1lines where the orientation or helicity
-varies spatially wﬁfh 0« j//'< jc/}. These flux lines can be made to
underge displacement, compression or decompression with no change in
their orientation or helicity. 'This is the scheme proposed By Campbell

-1

and Evetts to account fpr noncollinear phenomena. In their scheme,
however, no limit jc// is imposed on j)/. Consequently cutging-
transport (CT) zones and, of course, pure cutting (C) zones do not
occdr in thelr approach. As a resulf, this model leads to unphysical

situations “and sharp disagreement with observations.

Finally we note that the solutions to the Clem equations must
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- satisfy the requirements that E/I(r), E (r) and B(r) be continuous.

&

The Clem equations, together with the several constraints

Just enumevrated, provide a versatile and powerful framework to predict

: ' T . : - - \
new phenomena and to account for a vast assortment behaviour. 1In the -

next chapter we apply this theory to the analysis of some’ of our more
salient observations on the magnetic responée of a hollow cylinder in

the noncolliuear regiﬁe.

=]
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Chépter 9

-Application of the Clem Thedry.

Introduction ° )

5

In this chapter we exﬁloit the generdl critical state Eheory
: . »

(Clem theory) to describe our;/hﬁserv;tioﬁs of the azimuthal ’

paramagné%ic effect presented in

diamagnetic effect presented in chapter 4. We analyze the

electromagnetic behaviour of the specimen 1in the ‘éontext where the

spatiali and temporal variations of  the magnetic flux density (B.

profiles) and of a, the.orientation of the magnetic induction ﬁ(r,t)
with respect to the z-axis (a profiles) consist of sequences of

metastable configuratio%br- Consequently, the "dynamic” equations,

E = - E,, = - 1
LT A T By ey T Ay )
do not enter into our analysis. Instead we write, -
8B _ 3B EEE. 3a _ 3a ijf.fff. (2)
ot B dtc° 3t 3o 'dB  dt
8 8 8
. ' dBS -
E(ryr) = B(r) g L (3)

where,

2.0 0
»(Ro)) (%)

is the total externally apaplied magnetic induction at the outer surface

Bs B [(uoH//) + B

of the cylinder, and,
o SO ‘ A
o sin -(———B ) (5)
+ ' ‘
1s the direction of B, with respect to the z—axis. We note that stldt

then cancels out of the C formulae for 3B/3t and 3a/3t given in the

previocus chapter.

chapter 3 and of the azimuthal.

-
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We have developed a computer program which solves the coupled

Clem equations with arbitrary analytic functions,for 3,,(B) and jc//(B)

-~

as uoH//, .hence B and us, are incremented (increased or decreased)
8 ;

with the azimuthal magnetic induction B (Ro) and B¢(Ri),'. at the outer

¢

and inner surfaces of the wall of a hollow cylinder, maintained

stationary.. 'The solutions con’sist firstly of sequences of B(r) and

. , . - : C.
a(r) profiles corresponding to the incremental evolution of BB in
' uni;.on'_wilth @ - We stress that the. latter are not independent in our

a

experime_:ﬁts and in our analysis but are linked by equation 5 where

Blp(Ro) 1s held constant. The B(r) and a(r) profiles must, of cdurse,

4 satis‘fy bounda{y conditions at both Ro and R This feature, may

g
appéaf rather pedestrian, at first glance,, but 1t contains a most
severe test for theories endéavouring to count for elect:;omagnetic
phenome‘na in the noncollinear regime. .‘

It is appropriate, useful and indeed necesa;ary to expand
briefly- on this last statement at this juncture. In ail ‘ other
experimental arrangements'/‘ef{pﬁ\‘ited previously ¢to investigate
noncollinear behaviour‘, namely; (i) 'iribbons in orthogon.al externally
applied magnetic fields, (i1) solid wires carrying a varying current in
a stationary or varying H// and (iii:) rotating or oscillating disks in
a statlonary or varying ﬁ directed along the flat surfaces, only one
set of .boundary conditions enter into the plcture. Tﬁese are Bs and
BB. The set B and a at the mi%plane of .'the ribbon or-disk and at the
axis of the wire are not onlyl' not measured but exercise no constraint

.on the allowed profiles. For the solid wire, symmetry requires that

a =0 at the axis, but Bz(r) at the axis is unconstrained. The absence
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constraints allows the modelling of observations

of a get of "internal”

considerably more freedom to generate plausible configurations and to
avoid the important verification of whethér the ‘values calcﬁlated for o

and B at the inner boundary are coftect.

' In our geometry, besides satisfying ~the outer and inner

boundary conditions, the_solutioﬁs to Clem's equations must satisfy the

physically imposed requirements that,

(1) B(r), a(r), El(r) and E//(r) be continuous, and ‘ _ -5)

(11) ELjL > 0 and E//j/ff> 0, hence EL hgg the same sign as

;, that of 3. . ‘ /’/,

In the process of solving Clem's ®quations, the computer

.jl and E
-programmgfmust therefore C9mpute.sequence3 of B(r), u(;),.EL(r),
E//(r), jl(r) and jly(r). To relate these results to observations, the
B(r) and g(r) profiles are converted to Bz(r) and B¢(r) profiles wﬁich
are integrated oyér Ro - Ri to yield the spatial averages (B;} and
<B3. It is aiso of interest toféollow the evolution of the jz(r);
j¢(r), Ez(r) and E¢(r) pr?files. Computer plots of ‘these various data

as the phenomena evolve provide fascinating ilnsights. . J{ﬁk

Results and Diécdssion 0

A. Chbice of 4, and jc//-

The determination of jcl(B)'from magnetization or criticél
current curves is a standard exeréise in the claaéical collinear
regime. Curve A .of Figas. 1, 2 and 6 of chapter 5 display a good
appro#imation'for jcl versus B extracted from the magnetic response of

the hollow cylinder to H// increasing or decreasing in the absence of

i
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H@. For computational and theoretical convenience we select.a simple

analytic expression which provides a satisfactory description of jcl'

name ly - _ :
C . B o B
b =3 - (6)
-B c2 '
where the coefficlent C = 3.65(107) A Ti/mz. We have algo taken Bcé =

1 T. This choice 18’ somewhat Erbitréry, since our measurements do not

s .

extend to Bc . The success of this prescription is reproducing the

P
behaviour of the hollow cylinder to an increase or a decrease of'H// in
the collinear regime (H¢ = 0) éan be assessed by comparing curves A and
A' in Figs. 9-1 and 9-7.

The pheﬁomenon_ of particular interest in our work is the

¢ kept fixed

"while H// is swept up or down. It is the behaviour of this quantity

which signals and ﬁéﬁifests the occurrence of flux cutting most
dramatically. HE stress that. flux cuté;ng occurs when j7/ attains and
exceeds jc//’ however {nfinitesimally:. Aﬁ expected then, jc// vill
play a dominant role in dictating the locus oﬁ <ﬁ¢> versus H//. A
"correct"” prescription for jc;/(B) is consequently.quite impﬁrtant in
order that the model reproduce tbp Intricate féatures %Pd trends of the

familles of measured curves. The choice of ch(B)’ however, also

impacts on the cnset and extent of flux cutting since\j// and jl are

.coupled in the Clem equations in c¢ylindrical geometry via their

interdependence on a{r) and B(f). Also, the latter are coupled "in

planar as well as in cylindrical geowmetry through the‘Ma#wgll—Ampére

-+ T .
equation V x E = - 3B/3t. At any rate, having fixed gn a choice for
ch(B) we now seek a suitable expression for jc//(B). '



--138 -
~

The estimates of 'j// from the magnetic response in the

noncollinear regimé obtained and described in chapter' 5‘ yield only

lower limits for jc'/'/ since j// appears to exist in a critical state
over only a fractlion of the wall thickness in the situations under

scrutiny. Again, we have deemed 1t desirable to introduce a simple

analytic function and relying on the data of 'chapter 5 and other
information we have seledted,

b B .
Jc//=§(1*-'§;2) (7)

) 7' .
and set the parameter D = 1.53(10 ) AT/mZ. We 1llustrate the effect of
varying this parameter 1in Figs 3 and by a comparison of Fig. 8 with

Fig. 10. It is evident that the azimuthal paramagnetic effect (H//

_increasing) 1is significantly mc;re_‘sensitive to the choice of 'this
‘parameter than the azimutHal diama‘gnetic effect (H// dec.:reasing). In
the course of our calculations we have also ;axamined the effect of
‘inc.reasing or decreasing the power ;Df B in cheldenominator of e_.qua't-ion'
7.. We find that some degree of lacitude arisés in this respect. This
arbitrarinéss or uncertainty could be explresaed by wrriti‘n'g g" w_ith-n. =

"1 * }.  TFor each choice of u, there corresponds, of course, an

’

“optimum” value for the parameter D.’
- ) °

The outer and inner radii, Ro and R fntrbduced_in the

i)

calculations are those of the sample.

