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Chapter 1

1.1 Background D‘iscussiori

The magnetic response of type II superconductors when subjected to varying ex-
. I

ternal magnetic fields has attracted the interest of researchers for many years and
continues to offer many challenging problems. The magnetic behaviour of non mag-

netic materials in the superconducting state;

¢ yields information on the dependence of the bulk and surface critical current

densities on temperature and magnetic flux density,

¢ sheds light on the interaction of the ux lines with each other, with the pinning

sites-and with the surface of the sample,
. proviaes important data for applications.

In particular, the magnitude of the hysteresis losses and their dependence on the

strength of the bias magnetic field as well as on the amplitude, the frequency and

- the orientation, with respect to the sample, of the varying magnetic field plays an

important role in most fechnological considerations.

5 -



* Although the variety omeagn'etic behaviour\é;c_ﬁibited b‘y the "classical” low T,
typé II supérconductors under varying magnetic fields is not yet completely docu-
mented a.r.1d far from fully understood, the focus of attention has now turned to. the
newly discovered high T, ceramic materials. ‘Eventually, a<arcful comparison of the
similarities and differences-in the magnetic behaviour of these new materials with
that of their low 7, brothers should shed light on the fundamental properties and
" nature of both categories of substances. | In this thesis we 1:cport on an_investigation
of flux cutting phenomena in a "low” T, specimen. Measurements are under way in

our laboratory to study these processes in high T, samples.

1.2  Flux Transport and Flux Cutting\Regimes

1.2.1 General Outline , ‘

The entry and migration of magnetic flux into type Il superconductors as the exter-
nal magnetic field is applied and the exit of magnetic flux lines from the specimen
as the external mz‘a.gnetic field i1s removed has been most extensively studied in a
very special sit:uation, namely, in the case where the supercurrents flow transverse

to the local magnetic fux density. This regime corresponds to that encountered

in electromagnets, solenoids, coils, transformers etc. of standard construction. This
7

_ may explain the almost exclusive preoccupation of workers with this specific regime.

_ In these devices, the current flowing in any one segment of the assembly contributes

o
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to the magnetic ﬁeld‘produ.ced‘by the device while bathing in an ambient magnetic
field generated by the currents flowing in the neighbouring elements. In the stan-
dard arrangements exploited for these piéces of hardware, magnetic field which is
produced is everywhere orthogonal to the configuration of the currents which create
and sustain it,

In these circumstances, changes of the current and magnetic field are accompa-
nied b&’f.he transﬁoft of magnetic flux lines into or out of the individual scgments as
the surface bnrrieés are surmounted and the opposition of the pinning sites to these
displacements is overcome. When the rate of migration of flux lines is appreciable,
viscoqus drag fan play an ix'nportant role in the mechanism of energy dissipation.

A more general framework however can be envisaged and implemented where the
electric current density ; is made to flow with a significant component j; directed
along the local magnetic flux density. The physics of electromagnetism expressed

. by Maxwell’s equation, S T
. . J’\_.
V x B = ‘U.o]

. i
dictates that the relative orientation of adjacent sheets of flux lines must vary spa-

tially. Under these circumstances, when jj, the component of _; flowing along the
flux lines, hence the angle between adjacent sheets of flux lines, exceeds threshold
values, a new process is believed to arise. The lattice of flux lines can no longer
retain its integrity and becomes unstable. A phenomenon called flux cutting is now
thought to take place whereby the orientation and the density of the ﬂu;é lines un-
dergoes a radical transformation. Any sucil modification of orientation and density
of flux Iines‘ leads to energy dissipa;tiqn. In chapter 3 of this thesis we will descri}oc

two quasi macroscopic pictures of the details of the flux cutting process which have

X L



been proposed in the literature [1,2,3,10,15]. In chapter 4 we will report on some
of our observations and show how thes;e provide ﬁnambiguous evidence for a coun-
terflow of flux lines under some circumstances where flux cutting is taking placc.
The proposed models are tonsistent with and can readily be exploited to account

for this novel feature of countermoving sheets of flux lines.

1.2.2 Flux Cutting Reg'ime

Flux cutting is made to occur by causing a sufficiently strong component of the
current to flow along the direction of the flux lines. The current can be introduced
into the superconductor via leads attached to it and connected to an external source.

For instance, the specimen can consist of a single straight wire or ribbon immersed

in an externally applied magnetic field which is directed along tljc length of the

sample and along thé flow of the impressed current. It was this arrangement, which
was the first to be exploited experimentally that léd to the concept of flux cutting
[6]. When the current I is raised beyond a critical value I, voltage probes along the
superconducting wire register a potential difference, hence a resistance R = V/I,
which depends on AI = I — I, and the applied field H,/ ﬁcg where both I, and H.
vary with temperz}ture T < T..

.The steady state voltage detected along the superconducting sample carrying a
constant current in a static rnagr}'etic field is referred to as a flux flow voltage. The

prevailing picture of flux flow voltages can most readily be described by considering a

long thin ribbon sample (planar geometry) in a uniform and static externally applicd
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field H, directed parallel to the broad faces and perpen‘dicular to the impressed A

current I, as shown schematically in the accompanying sketch (Figure, 1(a,b) ).

nge I is a current per unit&length' of the slab along Z and Z is tai{en to be large

compared to'the thickness W = 2X. The profiles of t}le density of flux lines when

I>1 ;are depicted in Figures 1 (a) and 1 (b) of thé\sljletch. For simplicity we ignorc
f

the presence of Meissner ¢urrents (equilibrium diamagnetism) and surface barriers.

In Figure 1 (b), we present the case where the externally applied ficld H, is
stronger than the magnetic field H; = I/2 generated outside the "infinite” slab By
the transport current I. A flux flow voltage V = E,Y is visualized as arising from
the continuous creation of flux lines at the surface (—X) of the specimen, their
stez—:.tdy flow across the thickness of the sample under the action of ariving Lorentz
like i'orce Fy, = 7 x B, and their exit from the samplgﬂa‘i the other surface (+X).
Alternatively, when H, < H; as in Figure 1(a), a steady stream of flux lines of
opposing polarity entering from both surfaces (+X and —X') migrate towards each
other and undergo mutual annihilation inside the sp;,cimen at the interface X' .In

both situations, the equation

E = —(z) x B(z) | Q)

expressers the rela}tio ship l{;tween the flux transport electric field E, the velocity
and density B of the flyx lines. By symmetry, since any Y plane is an equipotential
surface, Ey =gE,, whereﬂfy is uniform throughout tile infinite slab. '

- For the case of the wire in no externally applied field (H, = 0), the azimuthal

w
flux lines generated by the longitudinally impressed current I close on themselves

b
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Figure 1: Magnétic flux configurations in the slab (a, b) and their analogs for
cylindrical geometry (c, d).
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and form vortex rings. Under the influence of the Lorentz force and line tension
energy, the rings shrink radially and collapse on the axis (see Figure 1(c) ). Here,

~ equation (1) becomes

E. = —v,(r)By(r).

It was quickly appreciated however that the accepted picture for flux flow voltages
leads to a paradox when a longitudinal magnetic field I;"“ is present. Now,ja flux
line does not close on itself but forms a continuous helix extending fr e end
of the wire to the other as shown on Figure l(d) A radial migration of thesc
helicel flux lines is required to account for the generation of a longitudinal electric
field, hence a flux flow voltage when a stationary current exceeds I.. This leads
to th'e constant accumulation of the axial flux carried by each helix at the axis of \
the wire. Evidently, this does not constitute a steady state situation and presents
a scenario which cannot be physically suslta.ined indeﬁnitel:;f. Further, this picture
is incompatible with the observations that the longitudinal flux density (B.) in a
wire (although paramagnetic in the sense that here {B.) exceeds the axially applied
magnetic induction B, = poH)| ), remains stationary when I > I, and H| are
maintained constant.
The idea of flux cutting was put forward by several workers to résolve the para-
| dox. Invoking various sequences of this process, it now ensues that the azimuthal
component of the lattice of helical flux lines can undergo a continuaus radial trans-
port and self a.nnihilqtion at the axis of the wire while on a quasi macroscopic scale,
the spatial and temporal averages of the longitudinal flux density remain unchanged.

Cave et al. [6] have indeed observed that a ripple current Al superimposed on a

steady bials turrent I < I causes considerably larger variations in {By) than in {B;)
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indicating that the entry and exit of the.azimut}ial flux corﬁponent appears to be
decoupled from the displacement of the longitudinal flux.

