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Abstract

We present strong evidence that helical flux lines can concurrently, enter
and leave the wall of hollow cylinders of sintered hizgh T, superconductors at
77 K , hence cut and traverse each other. Tubes of two different materials ,
denoted BiSCCO and YBCO , have been studied.

The evidence for flux line cutting and cross—flow is examined in the
perspective of basic concepts. The traffic of the flux lines is also described
formally.

The penetration fields across the wall and into the grains qf the sintered
ceramic tubes are determined from their magnetic response to an applied axial
field Hy and from their flux trapping behaviour when subjected to two
standard procedures , denoted Hego) and Heyele - This provides information on
jcim and je1g , the intergrain and intragrain critical current densities for
depinning of flux lines.

The penetration fields are seen to correlate with salient features (peaks
and valleys) of the flux line cutting and cross flow phenomena. This enables us
to claim that we are witnessing flux line cutting and cross flow in the weak
link regime in the BiSCCO tube ;nd in this regime as well as in the interior of
the grains in the YBCO tube.

The Clem/Pefez—Gonzalez phenomenological theory is expioited in a
simplified framework to describe the crucal features of the data semi-
quantitatively. This analysis confirms the above conclusions and provides
estimates of jo//m and je//g , the critical current densities for intergranular and
intragranular flux line cutting and their dependence on the magnetic flux
density.
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CHAPTER 1

Introduction

'1.1. General Introduction

The property of type II superconductors, both classical and high critical
temperature, to support large current densities in the presence of strong
magnetic fields with negligible resistance has drawn considerable attention
both for its technological importance and intrinsic interest. It is now well
established that in these materials, electric fields arise and energy dissipation
occurs when the driving Lorentz force F, =JxB causes the depinning and
displacement of flux lines. It is visualized that, in the absence of thermal
activation, a threshold or critical current density j., (B,T) exists for the onset

of depinning which can be written,
jc.LB = Fp (B’T) (1.1)

where the subscript L indicates that the current density flows perpendicularly
to the local magnetic flux density B and F,(B,T) denotes the pinning force
density characterizing the material. Fp is a function of the magnetic flux
density and temperature. Flux line depinﬁng and displacement gives rise to
energy dissipation at a rate dW, /dt=E, j, where the electric field is L to B.

It is also well established, although perhaps less well-known because of
its secondafy technological impact, that a threshold or critical current density



jey (B,T) exists for the onset of contact and cross joining, hence “cutting” of
neighbouring nonparallel flux lines. Various processes accompanying this
phenomenon also give rise to an electric field E;, and energy dissipation
dW,, / dt=Ejy,. Here the subscript / indicates that the electric field and
current density are parallel to the flux line density.

jer and jg, the critical current densities for flux line depinning and
cutting, can be determined by the classical four probe technique and indirectly,
but perhaps more accurately, from measurements of the magnetization of the
specimen as an externally applied magnetic field H, is impressed or removed.
In the former approach, the voltage along the sample is monitored as a
transport current I provided by an external current source is fed through the
specimen via leads attached to its ends.

In the four probe arrangement, flux line cutting is made to occur when H,
is oriented with a component along the direction of transport current flow. In
the magnetic method, the direction of the external field H, is made to vary
with respect to the coordinate axes of the specimen. The relative changes of
orientation induce persistent currents to circulate with a component j,, directed
along the local magnetic flux density B in the body or bulk of the specimen.
The changes of relative orientation can be accompanied by changes in the
magnitude of H,. This is the situation which prevails in our work. We shaﬁ see
that the simultaneous occurrence of changes in orientation and magnitude is
experimentally convenient and simplifies the analysis of the phenomena.

Although an appreciable body of experimental evidence has been
accumulated over the last'two decades showing that flux line cutting is a real
phenomenon , [4, 5, 6, 12, 13, 14, 27, 29, 30, 39, 40, 41, 42, 43, 56, 64, 67] the
occurrence of this process remains controversial and not universally recognized

[35, 47, 54, 55, 57). Consequently it is desirable to provide additional
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observations which support this idea. Further, various important ramifications
of this concept remain to be explored. In this thesis we present new evidence
confirming that flux line cutting takes place and examine some dramatic
macroscopic consequences of this activity.

Our investigation has focused on high T, superconductors since these
materials are particularly fascinating but also because the phenomenon of flux
line cutting in these materials remains largely unexplored. The granular
nature of these ceramic materials however, introduces formidable
complications in the quantitative analysis of the observations. Nevertheless,
the qualitative messages emerge quite clearly from the data.

1.2. Outline of the Investigation

For our study we have selected hollow cylinder geometry. The principal
reason for this choice is that the hole or cavity of a tube sample provides a
finite reservoir. Inside this confined space, the longitudinal (axial) component
of the magnetic flux density, denoted < B, >,,. can be readily and continuously
monitored. More importantly, the total magnetic flux

embraced by the inner radius R; of the wall of the tube is 2 quantity whose
growth and diminution yields crucial information on the nature of the traffic of
flux lines across the inner surface of the wall. Indeed it is the rise and fall of
<B, >, which will provide an unambiguous picture about the fascinating
events taking place inside the wall.



In order to obtain a complete view of the cutting and cross flow of flux
lines inside the wall we have also placed the "sample" tube concentrically
(coaxially) inside another larger high T, superconducting tube. In this
arrangement, the annular space between the two tubes also constitutes a finite
reservoir. In this second confined space, the longitudinal (axial) component of
the magnetic flux density, <B, >, . can be readily and continuously

monitored. More importantly again, the total magnetic flux,

¢mulu =< Bz > annular ﬁ(thz —R%) (1.3)

enclosed in the annular space is also a quantity whose rise and fall gives vital
information on the nature of the traffic of flux lines across Ry, the outer
surface of the "sample” (i.e. inner tube). Here R;, is the inner radius of the
larger tube.

To establish a simple initial configuration for the magnetic flux density
B(r) permeating the sample we let it cool from T, to the ambient temperature
of 77 K in a stationary externally applied axial magnetic field Hy (field
cooling). In the arrangement where two coaxial tubes are present, the inner
tube is made to cool first, followed by cooling of the outer tube.

Persistent currents are then induced to circulate in the wall of the inner
tube with a component along the axial magnetic flux density B,(r) py applying
an azimuthal magretic field H,(r) via a toroidal magnet coil which embraces
the wall of the inner tube. We stress that the outer tube does not experience
this azimuthal magnetic field. < B, >y, the spatial average of the azimuthal
magnetic flux density penetrating into the wall as H, is impressed, is
continuously monitored. Also, as the application of H, induces persistent

currents j(r) and attendant flux cutting activity in the wall when j;,(r)2 jo/s
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we continuously record the concomitant evolution of <B, >, , the spatial
average of the axial magnetic flux density in the wall.

The observation of a decrease of <B, >,,; as H, is impressed is a clear
message that flux line cutting is taking place in the wall. The concurrent
appearance of a rise in <B, >,;. (and a rise of <B, >, if a second tube
surrounds the first coaxially) is the signature of two-way flow of flux lines
across each of the two surfaces ( R; and Ry, ) of the wall of the inner tube.

The Clem/Perez-Gonzalez phenomenological theory [18, 19, 53] is applied
to the analysis of the evolution of <B, >,y and <B, >,y as H, is impressed.
Although several simplifications and approximations are introduced in this
formidable task, the model generates the main features of the observations and
yields satisfactory quantitative agreement with the data. Consequently, an
estimate of the intergrain j., and its dependence on B can be extracted from
our results. We believe that this is the first report on this quantity in granular
high T, superconductors.

After the experimental arrangement and procedure are described, we
outline the background and conceptual framework of the investigation and
sketch the existing theoretical picture. We then present and discuss our
observations on tubes of two different high T, superconductors separately.
Finally, we summarize our results and conclusions and comment on various
extensions of our preliminary study and new avenues of inquiry made

accessible by our approach.



CHAPTER 2

Experimental Arrangement and
Procedure

2.1. Introduction

Our purpose is to completely map out the evolution of magn;etic flux
configurations and the traffic of flux lines in the flux cutting regime in type II
superconductors and particularly in high T¢ superconductors. Singly
connected, hollow cylinder geometry offers an ideal laboratory for such an
investigation. Here the azimuthal demagnetization factor is zero and the hole
of the tube acts as a finite resorvoir for axial flux. To achieve our objective we
need to measure several pertinent macroscopic quantities continuously and
simultaneously.

Knowledge of the configuration of the magnetic flux in the wall of the
tube and its evolution as the ambient magnetic fields are made to vary in
magnitude and in direction requires the determination of two quantities. These
are, <B, >.y, the spatial average of B, (r), the axial magnetic flux density in
the wall, and <B, >y, the spatial average of B,(r),the azimuthal magnetic
flux density in the wall. '

A. complete accounting of the net magnetic migration of magnetic flux
between the wall and the environment demands that the changes of <B, >y,

and < B, >, the spatial average of the flux density threading the inner and
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annular reservoir be concurrently recorded together with the two quantities
already mentioned. We describe below how these four measurements are
accomplished.

To induce persistent currents j(r) to circulate with a component parallel
to the flux density, B(r), in the wall , it is necessary that the orientation of the
ambient magnetic fields H(R;) and H(R,)along the inner and outer surfaces of
the inner tube be made to vary in direction . This is made to take place by
superimposing azimuthal magnetic ﬁelds"Hé(Ri) and Hy(R,) on the axial
magnetic fields H,(R;) and H,(R,). The former are provided by a toroidal
magnet coil embracing the wall (see Fig. 2.1). The "baseline” for H,(R;) and
H,(R,) is established by means of an externally applied static axial magnetic
field denoted H,,.

We now describe the specimens, the monitoring systems, the sources of

magnetic fields and the experimental procedures.
2.2.The samples

We have investigated flux line cutting and counterflow at 77 K in hollow

cylinders of two different high T, superconductors namely,
2223-phase (BiggPbg;),Sr,C2,Cu404,
and
YB2,Cu,0,,

where x=0.15. These will be denoted BiSCCO and YBCO for brevity throughout
our repoft. In our study on the first material the sample (i.e. the inner tube)
was coaxially and concentrically placed inside a larger tube of the same

material, Because we did not have second tube large enough to embrace the



YBCO tube (and the attendant paraphernalia), the méasurements on this
sample were performed on a “isolated” tube.

The BiSCCO tubes were provided by Dr. Vladimir Plechacek of the
Institute of Physics, Academy of Sciences of the Czech Republic. The YBCO
tube was purchased from HiTe Superconco. Two YBCO tubes of different sizes
purchased from Seattle Specialty Ceramics ( SSC Inc. ) exhibited negligible
intergrain persistent current at 77 K, hence trapped on insignificant amount of
flux in the void. Consequently no useful investigation could be carried with
these specimens.

The dimensions are listed below in centimeters.

Sample Inner digmeter Quter digmeter. Length
BiSCCO () 1.40 1.72 3.70
BiSCCO (2) 3.07 3.484 2.84
YBCO 1.50 3.00 5.00

2.3. Sources of Hy and H¢

The axial magnetic field Hy provided by a copper wire solenoid 17.5 cm
long, with inner and outer diameters of 4.0 and 5.5 cm for the winding
(generating 377 G/A) is uniform within a few percent over the volume of the
specimen.

The azimuthal magnetic feld is generated by a torcidal magnet coil
embracing the wall of the éample tube (see Fig 2.1). This coil consisted of 48
turns of 24 B&S copper wire for the BiSCCO sample and 36 turns of 24 B&S
copper wire for the YBCO sample.



Care must be taken in constructing this toroidal coil to ensure that no pet
azimuthal turn is created in the process of winding. A resultant single
azimuthal turn will generate an axial field component. This axial feld ,
although relatively weak, will contribute (add or subtract) to <B, >, and
introduce an undesirable asymmetry in the observations. We drcumvented
this problem by winding half of the turns of the toroidal coil in a "cockwise"
direction along the circumference of the wall of the tube and the other half of
the turns in the opposite direction.

By Ampere's law,

‘Hy=o— (2.1)

where n is the number of turns and I is the current carried by each turn. I is
provided by a ripple-free battery-driven transistorized current source. The
spatial average of the applied azimuthal magnetic field over the wall of the
tube then reads,

-1 Ro _ nl Ro
<Hy>= 213 IR; Hy@dr= o —Ri)ht = ] (2.2)

1

We stress that by Ampere's law, the azimuthal field is confined to the
annular volume embraced by an "ideal" toroidal coil. Consequently, Hy(r)=0
outside the "ideal” toroidal coil. Eence, the outer tube which surrounds the
"ideal" toroidal coil will not experience the azimuthal field. In practice, since
the toroidal magnet coil is wound with circular wire and spaces exist between
the windings, weak net "fringing” fields will exist in the close vicinity of the
windings outside the toroidal coil. To minimize any effects of this leakage field
on the wall of the outer tube, it is important that the inner surface of the
latter be situated a distance Ar from the outer windings, where Ar > d, the

9
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separation between the wires of the toroidal coil. This requirement is well

satisfied in our set up.

2.4. Monitoring of <Bz>hole » <Bz>wall
<Bz>annular and <Bg¢>wall

’

The evolution of these four quantities is continuousiy monitored using
four pickup coils which separately feed amplifier-integrators which drive the
Y-axes of XY recorders (see Fig 2.2 for a schematic of the system). The X-axes
can be driven by either by, (i) a signal proportional to Hy or (ii) a signal
proportional to Hyy. These signals are each provided by a series shunt, (i) in the
circuit of the toroidal magnet generating Hy or, (i) in the circuit of the
solenoid generating Hyy.

The location and "nesting” of these pickup coils and the toroidal magnet
coil is shown schematically in Fig. 2.1.

The inner pickup coil monitoring <B, >, the spatial average of the
axial magnetic flux density threading the cavity of the inner tube, extends
along the central half of the length of the inner tube. This coil comprised about

10,000 tur;s of 46 B & S copper wire
| <B, >y the spatial average of the axial magnetic flux density
threading the annular space between the inner and outer tubes is detected by
five series connected pickup coils extending along the entire length of the cuter
tube and arranged to optimally occupy the available annular space.

The determiration of <B,>.,, the axal magnetic flux density
permeating the wall of the inner tube, is a composite measurement obtained as
follows. A pickup coil embraces the waist of the inner tube and records A®, .,
, the change in the total axial magnetic flux threading this pickup coil. Since,

12



D, =< B; > TR = Dy pge + Pt

=< B: >h0'|° KR%"!‘ < Bz >w‘n I'L'(Ri - R?) (2.3)

(where R; and R, are the inner and outer radius of the inner tube), we can
determine < B, >, by subtracting the signal from the inner pickup coil, which
detects AD,;., from that of the outer pickup coil, either electronically or
digitally.

A toroidal pickup coil, uniformly embracing the entire circumference of
the wall of the inner tube monitors <By >y, the spatial average of the
azimuthal magnetic flux density permeating the wall. This pickup coil is
surrounded by the toroidal magnet coil generating <H, > (see Fig. 2.1). This
coil comprised about 2,000 turns of 42 B & S copper wire.

2.5. Temperature Control

The data reported in this thesis was obtained with the specimens
immersed in a bath of liquid nitrogen at atmospheric pressure hence at 77 XK.

The temperature of the tubes can be raised from 77 K to T using electric
heaters. Each heater is a noninductively (bifilar) wound single layer coil of 38
B&S manganin wire uniformly and directly embracing tﬁe entire external
surface of the two concentric tubes. Where necessary, a thermal ’banier of a
few layers of masking tape was applied to minimize the heat input to the
heaters needed to attain temperatures above T, of the specimens. Because of
lack of space and since these were not required in our work, no thermometric
&evices were employed to monitor the temperaﬁ:re.' The heater currents
necessary to raiﬁe the temperature of the specimens just above T, was

determined "magnetically”. This means that we carefully established the
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minimum electric heater current needed to completely destroy any flux

shielding or trapping property of the specimens as either Hy or Hy were
applied.

2.6. Calibration of the Detecting Systems

The signals from the inner and annular pickup coils monitoring < B, >,
and <B, >, are calibrated by applying Hy with the tube(s) maintained in
the normal state.

The outer pickup coil monitoring < B, >, is calibrated by applying Hy/ to
the virgin (zero field cocled) inner tube with the outer tube either absent or
maintained above T,. First, the rﬁnge of Hy; for the initial linear regime of the
magnetization of the inner tube is determined. According to accepted views , in
this weak field range where Hy < H.1 , no magnetic flux is traversing the outer
surface of the tube except into the relatively minute penetration depth region.
With Hy kept fixed at some arbitrary value in this range, the sample tube is
driven into the normal state by means of the electric heater. The signal S,
detected at this juncture by the outer pickup coil/integrator/amplifier
corresponds to the entry of axial magnetic flux ®,,,, into the wall and the

hole, hence,
So = Do = RoH RS (2.4)

The toroidal pickup coil monitoring < By >y, is calibrated by applying
<H, > to the virgin (zero field cooled) inner tube. Again, here we determine the
range of <H, > below H; for the initial linear regime where no penetration of
magnetic flux into the wall takes place except in the small penetration depth
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region. Now with < H, > held steady at some arbitrary value in this range, the
wall is raised to T by means of the electric heater and is thereby penetrated by

azimuthal flux, hence,

where L is the length of the wall. The signal S¢, detected at this juncture by
the toroidal pickup coil/integrator/amplifier is proportional to ®¢ and provides
the desired calibration constant.
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CHAPTER 3

The " Standard" Critical State

Framework

3.1. Introduction

The properties of interest in our investigation of flux line cutting and
cross-flow in high T, type II superconductors are the following. (a) These
materials can carry large persistent (or effectively persistent) currents, (b)
they exhibit magnetic hysteresis and, (c) they expel some of the magnetic
flux initially permeating their volume upon cooling from T¢ in a static
magnetic field ( i.e. they show 2 small Meissner effect ) . These properties of
nonideal type II superconductors are linked. In this chapter we outline the

basic picture of these properties and show how these phenomena are related.

3.2. The Meissner Effect in Ideal Type 1II
Superconductors -

The Meissner Effect in type II superconductors [1] is a consequence of the
interaction of flux vortices (flux lines), (i) with each other and (ii) with on
external magnetic field. We now examine these two interactions in a simple

mmanner.