- -

B. Evolution of B(r) and a(r) for H// iﬁcreasing-
Although equations 22, 23, 33 and 34 of chapter 8 were
»
written in terms of a(r), the angle subtende_d between B and the z axis,

it 1s more convenient iIn our case to portray the behaviour of 1ts

"
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co lementary,ang]ce B(r) = m/2 - a(r), subtended by ﬁ and the ¢ axis.
culations Bs‘has usually been incremented in steps
of 25NqT over the ange B¢(Ro) <Bs <_200 mT, and in steps of 50 mT

above 300 mT. “wall is divided into 1000 ele:ﬁénts. The results we

compute are inseénsitive to a diminution of the :[.ncrement:s for Bs' to

10 oT and an increase of the spatial grid to 4,000 elements changed the

iy

calculated A<B¢> by % 1Z.

Figs. 2 and 3 display the evolution of A(B(t?, the change of
LY -

<B¢> from the initial value, '<B¢)app’ the static azimuthal magnetic

induction in which the sample become superconducting, versus

.

increasing from zero. Fig. 2 sghows the effect of different static

applied azimuthal magnetic fields on the behaviour. Fig. 3 illustrates

the sensitivity of the calculated curves to the choice of the parameter
A} .

., 0 controlling the magnitude of jc//' To assist the reader in comparing

these calculated curves with actual observations we have reproduced

corresponding experiméntal curves from Chapter 3 in Fig. 4.

* It 18 evident that the 'overall agreement between the

calculated and the measured A(Bq?versus H// curves 1s disappointing.

Nevertheless it 1s encouraging to note. that the calculations

successfully generate some major features of the families of intricate

data curves: ) @

(1) An initial shallow diamagnetic (pure flux cutting) valley.
(11) A steep rise mapping out a paramagnetic peak.

{111) A rapid descent aund,

¢(iv) A subsequent gradual and monotonic rise to the paramagnetic:

region after the abrupt descent, hencé the locus of A<B¢>

g
R



By(R:)
b .

versus H// traces a second wide valley.

We examine ' each of these features and their physical

implications in succession.

(i) 1Initial Diamagnetic Valley. 7

The depth and breadth of th&vellgy is determined by the
chosen.ratio, for jc//(B)/chSB) over the low range of B. This valley
can become 'very pronounced when jc// and ch are chosen to be
a':;)mpa.rable over this range. ‘ With our cholce of the the parameters C
and D in equaFions 6 and 7 forAjcl and jc//, the depth of the valley 1is
relatively small c_:dmparéd with the height of the. subsequent peak since
in our case jc// is appreclably larger than j!::L over trhe appll’icable
range of li. We note that there jc//> jcl. when B ( (1')'/C)i = 176 mT.

- An examination of the sequences of B(r), B(r) (instead of
a(r)), E‘L(r) and E//(r) profiles, shows v.::learly that this diamagnetic.
valley arises from the appearance of a pure flux cutting zone in the
vanguard section of the advancing B and 8 profiles. This C zone
precedes an e:fpanding CT .zone. The Cl zone 1is elvid'ent in the schematic

sketches- above which display a typical sequence of B(r), B¢(r), Bz(r)
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»o

“and 8(r) profileg associated with the evolution of this diamagnetic
valley. We note that -the front of the "new” B(r) and B¢(r) profiles
dip below the correspoqding "0ld" profiles. The movement of all the

profiles 1s towards the right 1in all these sketches since the

[

penetration progresses from the outer radius to the inner radius as H//.

v

increases. The € zone occuples the space, Iré - r:ninl (or

rB-r

minl)" between the front of the leading B(r) profile and the

minimum in the B(r) profile. 1In this ZO-"l'.le, E.L =0, 0 j.‘_( jcland

flux 1s being coﬁsumed by pure flux cutti'ng.; .

The trench gouged in the B¢(r) profile by the flux cutting,
initially widens and deepens. As the advance proéresses, these two
trends cease, albeilt independently, and reverse. The contour.of the
diamagnetic valley In A(’Bq:), is determined, h;nwever, by the competition
betwee_p two E:oncur-l.'ent processes. Thesg are, (1) the growth in the
rate c;f destruction of azimuthal flux by‘pure flux cutting in the C
zone and, (i1) the re;te of growth of l:}}e "bulge”™ in the azimuthal fiux
in the CT zone, occupying the space between rl;lin (or r;i

outer radius Ro. In the latter zone, -although consumption of azimuthal

Y

n) and the
flux may be occurring, this process is overwhelmed by .the continuous
entry of "fresh” azimuthal flux at the oute;: surf.ace.

The evolution of. the characteristics of this diamagnetic
‘valley which merges from the calculations is in good agreement with
observations. .Specifical_l'y, (1) the depth of the valley becomes
greater as the .stat::l.c <'=B¢>app is chosen largef (see Fig. 5) and’ (11)
the Vall.'ey for a chosen <B¢>"ap'p becomés shallower and disappears
quickly as the initial H/'/ is chosen la?'ger. This diamagnetic valley

has vanished when H/ / ~ 100 mT.
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We stress that this valley carries the clear signétuqe of

flux cutting events.

+

(i1) Growth of the Paramagnétic Peak.
Depeﬁdinngn.the parameters, jCL(B) and jc//(B) and the
initjal:conditionsl(i,e- the choice of <B¥>app and H// in which tﬁe
‘hollow.éylihder becomes superconducting), two situations or modés_of
‘bepaviour arises : :
A5 Thg C zone, glthbugh dimintshing in extent, after its initial
growth, during its advance, has sﬁrvived throughout the transit of the

B(r) prbfile across the wall. This situation is i{llustrated in Fig.(A)

of the sketches on page 143.

B) The C zone has shrunk in breadth ring-progress across the
wall and has vanished before the front of thé B(r) profile attains the
inner radius. This situation 1s displayed schematically in Fig. (B)

where 1t can be compared to and contrasted with the former case.

We encounter both of these regimes in our analysis of our

EZ}a\dgpending on the strength of the static applied azimuthal field H¢
and the cholce of the“initial H//. For H// increasing from zero case

(B) oecars with <B¥>app < 30 wT and case (A) with <h;>a;pl> 30 mT.
W;th<<ﬁ$>app = 30 mT{‘fhe disappearance of the diminishing C zone
co{ncides'with the arrival of the fronts of the B(r), Bz(r)} B¢(r) and
d(r) profiles at qhe ioner radius. This therefore constitutes a
special transi;Eon:caselat‘the_boundary between the two regimes Jjust

described and 1s displayed schematically in sketch (A/B)-en page 143.

Here, the rate of advance of the minimum in the B{r) profile, although
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r ¢

‘slower at the outset than that of the B(r) profile, ‘had experienced an

accelerai‘.i_oﬁ during the transit and rmin of the B(r) profile has juat.

caught up in its race with rB, the front of the ledding B(r) profile.a's !
they. reach the Ri ‘boundary. The transition from one mode of behaviour

_to the other i1s not abrupt, however, but occurs over a small range of

. Y | ‘
stationary <B¢>app° ‘ d . ) ‘ ]

We now examine the behaviour in regime (B) before the fronts

of the disturb.an{:e in the B(r) and B¢-(r) profiles have attained the

!

inner radius. The set of sketches (B) .ca_rl srill serve .to dis_play"the
pertinent profiles .and types of zones 1if thé boundaTy labelled Ri in
the sketches is viewed as indicating an interface within the wall, and

Ri is now regarded as the applicable inner radius. The spacé between

L
Ri and Ri is now viewed as an fnert or passive region (0 zone) vhere no

changes in the flux and current configurations are taking place (El =

E// = . The crucial feature" is that rB, the fi‘pnt of the advancing

B(r) profile leads rz, the front of the Bz(r) profile. The differences

between two posslble cases, with respect to the space between 2" and

L need to be' brought out, riamely vhere, (i) = O and, (ii)

. Uit

H//i #0. In case (i) pure azimuthal flux is undergoing compression in»

¥

this region, hence j// = 0, 8¢r) = 0. ~In case. (ii) initially _1//
but B(r) # 0. Helical flux is being compressed in this region, hence
j// and B(r) are chhnging as the situation evolves but j// remains less

than jc//. In both cases flux 13 being displaced radfally i_nwa.rds,

hence E # 0 but E = 0.
Lo ) /7.

This is consequently a pure flux transport

region (T zone).