~ Clem [15] and Brandt [3,2,1] proposed an alternative picture where right-l;.andcd
helical flux lines (see Figure 1(d) ) are continuously nucleated at the surface, pen-
ctrate radially into the wire and shrink to the axis. Now, within a critical volume
of radius r., any portion of a flux line experiencing a fluctuation into a left-handed
helix is unstable and driven to expand radially out of the wire. One may now visu-
alize a lattice of coexisting cylindrical sheets of helical flux lines, _som;: right-handed
and some left-handed. The right-handed migrate radially inwards, the left-handed
migrate radially outwards. The two subl.attices cut through cach other continuously.
We note that in this scheme both the ingoing and the outgoing helical flux lines
contribute to the flux flow electric field E = —v(r)B(r)z. In chapter 4 we present
observations which provide direct and unambiguous evidence that cylindrical shects

of helical flux lines can indeed be made to traverse each other.

-

1.3 Choice of Geometry and Procedure
~—

As indicated above, the essential requirement for inciucing flux cutting is that the
comnponent of the electric current j, ﬂowing parallel to the flux lines exceeds the
critical value jg. It is not necessary however that the total current I exceeds I..
Further, it is frequently more convenient and sometimes advantageous to induce
the pers.stent currents in the sample by Faraday induction, i. e. by changir*g the

direction and also, i desired, the strength of an externally applied field. Both, the

"direct feed” and the "induction” approach have been exploited in our laboratory
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in the investigation of this phenomenorf

First, it may be useful to enumerate and describe the various arrangements which
have been uged to date in the study of flux cutting. We have alrgady mentioned
the choice of a long straight wire or ribbon immersed in a staf't"i'onary longitudinal
magnetic field H) and carrying a current I fed into the specimen through leads
connected to an external current source. When the static current I exceeds I.
complementary data on the flux configuration and the clyr\x?xmical steady state flux
cutting can be obtained simultaneously in two ;vays. The ﬂuxk flow voltage mea-
sured with the voltage probes provides information én the.steady migration of the
azimuthal (or transverse) component of the magnetic flux. A pickup coil embracing
the wire or ribbon monitors {Bjj), the magnetic flux deﬁsity in the sample along
the static applied magnetic field H) and the evolution of (B} when I is made to
change.

In our laboratory, besides making extensive use of this setup, we have pioncered
the development of methods where the supercurrent is induced to flow wit‘h com-
ponent along the flux lines and thereby causing flux cutting to occur. A straight
segment of ribbon is a convenient geometrsr_, both from the aspect of sample prepara-
tion and analysis of the behaviour. The ribbon is first permeated by a homogeneous
lattice of straight and para.lle? flux lines by allowing it to\become superconducting
in a u;liform magnetic field directed along its length. This steady magnetic ficld,
demoted Hy (parallel to the axis of the cylinder), is readily provided by a supercon-
ducting solenoid. Persistent currents are now induced to flow along the flux lincs

by applying a magnetic field, denoted H,, which is directed transverse to Hy and

along the flat faces of the ribbon. By the Faraday - Lenz law of electror‘nagnetic
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induction currents will be induc.:'ed to circulate along and around the body of the
ribbon to oppose an; changein the magnetic flux threading it. These induced cur-
rents are persistent s‘nce the material is superconducting. As AH,, the change
in H, progresses, the voluﬁ;e occupied by the currents‘ expands because the local
current density j cannot exceed its critical value j.(B,T) characteristic of the given .
material. Eventually saturation is reached where the entire cross section of the
sarx;ple is occupied by the currents. Information on the macrogzopic effect of flux
transport and Aux cutting  processes which take place is gleaned by embracing the
ribbon with two orthogonal pickup coils, one momtoring (BL) an.d the other (By),
the components of the magnetic flux density along H; and Hj respectively. The
signals fromn these detectors are integrated, amplified and recorded continuously and
simultaneously as H is varied at any desired rate. Hence, the evolution of the flux
configuration as flux cutting and flux migration tlakc_: _Placc can be observed over
various ranges of flux densities. We note that as the rise in H)| progresses, a change
occurs in the angle 8, subtended between the total externally applicd magnetic
ﬁelfd, H, = §H, + ZH| and its increment, AH, = GAH, + ZH) (see acc;)mpany- .
ing sketches on Figure 2). Consequently, any change AJ, in the current density }",
induced by Eh:a application of an increment AH | is expected to subtend an angle
o, with respect to H, which will increase as the latter evolv;as. This finally leads
to Aj,|, the component of Aj, parallel to H,, becoming progressively less domi-
nant and eventually falling below the threshold for flux cutting to occur. In order
to minimize this possibility and maintain the situation where the induccd current
at the surface is predominantly generated parallel to the existing (instantaneous)

external H, we can proceed as follows. H, is rotated while its magnitude is kept
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Ajy

Ajy=Aj) -

N | |
Figure 2: Two subsequent c'oﬁﬁgurations of externally applied fields B it and Hy
and resulting currents induced by the change AH,

} -
fixed (see Figure 3). Alternatively and equivalently, H, is kept fixed in strength

and in direction while. the specimen is rotated with its flat surfaces along H,. In
' our laboratory we have focused on the latter approach and investigated flux cut-
ting phenomena in disks of type II superconductors made to rotate (or oscillate)
slowly or; incrementally in a stationary, externally applied field H, ) provided by a
superconducting solenoid. Figure 3 schematically displays the situation where H,
rotates at constant magnitude ( | H, |=| H,, | ). By the law of induction, A7, is
generated orthogonally to AH, hence always parallel to H,. |
For both disk and ribbon samples although the ratio of the thickness to diameter
(or to length and width) cen be made sn;all to ensure that i:he demagnetization
factor in the direction of the externally applied ﬁelcg\‘ H, (always parallel to the broad
surfaces) .is not appreciablle, various observations indicate that edge or end effects

can play significant roles in the measurements. Motivated, in part, by the desire
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Figure 3: Rotating external magnetic field H, and resultant induced currents AT,
parallel to the field

to reduce this annoying feature, we have turned to long hollov:f cylinder geometry
where the demagnetxzatlon factor along the azimuthal direction vanishes.
In terms of the spa.tla.l coordinates and taking the finite nature of the specimen

into account, the configuratiofi of the magnetic flux-density can be written:

B(x,y,z) = £Ba(=,y, 2) + §By(2,¥,2) + £B:(, ¥, 72) (2)

. ’

for the ribbon and disk geometry, and: //
B(r,2) = FB,(r, z) + ¢$By(r, 2) + 2B.(r, 2) (3)

for the hollow cylinder geometry. Similar expressions can be written for the other
pertinent physical quantities, the current density 7 and the electric field E generated
by chmges in B.

Agrsuming infinite slab and infinite hollow cylinder get;metry, the mathematical
descriptions simplify cgnsiderably in both situations but., the a‘.dvant_age or merit of

the hollow cylinder now "disappears” in the formulation:
— ’ /‘“
B(z) = §By(z) + 2B:(x)
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B(r) = $By(r) + 2B:(r)
for the plane and cylindrical geometry respect‘ively.

Generally, two regimes of behaviour need to be explored, namely the rate depen-

 dent and the rate independent i‘egimés. Mathematically these two situations can

be expressed as follows for the idealized cylindrical geometry under consideration:

dH,

.g = E(T,H,(t), F)

for the rate dependent case, and
B = B(r,H,)

for the rate independent case, with analogous statements for ; and E. T—he crucial
distinguishing feature is that i.n the latter case the sequences of configurations of
E(r), f(r) and E(r) which are encountered are controlled solely by the history of
the exf;erna.lly applied field H, when the sample is in the superconducting statc
and are not affected by the specific choice of the functional form fom H,({) and the
duration of time taken to implement the changes. '
In this initial phase of our investigation of flux cutting we have focused on the
rate independent (”zero frequency”) regime since, in our view, a good understanding

of the phenomena under these circumstances will be required in order to unravel

the more complicated behaviour expected when time dependent effects come.into
play. !
Hollow cylinder geometry provides a remarkable and unique "laboratory” for the

studjr of flux cutting aside from the feature that here the demagnetization factor

along the azimuthal direction is zero. The longitudinal magnetic flux embraced by
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‘the continuously connecte;'l cylindrical wall is, in a sense, a "conserved quantity™ -
The "level” of flux cutting in this reservoir can only be changed by tré.nsfer to and
from the enclosing wall and via the wall to and from the outside world. Once the
hollow cylinder is in the superconducting state, the 1011gitudinal flux density in the
cavity, B.y, 1s no longer dictated by the experimentalist but ensues from processes
occurring in the wall under the action of the varying applied ficld. Consequently, B:h
becomes a property of the material. The important feature is that this quanti t}; can
readily be measured. Further, B.; is 2 boundary condition for the sample, although
it is beyond the control of the investigator. Models devised to account for the
phenomena under scrutiny must therefore ” p‘redict” the e§olution of _t'f1is boundary
condition as well as the observations of the changes.in the spatial average of the
components of magnetic flux permeating;f, the wall. Because of this "decoupling” or
*"emancipation” Pf B.;, measurements of flux cutting with hollow geometry presents
a more severe test and formidable challenge to theory than data obtained with the

other arrangements exploited in these studies.