The superposition of the magnetic flux densities B,(r) and B,(r) and of
the circulating vortex current densities j;(r) and j,(r) of two meighboring
parallel flux lines augments the total magnetic and kinetic energies of the two
isolated vortices by terms proportional to:

Iﬁl (r)-By(r)dv  and .ﬁl (r)-Jp (r)dv (3.1)

where the integrations extend over the volume of the specimen. Since these
energies dummsh as the separation of the flux lines increases, parallel flux
lines repel each other. Consequently, in the absence of pinning and of an
external magnetic field, flux lines initially threading a type II superconductor
will expel each other from the specimen. Thus, the ideal ( pin.nihg free ) type I
superconductor traps no flux. Hence, the residual (remanent) magnetic
moment is zero after an excursion of an externally applied field beyond H.

An external magnetic field Hg tends to imprison flux lines inside a type II
superconductor. This occurs because the interaction between the external
magnetic field and the flux lines is one of mutual repulsion. This interaction
can also be readily understood qualitatively. Let By (r) denote the magnetic
flux density in the penetration depth at the surface of the specimen and let
ju(r) denote the Meissner current density associated with this flux
penetration. The superposition .of the magnetic flux and circulating vortex
current densities of flux lines, B,(r), B,(r) etc. and j;(r), j;(z.-) ete. with
Bpm(r) and jy(r) augments the total magnetic and kinetic energies of the
system by terms proportional to: 7

IEM (r)-B;(r)dv  and I}M (0)- () dv (3.2)
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As a consequence of these energy terms, the applied magnetic field Hp is
said to exert a "pressure” on the lattice of flux lines and tends to confine the
latter inside the specimen. The compression of the flux line lattice away from
the surface by the action of this "pressure” reduces the overlap energy
represented by eqn 3.2 but augments the superposition energy expressed by
eqn 3.1 . When H < H , the mutual repulsion of the flux lines dominates and
overcomes the effort at confinement exerted by the external magnetic field.
Equilibrium. is reached when the flux lines have all expelled each other from
the pinning free specimen, ie. when <B>=0 (perfect Meissner effect).
Pinning, however, will assist Hy in imprisoning the flux lines in the material
and in strong pinning materials, essentially no flux expulsion will occur. These
materials will then exhibit negligible Meissner effect even when He < Hej -

For the ideal (pinning free) specimen in an applied magnetic Seld in the
range H.1 < He < Heg , the equilibrium density of flux lines in the specimen is
also determined by the balance between their mutual repulsion and the
confining pressure exerted by He. This equilibrium is attained after a fraction
of the flux permeating the sample in the normal state has been ejected. The
fraction of flux lines which have to be expelled before equilibrium is reached
diminishes as Hg approaches Hgo. Thus, the Meissner effect in the ideal,
reversible specimen is always less than 100 % when He > H¢] and diminishes
monotonically to zero as Hg rises from H to Heo. When pinning is present,
the Meissner effect is diminished from the ideal fraction and essentially
vanishes in strong pinning samples. |

The well known phase diagram and reversible magnetization curve
displayed in Fig. 3.1 are macroscopic manifestations of the basic interactions
outlined above.

18



ch

oG 00600
o6 0000
L-J- - -

000 G0GG0O0O000000C0C0O0C
0O 00060000000 0CO0CO0O0O00Q

0 0 6 0000000000 0C0CO0CO00O0
00 000060000000 O0CO0OO0O0O0O0
0O 0000000000 0CO0CO00000 R
06 00 000000C0CG000CO0CO0OOOCO0OO0C0
O 0O 00000C0000000CG006O000O00 0
000 00060000000 00CO00C0C00 ¢
O 000 QG000 GG00000O0C0OO00O00CO0O0 0
0000000000800 0CO0O6GOHO000COO0D0

Normal Sitote

000000000
G o 000060000
o 0 0 00O0CO000CO0O00

ocooe] Mised SGlE  pooecooce%ccs

2 60000

0
Fig 3.1 Phase

superconductors.

0 000000 0CGCO0 0G0 0O GCOGCOC0CDO0O0C0 000
00 0000000000000 0OD000O0CO0OO0O0OO0O0 4
o000 0000C0CC000C0O0C06OGCG0O6000CO0000
0000000000 0CO00OO0CO0O0O0DO00COO0CO0OO0O0O0
0O 00D 00000006000 G60C6C00000C0CO00 00
0°090000000000000000000000
00000000000000000050000000
. 0000000000000 0000O0CO0O0O0O0QOO0

o 0 0000000000000 0OO0
00000000000000

ssner Stale

diagram and magnetization curve of ideal type II

19 :



Since in type II superconductors, the irreversibility (hysteresis) is a
manifestation of pinning of flux lines, it can therefore serve as a measure of
the pinning strength , i.e. of the density of the pinning sites or imperfections,
Pinning is also intimately linked to the capacity of the material to support
lossless persistent currents and hence a critical transport current I, . We now
outline the relationship between these various properties.

3.3. The Critical State Model

At equilibrium, a flux line in the interior of the pinning free material
experiences no net force, being pushed equally in all directions by its
neighbors. Here, interior means all of the volume beyond a few penetration
depths from the surface. The flux lines adjacent to the surface also experience
no net force, being repelled outwards by the flux lines in the interior but also
by an equal but inwards force provided by the magnetic pressure exerted by
the external magnetic field. In the event that the external magnetic field is
now augmented, new flux lines are nucleated at the surface and penetrate the
specimen until a new uniform equilibrium distribution is achieved. If, instead,
the external field is lowered, thereby reducing the retaining magnetic pressure,
flux lines migrate out of the sample until equilibrium is restored. We restrict
our attention to rates of change such that viscous effects can be ignored and
the adjustments in flux line density occur on a time scale that is negligible
compared with that of the measurements.

To illustrate the effect of pinning on the scenario outlined above, we focué
on several particular situations in succession. First, we consider that Hg is
impressed from zero to a "virgin" specimen, i.e. a specimen containing no
vortices, hence one that has just cooled from T, to T in Hg=0. When H, exceeds
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H,], flux lines begin to nucleate and penetrate the specimen. If the specimen
were pinning free (ideal), these flux lines would distribute uniformly
throughout its cross-section and we would monitor < M> versus He displayed
in Fig. 3.1 . Pinning forces however will oppose the penetration and migration
of the flux lines. Consequently, the flux line distribution is not uniform and a
eritical gradient is established in the profile of the flux density.

It is instructive to examine the forces acting on a single flux line (oron a
sheet of flux lines) in such a nonuniform configuration. We ignore the eff‘ect of
the magnetic pressure from the external Hg since we regard the army of
invading flux lines as having already penetrated a distance of several A's from
the surface. Due to their mutval repulsion, each flux line experiences an
inward (forward) push from the flux lines behind it and an outward
(backward) push from the flux lines in front. A net force will arise however if
the packing or concentration of flux lines varies along the path of advance, i.e.
a flux line density gradient dB/dx develops. The net (repulsive) force acting on
a stationary flux line which is on the threshold of being displaced is balanced
by the maximum pinning force density, Fp(B), furnished by the pinning sites.
Any incremental advance by the army of flux lines requires that the pinning
obstacles or impediments be surmounted over the entire volume occupied by
the invading hordes of flux lines. Thus dB/dx must exist in a critical state over
the entire space between the front and rear of the procession.

Alternatively and equivalently, the invasion of the flux lines can be
viewed in the context of induced persistent currents. Over the range
0<H_<H, , the Meissner screening current I restrains the entry of the
applied magnetic induction to the penetration depth region. When H, exceeds
H,1, the effective Meissner shielding current is now diminishing in magnitude
and can no longer protect the interior against penetration by the applied

21



magnetic flux. Consequently, by Faraday's law of induction, &=-d®,,/dt,
persistent currents must now be generated in the body or bulk of the specimen
to oppose the entry of the magnetic flux ®,;. When the density j of such
persistent currents exceeds a limit or ceiling, energy dissipation sets in. The
induced current decays to the lossless critical value j. . Concurrently, the
induced emf e with its associated electric field E diminish and disappear in
accord with the Maxwell-Faraday equation:

oB

VxE=—— .
xE » (3.3)

A configuration ensues where the profile of the magnetic flux density and the
associated pattern of induced persistent currents are in a critical state. Thus

the Maxwell-Ampere equation now reads:
VxB=pgj (3.4)

which simplifies to

2|6

= i].lojc ' (3.5)

for planar geometry where B is directed along the y-z plane.

In isotropic materials, the iﬁduced electric field E and the critical current
density J, are orthogonal to the flux line density B, hence are denoted E | and
Jel - The critical current density joi is linked to the threshold force for
depinning of flux lines and is attained when the Lorentz driving force density,

"///
E_=3xB (2.6)

surmounts the pinning force density F,.
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The critical state can therefore be written
1x§+1'=p=0 3.7

As the increase of Hg proceeds beyond Hgj , the advancing flux front
eventually reaches the center of the specimen (the midplane for a slab or the
axis for a cylinder). The corresponding Hp, is called the first full penetration
field and denoted H. in this thesis . <M>. , the magnitude of the
magnetization at this juncture as well as H. provide complementary data from
which <j. >, the spatial average of the critical current density can be
extracted .

The depinning critical currents dissipate energy at a rate , E-j, , when
their density exceeds the critical value j, . Their sense of circulation is entirely
prescribed by the direction of the electric field as in normal metals. The erucial
difference with normal metals is that these currents are lossless, hence persist,
provided their density does not exceed jo 1 .

We have now identified the three "ingredients” which govern the
macroscopic magnetic behaviour of non ideal type Il superconductors :

e  The critical state concept that ji=j.1 wherever changes in magnetic
flux density have been made to occur, hence electric fields have been
generated. |

o  The laws of electromagnetic induction.

o The dependence of the magnitude of the diamagnetic Meissner

current on Hy . In S.I. units, one can write,

| I =<M>jca (3.8)



where I is the current per unit length of the surface along z and <M >4y is
the reversible <M> versus H, curve for the type II superconductor under
scrutiny.

A careful application of these three prescriptions allows us to map out the
vast spectrum of magnetization curves encountered in the study of real type I

superconductors, be they dassical or high T, [2, 3, 10, 381.

8.4. Critical State in Granular High T¢
Superconductors

Most bulk high T, superconductors and the tubes we have studied are
fabricated by sintering compressed powders of the chosen composition. These
materials are not only polycrystalline but exhibit "granular” behaviour . It is
now well established that in these matenials, individual grains can carry large
depinning critical current densities, denoted jelg The subscript L indicates
that the depinning arises from the component of the current density Ecg which
is transverse to the local magnetic flux density. The grains are very anisotropic
and 'jcg depends not only on its direction with respect to the crystal axes but
zlso on the orientation of these axes with respect to B.

Bombardment of the grains by fast neutrons , gamma rays and charged
particles has been shown to appreciably enhance je1 g » presumably by causing
a variety of defects hence introducing suitable pinning sites for the flux lines.

The lossless current carrying capacity of the bulk specimens, hence the
resultant critical conduction current density , denoted j.im in this thesis, is
considerably smaller than joig measured for the individual grams This sad
state of affairs is attributed to the interfaces, contacts and connections between
the grains which are then regarded as wealk links and bottlenecks to the flow
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of current from grain to grain. Consequently joim is referred to as the
intergrain critical current density . Considerable progress has already been
achieved by materials scientists in enhancing jeim by several orders of
magnitude . This is accomplishéd in a variety of ways , generally by "texturing"
the bulk material and by various schemes for augmenting the contact areas
and improving the pinning properties of the interfaces .

The interface grid or contact network or interconnection structure of the
agglomeration of grains need not be continuous. The net conduction or
transport current as it flows along the bulk specimen meanders (percolates)
from gra.m to grain across some of the weak link "cement’. In any case the
current need not penetrate deeply into the volume of the grains since je1g>>
jelm - Thus the "grid" , "network" , "skeleton” or "matrix” of the entire
specimen may be filled with a critical current density jeim while most of the
interior volume of the grains does not participate in supporting the flow of the
conduction current .

We can visualize such a situation in a variety of ways. For instance we
can regard the specimen as a sponge . This analogy was exploited in a different
perspective by Mendelssohn before the discovery of type II superconductivity .
In our picture, the body of the sponge consists of the superficial volume of the
grains together with their interconnections . The interior volume of the grains
are associated with the pores or hollows of the sponge . In this thesis we will
generally use the expression "matrix" to refer to the skeleton or body of this
sponge , hence the subscript "m" in our notation. |

We now apply the critical state model to the specimen we have just
described ; i.e. a matrix in which grains (interior volume of the grains) are
embedded . We note that the basic ideas we outline below are prevalent
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throughout the pertinent literature and have been independently proposed and
developed by numerous workers [16, 17, 23, 24, 25, .28, 31, 32, 51, 75].

A magnetic field applied to the external boundaries of a virgin (zero field
cooled) specimen will penetrate into the matrix in the manner we have already
sketched in the above discussion of the critical state. We will denote this
magnetic field and magnetic flux density,

Hp, ()= B, ()/Ho (3.9)

For planar geometry , Maxwell's eqn incorporating the critical state then

reads,

i S |
===t (BE) (3.10)

The new feature which will enter in our discussion in later chapters
relates to the response of the individual grains (i.e. the interior volume of the
grains) to the changes of the magnetic field Hp,(x) along their surfaces. Since
Hpy(x) varies slowly on the scale of the lateral dimension of the grains , its
strength is generally regarded uniform along the boundaries of the individual
grain

The critical state ideas outlined above are then applied separately to the
individual grains . Clearly to pursue these concepts quantitatively , several
approximations and simplifications will have to be introduced .

We hope that this brief introduction to the basic framework will prove
useful to the reader when these ideas are applied to specific situations later in
this thesis.
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CHAPTER 4

Flux Line Cutting and Cross-Flow.
Qualitative Picture

4.1, Intro ductiqn

The concept of flux line cutting was introduced to account for the
observation of a2 flux-flow voltage along a straight wire of a type II
'superconductor carrying a steady current I>I,, in a static longitudinal magnetic
field Hy [56] . When Hy=0 , the azimuthal flux lines generated at the surface
of the wire by the lﬁngitudinal current I close on themselves and furm vortex
rings . Under the influence of the Lorentz force and line tension energy , the
rings shrink radially and collapse on the axis .

The vector superposition of an externally applied axial magnetic field Hy
and the azimuthal magnetic field Hy, generated by the conduction current I>I¢
causes helical flux lines to nucleate and enter at the surface of the wire . A
radially inward migration of these helical flux lines is required to account for
the generation of a Iongitudinal electric field E; , hence a flux flow voltage

when the static current exceeds I,. The Josephson eqn , E=—¥xB , NOW reads,

Ez ==V, (r)By (r) 4.1)
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where vy is the radial velocity of the flux lines and Bgy(r) is the azimuthal
magnetic flux density.

A continuous creation and inward radial migration of helical flux lines
will , however , lead to an increasing accumulation of longitudinal magnetic
flux at the core of the wire , in disagreement with observations and the steady-
state condition .

The idea of flux line cutting was put forward by several workers to resolve
this paradox. Josephson in 1966 [35] and ;ecently, Nelson and co-workers [47,
54, 55] and Obukhov and Rubinstein [57] , have however estimated flux line
cutting to be too energetically costly. Consequently these authors have focused
on various other'schemes whereby entangled configuration of flux lines can
disentangle . The debate on the energy barrier for this process continues {7, 11,
44, 60, 62, 66]. Meanwhile evidence that this phenomenon indeed takes placé
continues to grow . The observations we report in this thesis provide additional
evidence that this mechanism operates both in the "matrix" and in the interior
of the grains of polycrystalline high T, superconductors.

Theoretical investigations by Brandt et. al [9] and Clem and Yeh {20] of
the basic interactions between flux lines reveals that as the angle A8
subtended by adjacent sheets of flux lines is augmented , their mutual
repulsion diminishes monotoniczally and an attractive interaction sets in when
a critical angle A8, is attained . This turn cf events should not be surprising:
since it 1s well known that anti-pa:ailel flux lines attract and will annihilate
each other if unrestrained by pinning forces [10] . Clem [13] has also shown
that a flux line , &, immersed in a conduction current I, flowing albng its
axis and in the Z direction is unstable. If any segment of the flux line
experiences a fluctuation or perturbation towards a left-handed helix , the flux
line will expand radially to the surface of the wire carrying the current.
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These "ingredients” provide the basis for two complementary scenarios
proposed by Brandt [8] and Clem [18] for flux line cutting and cross-flow on a°
macroscopic scale . These two scenarios have been labelled , the single and

double flux line cutting regimes and are now outlined.

42. Single Flux Line Cutting and Cross-Flow

Scenario

We consider two adjacent sheets of flux lines subtending an angle
A8, > AB. with respect to each other. In order that such a configuration occurs
the two sheets must be immersed in a pattern of current j/(x) flowing along the
flux lines . The sequence of events is portrayed schemaiically in Fig. 4.1. The
two sheets are drawn side by side in Fig. 41(a) but should be visualized as
superimposed and lying one above and one below the plane of the paper. Since
48y, > AB,, the two sheets attract each other. Consequently, they will move
towards each other under the influence of their mutual attraction, making
contact at an array of points of intersection as displayed in Fig. 4.1(b). At these
points of contact, the flux lines temporarily fuse and form doubly quantized
regions. The resulting regions are energetically expensive, hence unstable and
cannot persist. Consequently the unions will break up with segments from one
sheet now attached to the adjacent segments from the other- she:et. This
situation is sketched in Fig. 4.1(c). The process where two lattices of flux lines
intersect and cross join is called flux line cutting or vortex reconnection.

The immediate result of the vortex reconnection is a dense sheet of Zig zag
flux lines as depicted in Fig. 41(c). This zig zag configuration is energetically
unfavorable and the pattern straightens out to reduce the line tension energy
(see Fig. 41(d)). Since the flux lines become shorter as they straighten, the:
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volume of flux, @, = [®,dL is consequently diminished. Here @ is the flux
quantum and dL is an element of length along the flux line. Flux is said to be
consumed by the process of flux line éutﬁ.ng since the total volume amount of
flux is reduced. In another perspective, we note that it is the transverse
component of the flux line density of the initially separate sheets which has
been made to vanish. The number of flux lines, however, is conserved in the
procéss just described. |

The ensuing densely packed sheet of flux lines shown in Fig. 4.1(d) is
unstable because of the large mutual repulsion. Consequentiy, these separate
mto two atiiacent sheets which occupy the volume initially filled by the two
sheets before their merger. The separated sheets are displayed side by side in
Fig. 4.1(e) but should again be viewed in three dimensions, with one sheet
above and the other below the plane of the paper.