This T zone appears Ilmmediatély after the 'shrinking C zone
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_ has vanished and now expands as its two boundaries (rz and rB) advance

towards the inmner radius. It is of considerable interest to note that.

at the “instact" the C zone vanishec and the'T zone is born, tce B(r)
" and B(r) profiles‘both existbin critical CT states overArhe entire
active ekpanse o} tce ;all. This 1s a 'unique configuration in the

sequence of configurations where the brofiles can, 1in principle, be

readily determined by solving the two critical state equationa, only,

/, . JcL(B>=—+BJ—B'§“ " ®

sin a cos a)

Ty 3B = ( (9)
for any appropriate H//, H//i and H¢(Ro)' We stress that here, the
fronts of the B(r) , B_(r) and B(r) profiles must coincide, hence the

L4

“inner"” boundary conditions are prescribed.

This crucial occurrence.provices;a'hstandard" or checkpoinr
for verifying and cocpcring the evolution of the ocutputs of different
computer programmes which nmy be devised to solve the coupled Clem
equationsf lFor corresponding rhoices of H//, H//i and H¢(Ro).
all solutions must agrec at this juncrure- In general the solution of
the "Clem equarions abpears to require a sequential procedure‘where
previous solutions must first be determined in succession atarting from
a known state of affairs; Thc occurrence of this double critical state
configuration may thus also prov?de a useful intermediate ‘starting
poict for computation; l

" The T zone which replaces the vanished C zone at the vanguard

of the B(r) and 8(r) profiles, now expands as its boundaries advance

across-the.wall; In other words, Ty progrcscea more rapidly than r -



3 ) .
(When H//i # 0, the B(r) profile rises but remalns subcritical in the T

. zone occupying the space between f" and rz‘); E// and j// in the

-vicinity of the ‘front of the CT zone rise considerably in magni'r.ude as
the growthhof the T zone takes place. Meanwhile, in t}e.vicinity' of
" Ro’ the outer radius, E is rising in intensity whereas I?HI is

diminishing to zero. HNow, elther, (i) the front of the T zone reﬁches

L

the ianer radius Ri before E// becomes zero at the outer radi9a, or

(ii) E//- becomes zero at the cuter radius before the fropl:/c\f the T

'zone reaches Ri. In the'fi_rst evéntuality‘, the sumlx\nit of the

\
paramagnetic peak has been reached and a decline in A(B(? now -ensues.

-

In the second instance, our compu'.ter programme fails to find further

solutions to the Clem équaﬁtionsi The trend of the sequence of E//(r)

profiles in the vicinity of R, indicates that a T zone should now

appear an_d develop adjaéent td Ro. Presumably, simultaneously with
this, the T zone at the front of the B profiln;. should bqu'if'n to shrink.
Qur ‘progra;ume, however, 1is now unable to_‘ generate any profiles which
satlsfy the several constraint;s and boundary conditions. |

THe reason for this failure appears to reside in the physica
of the method we have elected to exploit. In our approach, as
indicated earlier, the sequences of B(r) and B(r) profiles are‘taken to
be quasi-ftationary or metastable configurations where j'// < jc// and
jJ. < jcj.' In other words we have r_:ot. allowed for.situations where
temporarily, jHL (or jl) can sign:?.ficantly exceed and relax to jc// (or
Jc.L)' As a Consequence, our tecﬁnigue is unable to copée with the

- 4

situations which we now encounter. Here as the T zone, at the front of
. . LS

the B pr_ofile. grows, |E]-/| is seen to beconie very large over 'part of
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the CT zone and also |E|| near the outer radius. . These strong electric
fields will assuredly" generate current densities which make transient

excursions beyond the critical thresholds. In the light of the failure

+of our approach in these circumstanées, we are developing a computer -

prograﬁﬁe which allows for such .excursions by incorporating the .

pertinent-prescrip;ions, EL - pl (_1l j ) and E// - p// (j// e+J)’
,Wwhich we had set aside.- The results of this effort, however, are
beyond the scope of this theqis.

Unfortunately, the range of the upsweep of H// where our

approach produces solutions, diminishes as the chosen static §B¢>a p is

Ay

_taken to be smaller. We are consequently unable to trace out the full

growth of the paramagnetic péak‘wheniB¢)app < 30 mT. Hence we cannot
compare predictiond of the theory with observations forA(Bé}versus

over the locus of the entire first paramagnetic peak when {B>

/1 ' ‘ : - "¢ app

+ £30 al. Further, our calculated curves presumably begin to deviate

from the "correct” results befoE?‘the catastrophic computational limit
: . i

18- encountered. Nevertheless, the evolution of A<B$> versus H// for

various <B¢>app < 30 amT reveals'gOOd qualitative agreement with.

observations over the corresponding ranges of H

.above, the unique configuration encountered upon the disappearance of

Y

the C zone and the birth of a T zone at the front of the advancing CT

Juncture. Faith in the reliﬂbility of ‘the outpﬁt of our prograﬁ.:

becomes less certaln beyond this crucial event.

(11}) The Descent from the.Paramagnetié Summi t.

— -
'

/) increasing. As noted

profiie, provides an intermediate test and check.  We can consequently

be confident that our results are reliable and valid up to this

<
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As noted in the previous -aectioﬁ, two configurations can
exist when the inner:%urfACe oE‘the wall comeé into play. We réfer the
the reader to the sketches on page 143. In (A), a C zone préceding the
CT zone reaches Ri’ whlle 1n.(B), a T zone preceding the CT zone

reaches Ri' As a consequence;'an.iﬁcrement in B hence Bg, however

S’

minute, must now cause'Bz(Ri) to 1ncre£ée, hence the longitudinal flux

density in the hole to rtse, regardless of which of the two situations

exists. (Surface barriers are ignored and, in any case, do not alter

the eveptual state of affairs).

To appreciate Ehat.Bz must rise at R, in both sets of
circumstances it 1s useful to consider each case separately. In (A),
the B(r) profile is in a critical state over the entire Qﬁll.

Consequently, a rise In B at the ocuter surface, must lead to-a rise in

3 at thg inner radius. Since,
Bz(Ri)
. W_“ tan B(Ri) g : '(10)

and BQ(Ri) 1s stationary, clearly then, this requires Bi(kij to.

incréase- In (B), the B(r) profile is in a critical state over the

entire wall. Consequently, an increase fn B at the outer Burface, must
k4 ) . :
lead to an increase in B at the inner radius, hence an 1ncrghse in

Bz(Ri) since, i k -

’ 2 2 } . '
B(R;) = (B,(R,) + By(R,)) ‘ (1
and B¢(Ri) is fixed. Further, in view of equation 10, B(Ri) must
. L]
consequently- also rise. We now consider both regimes separately.’

_(I). bT zone is initially preceded by a T ;one which extends to Ri,
(Fig.(B) on page 143). .
A T zone sepa?ates the fron; of the Bz(r) and B(r) profiles

. .

. - . . ] k] '
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from R, . We consider two sub—cases separately, (a) H//i = 0, and (b)

i Ll
H//i # 0. ’ .. ' | | ‘
(a) H/“-O. ’

! ’ t
Here, the T zone is filled with some portion of the pure

azimuthal flux originally permeating the wall and now compressed into
the speée between rg and R, by radially inward‘dieplacement. Since
longitudinal flux must now appear in the hole, the front’of the B (r)
and B(r) profiles must now suddenly advance’ across the zone of pure

azimuthaf flux. The concomitant increase in the longitudinal flux in

2
the hole from O to B, ® R, will generate a strong azimuthal electrical

i i
field,
. R, dB
' i i
E(b(Ri) T_B—S- (12)
Since, B¢(R1) )).BZ(RO), at this juncture, E// n E¢. As a consequence,

the T zone transforms into a CT zone. Simultgneously with this

occurrence,' the various constraints and electrodynamic requirements

dictate the appearance of a T zone adjacent to the outer radius. The

-~

sequence of events 1§ displayed schematically 1in the sketches on page

N

150, “where. most of the features are exaggerated for clarity of
presentation. The abrupt collapse of the B¢(r) profile 1s assoclated

) \ : .
with the sidden increase in the B(r) profile away frqm the azimuthal

and towards the longitudinal direction.
Alternatively, one can say that the amount of azimuthal flux
carried by the helical flux lines entering at the surface and spreading

into the wall is appreciably smaller, for comparable B, than the

azimuthal content  of the helical flux lines already permeating the
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wall. Further the latter are undergoing displacement into the new CT

zone where some of thelr azimuthal component undergoes consumption

faster .than it is being replenished. As a consequence of all these

,héppeﬁinga, (B@) exiblts 8 precipitous descent, at‘ this junct@‘, from

the summit At had just attained. ];ng'léed, in our account, the decline

in <B > is so gsevere that a Btrong' diamagnetic azimuthal magnetization,
¥ t

7u<B>, ensues (see Figs. 2 and 3).
.