D N | \



Chapter 2

2.1 Choice of Sample 9

«
"The general concept that flux lines in type II superconciuctors can and must undergo
flux cutting processes when a large current density is caused to flow along the flux
line lattice is now probably a universally accepted ide’a, by workers in the field. It -
may) be remuked however, that most workers in supérconductivity are not aware of |
this concept. One reason for this is that the c;oncept‘was developed after most of the
books on superconductivity were published. Also the development of this concept
and the exploration of its.consequences and manifestations is still in its infancy.

Further, the relationship of this process to other aspects of the behaviour of
type II superconductors is still a total myatery For instance, it is well established
that the surface of type II superconductors can act as a powerful barrier against
the entry and the exit of magnetic flux. An understanding of the physics of this
barrier, its origin and nature, continues to elude workers in this area. It is perhaps

not surprising then that our knowledge of flux cutting at the surface barrier is non

existent.

19
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The density_,df flux lines, f-f , in the bulk of isotropic type II superconductors is
usually regarded as existing in equilibrium with a local tllermodyﬁanlic magnetic
field H regardless of previous history and whether pinning sites are present or
not. This condition is denoted intrinsic equilibrium or Abrikosov diamagnetism
in the literature and written B, (H) or H.(B). The theorctical studies of flux
cutting published to date have however ignored this basic feature and all assume
B = 1toH . Thus reversible behaviour and Meissner flux expulsion currents have not
been incorporated into the framework of flux cutting even in a phenomeological
context, |

Finally, the important and basic question of the role of pinning sites in catalysing
or impeding flux cutting processes has yet to be investigated.

For the experimental investigator, regardless of the statc of the theoretical un-
derstanding, it is important that the numerous aspects of the problem be examined
systematically, hence separately and sequentially. The experimental program can

casily be mapped out and divided into several compartments:

¢ Exploration of flux cutting phenomena in the bulk of a type II superconductor
in situations where flux pinning is dominant, hence where surface barrier
effects are absent or negligible and intrinsic diamagnetism can be ignored.

Thus the sample should be very hysteretic in its classical (flux transportf‘

magnetization curve but display no or small surface pinning in its magnetic

response.

.

¢ Examination of flux cutting in a very reversible (nearly ideal) type II super-

conductor, 1. e. a specimen essentially free of pinning and with no surface

(\
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barrier. | ‘ f

e Study of flux éutting on a sample where the surface barrier is large, the bulk
devoid of pinning and ‘Hc; small comffared to Hy, hence intrinsic diamag-
netism negligible when H4 < H, < H,,.

- . ¢

e Finally, the investigation of flux cutting behaviour in a sample where the
surface barrier, bulk pinning and reversible ;:urrents all play comparable roles

) can then be eﬁvi;aged. ~

/

Among the several materials which meet the requirements listed abov.c, the Pb
rich PbBi alloys, in particular the eutéctic Pbg s Bigss offers r@any‘ advantages.
Firstly, the superc?nductin‘g transition temperature-is about 6.3 K, .hcnc¢ flux cut-
ting phenomena can be conveniently studied at 4.2 Ik, the temperature of liquid
helium at atmospheric pressufe. This considerably simplifies the experimental en-
vironment. Since at 4.2 K, the lower critical field H, =~ 50 mT, and the upper
critical field H., = 1.5 T, the vortex state spans a very broad range of flux den-
sity with an upper limit which is not e:cesswely large and can be attained with
the small, inexpensive superconducting coils fabricated in our laboratory. As a
consequence, we can scan the effect of flux line density on flux cutting processes
with some ease. In our sample, the criterion that flux pinning dominate intrinsic
diamagnetism is well satisfied both a.i: low fields { H £ H' ) and in the vortex
state between H. and H,. At low fields this can be seen from the observation
that the residual trapped flux density is comparable to poH.;. In the vortex state

this emerges from the fact that the asgending and descending magnetization curves

are nearly symmetric. Inspection of minor hysteresi‘s;i loops shows no evidence of

Y
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surface barriers to flux entry and exit. It is also well established that annealing the
quenched ecutectic can appreciably modify the pinning strength and transform the
sample from a highly irreversible to a semi-reversible type II superconductor.

From the viewpoint of sample preparation this material is most appealing indeed.

* The constituents in very pure form are ilexpensive. Finally, because of the low

melting temperature of the components and of the alloy, it is a straightforward

matter to prepare a massive, homogencous ingot from which the hollow cylinder

can be machined.

2.2 Sample Preparation and Specifications

The hollow cylindrical Pbg.i5Bi0.55 sample 1s 100 mm in length, 3.45 mm of inner
radius and 4.15 mm of outer rz}dius. The ingot was prepared by melting the high
purity components at the eutectic proportions in an Qvacuatcd glass tube at the
temperature T = 600° C. After several hours in this temperature durir.lg which time
the glass tube was repeatedly shaken, the alloy was quenched by abruptly moving
the glass tube fron; the furnace into the room. The hollow cylinder was formed from
this cylindrical ingot by machining on a lathe aﬁd drilling the kisle. The sample was
not subjected to any further mechanical or chemical treatment. The sample was

prepared by Fillion [17] and investigated as part of his research for his PhD thesis.
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2.3 Experimental Set-up

2.3.1 The Sample - Heater Assembly /

) ’
It is important in the study of the magnetic and critical gurrent bcﬁaviour of type

IT supkrconductors that the initial configuratiolf of the magnetic flux for cach mea--
surcment be known and controlled. Consequently, in a sequence of measurements,
the previous magne'tic ﬁelq history of the specimen in the superconducting state
needs to be erased and a fre"‘.sh start from a chosen "virgin” state can be made. This
is accomplished by raising the temperature of the sample above its transition tem-
perature T, and allowmg it to cool from T, to 4.2 K (or some other chosen operating
temperature) in the desired initial, externally applied magnetic field Hy and/or H,.

A formvar insulated manganin heater wire was wound directly around the ex-
ternal c}‘rcmnference of the sample over its entire length as shown on Figure 4. This
single layer heater is wound x;ery tightly to ensure wniformity of the winding, hcncc )
of the temperature dlstnbutlon A bifilar nomnductlve arrangement is used where
‘adjacent turns of the heater carry current flowing in opposite directions, hence no
net magnetic field is genera.te\d when the heater is made to carry a current. Man-
ganin is used because its resistivity is la.rge alnd nearly temperature independent
over the range from absolute zero to room temgg\rature. Further (_thxs alloy is non-
magnetic, hence contributes no background signal to the n;easurement.

The sample-heater Systeml is inserted into a well fitted thin perforated delrin
. sleeve. The _perforations allow evaporating helium to escape. The siceve provides a

smooth sdrface on which the pickup coil can be wound and also acts as a frame for
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Figure 4: A cross section through the sample - heater assembly
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fixing and holding the sample in place inside the magnet coil assembly.

p

2.3.2 The H. and H; magnets

The axial magnetic field H. is produced by a superconducting solenoid, 17.6 cm
long, with an i;u'ler radius of 1.9 ecm and outer radius of 4.9 cm. This solenoid is
ﬁlade ai)preciably longer than the hollow cylinder sample (10 ¢cm)-so that the latter
bathes in an axial field homogeneous to < 2% over its volume. The supcrcon'duct-
ing magnet was made in our laboratory using 0.4 mm diameter formvar insulated,
multifilamentary NbTi wire (Supercon). The magnet is energized using a transis-
.torized, battery driven power supply designed and built in the physics clectronics
shop and provides 0.0716 Tesla/Ampere.