We note that Dy, the final separation between the flux lines in each of the
resulting two sheets is larger than the original separation Dj, although the
total number of flux lines is conserved. Simple trigonometric considerations
lead to the relation, |

D;

D £F= m (4.2)

The motion of flux lines or r;f flux line segments dissipates energy since a
force F (whether it is repulsive or attractive) acts along the dispiac-:ements ds.
Therefore energy is dissipated when, (i) the sheets of flux lines approach each
other, (i) the zig zag configuration straightens out and (iii) the ensuing
densely packed sheet of flux lines separates into two sheets. Process (i) can be

shown to generate a net electric field Ejy directed upwards in Fig. 4.1, hence
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parallel to j;. The energy dissipation can also be viewed in terms of
[at[Ey iy av. ,

We now visualize that the two sheets of flux lines whose interaction
history we have just chronicled are situated at the edge or frontier of a lattice
of flux lines consisting of sheets initially subtending an angle A6; =46, with
respect to their nearest neighbours. Clearly then after sheets i=1 and j=2
which we have just looked at, have undergone the process described above,
48,5 , the angle subtended by sheets 2 and 3 is now overcritical since it has
increased from A6, to 3/2A8. . Hence, sheets 2 and 3 will go through the ritual
just oudlined. As a consequence, A8;; now becomes overc;.ritical and so on. The
disturbance in orientation of the flux lines thereby propagates throughout the
volume of a lattice initially at the critical _angular threshold, causing a change
of orientation of the flux lines throughout the critical region. After the passage
of each "wave' of angular adjustment, things quiet down until a new
perturbation is introduced at the surface of the specimen by an increment AH,.

In our experiment , the external helical magnetic field ,

is made to change both its magnitude and orientation by slowly varying Hy,.
We note that an increment AHg, will induce persistent currents to flow along
Hy/ , hence with a component along H..

When the events we have described take place along a surface of the
specimen , the sheet of flux lines on the left of Fig 4.1 (2) enters the specimen
whereas that on the left of Fig 4.1(e) may exit from the surface . This state of
affairs has been labelled "breathing " mode.[8, 18] The entry (aucleation) of the
flux lines constitutes the "breathing in" phase and the release of the flux lines
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corresponds to the "breathing out" phase. The observations we report later in
this thesis provide strong evidence that a breathing mode , hence two way or

counterflow of flux lines does indeed occur as H, is varied .

4.3. Double Flux Line Cutting and Cross-Flow
Scenario

For aid in visualizing this process we refer the reader to Fig 4.2 where
steps (a) , (b) and (c) are identical to that described in (a) , (b) and (c) of Fig 4.1.
(18]}

The crucial difference is that in Fig 4.2 (¢) the current density j; in which
the flux lines are immersed is sufficiently strong so as to trigger the helical
instability we have mentioned in the introduction above. Careful consideration
of the direction of the Lorentz Force ] x®, on the different segments of the zig
zag flux lines shows that the flux lines will now distort to form left-handed
helices (see Fig 4.2 (d)) which will then expand radially also under the
influence of the Lorentz force as shown in Fig 4.2(e). As neighbdring helices
expand they eventually touch , fuse at contact points and cross<join i.e.
undergo vortex reconnection again. Hence, the label double flux line cutting.

The subsequent straightening out of the two sheets of "corrugated” flux
lines ensuing from Fig. 4.2(e) leads to the configuration depicted in Fig. 4.2(f).
A comparison of the initial sitvation (Fig 4.2(a)) and the final situation (Fig
4.2(e)) reveals that two adjacent sheets have exchanged position via the double
flux cutting mechanism.

Again when these events take place at the surface of the specimen we can
envisage a "breathing” mode comprising a "breathing in” phase (Fig 4.2(a)) and
a "breathing out” phase (Fig 4.2(e)).
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In our experiments we cannot distinguish between these two proposed
scenarios. Our observations however , show unambiguously that in some
circumstances , the reservoirs and wall of the tube are "exchanging” flux lines .
In some instances this "exchange" or two-way flow or cross flow or counter-flow
is seen to cause a drop in the axial flux density in the wall although the
increase in the magnitude of H.,, ‘is causing the azimuthal magnetic flux

density in the wall to increase.



CHAPTER 5

The Generalized Critical State
Model

5.1.Introduction

Clem and Perez-Gonzalez [19] [59] have developed a generalized critical
state model which incorporates flux line depinning , hence the classical Bean-
London-Kim-Anderson [2, 3, 38, 461 "standard” critical state concept , as well
as flux line cutting. This phenomenological framework is based on Maxwell's
equations. In this chapﬁer we present a brief outline of this theory.

5.2. The Clem/Perez-Gonzalez Phenomenological
Theory
Two critical currents are now envisaged to play a role in type II
superconductors:
e  JjeL , flowing transverse to the flux lines is needed to overcome the
opposition of pinning forces to the migration of the flux lines,
e joy,flowing along the flux lines is needed to drive non parallel flux
lines to merge and intersect.
When j) > jo) an electric field, denoted E; , is generated by the transport
of the flux lines. This feature was already envisaged in the classical eritical
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state concept. When jj; > jo// , and flux cutting occurs, an electric field, denoted
Ey;, is generated along the flux lines. This electric field arises from the
. displacement, straightening and other contortions .experienced by the flux lines
as the sequence of events associated with the flux cutting process are
unfolding. Here Ej is regarded as a net electric field averaged over the
duration of the flux cutting scenario and over the volume of the flux cutting
event.

Introducing these ideas into Maxwell's equations, VxB= pﬁ and
V' x E =-0B/dt , for infinite cylindrical geometry leads to:

Rojy = —(%?‘ +B sin:e) (5.1)
Holy = B[‘?f"‘ Sine:o se) (5.2)
%=—%—EL co_zze_E”(%rg_!_ sinecose) (5.3)

where 6(r) is the angle between the flux density B(r) and the z axis. We stress
that E; =0 when 0<j, <j.; and E; =0 when 05j,<jy. - -

In this scheme, energy dissipation is visualized to occur through flux
migration, Ej;, and through flux cutting, E/jy . Regions where only the
former is occurring are denoted T zones (flux transport zones), and where only
the latter is occurring are denoted C zones (flux cutting zones). Regions where
both processes are taking place simultaneously are denoted CT zones (flux
cutting and flux transport zones). Regions where no energy dissipation occurs
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(E;=0 and Ey=0) are called O zones. We stress that in T zones, j; nced not
vanish but can lie in the range 0<j,, Sj.;; and can vary with time. Here flux
lines are migrating while retaining their orientation. The important and novel
features which now emerge are the following:

¢  the appearance of CT zones,

e the occurrence of pure flux cutting domains (C zones), and

«  the possibility that in C zones j; does not have to vanish but can lie

in the range 0<j, < j; and be allowed to vary with time.

Regions where j) was subcritical (0 <j; <j., ) were forbidden in the framework
of the classical critical state.

In chapter 7 and 9 we present our observations of flux line cutting and
cross-flow and examine these in the framework of the theory we have outlined

above.
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CHAPTER 6

Properties of the BiSCCO Tube

6.1. Introduction

The most dramatic evidence for flux line cutting and cross-flow in the
high T, materials we have investigated emerged from our study of these
phenomena in the BiSCCO tube, hence we will present our observations on
this specimen first. In a2 subsequent chapter we will describe our observations
on the YBCO tube where the behaviour is very similar to that of the BiSCCO
tube but where "end" or "geometry” effects combined with the granular

behaviour obscure some aspects of the flux cutting and cross-flow responses.

For each specimen, before we proceed to report on flux line cutting and
cross-flow behaviour, it is useful however to first determine the standard
properties of these granular materials, namely , jeim and je1 g , the intergrain
and intragrain critical current densities for flux line depinning and their
dependencies on the magnetic flux density B. We obtain estimates of these
quantities and insight into their variation with B from various complementary
and related magnetic measurements. In one approach we monitor the evolution
of the magnetic flux in the tube versus slow sweeps of Hy;. In another approach
we focus on flux trapping behaviour. The latter method provides data only on
the low field values of joim and joi g - That is suﬁcient for our purpose, since

we examine flux line cutting and cross-flow in the low field range only.
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6.2. Evolution of <Bz>hgle and <Bz>total vs Hy

B“or a hollow cylinder, jo1m » the intergrain critical current density for
depinning, is traditionally and most readily and unambiguously measured by
monitoring the evolution of <B, >, ., the axial magnetic flux density in the
cavity as the tube is subjected to slow sweeps and cycles of an applied axial
magnetic field Hyy. Typical traces of < B, >, vs Hy for the BiSCCO tube at 77
K are displayed in Fig 6.1 for the weak field range of interest in our study.

As Hy is first impressed to the "virgin" ( zero field cooled ) tube in the
superconducting state, <B, >, ;. remains "zéro" since the persistent currents,
induced to cdirculate azimuthally around the circumference of the wall by
Faraday's law, completely screen the cavity from penetration by the applied
magnetic flux. We refer the reader to Fig 6.2 for corresponding sketches of the
advancing B(r) profiles. (The vertical or z component of the earth’s field
threading the hole of the tube is negligible on the scale of these
measurements).

The rise of Hy eventually generates critical intergrain screening currents
which fill the entire thickness of the wall. Concomitantly, the front of the
applied magnetic flux penetrates from R, , the outer radius, to R;j , the inner
radius of the wall of the tube as shown in Fig 6.2. <jcim> ,.the spatial
average of the intergrain depinning critical current density is obtained by
exploiting Ampere's law

fH-dL:IL (6.1)
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Fig6.1 Evolution of the axial magnetic flux density in the cavity of the
BiSCCO tube as Hy is impressed and varied along and between the
"envelopes" of the magnetization curve. The dashed (45°) line is for the normal
state
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Fig6.2 Schematics of the B(r) profiles in the wall of a tube when , (a) Hy is
first impressed and raised through H._, the first penetration field , (b) Hy is
decreased from HyA(1) > H.., to H/(2) (upper curve) or decreased from the
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in an “"idealized" context. Here I is the current flowing azimuthally per unit
length L of the wall. In this idealized picture, the external return flux
associated with the azimuthally circulating current I is considered to be
negligible, hence end effects are ignored and the tube is regarded as "infinitely”
long.( i.e. very long compared with its outer diameter ). With an aspect ratio
(length/outer diameter) L/2R,=2.15, the BiSCCO can be regarded as
approximately satisfying these conditions at least with respect to
configurations of magnetic flux in the vicinity of its "waist”. Consequently
B,(r), in the cavity, in the wall and outside the tube in the volume adjacent to
the mid plane can be regarded as undistorted and axially uniform. We note
that the pickup coil monitoring < B, > dccupies only the central part of the
length of the tube.

We let H,, denote the field for first penetration of magnetic flux in the
cavity and I, denotes the corresponding critical current per unit length. Then

by Ampere's law in the idealized framework outlined above, we can write,

It is noted that < B, >,;. does not exhibit a sharp rise from zero in Fig 6.1.
The observed curvature in the initial rise is attributed to the "end" effects just
mentioned. Consequently H,, i§ estimated by backward extrapolation of the
linear region of the trace of <B, >h°,; vs Hy . From Fig 6.1l v;re estimate
RoH. =6.0mT, hence <j., >=3(10%)A/m>.

When Hy/is increased beyond H., , magnetic flux enters into the cavity as

depicted in the uppermost curve of Fig 6.2(2). Again bj' Ampere's law,

<B, >

H, -
‘ i ™

=T, =<jum > (R, —R;) (6.3)
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We note from Fig 6.1 that I, n, is approximately constant as Hy increases
beyond H._, over the range illustrated, which is the range of interest in our

study. Consequently,

Serm (B) =< jerm > (6.4)

over this range. This insensitivity of jo|m on the magnetic flux density is
referred to as the Bean approximation { Bean like, for brevity).

The magnetic flux which has entered the cavity remains completely
trapped in that reservoir when Hy is subsequently removed provided that Hyy
does not exceed a value denoted H..,. From a family of "half cycles” of Hy,
commencing at H//=0 after zero field cooling we determine that H,,, =~ 12mT. A
typical member of suchk a family of curves is displayed in Fig 6.1. After
applying and removing H,, > H..,,, it is observed that the magnetic flux density
trapped in the cavity is = 6 mT (see Fig 6.1). (We note that in the Bean
approximation, H.., =2H., since here joim is independent of B). The
corresponding B,(r) profile is sketched in Fig 6.2(b) ( lowermost curve ). We
note that as expected from the critical state concept, the trapped flux density
corresponds to wyH.,, the applied magnetic flux density for first penetration
into the cavity.

‘For completeness we displa'y the evolution of <B, >, vs Hy in Fig 6.3.
<B; >ua denotes the spatial average of the axial magnetic flux ciensity over
the entire cross section of the tube , i.e. hole plus wall. This is the quantity
measured directly by the outer pickup coil/ampiifier/integrator set up .

The sweeps of Hyy from "large” positive to negative values and vice versa,
generate critical state ;zonﬁgurations of induced persistent currents in the wall

and trace boundaries or envelopes of < B, >,,. vs Hy such as displayed in Fig
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6.1 and of <B, >,y vs Hy presented in Fig 6.3 . Along the envelopes, the
induced persistent currents not only fill the entire width of the wall but
circulate only in one sense , i.e. "cdlockwise” when H/; is swept from negative to
positive, "counterclockwise” when Hyy is swept from positive to negative.

The evolution of the B,(r) profiles in the wall of the tube after the
direction of the sweep of Hyy is reversed is sketched in Figs. 6.2 (b), (¢) and {(d).
These reversals of the sense of the sweep of Hyy cause < B, >y and <B; >y, o
travel from one énvelope or boundary to the other as displayed in Figs 6.1 and
6.3. Ideally in Fig 6.1 the traversal should be horizontal from one boundary
across to the other boundary. Again we attribute the curvature when the
traversal approaches the opposite side to arise from the finite geometry ( end
effects ) of the tube. )

Again from Ampere's law ,

H,H-H,2)
2

=31 ), =<Jjeim > Ro—R;) (6.4)

Where H/A(1) and H/A(2) denote the magnetic fields at the extremities of
the traversals ( see Fﬁg 6.2 ). From inspection of the data illustrated in Fig 6.1
and 6.3 we note that the magnitude of the traversals is not sensitive to the
choice of the: reversal points, hence on the position of the extremities.
Consequezitly, we again conclude that j.n, (ﬁ) =< jum > over the range

displayed. In other words <je] ;> is Bean like for this specimen.

6.3. The Intragrain Critical Current Density, jelg’

The grains of sintered high T, superconductors generally possess a
critical current density for depinning denoted jelg> which is appreciably larger
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FAg 6.3 Evolt;.txo_n of <ﬁz >l ,- the spatial average of the axial magnetic
flux density in-the wall pl_v.:s cavity as Hy is impressed and varied along and
across the boundaries (envelopes) of the magnetization curve of the BiSCCO

tube.
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than that of the "matrix" or " "links" between the grains . Evidently we could
determine jo) g by grinding the tube or a portion of the tube and carrying out
four probe or magnetization measurements on the isolated grains. We wish
however to keep our tube specimen intact and avoid such a destructive
approach. We proceed to obtain an estimate of <jc1g> for the low field range of
our investigation by using two complementary approaches for trapping
magnetic flux in the tubes, denoted Hego) and Heycle procedures [26, 33, 37,
45, 61, 63, 65, 69, 73] .. We now describe these procedures and our results in
detail.

6.4. Flux Trapping by Heool Procedure

In the first approach, the tube is field cooled from T¢ to 77 K in a static
axial field Hy, denoted Heool, Which is subsequently removed . Both @3, ,
the axial magnetic flux trapped in the cavity after Hygo] bas been removed ,
and, @, . , the axial magnetic flux trapped in the entire cross section of the
tube, i.e. in the hole plus the wall are readily determined separately but
simultaneously by means of the pickup coil in the cavity and the pickup coil
embracing the outer surface of the wall.

Fig 6.4 (2) displays the growth of &, =<B, >, ©R? , the axial flux
trapped in the cavity of the tube, or equivalently its density ,<B, >, , as 2
function of Heqgg). We note that < B, >y vs Hegol exhibits a "kink” followed at
higher fields by a plateau . The kink is observed when p,H_; =6mT and the

threshold of the plateau is situated in the vicinity of poHy = 0T
By Faraday's law of induction , the removal of H¢go} induces currents to

circulate around the circumference of the tube to retain the total ﬂux,'
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Fig6.5 Schematics of B profiles after Hegq) has been removed, (a) from a
tube and (b) from an isolated grain of "idealized” geometry. (c) Displays
expectations for a monolithic and (e) for a granular tube where Breturn from
the magnetized grains Mg shown in (d) play a role. '

Figure 6.5 page 49 (b)

49 (a)
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D, 1ot = (RoH ot J7R3 (6.5)

initially permeating the cavity and the wall of the tube. For low Heqq) this is
achieved by an induced persistent current , Itgtql, which occupies only an outer
annular portion of the volume of the wall of the tube ( see lowermost curve of

Fig 6.5(a) ) . Thus,

where r; is the inner boundary of the space filled by the induced current. By
Ampere's law, H, =I,u/L , hence rj depends on Hggol as depicted
schematically in Fig 6.5(a) .

Let I, denote the saturation critical current per unit length flowing
around the circumference of the wall when r; has advanced to R;. Let Hgy
denote the corresponding Heogl 2nd <B, >, denote the corresponding
trapped flux density in the cavity. At this juncture , from Ampere's law and the
critical state picture,

<B, >n

" =H™ =H., =L, =<j., > (R, —R;) (6.7
0

We believe that the kink in Fig 6.4(a) corresponds to this situation. This
interpretation is consistent with the value of the corresponding quantities
since here p H. =6mT and <B, >, = 4.5mT. This agreement is satisfactory
although "ideally” the latter two quantities should be equal .

The picture we have just developed envisaged that the wall of the tube
was homogeneous or monolithic . Under these circumstances <B, >, VS Hegol

would display a plateau immediately beyond the kink as shown in Fig 6.5(c).
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We note in Fig 6.4(a) that <B, >, continues to grow, albeit slowly, as
Heoo] is chosen greater than H; and eventually attains a plateau. The onset
of this plateau is attributed to saturation remanent magnetization of the

| grains and provides an estimate of <jc1> , the intragrain critical current
density for depinning. We now develop this idea.

Many workers using the four probe techniqtie for measuring the critical
depinning current I,) have observed that this quantity is enhanced when the
externally applied field Hy has been decreased in comparison with the data for
the case where Hy has been increased [21, 22, 25, 34, 36, 48, 49, 50, 52, 58, 68,
69, 74] . The prevailing account for this behaviour is now outlined and applied
to our situation. In the regime where H, has been decreased, the individual
grains of the sintered granular material become saturated with flux retaining
circulating currents. Thus each grain acquires 2 magnetic moment L , hence
becomes a small magnet which is magnetized along H, as sketched in Fig
6.5(b) . ( The grains are assumed isotropic for simplicity ). Let By = RoH rerurn
. denote the "return” magnetic flux density associated with , <M, >, the
magnetization of the grains. Some of this return flux will thread the intergrain
volume ( the matrix ). The matrix however is already permeated by magnetic
flux , denoted By (1), generated by the intergrain currents of density joim (1)
circulating around the circumference of the wall.