.+ - In our approach for solving the Clem equations, which focused
'
on sequences of me.tastable, quasi-gtatic configurations where j// and

J.L are not allowed to exceed Jc// and j the events we have just

. X cl’
outlined, unfold in steps where the changes are exaggerated and abrupt.
Unfortunately; a resort to smaller increments for B and. a finer
spatial grid does not significantly attenuate the rapid changes in

proflleé. Consequently, although our program finds solutions

- . -
satisfying Clem's equations and the several constraints of the theory,

throughout the large excursions we have just described, these solutions .

presumably lose .contact with the physics of the situation. As
- .
mentioned earlier, a ‘“relaxation” or "diffusion” technique which
' ~
permits excursions of- j// and—jl beyond jc// a_nd jcl. would be more

compatible with the events and consistént with the large electric

fields generated by the .appreclable changes in the B{r) and 8(r)
e

profiles which are taking place. We are confident that the program

under development and incorporating 'theée crucial el\nmnts will prove

more successful in quantitaﬁively repraducing ‘the phenomena encountered

and yleld results in better accord with observations.

5 —

{b) H,

/11 ¥ 0.
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When the wall has. become superconducting in a longitudinal
field as well as an azimuthal field, the T zone at the vanguai'd of 'the
B profile is filled with some fraction of the helical flux originally

]

permeating the wall and now compressed into th space between rﬂ and
Ri. Thg"a interface, r:s, between the T zone and theladv c'ing CT zone 1s
now made evident by an abrupt ‘chenge of slop'e *n Ith_e Ber) profile'
" since dd/dr 1s critical i[l the CT zon.e..and subcritical in the T zone.
The Bz(r) prefile also :eflecfs the translition -from one zone to the

otherwby also showing a sudden change of slope at .ré as depilcted

schematically in the sketches below.

i

In contrast with the case where H//1 = 0, hence the T zone -
contained only azimuthal flux, one might now expect the sequence of
~events to be less dramatic, since here displacement of helical flux

from the T zone into the hole should allew for a gradual rise in Bz(Ri)

and a smooth evolution of the profiles. In particular, we anticipate

the T zone “to ahrink while the CT zone conl:inues to advance and to

witness the appearance of a. grwing T zone adjacent to the outer

. surface. Our computer. program, however, does not generate- this
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expectea solution. Agaih, adlwhgn H//i- 0; the configﬁration of a T
zone leading a CT zone trénsforms suddenly to that of a.CT zone leadiﬁg
aT qﬁne. In both instances therefore, a prefipitous‘drép in (B¢>
occurs at this'jﬁnctu;e. Also, in both cases, the continuation of the
deséent intq the'diamagnetic quadrant (see Fig. 2) is caused by an

‘expansidn of the outer T zone, hence a reduction:of the CT zone. Also,

4

once more, it 1s the appearance of a strong electric field E// at Ri

which 1is respoﬁsible for triggering the abrupt t:aqsformation.

1I. CT zone is initially precéded by a‘C zone which extends to Ri (qu

Fig. (A) on page 143).

Because flux cutting has occurred in the C zone, the flux

permeating it 1s helical, 'regardless of whether 1ong1tudingl flux

already exists in the hole or not (i.e. whéther Hypy = 0 or H-//i #0).
The .rise of the longitudinal flux 1in the hole, however gradual,

generated an apprecliable azimuthal electric field, E¢(Ri)

. ,
de(Ri)IZdB

{ around ;he Eircumference of the,hole: This glect;ic

g*
field has a c;mponen: L to-the helical flux lines in the wall adjacent
to the hole. This feature introduced 1nto-the Clem equations, and
coupled with the several constraints and requirements of the theory,
now dictates extremely fascinating behaviour, |
kgCT+ zone npw'appea}s adjacent to the hole (we now
distiﬁguiah the zones by introduqing the éubscripts + and —.to indicate

- N ‘ .
whether the flux transport is radially outward, or inward).

Consequently an unusual three active zone structure is now encountered

as depicted schematically inthe aketches‘on page 154. We stress that

' R
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the sign' of El. in. the 1.nner CT+ zone 1is opposite to that in the outer .
* CT_ zone. Both CT zoﬁgs expand by invadir;g thé‘territory of the C zone
which is consequently gradually “annexed” and obliterated.

The nature of the inner CT+ zone is particularly intriguing. A
pure flux cuttin‘g zone 1is,interposed between this inner CT+ reglon and
the outer CT_ zone where flux .transport is radially inwards. .The c
zone, im effect, thus constitutes”e; "ba.rrier:' against the penetration
.of flux from the out:e.r CT_.zone into the inner CT+ zone. AYet, the flux
density both in the hole and, in the part of the inner CT+adhe
adjacent to the holg, is increasing. Because of the C zone "6bstacl¢", .
the longitudinal flux appearing in the‘hole and the rise of flux
density in the inner CT+ zone _cannot: originate frr.:_m the outer zone.
"The q‘ueati‘on then arises, where d.oes this flux come from? ’.I'he sign of
El in the inner CT+ zone indicates that, .ii;are, the flux transport is
radially outwards. Evidently, the flux cutting 'and flux transport
processes in the inner CT+ zone “"enrich” the longltudinal component of
the hglical flux there at a rate sﬁfficient to cause B(r) to‘rise.
Presumably, the ;azimuthal flux cowmponent of the helical flux ™ lines
which is co.nsumed and tilted towards the z direction by flux cutting is
replénished by the azimuthal component of flux I:-ravers.ing Ri and
supplied by the toroidal magnet coil which maintains B(ip(Ri) constan\t.\>
In a strict sense, the rise of the flux density in the hole and tts
longitudinal component there is dictated by the requirement that E(r)

be continuous across the boundary R,, while the rise of B(r) and Bz(r)

il

in the inner CT+ zone ensues from flux cutting and radially outward

flux trangport. This picture, however, although. self consistent has
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the appearance of a bootstrap mechanism for lifting the flux density in
the hole. One could regard the flux cutting process as ‘an agent for

the conversion of azimuthal flux generated by the toroidal magnet coil
N .

into longit al flux. N

Sequences of CT_ and CT+ profiles.

Two routes can now be travelled by T i the position of the

minimum in the B(r) profile, once the C zone has vanished and the CT_

and- CT+ zones have met or "collided"”. The interface r .also defines

min
the boundary between the two CT zones and may now migrate either (1)

outwards o‘r, (11) inwards (see sketches below). The route followed at

this crossroads is uniquely determined by jcl(B)’ jc//(B) and the
.b0undary conditions H//(Ro)’ H//(Ri)’ H¢<Ro) and,H¢(Ri). We stress
that in our work, an(Ro) and ‘H¢(Ri) are stationary and the sequences of

H/I(Ro) are specified. 'The computational exercise therefore conslsts

in finding rmin’ hence H//(Ri)’ which satisfy the requirements that

Bz(r), Bq)(r), hence B(r), be continuous. Concurrently, the computer
program ascertalns that the sequence of solutlons for rmin’ hence

'H//(Ri) meet the requirements that, (a) E//jc'//> o, Ej.jc.L\/ 0 (i.e.
20 | - pla)

o2
>

;'«'Q
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that the components of the electric-field have the same sign as the

- ’

corrésponding compénent_oﬁ the current denaity), and (b);E//(rj and
E (r) be continuous. Condition (a) :lmpl.iea‘ here that E > 0 in the CT_
zone and EL < 0 in the CT_ zone. A variety of complicated migfations
of rmiﬁ can be envisaged, eg. outWarda then inwards; inwards then

outwards. “ Presumably such elaborate paths could be "fabricated"'by

various sophisticated sets of functions for j;L(B) and‘jc//(B) over the

- applicable range of B. We have investigated only the two slmpre paths,

(1) and (ii), and outlipe our computational results for each case.

(i) Outward migration of T oin

<B¢> is initially diamagnetic in this case and its locus

verﬁus H// remains in the diamaéhetic reglon througho%; the
computati?nﬁl exercise. A vefy gradual evolution towards zero
magnetization 18 exhibited in' some instances. Consequently, the
gituation does not correépond to any of ocur experimental obsérvations:
Fﬁentually, the sequences.of El(r) and E//(r) profileé cease to display
a smooth prognession‘ and start to display aperiodic,6 and erratic
increases and ‘decreases. - As ‘a. éonsequgnce, very BOOH,. reliable

solutions can no longer be detefmined.

(11) Continuous imward migration of i - .