The géneration of a sufficiently strong azimuthal magnectic field Hy presents a
formidable challenge. The criterion for a sufficiently strong H, is that starting
from Hy = 0 with the sample in a flux free state, the cycle of Hy should generate
the maximum residual trapped flux configuration. For our sample this means that
tioH 4 should exceed 0.12 Tesla. We stress however that this constitutes a minimum
requirement and it is highly desirable to significantly surpass this threshold value.
Fillion [17] for his investigations on this sampie had developed a conﬁgux-‘ation which

just attained this objective. We redesigned and rebuilt the toroidal magnet coil

arrangement and achieved Hymoz = 0.3 Tesla. As will be seen in chapter 4 of this

thesis, this enhanced performance-enabled us to observe fascinating behaviour which
is not encountered in the range of fields available to Fillion. We refer the reader to
Figure 5 which shows schematically the toroidal magnet and the inner pickup coil

system.
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Figure 5: A cross section through the sample with inner pickup coil and azimuthal
magnet coil
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H, is provided .by causing a‘steady current I to flow in the toroidal coil wound
around the wall of the hollow cylinder as shown in Figure 5. The tum; of this
toroidal coil must thread through the cavity of the hollow cylinder and share the
available cross section of this hole with the windings of the toroidal pickup coil and
an axial pickup coil. The lz‘u"gest direct current supply in our laboratory can provide
a maximum of 400 Amperes. Superconducting NbTi wire was selected, ;vhicll can
safely sustain current of this-magnitude at 4.2 K, in an ambient magnetic induction
of about 1.5 Tesl.a, (the axial magnetic field H.) and in the presence of heat flow
from the adjacent heater. Further, this wire must undergo sharp bending when
wound into a toroiilal coil. Hence, multifilamentary twisted NbTi wire embedded in
a copper matrix was used. Since the inner loops of the toroidal pickup coil should
be placed snugly against the inner wall of the hollow cylinder and the axial pickup
coil should embrace as large an area as possible, it is evident that the \vinc}ing of
the toroidal magnet coil must pass through a hole at the centre along the axis of
the inner pickup coil. In our arrangement we managed to'wind a coil of 16 turns
(as compared with 7 for Fillion). At the same time we succeeded in increasing
the average area-turn product of the inner pickup coil by a factor of two, hence
increasing its sensitivity by this amount. This was achieved by using much finer
copper wire (48 B&S) for this coil and ﬁttihg it more tightly into the available space.

We wish to send as much as 400 Amperes of direct current fopr gf‘h-ne intervals
of several minutes duration in the toroidal coil. This large current is close to the
critical value for this wire at the _a.mbient temperature of 4.2 I{. Consequently, the
contact resistance between the copper leads and the superconducting wire must be

minimized (contact resistance no higher than a microchm is desirable). Further, the
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unavoidable Joule heat at the copper-superconductor interface must be efficiently
removed by conduction to the. li-quid helium bath. We redugc the contact resistance
by providing for good electrical contact tol several centimeters of the ends of the
superconducting wire and at the same time we provide for rapid heat dissipation
as follows. ﬁ‘-%%t the "contact™ the copper wire leads arc attached to massive copper
blocks. Thc'skt’: are then screwed tightly together compressing a thin sheath of indium
which embraces the ends of the superconducting NbTi wire. The indiun® intimately
wets both the surface of the NbTi wire and the adjacent surfaces of the copper
bloc-ks. The latter ser.ve‘ as reservoirs for the Joule heat and at the 'same time
distribute this heat to a large volume of the liquid helium.

In the event that the critical current of the superconducting toroidal coil is

exceeded, an electronic relay rapidly (in a time shorter than 5 milliseconds) inter-

rupts the current by turning off the driving voltage inside the transistorized power
supply. This protects the toroidal coil from damage by local heatling along ar-w.y
section transiting from the superconducting to the normal state (the copper sheath
surrounding the NbTi core provides only short term protection at these large cur-
rents). The electronic relay is activated when a voltage of a few millivolts appears
acsoss the toroidal magnet coil.

We stress that the azimuthal magnetic flux density By along the inner surface
of the hollow cylinder is greater than that at the outer surface by a factor of 1.2
since By(R;)/Bs(R.) = Ro/Ri = 1.2 for our sample.

Using Ampere’s law, the applied azimuthal magnetic field is given by:

Hy(r) = 2L

T %7r
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Figure 6: The sample subjected to the cornbmatxon of axial magnetic field H, and
azimuthal magnetic field Hy(r). ;

{ :
where n is the number of turns of the toroidal magnet coil (n = 16 in our setup ).

The average azimuthal megnetic induction permeating the wall of the cylinder in

the normal state can be written as : i

r)dr
(Bg)appiied = 'I_B}%T)—

or after integration:

___pond R, '
(‘B'ﬁ)a?pls'cd = mln R @

where R, and R; are the outer and inner radii respectively. Figure 6 shows the
combination of magnetic fields bathing the sample during our measurements. In
the work reported in this thesis we induce flux cutting by varying (increasing or

decreasing) H, While maintaining H, || fixed.



2.3.3 The Monitoring System

¢

We obtain information on flux transport and the occurrence of flux cutting processes
in the sample by (i) continuously monitoring the evolution of the axial magnetic
flux density threading the cavity of the hollow cylinder and. (ii) monitoring the
configuration of magnetic flux permeating the wall as (iii) the boundary ‘conditions
H ;,;.(R,'), Hy(R,)and H.(R,) are made to vary according to some chosen prescription.

The longitudinal magnetic flux density in the hole, By, is monitored using an
"inner” pickup coil positioned centrall}; along the axis of the cavity. This pickup
coil eomprises about 26,000 turns of 48 gauge formvar insulated copper wire. The
windings occupy a cylindrical volume of 64 mm length, 2.72 mm inner radius and
3.75 mm outer-radius. We stress that the length of this coil is deliberately chosen
much smaller than that \of the hollow cylinder sample (100 mm), so that the axial
magnetic flux density it monitors corresponds to that threading the "waist” of the
cavity of the specimen and does not include end effects. This pickup coil is more
sensitive than that used by Fillion [17] by a factor of about 2.

In some measurements it is convenient to monitor AH.; = Hy — H., the differ-
ence detween the axial externally applied field and the axial field in the hole. This
is particularly useful when Hj| is being varied over a wide range. For these mca-
surements we have positioned an axial bucking coil outside the sample but insidt;
the solenoid with an average area-turn product corresponding closely to that of the
inner uxial coil. With these two coils connected in series opposition the evolution

of AH; 1 H| is swept up or down can be traced directly.

The azimuthal magnetic flux density permeating the wall, (B,), is monitored

7
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wit_h.a."t?Sroida.l pickup coil embracing the latter. This coil contains some 2000 turns
{\:g_f 48 B&S copper wire distributed among 5 layers wound directly and rna‘nua]ly
along the wall and through the cavity using a shuttle. It surrounds the wall, the
heater and the thin delrin sleeve. An 8100 turns (42 B&S) bucking coil of small
area is pos}i.pioned Just outside one end of the hollow éylindri'czﬂ sample but inside
the toroidal magnet coil. This pickup coil senses the applied azimuthal magnetic
induction (Bg)ap,. Its area-turn product matches closely that of the toroidal pickup
coil embracing the wall. Consequently, with these two coils connected in series
opposition we can continuously and directly monifo; A(Bgs) = (Ba) — (Bg)app, the
difference between the azimuthal flux permeating the wall and the applied aiimuf.hal
flux. It is this difference which contains the desired information.

The longitudjnz;.l magnetic flux threading the sample is monit'oréd with a large
pickup coil embracing the ”"waist” of the hollow cylinder. Tl)is coil is.57 mm long,
with an inner radius of 9.5 mm and an outer radius of 16 mm. It is positioned
syn:}metrically‘ around the centre of the sample and is constructed shorter than the
latter to avoid measuring any distortions of the magnetic flux due to edge effects.
This coil Aactually consists of two concentric oppositely wound, series connected
pickup coils where, N, (4,}, the tum-ax;ea. product of the outer coil, matches Ni(A;},
the turn-area product of the inﬁer coil. It contains some 180,000 turns, ( N, + NV;
), of which some 60‘,000, ( N; — N, ) provide the resultant signal. This scheme was
exploited because it allows us to use a much shorter solenoid than would be required
in the alternative approach where the balancing coil is positioned away from the

~sample but inside the solenoid. ~

Since this pickup coil is balanced, it is (ideally) insensitive to changes in the

[
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axially applied magnetic flux density poH| and only registers changes in the net

flux threading the sample. This can be written,

Ad. =, — puHYA, ;

where A, = 7 R? is the cross section 'of the hollow cylinder and R its outcl: radius.
From the perspect'i.ve_ of this pickup coil, the hole is an in.tegraal part of the "sample”.
Conééqucntly, changes in the axial flux threading the hole as well as the “;all will
be detected by this pickup coil. Any transfers and exchanges of axial flux bet;,_wecn
the cavity and the wall will however generate no signal in this detector. Such events

©
will however be recorded by the inner axial pickup coil.