In this picture , B,y (r) , the resultant magnetic flux density in the
“matrix" ( ie. the intergrain regions ) is the superposition of these

contributions and can be written,

Bow (1) = 1oH, + Bjoym (1) + Bregum (6.8)
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We confine our attention to the special case where Ha=Heool has been reduced

to zero, hence eqn 6.8 simplifies to,
Emm (l’) = lﬁm (r)l—lﬁml . (6-9)

where we have explicitly incorporated the feature that here, for the data of Fig
6.4(a), B o, is directed opposite to By)r, inside the matrix. We stress that the
higher the value of Hggo) which is then removed, the stronger the final
magnetization of the grains which ensues and hence the greater the
corresponding return flux Breturn as depicted in Fig. 6.5 (b) and (d).
Consequently as Heqol is augmented and the ensuing Breturn generated
by the removal of Hegol is increased, we anticipate a rise in the level of trapped
flux in the cavity. This rise will cease when Breturn attains its maximum
value. This is achieved when the grains are filled with intragrain critical
currents, bence when, as depicted schematically in Figs 6.5(b) and (d),

Heo =HZE, =<jog ><R>=Hyy (6.10)

where <R> denotes an effective average radius for the grains. Rigorously,
eqn 6.10 is valid only for grains in the form of long isotropic éylinders whose
length is // to Hegol. It is a useful frequently exploited approximation.

In practice, since the grains are irregular in shape and span a range of
dimensions, the approach to the plateau in Fig 6.4(2) will be smeared out
(asymptotic). Nevertheless from the data displayed in this figure we can
estimate poHE, =30mT. We stress that this quantity also corresponds
physically to H., the first penetration field for the grains. The central feature
pertinent to our analysis of flux cutting and cross-flow in the tube is that,
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RoHeg = 30mT >> toHep, ~SmT (6.11)

The magnitude of the rise of <B, >,,. observed as Hgqo] progresses from
H™ to H!, and displayed in Fig 6.4(a) is ccnsistent with our earlier
observations. We have already established that Jolm is only weakly.dependent
on B in this range. Finally , it is useful to emphasize, that it is the magnetic
field Hyyo for the onset of the platean that provides a measure of the
penetration field into the grains. The magnitude of the rise of < B, >, from
the kink to the plateau does not affect the estimate of H.;. The model we have
outlined is drawn from the literature and serves to account for the appearance
of a kink followed by a plateau in the data of Fig 6.4(a). It also links the edge of
the plateau with H.;. We note that in this picture, the plateau will approach
the kink if H.; is made comparable to H.,, and these will merge or coalesce
when H., <H.,.

The growth of @, =<B, >, 7R , the total magnetic flux trapped in
the hole plus the wall of the tube after H,, =H_,, has been removed is also
displayed as a function of Heqq) in Fig 6.4(a). This trapped flux is monitored
directly by the outer pickup coil embracing the tube when the tube is heated
from 77 K to T, after H¢qgol has been removed. As the specimen is driven into
the normal resistive state by the heating process, the persistent currents
circulating around the wall and inside the grains are destroyed and the
magnetic flux which they sustain is released '

We note that &,,,, , hence <B, >, rises to a plateau whose edge is
situated in the vicinity of p,H_, =30mT and corresponds to the threshold of
the plateau for < B, >, which we have just discussed . This correspondence is
not surprising since as can be seen from the sketches of Fig 6.5, the two sets of

measurements complement each other. We now elaborate on this feature.
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It is useful at this juncture to review the "context” of @, uun - We again
refer the reader to Fig 6.5 for aid in visualizing the varies quantities involved.

By definitions,

<B, >4y TRE =< B, >y TRZ+<B, > TR - R?) (6.12(b))

If the wall consisted of a monolithic (i.e.I homogeneous and nongranular)

type II superconducting material, <B, >y would be smaller than <B, >y,
| throughout Fig 6.4(a) , (and as illustrated in Fig. 6.5 (c) ), although @, ,,, must
be larger than @, - The reason that <B, >y, must be smaller than < B, >y,
is that < B, >,y for the homogenous tube is less than < B, >y (see Fig 6.5(@)).
We note however that <B, >,y rises above <B, >, in the data presented in
Fig 6.4. This occurs because in granular sintered high T, materials, the
"isolated” grains can trap a higher demsity of magnetic flux than the matrix
(ie. the intergranular volume) of the wall. To bring out this feature, in Fig
6.4(b) we have plotted ,

<B, >pm R2 <B, > R2

<B.>.1=
27wl RE-R2)  (R2-R})

(6.13)

which is rearrangement of eqn 6.12 and contains both sets of data of Fig 6.4(2).
It is dear from Fig 6.4 that <B >, rises above <B, >y as Hegol is
augmented. Further <B, >, attains 2 maximum when poHey = 30mT . This
correspondence confirms the account we have given for the occurrence of the
plateaus and the link we have made between HYE, the threshold of the
 plateaus with the intragrain penetration field Ha.
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Fig 6.5(e) is obtained by superposition of Fig 6.5(c) and (d) in accordance
with the model just described. Fig 6.5(e) , although schematic, should be
compared with the actual data displayed in Fig 6.4(a) . The model qualitatively
reproduces the salient features of the data and identifies the two pertinent
quantities , H.,, and H.; , hence the corresponding average critical current

densities <jelm> and <Jelg> .
6.5. Flux Trapping by Heycle Procedure

We have also exploited another standard procedure for trapping magnetic
flux in type I superconductors. In this approach , the tube in the virgin state
(i.e. zero field cooled from T, to 77 K ) is subjected to a slow sweep of an axial
magnetic field Hy which is then gradually removed. Let Heycle denote the
maximum value attained by Hy during such a "half cycle” . <B, >,; and
<B, > » the magnetic flux densities trapped in the hole and in the entire
cross-section ( hole plus wall ) are plotted vs Heyele in Fig 6.6(a). Fig 6.6(b)
displays <B, >,y , the corresponding magnetic flux density trapped in the
wall ( see eqn 6.19 ).

We note from inspection of Fig 6.6(a) that again , as observed when the
H o1 procedure was used for flux trapping, (i) <B, >, exhibits a "kink”
followed by a platezu, (i) <B, >, also traces a plateau,  (iii) the
threshold of the plateau for < B, >,,. approximately corresponds to the onset of
the plateau for <B, >y » (V) <B, >,,, rises above <B, >, in the range of
large Heycle » é'nd (v) the rise of < B, >, above <B, >, commences in the
vicinity of the kink in < B; > vs Heycle -

All of these features have already been encountered for flux trapping
using the Heqo] procedure . The model already outlined to account for these
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behaviours in the Hego] ase can again be applied to the Heycle context . The
new element which needs to be explained is the fact that the onset of the
plateaus and the maximum for < B, >,y are now shifted to larger values of Hy
. These shifts are not only consistent with the model but provide information
on tks dependence of <jelm> and <jelg> on B.

We refer the reader to Fig 6.7 which illustrates the pertinent quantities
for assiétance in following our account of the observed shifts .

Let H.™, denote Hy whose application to the virgin tube generated the
flux density configuration in the wall and cavity sketched by the upper curve of
Fig 6.7(a). The crucial characteristics we wish to portray in this sketch are
that,(i) all of the magnetic flux previously threading the cavity when H_u,
was present remains completely trapped in the cavity when H, is reduced to
zero, and, (ii) when Hcycle is selected higher than Hy., some of the flux
initially threading the cavity is released during the removal of Heycle- The
latter behaviour is displayed by the uppermost curves in Fig 6.7(2). In other
words and as illustrated in Fig 6.7(a), Hgy, is the minimum Heyde for
complete retention in the cavity of the flux threading it at the maximum of the
half cycle. We stress that the same residual flux configuration is attained by
cooling in H_; =H_®, =H._, (see Fig 6.5(a)) and then removing Hyq)-

As a consequence of the critical state concept, the ratio, H oy, / Hoy is
independent of the wall thickness and is completely dictated by the
dependence of the intergrain critical current density jo1m on B.

It is useful at this juncture to dwell upon and develop a basic feature of
saturated critical state flux density configurations which we are encountering
here when ngfocus on the wall and which will appear again shortly in our
examination'i; -."_-;_‘ﬁ_e effect of the magnetized grains. Therefore we now introduce

a sub-section on this topic.
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Fig6.7 Schematics of B profiles when Heyle is impressed and has been
removed, (a) from a tube and (b) from a grain of "ideal" geometry. (c)
Displays expectations for a monolithic and (e) for a granular tube where
Breturm and Hg shown in (d) play a role.

Figure 6.7 page 58 (b)
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6.6. General Relationships for Critical State
Configurations

The development envisages infinite slab (planar geometry) and cylinder
geometry where 1,H =B is 1 to the space variables x or r which we will denote
by x . We refer the reader to the sketch below. Maxwell's eqn

' Vx(ﬁ/po)=V><f-'I=] together with the critical state assumption that j=j; ,

then reads fur the idealized situations under consideration,

1dB dH
._.—-=—=ijc (6.14)
Ho dx

" Consequently we can write the following series of definitions,
" =H. =[x =<, > X 6.15)

Here and in the following expressions , the subscript and superscript indicate

the limits of the range of the quantity.

[ aH=H. = [ax=<i, >y 2X (6.16(2))

The above can be rewritten,

H--

{ 1] H‘ ' E
j'o dH=["dH+ [ " dH=H. +H:

X, 2X . . . e :
= [edx+ [ edx =< jo >3 X+ <o >0 X (6.16(5))
Introducing these statements into ratios leads to,
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Ho _2<Je> _y, Sde> (6.17)
H. <) > <Jec >0
B
*’? Hyad H(r) Hyx
H()
d1H
By -5 T
Ve
7
Fd
ol 0 ?
0 R R
R; Ro %

To further illustrate the content of these relationships and definitions it is
instructive to introduce a critical current density dependent on H=B/y, of the

frequently exploited form
= -a—,, (6.18)
H
Eqn 6.14 now reads
dH o
—== 6.19(a
= I (6.19(2))
HdH = +odx (6.190))

Integrating from 0 to X and taking H to be zero at one of the limits and
H. =B. /u, at the other limit leads to,

H. ={(n+1)oX}fasd (6.20)
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Integrating eqn 6.19(b) from 0 to 2X and taking H to be zero at one of the
limits and H.. = B.. / i, (by definition) at the other limit leads to,

H.. ={2(n + )X}/ (6.21(2))
H.. =2/60y, (6.21()

Hence for the Bean approximation where n=0 in eqn 6.18, we obtain,

He.
H.

=2 (6.22)

The simple Kim approximation where n=1 in eqn 6.18, leads to,

H..
=2 2
o NG (6.23)
Hence,
<je>p _V2 <j. >u _Fo1 620
<je> 27 <ie>g '

Equations 14 through 24 are "generic” and can be applied either to the '

matrix of the wall . Here then ,
jc =j°_Lm ’ B-/]J.o =H., = H‘m » B--/llo =Hus =H"“‘m (6.25)
or to the isolated isotropic grain of idealized geometry . Here then,

jc =jc-!-8 . Ba/l.’.o =H. =H-g * Bu/p.o =H.. =Hug (6-26)
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We note that the Heggl and Heycle procedure generate the same final or
residual saturated critical state configurations (compare uppermost solid
curves of Fig 6.5(a) and (b) with that of Fig 6.7(2) and (b)). The difference is
that to achieve these identical final B profiles in the matrix (wall) or in the
individual grains, Heygle must be larger than Hgggl, and the ratios
Heydde/Heool corresponding to various salient features of the graphs of trapped

flux vs Heyele and Hegg) yield insight on the dependence of jo)m and je) g on
B.

6.7. Application of these Relations to the BiSCCO
Tube

From the data for < B, >y, in Figs 6.4 and 6.6 we estimate the values of
RoHeq and poHeqg, for the kinks to be ~ 6 and 12 mT respectively. Since the
model identifies this feature as arising from critical intergrain configurations

we write,

RoH® =poHug =<jeim >0 (R —R;) = 6mT 6.27)
toHgae =HoHum =< jeim > (R, —R;)=12mT (6.28)

and note that here the ratio H.._, /H.,, =2 confirms the Bean like dependence of
jelm on B in this low field range.

The other salient features namely,
(i) the rise of <B, >y, t0 a plateau after the appearance of the kink, _
(i) the growth of <B, >, to a plateau which lies above that of <B, >, and,
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(iii) the correspondence of the threshold of these two plateaus, are all
attributed , as in the Hgqq] procedure for flux trapping to the role played by the
magnetization of the grains and to the effect of their return flux on the
intergrain critical current. The relationship between these various features
and the characteristic penetration fields into the grains are illustrated in Fig
6.7 (), (¢), (d), and (e). From the data for Heycle (see Fig 6.6) we estimate,

RoHgS, =HoHug = 50mT (6.29)
Earlier from the data for Hego) (see Fig 6.4) we had estimated,
oHE, =poHag = 30mT (6.30)

Ffom the ratio H..;/H., =1.6 we conclude that jo) g is perhaps slightly more
dependent on B than j, 1 m.

Because of the approach to the plateaﬁs is asymptotic, the determination
of their thresholds is inevitably ambiguous and inexact. We will see however
that the important feature for our understanding of the flux line cutting and
cross-flow behaviour of the BiSCCO tube is that the penetration fields
H. and H.. for the grains are appreciably larger than that for the "matrix"
(i.e. the intergrain structure of the wall ).

6.8. Flux Expulsion ( Meissner Effect )

For simplicity we have so far ignored the complications brought about by
the partial expulsion of some of the magnetic flux threading the wall during
the process of cooling from T. to 77 K in Hgggl. Some of this flux is expelled

into the cavity of the tube and some into the "environment”. The amount
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ejected into the cavity causes a rise in the axial flux density poH initially
threading this space. This rise, A<B, >, is displayed in Fig 6.8(a) versus
H//=Hcqol- We note that the rise is negligible relative to the initial flux density
since A <B, >y /lo Hon = 0.002. Also we note that the rise is approximately
linear, then plateaus out when poH .y 2 50mT.

A <B, >, the decrease of the axial flux density in the wall during the
field cooling process is shown in Fig 6.8(b). We note that the behaviour is
approximately linear in the low field range 0 <H_, <10mT and that the ratio
A <B, > /itg Hey = 0.1 in this range.

For a homogeneous, monolithic hence nongranular specimen, we might
expect, from symmetry considerations that approximately half of the magnetic
flux expelled by the wall during the field cooling process would be ejected into
the cavity. Thus for the BiSCCO tube since the cross-sections of the wall and of
the hole, Ay, and Ay, have a ratio A/AL=1/2 we anticipate that,

A<B, > =%IA <B, >Ji—“’= %]A <B, >,| (6.31)
- h

The ratios of A <B, >, /]A <B, >, | we observe are however an order of
magnitude smaller than this. Although it is not germane to our investigation,
this discrepancy warrants some diséussion. |

QOur "ﬂaive" assumption that the magnetic flux expelled by the wall would
be equally ejected into the cavity and into the environment may be valid for
idealized circumstances. In such an idealized situation, T(r), the initial
temperature profile across the wall should be uniform and the cooling
procedure should ensure that this uniform temperature distribution is
approximately maintained as T(r) descends from T, to the ambient
temperature T;(r)=77K.
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In our setup, however, an appreciable temperature gradient initially
exists across the thickness of the wall prior to cooling since the heater is in
intimate contact with the outer surface only. Further, in our work, the rate of
cooling along the two surfaces of the wall is probably unequal. Indeed in our
arrangement the cooling rate is probably larger along R; than along R,,. Both of
these circumstances may cause the superconducting state to first appear along
R; and expand towards R,. This may lead to a preferential expulsion of flux
lines into the "environment".

The fact that the wall is not a monolithic homogeneous entity but
possesses a granular structure is now taken into consideration in our
examination of the flux expulsion behaviour . For purpose of discussion we
assume that T(r) is uniform throughout the codling history.

First we focus on a special "extreme" or limiting situation. Let us regard
the superconducting grains as embedded in a matrix which is 2 normal metal
at all temperatures. For simplicity, we view the electrically isolated grains as
long rods or bars parallel to the length of a wall of infinite length, hence ignore
demagnetization factors (end effects). For such a specimen, <B, >, would
remain constant and equal to poH,, as the "grains” cool from T, to T and expel
magnetic flux. An outer pickup coil embracing this "special” tube would detect
the expulsion of flux from the assembly of uncoupled grains. The inner pickup
coil in the cavity of the tube would , however , record no change in the flux
threading it. We note that these result corresponds closely to our observations.

We know however, that the wall can sustain weak circumferential
intergrain persistent currents of density joim at Tf. Therefore the intergrain
matrix may be regarded as a multiply connected network or "sponge” of zero
resistance material which can attempt, albeit feebly, to imprison the flux
ejected by the grains embedded in it. The intergrain matrix is not capable of
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effectively confining or containing the flux expelled by the grains because jo)m
and the cross-section of the intergrain network are too small. This statement is
now illustrated in a simple model.

We visualize, for simplicity a grain in the form of a long thin slab
embedded in an infinite matrix of uniform critical current density jo 1 m - Upon
field cooling in Hy , the Meissner effect has caused a magnetic flux
Ad =2ngs|A< B, >g| to be expelled from the grain. Here 2Xy is the
thickness of the grain of width Yg >> Xg. By Faraday's Law of induction, the
magnetic flux expelled from the grain is trapped by the persistent currents
induced to circulate around the grain in the surrounding matrix or medium.
Integrating Maxwell'seqn  dB,/dx=%pgjun leadsto AB,, =FUjjonXpy
where X, is the trapping depth in the matrix as shown in the accompanying
sketch

< X A<Bz>g T 3 Xy >

By conservation of flux,

AB .
AD, =2X,Y,|A<B, >, |=40, = 2K Yy = X2Y Mojern  (6.32)
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where the 2 in the denominator appears from averaging the linear B(x) profile
over the distance X;. We recall that our measurements show

B.y =HoHey =Wpjom (R, —R;) ~5mT.