It 18 of interest to describe the evolution of <B;> prior to

the meeting of the CT_ and CT, zones. As H// increased from H//i with

vaheld constant, <ﬁ¢>;fraced a rather deep diamagnetic valley, then
climbed gradually into thefparamdgpetic quadrant (see sketches on page-

158). ALl this took place while r ., the front of the B(r) profile,

B!
advanced aﬁross the wall to‘the lnner radius R1 (see Fig. A, page 143).

-
o
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Wh:l.lé the C 'zbne ghrank .(see sketches on page 158) <B4>did ‘not vary

aignificancly. We note that the range of increase of H//, during which

-
this event oc<:urred 13 not: appreciable. The continuous migration of

r  imwardly to R

in R ig accompzfnied by a small decrease in <B¢

Again, we stress. that the set of B(r) and B(r) profiles.

‘encountered as ru;in progresses lnwards until R, is ai:-tained, constitute

1
unique, history independent, configuratigqns. Here _1// and ‘j,l. are not

only critical throughout 'tl'-ne tire specimen but also, only one type of

-

CT zone exists. Indeed, the entire sequence of events from the

disappearance of the C zone-to the:present juncture, is independent—ef.
\ ‘ . o .
the Clem equations for 9B/ 3t and 98/9t and is dj.ctgt-_ed solely by the

critical state equations for jc.l.(B) and jc//(B) (equations 8 and 9).

This feature,- as we have remarked earlier in a similar situation,

pre'sent:s several tantalizing opportunities.
iv) Rise of <Bq> to a second peak.

A. . First we éontinue‘_the déveiopment of the situation under
.- [ .

scrutiny in the previous paragraph..

Upon further increaee of H//, a T zone appears at the outer

radius and rapldly penetrates ‘and occupies an appreciable fraction of
the outer volume of the hollow cyli.nder. The growth of .thi; zone
causes <Bq> tc; decline steeply fron; the paramagnetic to diamagnetic
qt.;adi:ant.. | 7 7 | ‘

.The decrease of (Bq? asso'c.ieited with the advanc;a of the T
zone can be qualitatively .understood from a consideration of the
sequence of d(r) ;:;rofilea .(laee skqtcheé on page 150) and the fact thant

o i

the corréSpondiqg B(r) profiles are critical throughout at every stage.

£

-

o
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equations and the several constraints. .

assoclated with the'retreat of this zone. -

—— re
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In view of the latter, the rate of growth of the B(r) profiles remains
essentially steady. The rapid rise in the f(r) profiles caused by the
entry of the T zone, indicates, however, that‘the imward trénsport.df

helical flux bringé about a‘reorientatiﬁh cf E(r) towards the z axis

" and hence away from the azimuthal direction.

e

The large El(r) generated by the rapid advpﬁhe'of this T zone -

- ls cértainly inconsistent with the quasi-static apprgach we have

/
éxcursions beyond j and jc// should be utilised to treat the )

adopted and indicate that a programme where jl and j/‘ are allowed
- “.

situation now encountered. Such an effort is under way. We emphasize,

however, qhat our method yields soiqtions consistent with the governing’

-

# 3
1]
. The‘ T, zone, ~after ita blitikrieg invasion of the outer

R

volume, now collapses gradually, its front retreating slowly towards
Ro.“This retreat is-accompanied by a slow3riéE'of'ZB¢>‘frqm the
diamagnetic quadrant fato the paramagnetic region. The plcture Just

exploited to account for the decrease in'<B¢> during the invasion by

the T zone can also now be applied to explain_the-rtqe in (Bﬁﬁ

-

L

. The diminution of the T zone and the concomi tant expansion of

the CT_ zone are linked to the relative_magnitudes and B dependence

migration of'rT, j?e interface between'tﬁe two zones.' The dhoice we

have madelleads to a gradual but continuous migration of Ty

and finally to a situation where r, reaches Ro. As a congequence, a-:

(53
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._‘,/ ‘single zone (a CT zone) -now occupies the ‘entire specimeo. Al; r.his.
juncture,. with our choice o_'f'jcl(B) and jc//(B) no further solutions to
the Clem equations can be f'ound as the inc?r.‘eaae in H/'/ continues. )

We note that a un.ique configuratiop of B(r) and B(r) 'solely

1

‘d'etermj.ned--by ch(B)' j'c//(B) and the boundary conditions HH(RO),’"
H-p(Ro') an'd“Ho(-Ri) .1is noo again encountered. As ‘a consequence;
maintaining our prescriptions for jC//(B) end‘ch(B), lTeads t:_o' an
impasse. No combination &F T aod CT zone structures- cao yield
solutions. “We eu.lphasize that C zones can no 10ngexI‘ eppear siﬁce,B(r‘)
,‘_‘ -+ ®must .i‘ncrease with time (wich-V'BS) t?lroughout' the wall.

o ' At: this juncture, eolutions to the élem equations ean Be
obl:ained by introducing amendments to 3 l(B) and/or j //(B) in the

range of B Just bfelow and beyond the threshold value, B just reached.

The migration of r. to R in our exercise arose: baaically because our

-

NN chosen j //(B) falls below j (B) in the range B ” '2T. We note that
the threshold B is not fixed by this crossover of 3 // and h| el but is_
also affected by the initial conditions, nemely,_ m and .<B¢>app’

. hence ‘Hq’(Ro) and H¢(Ri)' ~ The dotted line in Fig. 2 illustrates the

/
- !

™ ! ) \
effect of replacing Jc)/(l}). of‘ equation 7, by jc// = constant = -

72 L ¢
6(107) A/m over the range B ?»2.5T..

r'I‘he physicel implicati,ona of our observation that, allowlng

-~

J l/(B) to fall below _1 ( ) e range of large values of B, leads

+ to a situal:ion uhere no solutio ns can be found, are not clegr. Since
[ 3
" Ahe evolution of the several profiles 13 a con:lngoos. history
3
LA - . dependent, proeeas and ‘we have drasticallly 1nterfered in this process'
. : ‘.

by not allowing excursions of j// and j beyond J // and jv during

¢d

P
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this evolution,*sthe configurations our program has developed, although -
eatisfying the equations, requirements and constraints, must certainly
deviace from the correct-confiéurations, particularly subsequent to the_'
&brupff changes‘ in. the zone structures which we have noted 1n our
-discdssion.. As a consequence, the impasse we. confront because k) /!

: falls below J may have been avoided by a morq_appropriate relaxation
or diffusion approach throughout the development of the profiles and

_especially, when dramatic chdnges-in zone et;;;ture are encountered.

a
v

‘ Q). We-now return to the situation discussed earller In this

4

‘chapter where the arrival of the B(r) profile at the surface of the
hole p eceded the penetration of the- B(r) disturbance (see Fig. B of
page 143). This state of affairs led to a reversal of the zone | ‘

structure upon further lncrease of H//. The pertinent features are

again sketched below for. convenience. ' The zone structure changed

(
abruptly from, (1) a T zone preceding a CT_ zone to, (1i) a CT_ zone

preceding a T ;one. Basically, Ehen, the sltuation which ensues from

this ‘transformation is now {dentical to that we have just‘ been

examining. ,
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The differeqce lies in the detailed histories leading.to the "final"_
"configuration. The . evolution. of the profilés now must. p;oceed as
préviously? i.e.;-rT migrates graduaily t9‘Ro and-aélutions vanish
_unlesé we ame nd jc//(B) and/or ch(B) in the appropriate range of B so

that j;// does nqg’fail.ﬂelow ch.
Tﬁe large electric filelds associated with the change in zone
structure and the rapid advange of the T zone, most probably Invalidate

-

. our quasl-gtatic approach-in these "circumstances. Conﬁequently, the

detalls of the profiles during this sequence of events are probably

~

lunreliable. ‘We fecall that, the :gpid_advance of the T zone, Fenerated
a.preciﬁitbus drop in <B¢) from the paramagnetic summit deep inéo the
diamagnetic.quadraﬁt. As a consequence we strongly_suspect that” the
large diamagnetism obtained by ourrmethod may be either fictitious or
excessive. It 1s then pérhaés not too surprising that the migration of
) tﬁg EronF”of the T zoﬁk to RO does not sucpeeé in_caua}ng (B@} to rige

.

appreciably into the paramagnetic region and trace a second broad peak

A .
-

(see Figs. 2 'and 3). An.encouraging featufe of our results after the

"catastrophic” diamagnetic'hollapse‘is the governing equations

seem caphble of recoggry from a disaster and of guiding the system back

T

to'a “healthy" paramagnetic climate.