Tl:e output signal from each pickup coil pair (driving and bucking coil) feeds an
integrator-amplifier (PAR model 215) which then drives one of the axes of an X-Y
recorder. The other axis of Fhe recorder is driven by a signal proportional to the
applied magheti'c field whiclr is being varied. This signal is generated by the voltage
drop Vr = IR,, appearing along a shunt of resistance R,, placed in the circuit of

[
!

the-toroidal magnet coil. &t

2.4 Measurement Procedure.

Ve

L A . v

2.4.1 Calibration \

\

The persistent shielding current induced to ﬂk\in a superconducting specimen

in the "virgin” state by the application of a weak magnetic field (Hy or Hy) is

assumed to flow entirely in A, the penetration depth at the surface of the hollow .’
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cylinder. ”Viréin” state here means that the sample has been allowed to cool from
T > T, to 4.2 K in zero applied field: Since A &~ 1000 Angstrom is minute compared
to any of the dimensions of i';he sample, the response of the sample to a weak
applied maéne_tic field (H < H,) is perfectly diamagnetic ‘and linear. Thus the

integrated signal S registered on the Y axis of the X-Y recorder is proportional

to the applied field H driving the X axis, hence S = kH. The signal S contains -

however a linear contribution which is extraneous since generally the pickup coils
are not perfectly balanced. We can now distinguish and determine the true and
extraneous contributions to .S by driving the sample into the normal state by raising

its temperatur€to T, with the heater while maintaining H fixed.

2.4.2 Background or Normal State Reference Curves

The use of superconducting magnet coils to generate magnetic ficlds imposes a price
or penalty which.is frequently not menticned in the published papérs. "The relation-
ship between H generated by the superconducting coil-aitl the current I flowing
in the latter is not exactly linear. Furthermlore, and more troublesome, is the fact
that H is not a single vaiued function but is a history dependent function of I. ‘As a
consequence, for each measurement, the selected history must first be ”established”
by taking the superconducting magnet coil(s) through the chosen sequence or cycle.
Subsequently, for the chosen measurement procedure, the deviation of H([I) from
linear, hence single valu;ad behaviour, must be determined by recording the reference
curve with the sample absen‘t (i. e. in the normal state). Finally, the observations
with the specLimen in the superconducting state are made and recorded.

The reason H(I) is not single valued and is history dependent (hysteretic) for
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superconducting magnet coils is that the winding not only carries the energizing

current I but also supports complicated configurations of persistent currents induced

ﬁ’ ’ 4

by the changes in the H which the coil produces.

g
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Figure 7: Complete scheme of the apparatus used for the measurements.



Chapter 3
N : . ‘ .

_)
3.1 The ”Classical” Critical State Model

L

Before we present our experimental results and discuss their irlt(:1'p1"etation it may
be useful to review and outline the pertinent physieal framework which guided and
motivated our research project.

It is now well established that in type II superconductors magnetic flux exists
in the form of discrete flux lines each containing a quantum of flux ¢, = h/2e.
In an ideal (pinning free) superconductor which has become superconducting in
a static magnetic fleld H, < Hm&ty of flux lines is uniform (
N(z) = B(z)/¢o ) and no net currents are flowing in the volume of the specimen.
The material however is filled with electric currents. The axis of each flux line (Aux
vortex) is surrounded by an intricate ”whirlpool” of persistent electric currents and

a reversible screening (often referred to as Meissner or diamagnetic) current flows

at the surface of the sample. »

If now the externally applied field H, is increased, new flux lines nucleate at

the surface and migrate into the interior of the sample until a2 uniform density

-

r
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distribution is established. Electrodynamic viscous drag governs tile time ’r{aquired
for the new equilibrium density ‘to be achieved. The Albrikosov equilibrium flux line
d.ensity B, (H) is clfztcrmincd by the strength 3f the mutual repulsion between the
flux lines and the repulsive interaction between tie flux line lat tice and the applied

magnetic field existing in'the penctration depth. When H, is decreased, the mutual

repulsion causes flux lines at the surface to be expelled and flux lines in the bulk to

migrate towards the surface until the equilibrium density (Abrikosov equilibrium)’

is attained. o '“\
Pinning sites in the bulk .of non ideal materials will oppoé? and impede the

0 b ]
displacement of the flux lines. An individual flux line will be in a eritical static

state on the verge of moving when the net repulsive force it experiences is equal to

the pinning force acting on it. A net repﬁlsive force will arise when the flux line

is surrounded by an asymmetric or nonuniform distribution of flux lines. In the

context of Maxwell’s equations, this state of affairs can be \v}itten, V x B = ppj. -

where | B | is regarded as an average over the cross section of several flux lines.
For infinite slab geometry, this means that the gradient in the local density of flux

L ]
lines, dB/dx, is in a critical state and a net current, j,, flows transverse to the flux

o

}ue’ at a critical density j.,. This net current density, associated with the gradient

in the flux line density-' by Maxwell’s equation, arises from the superposition of the

patterns of persistent currents circulating around the axis of each flux line. This

- superposition now yields a net current density since the flux line lattice is no longer

uniform. %
For simplicity we continue to focus on straight, parallel arrays of flux lines.
Scontinue

haeY
Several authors have shown that the net repulsive force acting on a unit length of

R



38

a flux line situated in a nonuniform flux line lattice, is given by ji ¢o where j; is

the current density generated atthe axis of a flux line by the superposition of the
patterns of the vortex.currcnts.. of the neighbouring flux lines. This "driving” force
has the form of the Lorentz force and can be conveniently written F, = ix B , where
F 1 1s a force density averaged over a volume occupied by several flux lines. Tilc
critical state concept envisages that the minimum driving Lorentz force which can
appear in a type II superconductor under isothermal changes of flux line density

must equal the local pinning force density F‘;,(B ). This principle is expressed by the

statement

—

Fr = —-F,.

Stated differently but equivalently, the critical state idea asserts that no changes in
fiux configuration can occur via flux transport, and hence no electric ficld E, can
arise via flux displacement in type II superconductors unless j, > j., where j, is
the current density flowing transverse to the flux line density B(z). Here E_ is the
electric field perp:endjcular to the axis of the flux lines.’

For simplicity, we consider an infinite slab of a nonideal tyﬁe II superconductor
which has become superconducting in a homogeneous magnetic field H, directed
parallel to the surfaces of the slab of thickness X. Again an increase in H, nucleates
-ﬂux lines at the surfaces. Now however, because of pinning in the volume of the
slab (bulk pinning) the migration of the flux lines into the slab is impeded and
takes place only when the gradient of the flux line density dB/dz > (dB/dz). or
equivalently, j. > j.p. If the variation of H, is not too rapid, the electrodynamic

viscous drag is not important and the sequence of B(z) profiles which is generated

by the sweep of H, does not deviate markedly from the critical configurations. At

&
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afly rate, when the change in H, ceases, the flux line distribution will relax to a
critical configuration. As the migration of the flux lines takes place under the action

of the "Lorentz” driving force overcoming the pinning force, an electric field E ()
| is generated perpendicular to the axis of the flux line and to its velocity, E = 7' x ff .

This is often denoted the flux flow electric field since
V=-— f E.dF

is the flux flow voltage. The migration (transport) of the flux lines dis:.sipa.tes energy
at a rate dP/dt = E, j,. This must be provided by the source'of the electric current
(the source of the external magnetic field). The relétionship, E=_-txBisa
',. ‘formulation of the Maxwell-Faraday equation, V x E = —98 /Ot which explicitly
expresses the picture of moving flux entities.

For hollow cylinder geometry, two situations heed to be envisaged:
o H, is directed along the axis of the cylinder ( H,=:H, ), or
. I;", is directed azimuthally ( ﬁ, = ¢H, ).

<

Introducing the classical critical state concept in Maxwell’s equations

VXE:#O;

and :
)]

VXE——E

we then obtain for an infinite cylinder geometry:
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dEy(r)  Bu(r) __dBi(r) ™

dr r T dt (5)

where j.; = j4, EL = Ey, when H, = 3H, and:

dBy(r)  Ba(r ,
;( ) + () = —pojcL(T)
T T

dE(r) . dB ()
dEulr) _ _ dBalr) ©

where j. = j: and B, = E. when H, = éH,. A crucial feature of the "classical”
critical state concept is that E; = 0 unless j; > jci. The situation where H, =
ZH, has been exploited to determine j.i versus B at various temperatures. The
experimental approach is quite straightforward. The magnetic field, H.,, in the hole
of the cylinder is continmously monitored, with a pickup coil - amplifier - integrator
system ixs in our work or some Hall effect probe, as the external field H) is swept up

or down. Clearly, when the entire cross section of the wall carries a critical current,

Maxwell’s equation reads:

Hy—Hap = I = (ju)(R, — Ri) (7

-

The challenge in these endeavours is to determine j., versus B and T for var-
ious materials from measurements of the magnetic response" (for igstance with the
simple arrangement just described) or the critical current using current leads and a
sensitive voltmeter (standard four probe technique). Conversely, starting with the
knowledge of j.(B,T), the critical state idea incorporated in Maxwell’s equation
is exploited together with straightforward electrodynamic considerations to predict

the magnetic behaviour and hysteresis (low frequency AC) losses for various geome-

tries and circumstances.
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} l
In the terminology proposed by Clem a,nd. his collaborators, the regions where
the flux density is cha.nging' are denoted T zones where the T stands for pure trans-
port (transfer, migration or displacement) of flux. In the "classical” critical state

framework, only two types of zones can exist: -
e T zones where B is changing, E # 0 and ji 2 jeu
o O zones where B is static, B} =0 and 0 < j, ﬁfjcl.