_2X|A<B; >|(Ro-Ri) _2X|A<B, >R, —R;)

X2
" Rojaam(Ro = R;) Bum

(6.33)

With A<B, >, =1mT , X, =10~ meter eqn 6.33 leads to X, =10 *meter hence
an order of magnitude greater than Xg '

Thus in order that the magnetic flux expelied by the grains remain
trapped by the intergrain network and not be allowed to escape from the wall,
the ratio of matrix to grain volume should be =10. Since the grains occupy the
most of the volume of the wall it is not surprising that magnetic flux they expel
is released by the wall essentially unopposed by the matrix.

In our measurements , the outer tube was field cooled after the inner tube
was fileld cooled. Consequently, the axial flux density permeating the annular
space and the wall of the outer tube starts at poH, when the outer tube
begins to cooi. We observe only a negligible rise in < B, :;‘m when the cooling
takes place. This is as expected in view of the foregoing. - -

The preceding detailed discussion of the flux expulsion behaviour upon
field cooling and the consequent configurations of the B(r) profiles serves to set
the stage for our central enferprise. Thus we face the following scenario when
we initiate flux line cutting and cross-flow. The flux densities in the cavity, and
in the annular space are essentially equal to each other and equal to the static
applied flux density pqoH,, . Because of the Meissner effect, The flux density in
the grains is fractionally lower than poH, . The detailed flux density
distribution in the matrix (intergrain space) is probably complicated but its
spatial average is probably close to noH,, .
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6.9. Summary

From a variety of magnetic and flux trapping measurements on the
BiSCCO inner tube we have extracted the following information.
The intergrain depinning critical current density,

Hep,

A
<i S e 22 5(10%)— {(6.34)
) (R, —R;) (0% m?

and is not sensitive to the flux density B in the low field range of our
measurements.

The penetration field into the grains, H., is a factor of =5 larger than H.,,
the penetration field across the wall. Taking tl}e average radius R of the grains
as 10 microns this penetration field yields an intragrain depinning critical

current density,

H-
Susg >=—E #2500 (6.35)

We also find that je1 g is not sensitive to B in the low field range.
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CHAPTER 7

Flux Line Cutting and
Cross Flow in the BiSCCO Tube

7.1.Introduction

From our measurements of the magnetic behaviour of the BiSCCO tube
as the axial magnetic field Hy is impressed and reversed and from the data on
its flux trapping properties by the Hgyp) and i'Icycle procedures we have been
able to estimate the penetration fields H., and H.., across the wall and the
penetration fields H., and H.., into the grains. We have seen that these
parameters, in the framework of the critical state model, can provide estimates
of the critical current densities for depinning of the flux lines in the intergrain
network (matrix) ( jeim ) and inside the grains ( jo1g ). Further the ratios
Heep, [Hep, and H..p /H., indicate that both jeim and jo1g are not sensitive to
the magnitude of the magnetic flux density B in the low field range we have
explored.

From previous investigations of flux line cutting in monolithic classical
low T, type II superconductors carried out in our laboratory it has been
established that in order to obtain a clear signature of the occurrence of this
phenomenon, it is necessary that AH,,, , the increment in the magnitude of
the applied field should approach and , better yet , exceed the penetration field
H. . thus,
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with the static axial field Hy=H. .

The toroidal magnet coil embracing the wall of the tube must
consequently be designed to achieve this goal. The reader will appreciate
however that the space available inside the cavity of the tube imposes severe
constraints . This space must accommodate both, (i) a crucial inner pickup
coil of adequate area-turn productand (ii) a toroidal magmet coil with
sufficient number of wmdmgs of appropriate cross section. Clearly favoring one
of these entities entails sacrifices for the other, hence a judicious compromise
must be struck. The reader will judge from the results reported in this chapter
that our design and construction attained the main objective. We will present
clear evidence of cutting and cross-flow of flux lines in the weak lnk regime of
the BiSCCO tube . Our toroidal magnet coil however was incapable of
effectively probing flux line cutting and cross-flow in the interior or bulk of the
grains . Stated mathematically, in our work in the BiSCCO tube,

AH, g 2H., but AH.y <H. (7.2)

We wish to mention now however that in our investigation of the YBCO

tube , to be reported later in this thesis, both of these goals were attained .
7.2.Results and Discussion

7.2.1. Experimental Basis for the Main Message
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The evolution of <B, >, » <B, >y and <B;>,,, the spatial
averages of the magnetic flux density in the cavity, the annular space between
the two tubes , and in the wall of the inner tube , as an azimuthal magnetic
field <H, > is impressed and removed in static ambient axial magnetic fields
Hy , is displayed in Figs 7.1, 7.2 and 7.3 for various Hy . These data curves
were selected from our inventory of measured curves to illustrate the observed
phenomena over the range we have explored .

The rises observed for <B, >y, and <B, >, as Hy is impressed both
carry the clear signature of cross-flow of flux lines . The increase of axial flux
in these two reservoirs indicate that the wall is releasing flux lines into the
these enclosures . The concomitant drop in the axial flux density in the wall
alse testifies that some of these‘ quantity is vanishing in that medium as the
adjacent reservoirs are experiencing a growth of axial flux.

However , these events are taking place while the magnetic fields,

Flo (R;) = 85, (R; )+ §S2 Jhole (7.3)
Ro
) A _<B
Hu <R°>=¢H¢<Ro)+z% (7.4)
0 .

along the inner and outer surfaces of the wall are increasing in magnitude ,
thereby nucleating and "pumping” helical flux lines into the ‘wall. By
conservation of flux , every flux line introduced into the wall by an increment
of II:I“,‘,J (R; )[ and IITIM, (R, )|' removes a quantum of axial flux from the
corresﬁonding reservoir. Further, as shown in Fig 7.4 , azimuthal flux is
indeed entering and accumulating in the wall as <H, > is impressed . We note
that the evolution of the <B, >,,; v8 <H, > is not only "traditional” but also
relatively insensitive to the presence of H; and the dramatic events just
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described. Indeed the presence of Hy facilitates the penetration of the
azimuthal field into the wall.

The behaviour of < B, > » < B: >t » <Bz >wan 8nd <By >y as Hy is
subsequently reduced to zero is also "traditional" , hence not especially
remarkable . Here, the ew}olution of these four quantities corresponds
qualitatively to the expectations from straight-forward migration of flux line
populations out of the wall into the adjacent reservoirs as the ambient
magnetic "pressures” (i.e. lﬁw (R;)l and Il'-'Im, (Ro)l ) are diminished and
released. A careful quantitative analysis of these "return” curves can however,
‘reveal that flux line cutting and cross-flow is also taking place under these
circumstances. The agreement here is less convincing since it emerges from
elaborate computations influenced by the “approximations introduced, of
necessity, in these computations. Consequently we will focus on the
phenomena where Hy is impressed since here the message needs only careful
consideration of basic physics to be read. The theoretical calculations will
merely provide a quantitative perspective and confirmation for the central

theme which we now present.

7.2.2. Main Message of the Thesis

It is useful at this juncture to identify the basic "tenets" or "axioms” for
our "theorem". |

First it is crucial to emphasize that the walls of the tubes are each
continuous superconducting entities although their detailed structure is known
to be intricate , inhomogenous , anisotropic and granular. The evidence for the
conﬁnuify or connectedness of the walls comes from the observations reported

in the previous chapter. There we noted that persistent currents, denoted I,
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can be made to circulate around the circumference of the wall and thereby
establish a difference, AH, =1_, (B) between the axial field in the cavity of
the inner tube and the ambient axial field Hy , viz.,

< Bz 2 hole

AH" = I;m (B) = —H” (7.5)

Ho

The following statements are universally accepted. Magnetic flux in type
II superconductors exists in the form of discrete entities each carrying a unit or
quantum of flux, @, =h/2¢. Further, flux lines can be added to or
subtracted from a volume , already superconducting, only via entry or exit
through the surfaces.

Every helical flux line nucleated along the inner surface R; of the inner
tube removes a quantum of axial flux from the cavity (reservoir 1) and

transfers it to the wall . This helical flux line also injects an amount ,
A, (R;)=n.(R;)P,Z (7.6)

of azimuthal flux into the wall. Here n (R;) denotes the number of the
circuits the helical flux line makes per unit length of the wall of radius R;j and
length Z. The superscript arrows indicate the direction of the displacement of
the flux line away from the cavity hence outward from the axis of the tube.
Every helical flux line exiting from the wall through its inner surface
removes a quantum of axial flux from the wall and releases it into the cavity.

This helical flux line also removes an amount,

A (R;) =1 (R;)DZ (7.7)
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of azimuthal flux from the wall. Here n_(R;) has the same meaning as above
but the superscript arrow indicates that the displacement is towards the axis of
the tube.

Every helical flux Iine nucleated along the outer surface Ry of the inner
tube removes a quantum of axial flux from the annular space (reservoir 2) and

transfers it to the wall. This helical flux line also injects an amount,
AD,(R)=n (R,)PZ (7.8)

of azimuthal flux into the wall. Again the superscript arrows indicate the
direction of displacement of the flux line towards the axis of the tube

Finally, every helical flux line exiting from the wall of the inner tube
through its outer surface removes a quantum of axial flux from the wall and
releases it into the annular space. This helical flux line also removes an

amount,
AD,(R,)=n_(R,)PyZ (7.9)

of azimuthal flux from the wall. Again the superscript arrows indicate the
direction of displacement of the flux line away from the axis of the tube.

An increment , A <By >y , of the azimuthal flux density permeating the wall
produced by an increment in the applied azimuthal fields
Hy(R;)} and H,(R,) canthen be written,

A¢¢.m =A<B¢ Zanll 2(R° —R‘)

= BeZ{ [AN(R;)n, (R;)~ AN(R))n. (R;)]
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+{AN(R, )0 (R,)-AN(R,)n (R,)] } (7.10)

where AN(R;) , AN(R;) , AN(R,) , AN(ﬁ,) denote the number of flux lines
traversing the corresponding surfaces and the superscript arrow pointing to
the right (left) indicates displacement away from (towards) the axis of the
tube.

Since , as expected , <B, >, is observed to increase when <H,> is
impressed , eqn 7.10 will obviously be satisfied, when both quantities in square
brackets are positive or only one is positive and the other zero. Alternatively ,
if one of the square bracketed quantities is negative , then the other must
compensate to yield a net positive total.

It is useful to express the condition that a square bracketed quantity in
eqn 7.10 be positive by the following corresponding inequalities ,

n.(R;) S AN(R;)
nc(ﬁ-i ) AN(E.; )

(7.11)

and

| X
| AN

Y

We now turn our attention to the "traffic” of the axial component of the
flux lines across the inner and outer surfaces of the wall of the inner tube .

We visualize that a change , A<B, >, , of the axial flux density in the
cavity caused by an increment AH,(R;) of the azimuthal field is the net
resultof,

(@) the nucleation of AN(R;) flux Ijnes. along the surface Rj and their

penetration into the wall and , concurrertly or in alternatien,
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(i) a release of AN(R;) flux lines by the wall into the cavity. Thus the

increase of axial flux density in the cavity can be written,
AD, e =B <B, >y TRY = & {AN(R,) - AN(R))} (7.13)

We stress that the observed increase of < B, >y, , signifies that,

m (7.14)

In other words , more flux lines are leaving the wall than entering it
across the surface R; . In the absence of flux line cutting and cross-flow we
would expect the opposite to occur since an increment of lﬁm (R; )l associated
with an increment AH,(R;) will inject or pump flux lines into the wall thereby
tending to cause < B, >,,;. , the level in the inner reservoir to drop.

Similarly we visualize that a change , A <B, >, nux » Of the axial flux
density in reservoir 2 brought about by an increment AH,(R,) of the
azimuthal field is the net result of,

(@) the nucleation of AN(R,) flux lines along the surface R, and their
penetration into the wall of the inner tube and concurrently or in alternation,
(i) arelease of AN(R,) flux lines by the wall into the annular space. Thus

the increase of axial flux density in reservoir 2 can be written,
AD, smuae = 8 <B, > e TWRE -R2) = 0o {AN(R,)-AN(R,)}  (7.15)

We stress that the observed increase of < B, >, fequires that,

ANQR,) |

AN 1 (7.16)
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In egn 7.15 we are neglecting the minute amount of axial flux “pushed"
across the inner surface R;g of the outer tube by the rise of < B, >, .. . It may
also be appropriate to again indicate that the outer tube does not experience
the azimuthal field.)

The above inequality states that more flux lines are leaving the wall than
entering it across the surface R,,. Again we emphasize thaf, in the absence of
flux line cutting and cross-flow , the opposite behaviour is expected to take
place since the increments IITIM R, )| associated with the increments of
AH,(R,) are injecting or pumping flux lines into the wall thereby tending to
cause the level of axial flux <B, >, in the outer reservoir to drop.

Introducing the inequalities (eqns) 7.14 and 7.16 , ( which formally
express the crucial and novel aspect of the observations displayed in Figs 7.1,
7.2 and 7.3 ) into the inequalities (eqns) 7.11 and 7.12 ( which express the
standard behaviour displayed in Fig 7.4 ) we obtain, the important statements
that,

'; > = >1 (7.17)

and

n(R,)  ANR.)_,
ne(R,) ~ AN(R,)

(7.18)

"We emphasize that in the "construction” of "eqns” 7.17 and 7.18 we used
only universally accepted concepts and definitions plus the following
experimental observations that as <H, > is initially impressed after field
cooling of the tubes in a static Hy,

(a) <B, >, rises, (yieldseqgn 7.11)
() <B, >, rises (yields eqn 7.12 ), and
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(€) <B, >,y increases (yields eqn 7.10)

"Eqn" 7.17 states that, (i) the number of flux lines leaving the wall at
R; is greater than that enteringit,and (ii) the number of the circuits of the
flux lines entering the wall at R; is greater than that of the flux lines leaving
it. For traffic of the nature of (i) to take place, the flux lines entering the wall
at R; must traverse, hence, cut through the flux lines leaving through that
surface.

"Eqn " 7.18 states that, (i) the number of flux lines leaving the wall at
R, is greater than that enteringit, and (ii) the number of the circuits of the
flux lines entering the wall at Ry is greater than that of the flux lines leaving
it. For traffic of the nature of (ii) to take place, the flux lines entering the wall
at R, must traverse, hence, cut through the flux lines leaving through that
surface.

Eqn 7.10 reciuires that cross flow must be taking place either at both
surfaces concurrently or at least one of the surfaces.

It is perhaps illuminating to cast the argument in a different way. In
order that two populations of helical flux lines countermove through a given
surface without cutting as they traverse each other , it is necessary that the

number of circuits n (R) possessed by the members of both families, be equal,

hence we write,
n (R;)=n.(R;)=n.(R;) (7.19)
n (R, )=n.(R,)=n.R,) (7.20)
Equation 7.10 now reads,
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8 <B, >y BB o RO[ANR) - ANCR)]
0

+0. (R, [AN(R,) - AN(R,)] (7.21)

We have seen however that the square brackets in eqn 7.21 are negative
(see eqns 7.14 and 7.16) when < B, > and <B, >, are cbserved to
increase . Consequently , the éssumption that there is no flux cutting and
cross-flow at both surfaces (eqns 7.19 and 7.20) is untenable . Thus our central
message , that flux lice cuiting and cross-flow is a real process and is
encountered in our experiments , is validated .

In the next subsection we present an inventory of the salient features
attesting to the phenomenon of flux cutting and cross-flow in the BiSCCO tube.
7 ?_hen we proceed to show that the flux line cutting we observed in the BiSCCO

- abeis -q wantitatively associated with the intergrain structure.
72.3. Inventory of Salient Features

In Fig 7.5 curves of the evolution of <B, >,y as Hy is mmpressed are
juxtaposed in a family picture to illustrate the role of Hy/ on certain salient and
important features of these curves , namely on,

(i) the depth of the valley traced by the locus of <B, >, and,
(ii) the horizontal position ( value of <H, > ) when the bottom or minimum of
the valley is traversed. -'

Note that in Fig 7.5 the baselines have been shifted so that all the curves
have the same vertical starting level. This is done to better bring out the effect
of Hyy . In this format , the depth of the valleys is measured relative to the
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of valleys ") vs the static Hys present as < H, > was impressed. The solid curve
is theoretical.
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initial superconducting state , hence after the field cooling and after the
accompanying Meissner effect has occurred. We note that , consequently, the

starting level or baseline is not pH, but,
i - F.C. ” 00
< Bz >wall= ].loH” A< Bz > wall \7...--..)

since the axial flux density permeating the wall diminished by an amount,
A<B_>FS | due to the Meissner effect during field cooling in Hyy . ( see Fig.
6.8(b))

IA <B, >';,‘;’§| , the magnitude of the depth of the valleys (relative to
<B, >\, ) is plotted vs the corresponding static Hy in Fig 7.6 . This quantity
can readily be evaluated in the theoretical_curves where it is seen to be
determined by the appz;opriate first penetration field H. . Consequently, it is
important in linking these observations to the intergrain critical current
densities.

The height of the peaks traced by < B, >, and <B, >, a8 <Hy > is
impressed is plotted vs the corresponding static Hy in Fig 7.7 (a) and (b) and
denoted A<B,>™ and A<B,>mm . . The height of the firmer is measured

relative to the starting value,
<B,> . =uH,+A<B, > (7.23)

where A<B,>I< denotes the rise of the axial flux density in the cavity

observed during field cooling ( see Fig 6.8 () ). This rise occurs because some of

the flux expelled by the wall during field cooling { Meissner effect ) is ejected

into the cavity. The starting level for the evolution of < B, >y iS HoH,, since

the outer tube field cooled after field cooling of the inner tube . |
Recalling that the cross sections have the following ratios,
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Ahole/Awlll =2 ’ Amﬂx/Awall =3.5

it is of interest to note from Figs 7.6 and 7.7 that approximately cne half of the
axial flux vanishing from the wall appears in the cavity reservoir , and
approximately one half appears in the surrounding annular reservoir.

The values of <H,> when the peaks of <B, >y, and <B, > . are
traced and when the minimum of the valley of <B, >,y is traversed , are
plotted versus the corresponding static Hy in Fig 7.8. These quantities are
intimately related to the appropriate first penetration field H. . Hence their
value is important in our attribution of these phenomena to flux line cutting
and cross-flow in the intergrain network.

7.3.Semi-Quantitative Theoretical Analysis

The main purpose of our theoretical analysis was to determine whether
the phenomena we observed arose from flux line cutting and cross-flow inside
the grains or in the weak link structure of the sintered BiSCCO tube. (i.e.
intragrain or intergrain behaviour ). Of necessity, numerous approximations
and simplifications have been introduced in this exercise . The reader should
be able to judge from our account whether our central conclusion is valid ,
namely, that we are witnessing in the data presented in this chapter
manifestations of j¢; ;m 2nd jo//m , the intergrain czitical’cun'ent densities.