Finally we note that the calculated curves:'5f the
"™

longi{tudinal magnetfzation of the cylinder'versus H// are insensitive
.go-the presence of a fixed azimuthal field, lﬁ agfeement with our

observations for this material. Further, as can be seen by inspection

of Fig. 1, the magnitude and the direction of the clhange effected by

the presence of an azimuthal field 1s well reproducedfpby‘ the

-4
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L

theoretical curves. fhe theoretical curves, deal with an idealized
situation where damagnetization eff.ects are j;gnored., hence inagnettc.
fields along the wall are uniform over the entire _inner' and outer
surfaces. As a consequence, tle peak 'is "mathematically” ghérp, while
experimentally, it {s inevitably rounded. -

C. Evolution of B(r) and B(r) for H// decreasing from “//max‘ to

2ero.

AN -
Fig. 7 displays .the calculated and observed longitudinal
magnetization of the cylindér versus H// de:crea_sit;g in the presence aﬁd
absence of a stationary azimuthal field. These data are insensitive to
the presence of an azimuthal field for the material und;\sr\gdy and the
theoretical results reflect this featufe remarkably well. \"{hg/gmfﬁ‘
influence of <B¢>app is of the right magn_it:ude and c;)rrect direction in

the range of small H‘// but it has the wrong direction in t:ﬁe range of

3

large H//.

Figs. 8 and 10 allow the reader to compare the theoretical

L]

N
]

- ' .
and experimental evolution: of <B¢? versus H,, decreasing in various

. s‘l':atic azimuthal fields. The theoreti&al curves are not very sensitlve
to the magnitude of ] //(B) ‘:Ln the range of high fields. This feature
“™is‘illustrated by comparing Figsa $8 and 10 where the parameter D in‘the
expression 'jc// - D(l (B/8 2)/B was allowed to vary from 2. 3(10 ) to
1.53(10 ) A/mz.l note that the latter value ;orresponds té that
cht;sen in the analy‘éis of the data for H/'/ in‘creaaing. This-
insedaitivity to J c// arises because a major fraction (* 80%) of thg

uall thicknoss is occupled by a T zone, Where j” < j /,(B), during

the sueep of H// from H//mx to zero.

-

I
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The evo'lgtj.on-of lt‘he configuration of B(r) and B(::') and the

assoéiateng;%r); |

B(E), E (D), E))(r), 3,(r) and j//(r)’profilea 1s

-+ . , . ) .
remarkably simple in these éircumstances. This feature emerges readily

. from inspection 6f the sketches on page 165, which display schematics -

" .of typical profilés in the evolutionary sequence. Again éome features

* are exaggerated for clarity of presentation. :

[ A ndrrow C.'*_T_'_fzg/\r‘le de've10ps adjacent. to the outer surface of
Fhe cy'linder ‘anc[.. g‘mbraces .an appi‘ecigbly larger T+ zone. ., The s:ubacript
+ indica.t‘_e.s that"EH,' E.L’ j// a.ru:‘l.'jJL are positive. This 1s to be
expected since .'boﬁh B(r) and B{r)} are de‘c.réa‘sing. Previously, with H//
increasing,_' th'é -opposite signs appeared but were ignored until a
speclal . case aroée wher; a CT zone appeared, adjacent' .to the hole,‘
-where the '-flux‘transport was outwards. Since now the + sign prevalls

throughbut the history of the descent of H//, <the subscript will
- ) ) 1

I3

henceforth be; gset aside.

'Bor.h_ the.CT and T zones"expand until the front s of the T zone

'réaches the inner radius Ri' " The interface, ”r.'T, of the CT and T zones

.subsequently remains essentially static until the range of.low fields °

1,

/ f\._’ HvtRo). 15':attgined. As H// is reduced further., in tﬁle range
0 < H)‘/ < H‘P'(Ro)l,':the' 1nt§rface r;;\{nou @graCes tward§ R, , hence the
CT zone exp‘an._ds. -.'and, consequently, the T zone shrinks. It is this
. imard"mijgracion of r,r uhiph cat‘xses(B'P)‘versus H// to exhibit a vallgy‘
Ain :he_vicinicy'of H =0 (see Figs. 8.and 10). The valley displ{yed
byucﬁe "n:;asureq curves 1s less pronounced than that calculated an:‘i
occursg at lc_orresponq;ng larger <B¢>app
cheoretical-curves (!)mpare Figs 9 and 4-3 with 8 and 10). These

in fhe data ‘than In the

~ -
t L]

<
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deviations between theory and observations are not surprising nor

disturbing. The reasons for this equanimit; are the following. The

structure of the valley is quite sensitive to the extent of the

‘displacement of L For instance, a fractional displacement, ArT/rT
202, is reaponeible for the valley in curve C of Fig. B. Further, the
displacement ArT is very dependent on the relative magnitudes of
j //(B) and 3 J_(B) in the low field range of eg. 0 £ B ¢ 150 uT.
Unfortunately, neither of these-quantities is reliably known in this
low field range. It 1s well established that (B) varies ext reme ly
rapidly in this ranée bit an accurate picture of its dependence on B
and of its magnitude 1s notoriously difficult'tg obtain in this range
(a8 we have seen in chapter 5) and has eluded most workers.

In our view[‘the overall correspondence’between the latge
'__fanily .of calculated and measured curves 1s quite satisfactory. A
frustrating'featuce of this good a%reement, however, is that jc//(B)
‘does ' not play an impottant role in the behaviour. Consequently, these

data and *the calculations do not ptovide a sturdy vehlcle for

extracting good information on this crucial quantity.

Concluston

-

Our application of the éeneral critical state theory to our

observations of the evqaution of <B¥> versus H// increasing and

decreaﬁing, in various static azimuthal ‘fields, has provided

considerable insight into the sequences of intricate patterne of flux’

cutting, flux transport and flux cutting-fluﬁ transport zone structures -

which arise yithinjthis theoretical framework. We have shown thet the

-
.

S

Y
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.
A,

: ‘ !
theory reproduces several salient features of the observations. We.

have' identified the* occurrence of several complicated features with

. fl : " . -
speclific . arrangements and .histories of =zone_ structures. T
.o Fan

quasi?gtatic approach for'’solving the equations of the theory‘haé n

that several circumstances arise, however, where the technique wewhave'

' adoptéd is {inappropriate. Nevertheless since the aﬁglyais, shows .

- of the problems has been well charted.

-cleariy where and why our method is unéuitable, the paéh to é,solution .

oy
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PMlg. 9-1 Hagnetization of the entire hollow cyiin&er (hole combinkd

with the wall) with H// increaaing Curves ‘A and A' are measured and
caleulated for Hq’ = 0, curves B and B' for <B p; = 45 mT.



Fig. 9-2 Typical theoretical results- for the evolﬁtion lgf the
azimuthal flux in the wall versus ¥ H// in varioua stationary azimuthal
fields <B '> = 30, 45 and 60 mT for curves A, B and C. These curves
should be compl;red with Fig. 9-4. Curves B, B' and B" were calculated
.with H//i =0, 80 an.d 150 mT for <B¢>épp = 45 mT. " These curves shoul.d'
be examined together with Fig. 3-9 and 3-10. The rapid descent and .
subsequent rise of B' and B" are not shown to avoid clutter. D =
1. 5‘3(107) AT/m2 for all the curves.. Curves terminate when'solutions
.disappear. ‘j L c(1- (B/B 2)/Bi and jJ e/l ™ D(l (B/B 2))/3 with
C-365(10)AT/m ande-lT.,

20 — . . ; —
i - A 30 .
b?_ ! B 45
10 C 60 1
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"'Fig._"9-3 Illuscrates the effect of varying the magnitede of -jc// on
__the evolution of the calculated curves of <B? veraus //.'
parameter D = 0.92(10 ), 1.53(10 ) and 1.91(10 ) A'r/m for curves A',
v ! B';' and c'. <B > = 45 aT ‘for the three' curves. 'The curve‘é .are
1ncerrupted when sogutions disappear. I, - C(1-(B/B 2))/3 where C = -
3. 65(10 ) AT*/m and j /" D(1-(B/B 2))/n with B , = 1 T.,

20 ~' ' ' ' . ‘.' : ' , L : .
; : o R (Bgdgpp =45mT

(mT)

4By
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Fig. 9-4 Fﬁ€-3 ‘of chapter 3 1is ‘re.produi:ed here for convenlence.
L .