We stress that when 0 < ji < jeu occurs in a O zone, then at some earlier time,

this zone existed as a T zone.

3.2 Non Parallel Flux Lines.

In the previous section we have considered only the standard and simple situation
where the successive generations of flux lines created at the surface and migrating
into the sample are directed parallel to each other and to that alrea&y permeating
the material. This is sometimes referred to as a collinear configuration. We now
envisage a slightly more complicated but nevertheless quite realistic scenario. For -
clerity it is convenient to first focus on a semi infinite half-space occupying the
volume z > 0, initially permeated by a uniform lattice of straight parallel flux lines
directed along the z axis. A homogeneous magnetic field H | = 2H), fills the empty
space z < 0. Now we visualize that H , is increased in magnitude w.fhile at the same

time its direction is changed according to the prescription:

,

H,(t) = 2Hy + §H,(t).

-

4
g
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This particular evolution of H, corresponds to that exploited in- our experiments
and is also conceptually straightforward. Let a, denote the angle subtended at
the surface of t};e superconductor between H, and its Z component, hence d,(t) =
cos™'(Hy/H,(t)). According to prevailing ideas, the successive generations of flux
lines created at the surface of the suberconductor because of the increase in | H, |,
and migrating into its volume will be directed at an angle «,(t) which is increasiﬁg
as H,(t) increases. Let us now assume that a uniform distribution of pinning sites
exists in the superconducting material. As a consequence, a critical gradient in
flux line density, dB/dz = upje.y, will develop in a volume adjacent to the surfa;é,
0 < z < z,. Here z, denotes the boundary of penctration of the flux compression
or disturbance (the interface between the advancing T zone and the shrinking O
zone).

Further, let us assume that the flux lines retain the orientation they possessed at
the time of their creation while they migrate into the superconductor. Consequently,
a gradient da/dz will also develop in the configuration of the orientation of the flux
lines. However, Maxwell’s equation, V x B = ,uoj‘ for semi infinite slab geometry

can be shown to read:

do . ’
B— = Hal|| (8)

dz _
where jj; denotes the current density flowing parallel to B(z), hence pasallel to the
direction of the :\ﬂux lines.
Purauing the concept of conservation of flux lines inside the superconducting
material together with the concept that flux lines retain their initial orientation, we

note that, as’a (;onsequence, the volume 0 < = < z, occupied by jj (or equivalently

by the gradient of «) is smaller than the volume occupied by a current j., (or.

~.

h
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equivalently by the critical gradient of Aux density), i. e. , < z,. At any time,
therefore, the superconductor contains the following flux along the z direction:

(i) all of the flux initially permeating it, a portion of which is now compressed in

the volume z, < z < z,, and ‘ Sy

(ii) the Z component of the flux which has been nucleated since the growth in | H, |

- commenced.

As a consequence, the component of the flux dens.ity along Hj is seen to rise as

H, is made to increase. !‘&nother way of seeing this important result is to note that

. every flux line introduced into the s{lperconductor by the growth in | H, | carries a

unit of flux ¢, hence adds an amount ¢y of flux along the z axis. Considering now

an infinite slab instead of an infinite half-space, we can see that as H, increases,
(B:) must grow monotonically until H, = H.,.

Maxwell's equz;tions, VxB = poj'; and V x £ = —9B/8t can be written to

incorporate these ideas as follows:

g—f = —poj 2 pojcl (9)

Bg% = Hoj| | | (10)

- EL% = -Bg—‘: (12)

for planar geometry, and: f
%—Ij + @ = —foj1 2 fojel - (13)

da sinacosa

B(g + =) = noj (14)
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oE, cos® a 4B '
o PR T -1

Ja sinacosa do
E_L("a_;‘ - —r-*-—): —-B-a—r . (16)

for infinite cylinder geometry (solid or hollow), where « is the apgle subtended by
B(r) and the axis of the cylinder. Again we stress that E; = 0 unless j, > j..

It quickly becomes evident as we observe the evolution of the magnetic flux in
the wall of our hoIk‘)w cylinder sample when ﬁ,(t) is made to change as specified
above that something is amiss. We see immediately that the magnetic flux density
along the direction of the static component of H,(t) does not increase monotonically.
Indeed, quite frequently an initial anii substantial diminution occurs in this quantity.
We will see this in the next chapter. We are thus inexorably led fo cogcludc that

flux-lines do not always retain their initial orientation as they are compressed and,

made to migrate.

3.3 The Generalized (Flux Cutting and Flux Pin-

ning) Critical State

/!

‘The magnetic flux density along the static component H | of an applied magnetic
field H, varying in direction and increasing in strength is frequently observed to
diminish although flux lines are being pumped into the specimen, each of which
adds a quantum of flux along EII' It is often suggested that rotzlltion of the flux
lines in tre sample, away from I-:io and toward ﬁ,, can account for this phenomenon.
This expiana.tion however requires that some mechanism(s) exist which will cause

the flux lines to rotate.
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Driving (Lorentz like) forces tending to rotate flux lines indeed appear in a vol-
ume of depth A around the two end points where a flux line ﬁferces the surfaces
of a specimen. These driving forces, howevér, must overcome the pinning forces.
anchoring the flux line along its entire length. Since the competing force densities -
are comparable, the ratio of the torque tendirg to Totate a flux line to that opposing
the rotation is approximately A/l ~ 10~°. Processes which wiﬂ lead to a change
in the orientation of flux lines must consequently be sought in the interactions and
behaviour of flux lines inside the body of the superconductor. Clem and his collab-
orators [10,11,12,15] and Brandt [1,2,3] have pursued this question in some detail.
All these accounts visualize that flux lines cut and rejoin at points of intersection.
We now outliI;e the two complems:tary pictures developed by these workers.

The sequence of events is depicted in Figure 8. We visualize a lattice 6f flux
lines consisting of sheets of parallel flux lines where the angle subtended by any
adjacent pair of sheets is denoted ©. For simplicity:pwe consider the Iinéa.r density
of flux lines in the sheets to be uniform. A configuration of flux density with the
properties just described can exist only if sheets of uniform'current density _;(:1:)
permeate the lattice with dire;:ted along the flux lines. Thus Ma,xxlvell’s equation
VxB= ,u,gf is satisfied. Here J is regarded as a quasi microscopic average over
cross sections less or equal to that of a flux line and dénoted |-

We now focus on a pair of adjacent sheets (see Figure 8/(a) ). It was shown by
Clem and Yeh [16} and Brandt et al. [3] that as the angle ©, hence the current jj, are
chosen larger and larger, the repulsive interaction between the sheets of flux lines
diminishes and, at some critical value ©, (hence 7 ) the interaction becomes one
of mutual attraction. The two sheets can be viewed as driven towards each other
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Figure 8: Two planes of vortices merging together (a), zigzag vortices created
as doubly quantized vortices break into two singly flux lines (b), zigzag vortices
straighten (c) and two planes of identical orientation move apart (d). b
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by a Lorentz like force j x B where 7 is a current density in tht’E lrnidplane between
the two sheets. The two sheets, are thus made to intersect and the adjacent ends of
segments at the contact points to cross join. This vorﬁex reconnection results in a
Zig-70E Iat{nt:e of flux lines in the plane of 1nterscct10'n. This com‘fguration (Figure
8(b) ) is energetically expensive and the energy is reduced by stajght‘ening out of
the zigzags. ‘Here the line tension or line energy or alte’;na.tively and equivalently
the mutual rZapuIsion between the adjacent curved segmeI;ts, can be regarded as a
driving mechanism. The sheet of flux linde’that ensues from this process is densely
packed in the plane of the paper (see Figure 8(c) ). As*a consequence, the mutual
repulsion between the members of thls ”fa_mﬂy” will lead to their separatmn into two
adjacent parallel sheets, each having zg,,r;gqulhbr:um density as shown in Figure 8(d).
We note that the distance between the flux lines in a sheet in (d) is greater than

that initially existing in (a), although the number of lux*ines has been conserved.

Indeed
Dinitiar
D inal = )
fimat cos(©/2)

hence the local magnetic flux density is reduced from B to .Bcos(9/2). Clem

refers to this latter process as flux consumption. It occurs because the transverse

.
components of the magnetic flux density in the adjacent sheets vanish during the

process of straighter_l*if\g of the flux lines. In effect the transverse components of
h ]
one sheet can be regarded as annihilating with the oppositely directed transverse

component of the neighbouring sheet.