We investigate the evolution of the magnetic flux density in the wall of
the inner tube as Hy is impressed in the framework of the Clem/Perez-
Gonzalez phenomenological theory [19, 58] . This theoretical study is
exploratory. A more thorough application of the theory to our (and other)

observations is being pursued by other workers in our laboratory.
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The first approximation we introduce in this exercise is geometric. The
development of the Clem equations for cylindrical geometry presents a
formidable computational problem. Clem and his collaborators , skilled
theoreticians and experienced programmers have addressed flux line cutting in
cylindrical geometry either in the limit of weak penetration or focused on the
special case of thin walled tubes, hence converted these problems to the more
tractable planar geometry . We also regard the wall as a slab of thickness
R,-R,; =2X , infinite along the azimuthal direction , hence replace the unit
vector & by the unit vector §. The axial field Hy is directed along the z axis .
This approximation is quite acceptable since the ratios of wall thickness to
radius ratios for the BiSCCO tube, |

R —R, R —R.
Sem®i 0230 , —e—Ti-p. 7.24
—-=0.230 - 0.186 (7.24)

i o

are small.

In the same spirit , we take the applied azimuthal fields H,(R;) and
Ho(R,) as equal to <H,> their spatial average across the wall thickness .
Again this is reasonable since , for the BiSCCO tube,

H,(R;)
<H° >

H. (R
=1110 |, Li:o.gm (7.25)
<H¢>

The axial magnetic flux densities in the cavity and the annular space as
Hgy is impressed are taken as static and equal to each other . For convenience
we also ignore the rise of the axial flux density in the cavity due to the

Meissner effect during field cooling , and take,

<B, >pe=HoH; =< B; >mnuter (7.26)
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Since the maximum excursions of these boundary values relative to their
initial values are small, except in the range of very weak Hy , these
approximations are valid. After the variation of <B; >uy Vs Hy has been
evaluated in the framework of these static axial boundary conditions , this
information can be exploited to estimate the corresponding ebb and flow of the
axial flux density in the two reservoirs.

The wall is regarded as isotropic and homogenous (monolithic) hence the
granularity is ignored. Also since the Clem/Perez-Gonzalez theory does not
" incorporate the concept of the intrinsic (equilibrium) Abrikosov diamaguetism,

we also take
ﬁ = E/uo . (7-27)

The Clem/Perez-Gonzalez formulation of the Maxwell-Ampere eqn

VxB=y,] ,in our planar geometry, reads,

dB

3;=—I-1 oiL (7.28)
' s
and
20 .
where
B =3B, (x,1)+ZB, (x,t) (7.30)

and 0 is the angle subtended by B and the z axis. Their formulation of the
Maxwell-Faraday eqn VxE =—0B/ot , in this geometry, reads,
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3E, __p _3B

—L=-E, -5 (7.30)

The boundaries of the wall of infinite height along z and infinite width
along y are situated at R;=—X and R,=X , hence the midplane of the
infinite slab (x=0) is situated at (R; +R,)/2

Since we take H,(R;)=H,(R,)=H, and Hy(R;)=H,(R,)=<H,>
=H,(-X)=H,(X) , the magnetic flux configurations ﬁ(x,t)/uo are symmetric
vrith respect to the midplane (x=0).

The relaxation or diffusibif method of treating the above coupled
Jifferential equations requires considerable computer time beyond the scope of
this thesis. We have therefore adopted an alternate approach. ‘

The sequences of configurations of the magnetic flux density as Hg (hence
Hy(X)=Hy(-X) ) is impressed are calculated on the assumption that they
correspond to critical configurations and hence, the induced current densities,

j1(x,t) and jix,t) exist in the critical state . Thus eqns 7.28 and 7.29 read ,

dB ]
o —Hoje (B(x)) (7.32)
do ]

In effect then , in the nomenclature introduced by Clem , we envisage the
existence of CT ( cutting-transport ), T ( transport ) and O ( passive ) zones but

ignore the possible appearance of C ( pure cutting ) zones.
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To verify whether this major simplification leads to significant distortion
or perturbation of the quasi-static ( "quasi-final” ) sequences of the profiles
generated as Hy is slowly impressed , we proceed as follows.

Eqns 7.30 and 7.31 are rewritten to read,

dE, (x) __ 00(x) _9B(x)
3= = E” (X) x aB‘ (7-34)
0E; (x) _ 99(x) 96(x)
o B(x) 3B, +E, (x)-—ax (7.35)
since in the framework we have adopted,
E, (x,t) =E_,_(x)§£ , Ey(x,1)=Ey, (x)& (7.36)
de _ dt o

B_2BdB,  ¥_200, a8,

9B, dt &t 96,dB, dt (7.37)

where By is the total magnetic flux density at the surface of the slab and 6 is
the angle Bg subtends with respect to the z axis. We note that the rates of
changes with time have canceled out in eqns 7.34 and 7.35 since the sets of
configurations of B(x) and 6(x) as Bg and 85 are incremented are regarded as
quasi-static (critical).

The approach we have adopted is frequently exploited in the calculations
of hysteresis losses in the pure flux line depinning regime, a computationally
much simpler problem.

The boundary conditions on E | (x) and E/(x) are the following . After full
penetrations of the B and 6 "disturbances” ,E =0 and E;=0 at the midplane,
by' symmetry. Also E}(x)=0 in the region where the advancihg flux density
disturbance ( B gradient ) has not penetrated and E/(x)=0 in the region where
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the advancing angular disturbance ( 8 gradient ) has not entered. Our main
purpose in this exercise is to determine whether E}(x) and E/Ax) have the

correct sign , hence satisfy the separate energy dissipation requirements that ,

E,; (X)jo (x) >0 (7.38(a))

E, (X)jgy, (x) >0 (7.38(b)

Our calculations show that, after penetration of the B and 6 gradients to
the midplane has occurred , eqns 7.32 and 7.33 which envisage CT ( cutting-
transport ) zones provide a correct description of all the cases we have
examined. In some circumstances , the © gradient gains on and eventually
precedes the B gradient during their advance to the midplane. In the latter
situations , the electric field E;(x) fails to satisfy eqn 7.36(a) over a small
region of the slab. Fillion [27] and Lalonde [40] have examined these
“pathological” cases and developed computational schemes to rectify the
problem. This requires that a C ( pure cutting ) zone be introduced just behind
the advancing 6 disturbance. In this zone jj{x)=jg//(x) but ji(x)<jc1(B(x)) and
E;(x)=0 . Now eqns 7.28, 7.33, 7.34 and 7.35 must be exploited in order to
obtain solutions. |

These workers found that the evolution of <B,> and <By> vs
<H, >=H,(x), ensuing from these intricate and time consuming "corrections”
was not substantially different from that obtained by using approximate
"uncorrected" profiles of B(x) and 6(x) . Elaborate calculations by Clem [19] and
Perez-Gonzalez [59] using relaxation (diffusion) techniques to solve eqns 7.28
through 7.31 have also led to results corresponding closely to that obtained by
Fillion who exploited the simple approach we have described above. We
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emphasize that the purpose of our semi-quantitative analysis was the
evaluation of the depth and the position Qf the valleys, in the evolution of
<B, > vs Hy , with sufficient accuracy to determine whether this feature is a
property of the matrix or the grains . Consequently, in view of the foregoing ,
we have not pursued the calculations beyond the first but adequate
approximation. Thus in our calculations , the possible appearance of a C zone
at the front of the advancing B and  gradients has been ignored .

The sequences of B(x) and 6(x) profiles generated by numerical solutions
of eqns 7.32 and 7.33 as <H, > is impressed ( i.e. incremented over small

intervals ) are introduced into the definitions,
1 px 1 X ,
<B, >= E-[o B, (x)dx = §I° B(x)cos8({x)dx (7.39)
and
1 X 1 px .
<B, >=<B, >=[ B, (x)dx = J;BO)sin 8(x)dx (7.40)

where the integrations ( summations ) are performed numerically .
We confined our analysis to dependencies of jo| and je7 on H=B/ji, of the

simple "traditional” form,

jo =—= 7.41

Jer g (7.41)
and -

S

Jeyn = aP (7.42

with0<n<l and O0sSp<l
Introducing eqn 7.41 into 7.32 and integrating leads to
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fH“dH =a, j:éx =H™ -H™ (x)=H" (1 —i—) (7.43)
where HX) , the surface total field is denoted Hg and ,

H. ={(n+Da,X}Pl=0 (1.44)

is the first penetration field for the B gradient ( B disturbance) .
Introducing eqn 7.42 and 7.43 into 7.33 and integrating leads to,

dx

[do=0,~0)=0, [ (7.45)

Pl

Hn'l'l_H!-!-ﬂ I_i }m
T

where the right-hand side again yields a closed form expression. These analytic
expressions for B(x) and 6(x) are useful for testing the computer program
developed to solve eqns 7.32 and 7.33 numerically.

In the calculations we have taken n=0 in eqn 7.41 , hence jo1=0) , since
the observations presented in the previous chapter show that both joim and
jcig »the depinning critical current densities for the matrix and the grains are
insensitive to B (i.e. Bean like ). We have investigated the behaviour predicted
by three choices for p in eqn 7.42 (e.g. 0, 0.5 and 1) hence over the range from
the Bean approximation to the simple Kim aﬁproximation. We have also
examined the predictions for ratios of j., (H.)/i (H.) ranging from 1/4 to 2.
The salient features for comparison between theory and observations are the
maximum depth of the valleys and the value of <H, > ( the "position” ) for the
minimum in the valleys. The limit values for these quantities change by less

than a factor of two over the entire range of our scan.
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The best overall correspondence between data and calculations was
obtained using p=1.0 and j.,;(H.)/je (H.)=1.0 . The theoretical results are
displayed in Fig 7.5 7.6 and 7.8 . The agreement between theory and the
observations although not impressive is encouraging in view of the numerous
approximations. Most importantly, the central verdict we sought emerges

clearly as we now indicate. In the computations we introduced,
et = Jorm =2.5010°) Afm’ (7.46)

hence,

(Ro

| Rm
o =Hoju X =hoie B2t =2.5mT (7.47)

In the previous chapter we found that the penetration field across the wall,
Mol = MoHep = Hojeum (R =R;) = 5SmT =2p,H. (7.48)

Clearly then , our observations indicate that the flux line cutting and
cross flow we have witnessed and documented is associated with the intergrain
or weak link critical current densities and not with the intragrain penetration
feld which is almost an order of magnitude larger than the value used in the
calculations (eqn 7.47).

7.4.Summary and Conclusion
We report on measurements of the evolution of the magnetic flux density
in the singly connected wall of a BiSCCO tube surrounded by a second tube of
the same material . We observe that initially , the nucleation of helical flux
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lines along the surfaces of the wall instead of removing axial flux from the
finite reservoirs inside and outside the inner tube and adding this axial flux to
its wall as "traditionally" expected , leads to the opposite behaviour.

These phenomena indicate unambiguously that flux lines are released by
the wall in greater number than received by the nucleation process as
]I:Im, (Ri)l and \ﬁm, (R, )I are augmented . To account for the concomitant
increase of the azimuthal flux in the wall , it is necessary that the number of
circuits possessed by the helical flux lines entering the wall be greater than
that of the exiting flux lines . Since the flux lines entering must then diﬁ‘ef in
pitch from that departing , it is clear that the countermoving flux lines must
touch and cut through each other inside the wall.

This scenario for the traffic of helical flux lines across the surfaces of the
wall into and out of the two adjacent finite reservoirs ( the cavity of the inner
tube and its surrounding annular volume )} is formulated in some
mathematical detail.

The basic phenomenological theory of Clem/Perez-Gonzalez is applied to
the quantitative analysis of our observations. The central purpose of this
exercise is to determine whether the cutting and cross flow of flux lines is
associated with the intergrain or the intragrain critical current densities . The
main features of the data are adequately reproduced when the intergrain jeim
extracted from the penetration field H._ across the wall , is introduced into
the calculations . Since the intragrain penetration field H._ is almost an order

“of magnitude greater than H., /2 we conclude that the events we witness are
determined by the weak link structure of the material.
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CHAPTER 8

Properties of the YBCO Tube

8.1. Introduction

Before presenting our observations and analysis of flux lire cutting and
cross-flow in the YBCO tube in the next chapter it is important that its
"standard” magnetic properties be mapped out and that the intergrain and
intragrain depinning critical current densities, joim and j,, and their
dependence on the magnetic flux density B be estimated. For this purpose we
have carried out the same variety of magnetic and flux trapping measurements
on the YBCO tube that were performed on the BiSCCO tube. We now describe
and discuss the results of this exploration. The major new feature that will
emerge throughout this survey will be the prominent role played by
demagnetization effects. It is useful to list and compare the pertinent
quantities which control these "end effects” before we proceed.

Table 8.1
Length/Quter diameter Wall area/Cavity area
YBCO 1.67 3.0
BiSCCO 2.15 0.5

100



The background and the concepts already reviewed in our discussion of
the phenomena encountered in the study of the BiSCCO tube (see Chapter 6)
will not be outlined again in this chapter.

8.2. Evolution of <Bz>hole and <Bgz>total vs Hy

Typical traces of <B, >y, vs Hjy for the YBCO tube at 77 X are displayed
in Fig 8.1 for the weak field range. The reader should compare Fig 8.1 with the
corresponding measurements on the BiSCCO tube presented in Fig 6.1.

We note three major differenceé in these magnetic responses.

(a) The first penetration field, poH.,, into the cavity of the virgin (zero
field cooled) tube is =1.2 mT hence appreciably smaller than the value of 6 mT
observed for the BiSCCO tube although the former has a wall thickness of 0.75
cm, large compared with 0.16 cm for the latter. From Ampere's law for
idealized  geometry, H.,=<jum>(R,—R;) and we  estimate
<oy >=5.5(10°)A/m? for the YBCO tube. This is minute compared with the
value of = 2.5(10°) A/m?® for the BiSCCO specimen.

(b) In the YBCO tube the horizontal traversals diminish appreciably in
extent as the reversal or end fields are chosen larger. This indicates that j.,,, is
quite sensitive to the strength of B in this weak field range, i.e. here j,, is
Kim like rather than nearly constant as in the Bean approximation.

(¢) For the YBCO tube the curves <B,>,, , as Hy increases in
magnitude , approach and eventually crossover the normal state 45° line
(dashed line in Fig. 8.1). Since, as seen in (@) , jo, diminishes rapidly with B
increasing, we expect < B, >y, to approach but not to touch and crossover the
normal 45°. In our view the latter behaviour arises from demagnetization

effects which we now examine.
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state .The dash-dot curve is observed after an excursion to "large” fields.
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As can be seen from table 8.1, the geometry of the YBCO tube is far "less”
ideal than that of the BiSCCO specimen. As a consequence, the magnetized
grains in the thick wall of the relatively short YBCO tube generate a return
magnetic flux outside the tube and through the cavity which is not negligible,
indeed, since H., and hence the intergrain critical current density < jo, > are
significantly smaller in the YBCO tube, the role of the return flux of the
magnetized grains becomes correspondingly very noticeable.

To estimate the strength of the return flux we exploit the "text book”
picture of a magnetized medium consisting of the juxtaposition of magnetic
dipoles in the form of closed amperian current elements. Here the magnetic
dipoles are generated by field shielding or flux retaining persistent currents
which have been induced to circulate around the periphery and throughout the
volume of individual grains by changes in the applied magnetic field [15, 16,
17, 23, 24, 25, 31, 32, 51, 53] . Consequently we can write,

VxM, =7, (8.1)
and,
M_xr=K (8.2)

where f\’d, is the magnetization associated with the agglomeration of grains
viewed on a quasi-macroscopic scale encompassing several grains. T is a unit
radial vector. J, is a resultant current density which will appear in the volume
of the wall when the magnetization of the juxtaposition of grains is
nonuniform. K is a pseudo surface current flowing along the inner and outer
circuroferences of the wall. As in the text book treatment of eqn 8.2 it is a
"localized" current confined to the individual grains but is viewed as equivalent
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to a continuous current flowing circumferentially around the inner and outer
boundaries of the wall.

We assume, for simplicity, that M, is uniform and directed along the z
axis, i.e. along the length L of the wall. Then,

Ro(Ro)=8M; , Ry (Ry)=-0M, (8.3)

The collection of magnetized grains in the wall is thus replaced by two "thin"
solenoids of equal length L , carrying counter circulating currents of magnitude
K, Der unit length. Applying the textbook formula for thin solenoids of finite
length, the net magnetic flux density, B, generated at the center of the
cavity by these two countef circulating pseudo §u.rface currents then reads,

S N SR 7 S
e TROTE) /22 +RE Jw/2)? +R2

=—poM,k = —}19M;(0.100) (8.4)

Where we have introduced the dimensions of the YBCO tube in the evaluation
of the coefficient k. The negative sign indicates that Bretyrn is directed
opposite to the magnetization Mg of the grains. For the BiSCCO tube ,
k=0.028, hence Bretyrn can be neglected for that sample.

It is instructive at this juncture to examine the consequences of eqn 8.4 in
an illustrative example. We refer the reader to Fig. 8.2 for a schematic display

of the concepts and quantities.
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The width of the horizontal traversal commencing at poH(2)=2.5mT in

Fig 8.1 and terminating at [toH (1) ~ 2T is given by

Therefore, the critical intergrain (matrix) current I, circulating
azimuthally per unit length of the wall and opposing entry of this field into the
cavity when H,,(2) is present , generates a flux density difference across the

wall,

- i
HoHy (2)—poHy (B) 0.250T

3 (8.6)

UOAHZ = p'OI;m =

The applied field H,;(2) is therefore only fractionally diminished in the
volume of the wall by the weak shielding effect of the intergrain current I,
(see Fig. 8.2(2)). Consequently, all of the grains have effectively experienced
almost the full applied field poH, (2)=2.5mT . As we shall see later in this
chapter, this applied field is much smaller than the first full penetration field
into the grains which is }toH.; =12mT. Thus the diamagnetic magnetization of
the grains in yoH,; = 2.5mT is nearly "perfect”. Hence lqug‘ £2.5mT since the
intragrain currents shielding the interior of the grains against entry of pn,H,
essentially occupy only the peripheral volume of the grains. Introducing this
value into the eqn 8.4 leads to Biqm $0.25mT which is comparable but
opposite to [LoAH, = polo, =0.25mT .