Shows three representative curves from that measured at  several

jiffe B . . )
di ) erent < -p>app )

(mT)

By
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Fig-. 9~5 The data points (4) are taken from. the several measured
curves illustrated’ in the prevlous figure. These indicate the depth of
the initial'diamagné-tlic valley in the locus of <B¢> versus H/'/

corresponding to a chosen statlonary (B >app " The solid curve is
calculated uains equat:ions 6 and 7-with C = 3. 65(107) AT!/m and D -
0. 92(10 ) AT/m . _ N ’
75 Lt r
* y T | L
H,i=0
{
) -5 - "
. )
=
E
. ry
>
o a
P
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SBF .
-
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- Fig. 9-6 Compares the calculatéd and measured dependen&es on'H}li_ for -

the height of the aharp parh'maghetic p’eak {see Figs 9-2,. 3-9, and ’

3-10). The data points (o) ‘yere taken from curves measured at <B; )

¢ app .
= 90 mT._ The calculations (solid curve) wvere performetf’for <B¢ app -,
745 m'{‘_ psing jc.L’ b} /! and the parametérs given in the capl:ion.;\ Fi,gr .
9"'2- v ! ' . - i A . )

T | T :‘ ¥

 XBgpeak) (MT)

.y
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"Fig. 9-7 biaghetization of the entire hollow -cylinder (coml;ination of
hole and wall) with H// decreasing. Curves A and A' are measured and

calculated for H --0, curves B and B' for (B )’ = 45 mT.
o S e $" app )

. 50
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E
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~ 100
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pFig. 9-8 Evolution of the azimuthal diamagnetic effect calculatéd for
‘various Btationapy <B > ugsing eﬁhatlons 6 and 7 with C =
3.65(107) ATi/mz,'D’-'2ﬁ38?%%7) AT/m® and B, = 1 T. These curves
should be compared with the gérreqponding measured -curves pregsented in

the next figure.
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Fig. 9-9 Evolution of the azimuthal diamagnetic effect observed in
various stationary azimuthal fields as H/'/ 1s decreased from H
zero. ' '
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Fig. 9-10 Illustraces the effect of varying the magnitude of j e/l on
the caICulations of the evolution of the azimuthal diamagnetic effect.

Here the parameter D in the expression.for j // is 1. 53(10 ) compared
to 2. 30(10 ) A’l‘/m for Fig. 9-8.

-10 + y | | cC 60

0 100 200 300
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APPENDIX A

-
Azimithal Paramagnetic or .Diamagnetic Effect

We develop. an expression for the excess or deflcit of
azimuthal flux i1in the wall of the hollow cylinder bathing- in a

stationary externally applied azimuthal field H¢- This configuration
. v ;

+

would arise when the penetration (exit) of helical flux at the outer

surface generated by the increase (decrease) of H,/ reaches

’

radius. We assume,
(1) a uniform longitudingl current density ji and

is occupied

(i1) thatg{he<entire thickness of the wall, Ro - ﬁi’

by persistent citculating i . ' ’

The paramagnetic and diamagnetic B¢(r) prbfiles are sketched

below. Amp%if'a circuital law, fﬁ.di = B¢2nr = uoIencl where Iencl is

"the enclosed current, leads

to,
R
= o 1
B¢ app 27T . (1

when the wall is8 in the normal

state and I 1s the total

current Iin the toroidal magnet

; ) coil.
- — it e e e
RL Rf_ ‘<D
‘ w I pj
0 0~z 2 2
iy - <R (2
B¢1 2 T 2r T R)» Ry <T <R, (2)
I 3 u_J 2 - g2 :
u i -
L _o o7z 2 _ 2y o'z c <R 3
B¢2 arr T 2r \Re Ri) 2r ( 2 )s L “ %o (3)
Since. the net lpngitudinal current Iz must be zero, then,
2 2
rRi + RO

R, = (=) : (3)

the inner’
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Introducing, the above into the definitions,

ABY ={BY -<B 4
\¢> \By) < ¢7app (4)
where - :
< b 1 R° ) - uoI Ro
B = m—=— /p B dr = 5= tn(%>) © (5)
¢ app (Ro R,) 'R, "¢ app 2 R,
R R
¢ o Q
(R, - Ri)<B¢7 = fRi B,y dr + IRC Byy AT (6)
leads to . )
L RNTR | R R
N 0"z {(Ri + Ri) in (R—z] - Ri £n [R—:-]} (7
. c

A(Bi B e
P Z(RO Ri)

where the + sign applies to the paramagnetic and the - sign to the

diamagnetic azimuthal effect.
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APPENDIX B

L

T N—— Longitudinal Paramagnetic or Diamagnet;c Effect
. We develop expressions for the excess, or deflecit of
1ongitu§inal magnetic ‘flux. in the wall of .a hollow cylinder 1in a
gstatlonary exteénally applied H/) fo;‘various simple éonfigurations of
Bz(r). Théﬁe configurations are assoclated with the penetration {or
e#it) of longitudinal flux at the inner and outer surfaces of the wall.
The situations we examine arise once the two advancing (or receding)
flux fr;ﬁts meet and coalesce. We assume that,

(1) /the azimuthal current denqity j¢ iE uniform and:

(i1) j¢ f11ls the entire width, Ro - Ri’ of the wall.

R° and Ri denote the outexr and inner radii of the hollow

cylinder.
We examine four types-of Bz profiled.] In each case the
diamagnetic profile 1s the mirror image of the paramagnetic profile

- , A
with the horizontal axis as the mirror.

Case 1: Single Peak.
. I
The paramagnetic profile is sketched below.

\% i L
In region 1, ‘

INCOR T R R ACES WINNGS

1

1 “~ -
U/ | \“\“(31/

I )bH{

! In region 2,

a

/'1 [ H’i :

a




Since le(gc) - BzZ(Rc) then
) ' Ri + Ro .
| Ry == (3)
Introducing these relations into the de'finitions,
T A<Bz>wa;1 - (Bz\)wall N l'IOH// &
where '_
- : . ¥
" 2 R Ro
<B) =—{ICB rdr+f B_, r dr} (5
'z wall (RZ—RZ) R’!\ zl Rc z2 .
o 1
leads to,
' . 3 3, 3
. . uoj¢(Rr- 2R+ Ro]
. ALB = (6)
z wall 3 rRZ _ RZ)
: ‘o i )

which simplifies to, 2

tu 3 (R-R) '
. PN o o' o 1
s 887 wall 4 ’ 7

A surprisignly simple result in view of the cylindrical 2wr factor im

the integrals of equation 5. The equivalent expression for an- infinite

sjab of thickness X 1s essentially identical and reads,

ty jx-
A/B =—°.—.
\z>slab 4 (8
The + s8ign applies Eg the paramagnetic and the - sign to the

_diamagnetic situation.

/’\ .

T

. ' =
Case 2: Two Symmetric Peaks. Bz(Rc) uoH//
One can envisage a spectrum of possible two ﬁ;ak Bz(_r)
configurations as sketched in (a) below. We focus on the ‘simple

symmetric co'ﬁfiguration sketched in (b) where R::_ = Rc and Bz(R::) =

HH- . : . .
o //. - ’
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; ~y [ el A . 'L\ ’-\" h" { .
h: R Az K{ ! o - A
(o)) o (%)
Using a numericél subscript to indicate Bz(r) in the various regions we
write . .
le(r) = HQH// +7 "ojnp(r-Ri)’ : €D
B o,(r) = uH ;* uoj¢(Rc-r) (10}
= HDH// + uoj¢(f‘Rc). . (11) .
4(1-)_. = uoH// +-.uoj¢(Ro-r) . (12)
Since, ' .

Bz.].(Rl.).=l BzZ(Rl)’ BzZ(Rc) h BzB(Rc') = 1'loH‘//’ BzB(RZ) = le&'(RZ) (13)
Then, ‘

Ri’+Rc R+Ro' R, + R
Rl Re = =7 Ry=—— 1

Introducing these expressions into the definition,

R

"~

(R-RD 1 ©
Integrating and simplifying leads to |
' t ] o
A<Bz>wrall = _—EA (Ro - Ri) . (16)
Alternatively, this result can be obtained by considering the w‘faltl

as conglsting of two concentric walls in contact at r = Rc and

—_—

(

exploiting equation 8.

. ' < .
Case 3: Single Peak. Bi?'uoH//

Flux has been transferred from the hole to the wall or vice
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versa, hence B, # w H,,. We refer the reader to the sketch depicting a
. B SR WA _
“E% (n) X paramagnetic Bz(r) profile.
. B ,(r) =B, + ﬂoj¢(f‘Ri) (17)

B (1) = wH , * uon(Ro-r) (18)

S

- Since-le(rc) = Bzz(rc),

|
N
3
!