Pursuing the proposed picture in the light of Maxwell’s equation, V x B = to]

we note that the sheet of longitudinal current jjj between the two sheets of flux lines

under scrutiny has vauished since these are now parallel. In a sense, the current
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orii;ina,lly found in this space has Been'tllan‘sfered to, the afijacent volume since now
thmle subtended by the two neighbouring flux line sheets with the two under
consideration has increased from O to 29, hence from critical or near critical to
supercritical. Consequently, the entire process we have just descﬁbcd repeats and
propagates inwards and outwards along the lattice of tilted flux line sheets. After
application of a step function perturbation the process continues until the resulting
configuration for ©(z), hence Jji{z), has relaxed to suberitical. A continuous change
of H , may, of course, be regarded as a succesion of step function perturbations. In
a dynamic steady state situation, such as encountered when a constant longitudinal
flux flow voltage is measured a'long a current carrying ribbon, the sequence of events
is periodic and continuous.

We now visualize that the flux cutting events just described occur at the shurfacc
of the sample. Let a denote the orientation of a flux line sheet just nucleated at
the surface and (o — ©) the direction of the adjacent sheet before flux cutting.

Consequently, the two sheet resulting from the flux cutting are directed along o -

(©/2). We focus on two extreme cases:

o all of the flux lines rerain in the superconductor after the separation has

taken place,

e the separation causes one of the flux line sheets to be expelled from the su-

perconductor.

For -a dynamic steady state to prevail, ejection of flux lines must take pléce,
the loss to be replaced by the entry (creation) of a new flux line sheet directed

along o, The flux line sheet that remains in the sample interacts with its neighbour
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initially oriented’\along a—20 and the "information” is transmitted along the flux
line lattice. For an infinite slab carrying a current I'> I, the creation - expulsion
sequence is taking place along both surfaces simultaneously. The lattice of flux lines
can be regarded at any insté.nt a.s-compri_sing two sublattices, one moving along
the positive, the other along thé negative z axis, countermoving and continuously
crossing cach other. This is a convenient vantage point first proposed by Brandt |
[2,3]. Alternatively, one can view the events as a continuous shuttling back and
forth between adjacent sheets of flux lines as first suggeste.d by Clem [11].

‘In our experiment the configuration of flux lines is made to evolve continuously
through these processes although we.are not dealing with a éynamic steady state.
- The observations we present in the next chapter provide direct and unambiguous
evidence that sheets of flux lines do indeed traverse each other.

" Brandt i2,3] has shown, however, thz?tt the magnitude of the electric field which
results from the picture just described is too smﬁll to account fo the measured
longitudinal flux flow voltages. Clem [10] has proposed a double - cutting model
which leads to better quantitative agreement \';'ith the data. We now sketch this
model.

When the longitudinal current densit /y Al is sufficiently large, the intermediate
. densely packed flux line sheet is unstable because of mutual repulsxon of its mem-
bers but also unstable towards the forma.tlon of left handed Jelices. We refer the
reader to Figure 9 to follow the sequence of events now envisaged. The unstable
left handed helices are driven to expand under the action of a Lorentz like force
}"x B and eventually come into contact with each other. Again, cutting and cross

joining occurs at the points of intersection of the expanding helices. These events
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lead to two "corrugated” sheets of flux lines which then reduce' their energy content
by strajgh.tening out. From inspection of the sequence of figures (a) - (f) we note
that, in a sense, the series of processes has caused the driginal pair of flux lines-to
traverse eac1.1 other and exchange places. By Maxwell’s equation V x F = ,uof, the
longitudinal current density j permea:ting the pair of flux line shects has now re-
vers::cl direction. The two sheets now consequently attract cach other. The current
. density jy in the adjacent volume has however been increased, hence the attraction
towards the neighbouring flux line sheets dominates and'the perturbation prolpn-
gates rapidly along the tilted flux'line lattice. Focusing on the-vxs{.\rface(s) we can
again visualize a dynamic steady state of continuous penodm cntry and exit of flux
lines. The expelled flux lines now subtend an angle © thh respe J’ho H,, ‘hence

with respect to the flux lines entering the sample.

Two critical currents are now envisaged to play a role in type II superconductors:

* jci, flowing transverse to the flux lines is needed to overcomé thé opposition

of pinning forces to the migration of the flux lines,

* jg, flowing along the flux lines is needed to drive non parallel flux lines to

merge and intersect.

When j; > jeu, an electric field, denoted Ej, is genecrated by the transport
of the flux lines. This feature was already envisaged in the classical critical state
concept. When jy > jg, and flux cutting occurs,an electric field, denoted Ey, is
generates along the flux lines. This electric field arises from the displacement,
straightening and other contorsions experienced by the flux lines as the sequence of

events associated with the flux cutting process are unfolding. Here Ej| is regarded



F igure 9: Two planes of vortices approaching each other (a), the .ﬁrst cut?ing (1),
plane of zigzag vortices (c), their expansion into left-handed helical vortices (d),
second cutting of helices () and the planes of parallel vortices moving apart from

cach other (f).

- -
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over the volumec of the flux cutting event.

Introducing these ideas into Maxwell’s equations, V X B = toj and Vx E =

~dB /6, for infinite cylindrical geometry leads to :

aB in?
poJL = —(g + B2 - (1)
sin a cos «

jody = B(— —r——m) (18)

on oF, cos? o I&  sinacosa
o BT TR YT ) (19)

da 1 BE sin® a Jda sinacosa
. m e TR B ) 20)

where a(r) is the angle between flux density B(r) and the z axis. We stress that
E; =0when 0 <j, <j. and Ej; =0 when 0 < jj < jq-

In this scheme, energy dissipation is visualized to occur through flux migration,
E.jy, and through flux cutting, Eyjy. 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 (E L = 0 and Ey = 0) are called O
zones. We stress that in T zones, j, need not vanish and can vary with time. Here
flux lines are migrating while retaining their orientation. This state of affairs has

already been examined earlier. The important and novel features which now emerge

“are tle following:

I

s the appearance of CT zones, U

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

!

»

as a net electric field averaged over the duration of the flux cutting scenario and
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e the possibility that in C zones J1 does not have to vanish but can lie in the

range 0 < 73 < jeu and be ML_@Q vary with time.

Regions where j, was subcritical (0 < 7, < j. 1) were forbidden in the framework
of the tflassical criticﬂ state.

In the next chapter we present some of our observations and examine these qual-
itatively in the framework of the models we have outlined above. We are developing
a programme to compute the evolution of flux configurations in a hollow cylinder in
accordance with the prescription presented above (Clem’s formulation of Maxwell’s
equations) for the conditions prevailing in our experiments. This extremely difficult e
task is still in progress. Consequently, a quantitative analysis of our measurements

must await a future date.

L



Chapter 4

4.1 Introduction

Much effort has been dedicated over the years to create experimental space where
the magnetic field is negligible and indeed, in the limiting case, absolutely zero.
The experiment we report here was motivated in. part to explore a new scheme we
concocted to achieve this objective. First, we describe the scheme.

We visualize that the ambient magnetic field (the Earth'’s field) has been screened
out exploiting standard magnetic shielding techniques and cancelled out to a high
degree of accuracy using Helmholtz coils. Now a hollow cylinder of a type II su-
perconductor is cooled from T, and becomes supercon'dﬁcting in this weak field
environment. Clem et al. have shown [13] that the transverse component of the
magnetic flux threading the wall of a thin walled type II superconducting tube can
be reduced by sending a current along the wall. The Lorentz force, j.B, , drives the

flux lines to one edge of the tube where they can be regarded as mutpally annihilat-

—
ing or Leing expelled. The impressed current, having accomplished the purpose, is

then "removed”., Phe axial component of the ambient magnetic field still remains
, a

b
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110\§ever. We focus on ways to reduce or eventually remove this component of the
" magnetic flux inside ‘the cavity .of the hollow cylinder.