Thus when Hyy ascending in magnitude attains the range under scrutiny
(see Fig. 8.2(a) for a schematic display),

<B, > =HoH, (2)— Rolon +Brmm S HoH,(2) (8.7
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where, for clarity, all the quantities are absolute values. Thus <B, >,

touches or crosses over the 45° normal line in Fig 8.1. Since here,

Holtm = Bram = o|M,|(0.100) (8.8)

During the borizontal traversal commencing at poH;(2)=2.5mT and
terminating at WoH,()~2mT, the magnitude of the diamagnetic
magnetization of the grains is diminished approximately by the width of the
traversal. Consequently, lMsl is only fractionally decreased by an amount
IAM8|<< |M8| and the associated Breturn correspondingly reduced to
(Brerum — ABremurn) » Where By >> AB . I, however reverses its sense of
circulation hence its sign as a result of the traversal. Now, (see Fig 8.2(b) for 2
schematic illustration), ‘

< B, >pae=toHy (1D + Mol + Brenum = ABrerurm) (8.9)

- Again, all the quantities are absolute values. Thus <B, >y, lies above
the normal 45° line.

Finally, we note that in the very low range of Hy; , when Hyy is descending
after an excursion to large values, the locus of <B, >, vs Hyy moves closer to
the normal line as shown by the dash-dot curve in Fig. 8.1. Flux retaining
amperian currents induced in the grains during the decrease of h// have
overwhelmed the Meissner (Abrikosov) diamagnetism and endowed the grains
with a saturated paramagnetic magnetization. Hence eqn 8.7 now reads,

<B; >p=UoHy, +Holen ~Brgm ZHoHy (8.10)

where both I;_ and Bpeturn have now changed sign (see Fig. 8.2(c).
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The foregoing semi-quantitative account of the evolution of <B, >py. V5
Hy; ascending or descending could, in principle, be developed in some
mathematical detail. Since the magnitude of Iy, and Mg (hence Breturn)
depend in a fairly complicated way on H/, and its previous history, this task is
somewhat formidable and outside of the scope of this thesis. We will however
quantitatively pursue the model just outlined to analyze the flux trapping
behaviour of the tube, since here the variation of I, and Mg as a function of
Heool and Heycle is much simpler.

8.3. Flux Trapping by H¢ool Procedure

<B, > <B; >um and <B, >, the spatial averages of the magnetic
flux densities trapped in the cavity, in the entire cross section of the tube (the
hole plus wall) and in the wall alone are plotted versus Heool in Figs 8.3 and
8.4. Fig 8.3 focuses on the behaviour at the low fields whereas Fig. 8.4 displays
the data over a broader range. We recall that < B, >, is monitored directly by
the outer pickup coil and < B, >,,; is obtained from the other two quantities
using the definition that,

<Bz >ml R§_<Bz >holc R?’

(R* —R?) (8.11)

< Bz >w:ll =

" Figs 8.3 and 8.4 should be compared with Fig 6.4 which displays the
corresponding data for the BiSCCO tube. We note that for both specimens,
<B, >y Tises to a plateau which ﬁes above <B, >y.. This crossover or
"inversion” is again attributed to the ;esidual magnetization of the grains

which increases to a saturation level when Hgy =HZE, =H.,.
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<B, >y VS Hegol for the YBCO tube is seen to trace a peak instead of a
kink and then descends to a plateau. The threshold of the two plateaus again
correspond closely confirming their identification with saturation remanent
magnetization of the grains and the associated parameter H.,. From these two
sets of data we estimate pyH., =12mT.

The summit of the peak is tentatively associated with Iz, (M, =0), the
generation of an intergrain flux retaining critical current induced, by the
removal of Heool » to circulate around the circuraference of the wall and
occupying its entire cross section. In the simple idealized model, (i.e. monolithic
homogeneous wall, infinite tube length), we expect that,

I =H., =H, ==—uThe (8.12)

From Fig 8.3 we estimate <B, >y, at the peak =1.3mT and poHgy =2mT.
This discrepancy is not surprising since the situation we are confronting
hardly corresponds to the simple idealized case.

The central new feature which we now address is the fact that the YBCO
tube displays a peak in <B, >y Vs Heool and a dramatic descent before
reaching a plateau. We recall that the BiSCCO tube exhibited a "kink"
followed by a slow rise to a plateau.

The reader will have correctly anticipated that the "novel” behaviour of
<B, >y VS Hegol for the thick walled YBCO tube is attributed to, (i) the
effect of the magnetization of the grains on jo,(r) , hence on I, , (i) the
magnetic flux of the magnetized grains returning through the cavity .

We now develop the first of these statements in some detail. /.

Maxwell's eqn, VxH=7 applied to the circumferentially circulating
intergrain critical current density j.,., (B(r)) reads,
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dH,, (r)
dr

==jo1m (BT (8.13)

where Hy,(r) is the magnetic feld generated in the "matrix" by jeim -
We exploit the simple "traditional” analytic formula for the dependence of
jeLm on the magnetic flux density, By = RoHupw (1) of the form,

—
{Hlota] (r.)}n

'We stress that j. 1 depends on the total magnetic flux density (magnetic

e (BC)) = (8.14)

field) permeating the "matrix" . H ) (r) is the superposition of three magnetic
fields from different sources.
a) the field Hp(r) produced by the intergrain (matrix) current

S I@=[ @ (8.15)

b) The "external” magnetic field (return field) H,(r) of the magnetized
grains , denoted Hg , and
¢) The externally applied magnetic field Hy,.

We let Hy=0 since we focus on situations where H/=Heoo] or H/=Hcycle
have been removed. _

Hy(r) bas obviously an extremely complicated configuration. For
simplicity we consider H,(r) to be uniform and directed to aid H,, (r). Thus we

write
H,=f<M,> (8.16)

where fis an "arbitrary” geometric coefficient and <M, > is the spatial average
of the magnetization of the grains. Consequently , we write
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Hyw @) =Hp (+H =Hy (D+f< M > (8.17)
Introducing eqn 8.17 into 8.14 and the latter into 8.13 leads to,
I:: (Ha@+B B +H, } = —aj::dr (8.18)
We stress that, dHg /dr= 0 since Hg is taken uniform and Hg .is not "linked" to
Jelm - |
Equation 8.18 yields,

(HaR)+H ™ —{Ha R +H ™ =—(a+Da(R, ~R;)=-HE (8.19)

where H.,, is the first penetration field across the wall of the tube.
Hp,(r) is continuous across the boundaries R;j and R, since we envisage no

true surface currents to exist in this scenario. Thus,

From Ampere's law, J'Fldf. =1L , we can write ,

Hp (Ry) =1 (M) = [ s () (8.21)
Eqn 8.19 now reads

- . Ifa+l
Hp (Ry) =L (M) = {HI +HER P — 1,

={e<M, > 41 @™} —faM, > (822
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We stress that on the right hand side of eqn 8.22 we have introduced the
feature that, the critical intergrain current I, when the grains are "not
magnetized” , therefore denoted I, (0), corresponds to the first penetration
field Hayy,.

Eqn 8.22 applies when Hgoo) was sufficiently large so that its remeval
induced intergrain critical currents across the entire wall (see Fig. 8.2(c)),

hence when,
Heon 2 Tom (M) (8.23)
We note that,
H_ (R;)=Heq <ltm (‘ivxg) (8.24)
traces a straight line .

Eqns 8.22 and 8.23 describe the effect of the magnetization of the grains
on the amount of remanent flux the tube can trap. Eqn 8.4 describes the
magnitude of the return flux of the magnetized grains at the center of the
cavity. Combining these two contributions , the net magnetic flux density at

the center of the cavity reads,
<B, >pete=olum (M) ~|Bresum] = 1t0Tem (Mg ) —12ok]< M, | (8.25)
When H oy <o, (M,), this picture leads to,
< By >note™= FoH oot —|Brenum| = 1oHeoat —].Lokl< M, >‘ (8.26) |

We stress that , <M, >, the remanent magnetization of the grains is a
monotonically increasing function of Heqgl, rising almost linearly in the low
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range of Hygol and asymptotically attaining a plateau when Hoy =H., =HJX, .
We also note that Breturn 1S proportional to <M, > (see eqn 8.4). Eqn 8.26
predicts a nearly linear rise of < B, >, vS Hegol but with a slope significantly
smaller than unity. Consequently as observed in Fig 8.3(a) , <B, >, at the
peak is smaller than the corresponding MoHq.

The detailed variation of <M, > as a function of Hege] can reédily be
modeled for ideal geometry (i.e. long cylinders, rods or slabs of uniform cross
section). Gandolfini in his thesis and others have developed analytic
expressions for these ideal geometries expldiﬁng the Bean, Kim and other
simple formulae for the dependence of jo1 ¢ on B. These calculations reveal that
the evolution of <My > vs Hgggl is not sensitive to either the choice of
geometry or the dependence of jo1 g 0n B. In view of this we decided to ignore
these detailed prescriptions and to trace a smooth curve through our data for
<B, >,y VS Heool displayed in Figs 8.3(b) and 8.4(b). The structure of
<B, >y VS Hegol corresponds to the model calculations of <M, > vs Heqgl by
Gandolfini [29] and others [70, 71, 72] . Since the remanent magnetization of
the grains is the dominant contribution to < B, >, wWe use , for simplicity, the
approximation that,

< Bz >wai=Ho < M8 > (8.27)

The smoothed measured values of <B, >,y Vs Hegol are thus introduced
into eqns 8.25 and 8.26 . In the caleulations n=1, hence j., (B)= o/H, i.e. Kim
like. This leads to the solid curve displayed in Figs 8.3 (2) and 8.4 (2). The good
correspondence of this curve with the data provides strong support for the self-
consistency of the model.
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Fqn 8.25 contains both, (i) the effect of the magnetization of the grains
on je m(r),henceon I, ,and,  (ii) the contribution of the return flux of
the magnetized grains to the diminution of <B; > vS Hegol. We note that
the former plays the dominant role in causing <B, > to descend to a low
lying platean. To illustrate this feature we display the evolution of <B; >pqe V8
Heool When 1, is regarded to be unaffected by the magnetization of the grains
(see the dashed curve in Figs 8.3(a) and 8.4(a) ). In our development , this is
accomplished by taking , Hg=0, in eqn 8.17 , hence writing , H, . (r) =H, (r).
Consequently , eqn 8.25 then reads,

< B, >pae=Holen (0)—|Bm| = Wolon (0)- p.ok|< M, >| (8.28)

which incorporates only the effect of the return flux through the cavity via

<M, >. The dependence of the latter on Heool remains as indicated above.
8.4. Flux Trapping by Hcycle Procedure

The evolution of < B, >pqes < By >om 20d < B, >y vs Heyle is displayed
in Fig 8.5 for the low field range and in Fig 8.6 over a broader field range.
These data should be compared with the corresponding measurements for the
thin walled BiSCCO tube (see Fig 6.6). The salient new feature, emerging from
this comparison , is the broad peak traced by the locus of <B, >pq. followed
by a descent to a plateau.

In our discussion of the BiSCCO flux trapping behaviour we have already
examined the cause for the displacement or shift of various "benchmarks” to
higher fields in the Heycle procedure relative to their appearance in the Heggl
procedure. The reason for this shift was illustrated in Figs 6.5 and 6.7. In this
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scenario, the threshold of the plateau for the Hcycle procedure (denoted Ho S, )
is a measure of the "double" penetration field into the grains, He.,. From the
data we estimate uon;gh =W oHew, ~25mT for the YBCO tube, hence evaluat.e-
the ratio He., [Heg =2 for this specimen. (#gHaeg =13mT was obtained from the
Hool procedure ). This indicates that j¢) ¢ is insensitive to B (Bean like) in the
corresponding low field range. |

The "kinks" in the curves of <B, >, and <B, >,, occurring when
RoH e ™ 2.0mT are associated with Hew,, the "double” penetration field across
the wall. From the Heoop data we also estimated the first penetration field
oH._ =2.0mT. Thus the ratio H.., /H.,, 21 indicates a rapid decrease of jolm
with increasing B. This conclusion is in harmony with the behaviour of the
virgin curve for < B, >y, vs Hy (see Fig 8.1) and also with the initial rapid rise
of < B, >y vS Heycle Observed in Fig 8.6(a).

We.now turn our attention to the theme that the magnetization of the
grains is responsible for the structure of the curve of < B, >y, vs Heycle: It is
difficult to make valid approximations in modeling the initial rapid rise of
<B, >y Consequently we focus on the behaviour commencing just after this
initial steep rise has occurred hence examine the situations where
toH yae > HoHga =HoHewy =2.0mT.

Eqgn 8.25 which we repeat here,

<B, >pate = Holan (M)~ Breaum| = HoTem (M) —prok|< M, >}

continues to apply to this regime bearing in mind that <M;>, the
magnetization of the grains is now a function of Heycle. Gandolfini in his
thesis [29] and other workers [70, 71, 72] have developed detailed expressions
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Meissner Effect
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of the return flux density at the center of the cavity.
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for the remanent magnetization, (ie. <M;>) vs Hgyde for idealized
geometries { long cylinders , .recta.nglﬂar rods, thin sheets of uniform cross
section ) and for various dependencies of jd_g on B. These calculations show
that the salient features of <M > vs8 Hcycle are not sensitive to the choice of
geometry or the formulae for jo1 g v8 B. In other words the standard model is
"generic”. Consequently, we again elect to exploit our data for <B; >,y vs
Heyele in testing the validity of eqn 8.25 and the model upon \x;hich this
equation is based. We note again that taking < B, >,,=Wg <M; > rests on the
stipulation that the magnetized grains make the major contribution to the
residual trapped flux in the wall. The validity of this approximation improves
as Heydle is augmented and approaches the threshold of the plateaus. We also
stress that the structure of <B, >, v8 Heycle corresponds to the model
calculations of < M, > vs Heyele by Gandolfini and others.

The dashed and solid curves in Figs 8.5 and 8.6 display <B, >,y Vs
Heycle resulting from this exercise when, @) I, is taken independent of
<M, > and when, (ii) I_, is assumed to depend on <M > . Again we take
jerm =@/Hyw » hence Kim-like. The correspondence between calculations and
data again fortify our confidence in the intricate framework we have described.

8.5. Flux expulsion (Meissner Effect )

The decrease of the magnetic flux density in the wall, A<B, >, (the
Meissner effect) , and the corresponding rise of the\'ﬂux density in the cavity,
A < B, >,.as the tube cools from T to 77 K in various static Hy/ are displayed
nFigs7 | |

The rise of the magnetic flux density in the YBCO tube is attributed to- .
two mechanisms. Firstly, as for the BiSCCO tube, we expect that the mutual
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expulsion of the flux vortices (the cause of the Meissner effect in Type I
superconductors) will lead to the expulsion of flux lines into the cavity where
they are then imprisoned by the simply connected superconducting
environment, i.e. intergrain volume or matrix. The return flux of the
diamagnetically (Meissner effect) magnetized grains will, however, also thread
the cavity and cause an increase in <B, > above the ambient poH,,. We can
readily estimate the latter contribution to A < B, >y using eqn 8.4 reproduced

here,
B oo = Rok|M, | = K< B, > ] = 0.100}< B, >y

This is shown by the dashed curve in Fig 8.7.and is seen to provide =50% of
the rise of the axial flux density in the cavity during field cooling.

8.6. Summary and Conclusions

From measurements of , (a) the magnetic behaviour of the YBCO tube as
Hy is impressed and varied and from , (b) the evolution of the magnetic flux
* trapped in the cavity and in the total cross section by the Hegol and Heycle
procedures, we obtain estimates of, (1) jcim » the depinning intergrain critical
current density and its dependence on B and , (ii) the penetration field into
the grains and the dependence of jcig on B.
We find <j.,, >=2.5(10°)A/m®> and sensitive to B (Kim like) , jeig
insensitive to B (Bean like) and Heg [Hop, = 6
" Because the YBCO tube is thick walled and "stout” , the return flux from
the magnetization of the grains makes a significant contribution to the net
magnetic ﬂux threading the cavity. Because in the YBCO tube, Jelm » i8
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sensitive to B (Kim like), the magnetization of the grains has an important
influence on the amount of flux trapped in the cavity by the Hego] and Heycle

procedures.

A simple model incorporating both of these effects successfully describes

the observations.
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CHAPTER 9

Flux Line Cutting and
Cross Flow in the YBCO Tube

9.1. Irtroduction

We believe that the flux cutting and cross-flow phenomena we observed in
the BiSCCO tube and reported in chapter 7 are "generic” and "universal” to ail
type II superconductors whether of the classical or high T variety. It is
therefore important to verify whether the behaviour we encountered in the
BiSCCO tube is also exhibited by other high T¢ superconductors. For this
reason we undertook the study of an YBCO hollow cylinder in similar
circumstances. The two sintered YBCO hollow cylinders we obtained from SSC
corporation however trapped only a maximum of 0.1 and 0.3 millitesla of axial
magnetic flux in their cavity at 77 X. This negligible flux trapping capacity
made these specimens essentially useless for our purpose since this indicates
that their depinning intergrain critical current density <jo)m> is negligible.
Fortunately we secured (at some expense) a sintered hollow tube from HiTc
Superconco which trapped about 1.2 mT in the cavity at 77 K. From published
reports on flux trapping by YBCO tubes at 77 K this level seems quite typical
and standard for the “first" generation of sintered YBCO tubes. Recent

progress in fabrication techniques and procedures have since raised this
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quantity by better than an order of magnitude. It will therefore be of much
interest for future work to pursue flux cutting and cross-flow research on these
improved second and third generation materials.

We will see that the YBCO tube we have examined exhibits the same
salient flux line cutting and cross-flow features observed in the BiSCCO
specimen. The signature of the flux line cutting in the intergrain matrix is
smudged in the YBCO sample data by significant background contributions
which complicate the quantitative analysis of the behaviour. We will discuss
the origin of this background, and indicate why it was not noteworthy in the
BiSCCO data. In the YBCO tube , however , we were able to witness ,
"separately" , the flux line cutting in the interior of the grains .

The measurements on the YBCO sample were performed on an "isolated”
tube since no high T, tube of sufficiently large diameter to "comfortably”
embrace this specimen coaxially was available when the investigation was
carried out. We stress that an vuter tube must not only contain the inner tube
but provide sufficient annular space to accommodate the several components

indicated in Fig 2.1.
9.2. Results

The evolution of < B, >, and <B, >, , the axial magnetic flux densities
in the cavity and in the wall of the tube , as an azimuthal magnetic field
<H, > is impressed and removed in static ambient axial magnetic fields Hy , is
displayed in Figs 9.1 through 9.4 for various Hy . These data curves were
selected from a catalogue of measured curves to illustrate the observed
phenomena. over the low field range 0<poH, $3mT where the evidence of

cross-flow of flux lines in the weak link regime is quite dramatic. The rise of
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<B, >4 a8 <H, > is applied carries the clear signature of the cross-flow of
flux lines since here the wall is releasing axial flux into the cavity although the
rise in the magnitude of the total applied field,

Howm = $H¢ R+ 2——< BI:""“ 9.1)
0

is nucleating and "pumping” helical flux lines into the wall. This "pumping”
action removes axial flux from the cavity.