Then,

- .
-

wH,,6-B, R, +R ' R
R /G‘ e L2 ansr (19)

r

Introducing these expressioms—into the definition,

MBZ\'cyl = <Bz>cyl - p.oll// (20)
Where; .. -~ -
2 Ro '
<Bz>cy1 = ;5-f0 B, (r) r dr (21)
]
where '
= < .
Bz(r) Bi 0<r <-Ri (22)
Integrating and simplifying leads to,
- *uj .
. - 07¢ (o3 _ 3 3
PR eyl \_——3 Z {Ri 2(.Rc +8)” + Ro} (23) -
o

here A = (p H,, -
where (pb // Bi)/2 poj¢ .
—_ Equation 23 reduces, after some algebra, qb equation 6, hence

‘equation 7, as it must, when B1
* ¥

" by definition, o ‘

2\ | | '

= pOH//, hence A = 0, and we note that

A<Bz>€ra11 - A<§£>cyl (RZ _ RZ] 24
' o i

Caaa 4* Twn Summatris Paalke. - J TIN { R /M"Y = u W
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Again we can envisage a spectrum of possible two peak
- configurations as sketched. in (a) below. . We focus on 'the simgle

configuration sketched in (b) where,
[

B (R,) = BzERZ)' - (25)~"

and Bz(fc) = pr// | {(26)

’MO 4 —-..
78t

bl

: o |
N ’ ! . . R‘ g R -
R: g R @R Ra R

&) .
1 (T) = B+ “o o{F Ry C@n
ST (r) = H// (rc -r) . . (28)
Bz3(r) = uOH// + uoj (r - .rc) (2‘9)
By = vy, +p 3 (RO =) : (30)

"‘
The symmetry constraint (equation 25), together with equation

26 and the cholce of linear profiles leads to equation 19 again,
+ R
// - B R

1 i o ’
T, 2 m j¢ + 5 A+ Rc {19)
/ _ . _
Since le(Rl) 22(Rl) and BzB(RZ) Bz4(R2) -
rc + Ri rc + Ro
Ry = A+ —5—=, and R, = —5— 3L)

Introducing tﬁése into the definitions (equations 20 and 21},

integrating and simplifying leads to,.

s p g '

X M R 3,.3_.3 _(3 N

MB> o1 T {ry + 2R +IA) + R~ R 2}. (32)
o

which, after some manipulation, can be seen to redg;e to equation 16

when Bi = ubH//, hence A = 0, .and we make use of equation 24.  __

-



©o-186- . \
APPENDIX C . "

Relationship Between I¢ and A<B£>cy1

The assumption of a uniform azimuthal current density j

A

‘£1lling the ;hibkness, Ro - Ri’ of the wall of the hollow cylinder

leads to a simple ratio-for I¢ and A<hz>cyi' We recall that by

definition;

. . 'Bi o &
m r - a— e
: ==y =) W
. o
VN .
where Bi 18 the longitudinal flux gensityrin the hole, and,
=+ (u -< .
A<%z>cyl. (HOH// <B;>Ey1) 2
where' ' ’ -
'.,R . .o -
2 o ‘
<Bz>cyl - -:2_ fr'o Bz<r) T dr (3)
o

Makwell's equation de/dr = - ﬁoj¢ leads to,
= + r -
Bz(r) uoH// £ u°j$(r Ro), Ri <rg R° (4)
The + and - signs depend on whether the current is'flowing in a flux
shielding (diamagnétic) or flﬁx retainin (paramagnetic) sense.

Introducing equation 4 dinto . the definitions, integrating and

58implifying leads to

2
(B 5 R R .
z/cyl 1. i i .
_j_uolq’ =31+ (——Ro] + (—Ro) ) - (5)

This ratio is 0.84 for our sample. . T

e “ -

[ \
P - \

j

/
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Summary and Con€lusions . S S

. We have documented the results of extensive measuremenfs on the

evolution of the azimuthal flux density, <,B,¢'>, in the wall of a hollow

cylinder of a type II auperconduc;or immersed .in a statlc aé‘i-muthal field,

H¢, as an externally applied longitudinal magnetic field, H//, 1s Increased '

/jmax

The measurements were performed for several static H 1in the range

frpm zero and also when H//,is swept from H//max’ ‘through zgro, to -H

0L H@f—__ 100 mT. Concufrent:ly wlith these observations, we Have monitored the
effect of th on I¢, the capacity of the wall of the cylindeﬁ:hield
against the entry of the app‘l‘ied longitudinal flux and its abi'lity to .oppose

the exit of flux from the hole of the specimen.

v

Assuming j_z and °j¢, the longitud.inal énd-azlimuthal current
densities to be uniform throughout. the .wall and postulating .the simplest
t.riangular B¢ profiles Eonsistent with the observations of pa;amagnettc' or
diamagnetic behaviour of <B¢> in the chosen static H¢, we have extracted
estimates of j// énd jl versus B from thgse data. The re\sults show that jL .
is critical, as expected, when; the increase {(decrease) of H// cau-ses,"Bi, the
longitudinal flux der}sity ,in the hole to 1ncrease (decreas-e). The behaviour
obtained for j// vel:'wsus B in the :rarj/ous fixed‘ H_fb’ reveal that 1t 1s not in

a’ critical configuration over the volume of the wall for any of the

situations ‘which we have explored. This E:onc,iusion is in harmony with the
result computer analysis of the data exploiting the coupled équation’a
“developed l;y Clem in his formuiat:ion of a ge_neral critical state theory. Qur
calculations revleal that a flux transport zone, where E// = 0 and

/
0 < j/-/ < jc//’ occuples an appreciable fraction of the wall cross—section
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’ > LN

during both the increase of H from zero and its decrease from H ' te
. . /1 S / /max

-

Zero. -

¢), in a static H¢,

upsweep of H is called the azimuthal-paremagnetic effect. " The simple
P P !/ P L _

The display of an increase in <B during the

plcture,* proposed by many wcrkers,'of helical flux lines nucleating-at the
duter'eurfece of the cylinder then advancing in the wall as the total.surface,
fiéld pgrows, while preserving their pitch of creation as they migrate,

appears at flrst glance, to account ‘for this phenomenon. This‘picture has
. 9 ’ R R

also been invoked to explain the decrease of (B¢

Ca ‘ - -

)»when'H// ie)rednced to zero
-l

with H¢ kept fixed. The latter behevidur 1s denoted, the’'azimuthal

r . ‘ o
diamagnetic effect. This naive intuitive model however has been shown to be,

fundamentally flawed when carefully scrutinized. It violates the required
boundary conditions when the flux'disturbance‘reaches the inner surface of

$
the B(r) profiles at the outer surface when H// is diminished.

the wall. Further it leads to discontinuitiee in the B, and B .COmponents of

A shallow diamagnetic valley observed in <B¢> versus H// increasing
- I

in static H¢, provides direct and striking evidence that flux cutting

processes must be taking place. A sharp descent in <B¢> when the growth in

H /7 haabcaused the flux front to, travel across the- width of the. wall provides

3 ’ . \ -
a further dramatic manifestation that the novel‘phenomenon of flux cuttin; is

(.

occurring entensively at this juncture. -Finally, the decline of <B > after

¢

tracing a second summit, again attests that this mechanism must he playing a
major reole In causing the redistribution of flux which 1s being witnessed.

The decrease of <B¢> aS/H// 18 being reduced to zero with H, fixed, presents

¢

"Eﬁditional and unambiguous evidence for qnd information on the mechanism of

flux cutting.
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Exploiting,the concépt nf-'seqlu_(a?[e'; of quasi steady flux

confi‘gurations, we:- have applied Clem's théory to the’interpretation of

‘families of curves for.<B > and I, versus H, decreasing fromH - to zero
) b /7 : / /max

in various st‘n‘tic H¢. Th;'fadilies f calculated anddgasuréd curves are

seen to be in excellent agreement.

Our approa_gh‘h&eever is inkdequate for a quantitative ‘account of

~

several important features- observed during ‘the upsweep of H// We note -that

the arrival of the flux disturbance at the inner surface of ‘the wall
‘generates large electric fields. This causes both j// and j to signifi—

cantly exceed j and j and invalidates our assumption of quasi-static
- c//

configurations. 'l;his failure of our simple computational framework indicates

. :
that a relaxation or dif sion method should be Introduced to treat these

difficult situations. Such work is in progress.

. We have also monitored and catalogued the "mirror" behaviour, i.e.

the évolution of <B> in a static H as H
. z wall //

Hq:max through zero to —me. As now anticipated from the'previous vork, ve

1s impressed and swept from

5
r

observe a paramagnetic (diamagnetic) magnetization of the wall along the

statie H// as H is applied (reduced). Further, we confirm with detailed

quantitative data, the expectation that the 1ongitudinal flux density in the

hole, (i} will be depleted and transferred to tﬁe wall when H¢ i8 made to

increase and (11) will be augmented when the decrease of H¢ releases.helical

flux lines from the wall into the hole. The numerous and fascinating data
Y .

mentioned in this paragraph remain tt» be sub‘jected to theoretical lysis.

N
—
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