The behaviour as <H, > is reduced to zero is "traditional" in the sense
that it qualitatively corresponds to expectations from simple migration of flux
line populations. Here helical magnetic flux lines are being released by the
wall into the cavity (and the environment) thereby causing <B, >y, to rise
and <B, >, to fall. “

In Fig 9.5 curves of the evolution of < B; >toie < Bz >van @8 Hy is impressed
are juxtaposed in a family picture to display the effect of the augmentation of
the static Hy; on the salient and important features, namely;

(i) the height of the peak traced by <B, >

(ii) the horizontal position ( value of <H, > ), for the summit of the peak,
(iii) the depth of the valley traced by <B, >,;, and,

(iv) the horizontal position ( value of <H, > ) for the bottom of the valley.

Note that in Fig 9.5 the baselines have been shifted so that all the curves
have the same vertical starting level in order to better illustrate the effect of
Hy/ on the height of the peak and the depth of the valley.

Fig 9.6 presents the dependence of A <B, >, the height of the peaks on
the static Hy . The height of each peak is measured relative to the
superconducting state étarl:ing level. We note that thic starting level or baseline

is not poH,, .
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Since flux was expelled by the wall into the cavity during field cooling in Hy/,
the baseline is given by,

A<B, >EC +poH, (9.2

where A <B,>IC denotes the rise of the axial flux density occurring in the
cavity during field cooling in Hy . Similarly, the baseline for the determination
of the depth of the valleys is not Hy, but the superconducting state level.

where A <B, >%$ denotes the magnitude of the decrease of the axial magnetic
flux density occurring in the wall during field cooling in Hys because of the
Meissner effect (flux excpulsion).

The values attained by <H, > when , (a) the summit of the peaks is
attained and, (b) the bottom of the valleys is traversed , are displayed as a
function of the static Hy in Fig. 9.8 .

It is evident from a glance at Figs 9.1 through 9.5 and Fig 9.8 that the
peaks and valleys are widely separate occurrences. This behaviour contrasts
markedly with that encountered in the BiSCCO tube where these two sets of
events nearly coincided. In the BiSCCO tube, the location of the summits of the
peaks and the bottom of the valleys not only corresponded closely with each
other but coincided approximately with H.,,/2 , the first full penetration field
into the wall from both surfaces (hence the factor 1/2) . For these reasons ,
these signatures of flux line cutting and cross-flow were identified with the
intergrain (weak link) structure and the associated critical current densities

jelm 20d jefm -

135



It is also noteworthy that in the YBCO sample , the location of the
summits of the peaks also corresponds to Ha, for this specimen whereas the
position of the valley bottoms is related to H.; , the first penetration field into
the grains.

In view of the foregoing , we propose the following scenario. The peak
observed in the evolution of <B, >y, vs <Hy > arises , as in the BiSCCO tube,
from flux line cutting and cross-flow in the matrix (intergrain volume) causing
the release of axial flux into the cavity. This process, as in the BiSCCO tube, is
accompanied by a decrease in <B, >, which we will denote <B, >y 10
indicate its origin explicitly . Concurrently, flux line cutting and cross-flow in
the grains is also causing 2 diminution in <B, >,y , which wé denote
< B, > » 2gain to indicate its origin explici;ly. The valley which is observed
in < B, >,y results from the superposition of these two concomitant events , as

sketched below . Thus we can write,

<B, > =< B; >pamic (He )+ <Bg >pui (Hy) (8.4)
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The shallow valley associated with H._, and the corresponding weak intergrain
jelm and jo/fm traverses its minimum well before the deeper and more
extensive valley associated with H.; >> H.,, and the larger jo| g and je//g of the
grains . Consequently , the intragrain valley overwhelms and masks the small
intergrain valley,

We stress that the flux released by the agglomeration of grains "vanishes”
since the continuous matrix does not possess the current carrying capacity to
confine this large amount of flux in the wall and in the cavity , especially when
<H, > becomes large . Therefore for an infinitely (very) long tube , the valley
of <B, > VS <H, > would not generate a corresponding peak in <B; >y,
Because of the aspect ratio of the thick walled "stout” YBCO tube , some of the
return flux of the magnetization of the grains through the cavity will
however cause a modest rise in <B,>,y. by an amount
kjA<B, >|gmin = HokjMg| = 0.120[M,| . We will ignore this perturbation or
background in our semi-quantitative calculation of the evolution of < B, >y,

vs <H, >.
9.3.Semi-Quantitative Analysis

In the foregoing we have outlined a specific scenario for the behaviour of
<B,>,; and <B,>,; as <H,> is impressed in various static Hy .Our
objective in this analysis is to examine this scenario quantitatively exploiting
the Clem/Perez-Gonzalez phenomenological theory of flux line cutting and
transport.

Although the YBCO tube is thick walled, hence the ratios
(R, -R,)/R; =}2 and (R, - R;)/R; =1 are far from small, we will set aside the
formidable mathematical complications encountered in cylindrical geometry.
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Further, although the YBCO tube is "stout” , we will view it as infinitely long ,
hence ignore end effects , return flux, demagnetization factors, ete.

We stress that the two "parameters” which enter into the application of
the Clem/Perez-Gonzalez framework are the critical current densities for flux
line depinning and cutting , jet » jo// - The qualitative explanation just outlined
for our observations on <B, >, and <B, >,y for the YBCO tube tock into
account two such pairs of "parameters” or functions, namely je1m(B) , Je/tm®)
and je1p(B) , ju//g(B). Consequently, we will examine separately and compare
the quantitative predictions of these two sets of ingredients with our
observations.

The Clem/Perez-Gonzalez framework can be exploited to describe the
solution of the magnetic flux density configurations , hence <B, >.y and
< By >y » @s 2 function of the evolution of the boundary conditions ( Bo(Rj) ,
Bz(Rq), Be(Ry) and By(Ro) ).

As in the analysis of the phenomena in the BiSCCO tube , besides
regarding the tube as very (infinitely) long , we further simplify the problem in
the following ways.

We consider B,(R;) as stationary and take B,(R;j) = Bx(Ro) = noHy/ -

Also we introduce the same approximations with respect to the applied
azimuthal fields that,

H,(R,)=H,(R;)=<H, > (9.5)

although these simplifications are less valid for the thick walled YBCO tube

since here,

H,(R,)=0.7<H,> and Hy(R;)=Ll4<H,> (9.6)
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The first new feature now introduced in the quantitative interpretation of
the phenomena is to regard the weak link network (the matrix) and the
agglomeration of grains as two independent entities. We now endeavor to
justify this crude but crucial and radical simplification of the entangled reality.

In the low field range where the peak in <B, >,,. appears , the grains,
_because of their high critical currents densities jo)g(B) and je/g(B) are

effectively imperﬁous to the changes occurring in the configurations of the
magnetic flux density permeating the matrix as <H, > is impressed. It is these
changes however which cause flux line cutting and msg—ﬂow to take place in
the matrix since here, joim and jo/m are very small . In other words the
interior or bulk of the grains does not experience the drama taking place
around them.

In the higher field range , the basically weak jcim 2nd jo//m are
| essentially suppressed since both of these quantities are highly sensitive to the
strength of the magnetic flux density . Consequently in the higher field range
of <H, > wher» the valley in <B, >,; becomes deep, both je1m and jo/m can
be ignored . Hence now the grains can be regarded as a collection of electrically
isolated entities embedded in an essentially normal state medium. The valley
in <B, >, , then, in the high field range, can be attributed to the occurrence
of flux line cutting and cross-flow in the collection of separate grains where the
pertinent pair of parameters are je1(B) and je//g(B) -

9.4. Valley in <Bz>wall vs <Hp> (Property of the

Grains)

~ Consequently our theoretical approach to the analysis of the valleys in the
evolution of < B, >,; is identical to that which we applied to the study of the
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BiSCCO tube. Indeed , after some exploratory calculations with various
dependences of jelg and jo/fg on B we selected the same simple functions

introduced earlier , namely,

Jug =0y (Bean approximation ) (8.7)

Jan = %— (Simple Kim approximation ) (9.8)

The choice for je) g is suggested by the flux trapping behaviour of the tube
in large Heggl and Heycle as we have seen in the previous chapter where we
found He.,/H., =2, hence Bean like, '

The choice for jo//g is made partly because of its simplicity, partly because
.t corresponds to that introduced in the description of the BiSCCO tube and
also because it generates an overall description of the observations somewhat
Superior than that provided by other analogous simple approximaations ( i.e. of
the form j.,, =, /H* where0sns1).

In the calculations , we let,

oH., =12mT (9.9)

in harmony with the data on flux trapping in the grains presented of the
previous chapter. After some exploration we selected ,

24l = 0,05H., . (9.10)
ey

Mlustrative theoretical curves are compared with corresponding typical =
measured curves in Fig 9.9 . The depth of the valleys generated by the
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calculations and the location of the minima are compared with the data in Figs
9.7 and 9.8.

The depths of the theoretical valleys are appreciably greater than that
observed . This is perhaps not surprising since in the experiment , <B; >y is
an average of the axial mégnet:ic flux density over the cross section of the wall
whereas the grains occupy only a fraction of the volume of the wall. Indeed if
we consider the Clem/Perez-Gonzalez phenomenological theory as "true” and
ignore the several simplifications and approximations introduced in its
application, then we can estimate fg, the volume fraction of the grains from the
ratio of observed and calculated depths of valleys. This yields £g=0.25 in
agreement with estimates from other measurements in sintered YBCO slabs

carried out in our laboratory.

9.5. General Comment on the Theoretical
Framework

At this juncture it is useful to pause and dwell on a general featur= of the
calculations. Although the Clem formulation of the Maxwell-Ampere eqn,
VxH=7 containsj; and jy explicitly, (e.g. for planar geometry) ,

d= de
-j, =— , jy=H— , 9.11
L= =% .11

it is useful and éonvenient, in the development of these et.:;uations to relate the ’
critical current densities jo1(B) , jo/AB) to the first penetration feld H.. For—"
instance , when the dependence of jo; on H=B/u, is prescribed by a simple
analytical formula of the form, '
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%

Ja == (9.12)

itis readily found that
H. = {(n+1)a, X }/0 (9.13)

As a consequence , a knowledge of both the current density je) (i.e. &) ) and
the dimension X is not required for the analysis of data and a comparison of
theoretical predictions with observations. The determination of H. for the
specimen is sufficient. 'Subsequently, the magnitude of jo) is fixed, if desired ,
when X is specified . When it is the intergrain critical current density that is
under scrutiny, the thickness of the wall fixes X_ In scrutinizing the behaviour
of the independent grains , X correspohds. to the average radius of the
equivalent circular rod or half thickness of the equivalent platelets (visualized
as oriented with their long dimension along Hy ). To estimate jo1 g we need to
introduce some realistic value for X. A macroscopic examination of the material
suggests X = 105 meter as a crude average with an appreciable margin of
uncertainty. (Since the grains of the sintered tube possess a variety of shapes ,
sizes and orientations it is indeed surprising that we obtain a good d\jcription
ofa van'ety.of complicated observations).

In all cases , jo/ is scaled relative to jo1 at H. regardless of the choice of
dependence of jo7 on B. In our calculations, for simplicity and convenience , we
conﬁnéd our choice to formulae of the same general form as that exploited for
jel » pamely

= (914)
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where p may be equal to or different from n. The parameters and p are
selected from exploratory calculations in order to identify a pair which
generates a family of theoretical curves which provide an optimum fit to the
corresponding set of experimental curves.

The curves of <By >,y V8 <H,> are *traditional” and resemble that
disf:layed for the BiSCCO tube . The evolution of <By >yun VS éHQ > is weakly
influenced by the presence of Hyy . Indeed the presence of Hyy , facilitates the
entry and exit of azimuthal flux as Hy is varied . This behaviour corresponds to
that observed in weak pinning monolithic low T type 1T superconductors [29].
Because of their plain structure and poor sensitivity to Hy , the behaviour of
the family of curves of <B, > vs <H, > has not been studied in detail , since
they do not provide a good test and guide on the role of jo , or its magnitude
and dependence on B. The qualitative behé.viour <B, > vs <H, > is important
however in that these data testify clearly that azimuthal flux is entering the

_ specimen at a rate,

A<B,>

_ = 9.
HoA<H, > 9.15)

when the peaks in < B, >y, and valleys in < B, >, are being traced .

9.6. Peaks of <Bz>hole Vs <Hyp> (W eak Link

Phenomenon)
We believe that the peaks observed in the evolution of <B, >4y vs <Hy >

are a manifestation of flux line cutting and cross flow in the matrix ( intergrain
network, weak link structure ). We support this assertion by showing that the
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magnitudes and position of the peaks is dictated by H.,, , the first penetration
field into the wall , hence joim -

As noted earlier , the Clem/Perez-Gonzalez phenomenological theory
provides a framework for predicting the evolution of the magmetic flux
configurations in a specimen as a function of the changes of the magnetic fields
at its boundaries i.e. By(Rj)=<B, >4y, » Bz(Ro), By(Ry) and ByRy). We can
again "predict” the behaviour of a valley in <B, >y, proceeding ss we have
done previously but introducing the parameter H.,, for the matrix in these
computations . We note however that in our data , the valley associated with
the intergrain structure is overwhelmed and masked by the grains.
Consequently we cannot make a direct comparison between these theoretical
predictions and observations.

In order to relate our calculations of a hypothesized valley in the matrix
vs <H,> to the concomitant evolution of the boundary condition
B,(R;)=< B, >pqe Vs <H, > we proceed as follows. We assume that half of the
axial flux which is removed from (or added to) the matrix , as the hypothetical
valley is traced , is transferred into the cavity thereby causing a rise (or drop)
~in B,R;)=<B, >pe-

Thus on one hand we first regard the boundary value By(Rj)=<B, >y, as
stationary in order to obtain a first approximation to the evolution of the valley
in <B, >p.uix @8 <H, > is impressed . Then we exploit these results on the
evolution of the valley to determine the changes in the boundary condition
B,(R;)=<B, >, - This approach is valid since generally , the maximum
variation A <B, >pq. <<HoH,, , the initial ambient field , except in the range of
very weak Hy/ . We could , of course, then introduce the computed variation of
<B, >14.=B2(Ri) v8 <H, > into a second evaluation of < B, >puix and exploit

the latter to improve our initial estimate of <B, >y, v8 <H,> and soon .In
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view of the many crude approximations already introduced into the initial
calculation of <B, >puix » We have not deemed this complicated sequential
exercise worthwhile pursuing. We present results obtained by a
straightforward first approximation (single round) in Fig. 9.10 .

The height and the position of the peaks from the calculations are
compared with the data in Figs 9.6 and 9.8. We stress that the height of the
peaks is proportional to , hence sensitive to , the choice of the fraction £ of
axial flux removed from the wall and transferred into the cavity. In contrast ,
their location is independent of the choice of £.Thus , agreement between data
and calculation in the latter case provides better confirmation of our account.
Then , aimed with faith in the validity of the results , we can adjust £ to yield
agreement between theory and observations with respect to the height of the
peaks. This approach therefore yields useful information on the ﬁarameter f.

In these computations we have taken j, =&;/H and j,=0o,/H
where He =H._ /2=0.6mT and jo; (Hep)/jer (Hey)=0.5 and assumed that
one half of the axial flux "vanishing” from the matrix was transferred to the

cavity.
9.7. Behaviour in Large Hy/

For completeness, in Fig 9.11(a) we have displayed typical curves of the
evolution of <B, >4, V8 <H, > in the range of large Hy; where the return flux
of the grains magnetized by flux line cutting and cross-flow (as shown in Fig.
9.11(b)) makes a major contribution to the changes in < B, >;.. We note that
as Hy; is chosen larger , the low field peak in < B, >y, gradually vanishes and
is transformed into a valley . This valley "is traditional” in the sense that is in
harmony with the classical picture where flux lines nucleating along the
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surface R; because of the increase of IFIM|=6H¢(R5)+EH,(Ri) , deplete the
cavity of one quantum of axial flux . The low field peak (or the valley which
replaces it) , is followed by broad summit which appears to grow in height as
Hysis augmented .

We attribute the broad summit to return flux through the cavity from the
grains diamagnetizally magnetized by flux line cutting and cross-flow . In
other words the valley in <B, Sw,n vs <H, > illustrated in Fig 9.11(b) also
manifests itself , via its return flux , in the summits of <B, >y, (Fig 9.11(a)).
The grains in the YBCO tube are not uniformly rhagnetized since Hy(r) varies
significantly from R; to R, . The grains near Rj experience a larger H¢ than
that in the vicinity of R,. The observed <B, >,,; represents an average over
the distribution of the grains along the radius r hence over Hy(r) . <B, > for
the grains near Rj is rising from its minimum when <B, > for the grains near
R, is still tracing a minimum. In the cavity, however, the return flux from the
grains near R; overwhelms that from the grains farther away. Hence <B, >y,
which is dominated by the return flux of the magnetized grains in the range of
large Hys , can diminish as seen at the extreme right in Fig 9.9(a) while
< B, >,.1, Which averages over all the grains, is stiil tracing a minimum.

Because of the many complications which are encountered in developing
theoretical curves for <B, >, in the range of large Hy; we have not pursued
this enterprise . Further , we anticipate scant benefit occurring from this effort
since it would provide no new insights even if agreement were obtained

between theory and observations.
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9.8. Conclusion and Summary

The behaviour observed in the YBCO hollow cylinder is qualitatively
similar to that encountered in BiSCCO tube . Now, however, the valley
observed in the evolution of the <B, >, as <H, > is impressed traverses a
minimum at a much higher value of <H,> than observed for the
corresponding peak in <B, >,y . Consequently the valley in the locus of
<B, >,y V8 <H,> is attributed to flux line cutting and cross-flow in the
grains . As for the BiSCCO tube , the pea.k'in the evolution of <B, >, Qs
<H, > is associated with flux line cutting and cross-flow in the matrix or weak
link network.

Application of the Clem/Perez-Gonzalez phenomenological theory to the
description of the two sets of families of curves yield good agreement in each
situation provided that thé first penetration field into the grains (Hap) is
introduced into the analysis of the valleys and the first penetration field into
the matrix (H._)is introduced into the computations for the peaks.
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