Qur approach is conceptually straightforward. We ca.usle the magnetic flux den-
sity along the inner wall of the hollow cylinder to increas.c by superimposing an
azimuthal component Hy(R;) on the existing H.(R:). Presumably, H.(r) is uni-
form in the hollow, but this 1s not perélinent. The important feature is that the
increasein |

H(R) = £H.(R:) + $Hy(R:)

causes flux lines to nucleate along the inner surface of the wall and penctrate into
it. Now each of these flux lines removes a quantum of axial flux from the hole and
transfers it to the wall. As a result the axial flux density in the hole is made to
diminish as helical flux lines are being-"pumped” from the cavity into the wall. At
this stage, we have reduced B. in the hole at the price of increasing By(r),.and
B(r) = (B? + Bi)%. We now reduce Hy(R;) to zero. Our hope is that a large
fraction of the flux lines ”pushed” from the éavity into the wall will remain trapped
(pinned) there when Hy(R;) is made to vanish. Thus at the end of the cycle of
H4(R;) we expect to have depleted the cavity of a substantial fraction of its axial
flux. "We first report on our exploration of the "merits” of this scheme. The verdict
on the "effectiveness” of this novel approach is not encouraging. In the course of
these measurements however we encountered fascinating and novel behaviour which

-~

shed light on the flux cutting procgss. We also present and discuss these new and

interesting aspects.

s

-
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4.2 Evolution of Axial Magnetic Flux in the Hole

Our ”ultimﬁte” objective is to reduce the axial flux density initially threading the
cavity of a hollow cjrlinder starting with a value previously rendered negligible by
standard sci‘eening and cancellation ‘tec?;niqucs. For experimental expediency and
convenience we chose to test our proposed technique in the regime of appreciable
ambient magnetic fields H > H,,. Consequéntly, we exa,ming the behaviour arising

when our sample became superconducting by cooling from T, to 4.2 K in various

applied magnetic inductions ,ugH | ranging from a few milliteslds to & 250 milliteslas.
! )

The thick curve in Figure 10 displays the evolution of Ehe axial flux density in the
hole, B.,, as the total magnetic field intensity ﬁ, =zH.+ $H¢ is made to increasc
by superimposing on the existing H, an azimuthal com})oncnt Hy gencrated by
the togoidﬁl magnet coil. For coﬁvenience we present AB., = .B,, — ,uOH‘” versus
(Bé)app;, the applied azimuthal magnetic induction averaged over the appropriate
cross section 6f the wall. Wé note that, as anticipated, the axial flux density in
the hole is initially reduced by this procedure. This result is in hd mony with the
accepted p.icture that the rise in | I?,(R,-) | causes flux lines to nucleate along the
surface(s) of the wall and to penetrate into the material. Each of the flux lines
created along the inner radius R; however removes a quantum of axial flux from
the hole. Thus the axial flux in the hole, ®.;, = B.,wR%, is being depleted as the
transfer of ﬂm’c lines to the wall progreses'.

With this simple picture in mind, it is‘the'n surprising to obsérve that eventually,
when H, attains large values, the process of migration of axial flux from the hole

into the wall not only ceases but reverses. This behaviour emer'gcs from inspection

-
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Figure 10: Evolution of the axial flux density in the hole, B.1, versus the azimuthal
applied field (By)pn
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of Ehe thick Ct-lrve (se‘é Figure 10) whose slope is seen to change from negative to
positive. In the positive region axial flux is leavir;g the wall and entering the hole
althaugh flux lines are being "pumped” from the hole into the wall by the increase
in H,;. We will return to this fascinating behaviour later in this clla.;.)‘}é':;"r.

" At various points aic;lng the thick curve in Figure 10 the sweep of Hy is inter-
rupted and reversed. As H, is removed, flux lines are released from the wall into
the cavity, hence, as expected, B, rises. One might say that some of the flux lines
pushed out of the hole into the wall during the rise in Hy (hence the rise in | g,
are now sliding back inﬁo the hole. The process should not be reversible since some
of the flux lines that have migrated into the wall are expected to be held captivcl
by the pinning sites there and not permitted to return during the downswing,.

A careful inspection of the family of loops displayed in Figure 10 confronts us
with several unexpected (although interrelated) results. We examine these, one by
one, starting with the behaviour for swings of H, of small amplitude. It may be
uscful to indicate that in the framework where flux ‘lines cxperience pinning but
undergo no cutting (the classical critical state) we can predict that between 1/2
(Bean limit) and 2/3 (Kim - Anderson limit) of the flux lines transferred from the
hole to the wall would remain there after a swing of Hy < Hj where H; is the
field for full penetration of the flux disturbance. We note that fof swings of small
amplitude (the smallest loop in Figure 10 is typical) only a small fraction (< 1/4)
of the axial flux deported from the hole into the wall during the upswing remains
in the wall after the cycle has been completed. Tﬁis result is most disappointing as
regards our scheme of substantially reducing the axial flux in hollow cylinders by '

/
the application and removal of an azimuthal field. It seems that flux cutting :omes
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into play and instead of providing assistance, this mechanism conspires to defeat

our goal.

Even more surprising in our view, are the characteristics of the curves traced -

for s;.vings of (Bylappt > woHy =~ 0.1 Teslak' note that the locus of B, Versus
Hy has switched from clockwise for small :mm to counterclockwisc
for excursions of larger amplitudes. This reversal is associated with the startling
observation that more axial flux is made to enter the hole during the downswing

than was removed from the hole during the upswing. Clearly, here the wall acts

as an unusual philantropist, donating more axial flux than it has received. Some

process is taking place in the v:rall which enables it to be such a benefactor and act
as a source of axial flux.

Finally we note that this generous behaviour appears to be exhaustible and
indeed to suffer transformation. From inspection of the return portion of the family
of curves of large amplitude displayed in Figure 10 we notice that the curves flatten
out and appear to turn around as Hy approaches zero. Thus the sliding of axial flux
from the high flux density wall into the hole ceases and indeed reverses direction.

We now focus on the net cha'nge in the axial flux in the hole, A{B.;)t, and
its dependence on the magnitude of thé excursion of (By)aps-- The data obtained
for one chosen statié axial field yoH) = 70 mT are displayed in Figure 11 and is
representative of the behaviour encountered at all the axial fields over the range we
have explored (up to 0.25 Tesla). Small excuréions of (By)app effect no significant
change in A{B;4}n.: since only a small amoun{ of flux is made to enter or lzave the
wall during these weak swings. It is of interest that the magnitu.de of A(Bzh)ﬂct

grows essentially linearly over the intermediate range 0.04 < (By)apm < 0.1 Tesla.
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Figure 11: Net change of the axial flux density in the hole A(B,,) versus azimuthal

applied field po({Hy)
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This rise terminates abruptly when the swing of H; attains the value of the fill
penetration field H; We estimate B} = poH}; = 0.1 Tesla from x;aagnetization
data to be prelsented later in this chapter. The classical critical state model (no -
flux cutting) would predict a plateau at the maximum (satum;:idn) value attained
for (B:zh)net versus Hy beyond H 4 We wit.ness insteac}ﬂ a monotonic evolution of
(B:1)net from a net deficit to a net surplus situation for swings of H, of increasing
magnitude. The data suggest that a leveling off is on the horizon, but our present

setup is inadequate to explore these regions of phenomena.

o
-

4.3 Evolution of the Axial Magnetic Flux iIL the

Wall

p '
In the preceding section we have examined the erlution of axial flux contained in
the hole during excursions of various amplitudes of an azimuthal magnetic field H,
(generated by the toroidal magnet coil) while the-external magnetic field H) was
maintained constant. We now look at the behaviour of the axial flux permeating
the wall which accompanies the changes taking place in the cavity.
The thick curve displayed in Figure 12, traced at the same time as the thick
curve dﬁ/kfgure 10, shows the evolution of the axial flux density in the wall, denoted
\,(Bs.wa")’\ during the application of Hy, hence during the rise’in | H, |. Each of the
five open loops in Figure 12 was observed simultaneously with the open loop of ‘
Figiiye 10 of corresponding horizontal amplitude. \
_”/These data present the change of axial flux detected by the balanced pickup

coil which embraces the "waist” of the hollow cylinder, hence surrounds both the
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Figure 12: Evolution of the axial flux density in the wall {B, ..} versus the az-
imuthal applied field (By)

oppl
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wall and the hoIe of the éﬁmple The vertical axis has been scaled by a factor
- RJ(R? — R?) in order to assign the entire calibrated measured signal to the wall.
Our viewpoint here is that any axial flux removed from the hole and transferred

to the wall and vice versa generates no signal in this pickup coil. The "raw” data

displayed here as A{B; yau} is regarded as representing the resultant of th{% following:

o the entry or exit 6f axial flux througli the outer surface, and

¢ the ccnsumptjon and rotation of axial flux by flux cutting processes.
1 /- - . - L]
Inspection of the thick curve in Figure 12 reveals two salient features:

s the curve first traces a valley, °

e the curve after traversing a summit shows an unmistable, continuous descent.

We stress that, all along, axial flux is being made to enter the wall through the
outer surface (here we ignore events occurring along the inner surface since these
do not contribute to the signa.l'we are examining)., Consequently, in the absence

- of other processes, we expect a continuous, monotonic rise, albeit with diminishing
slope, of (B wau) versus Hy. Th:3 appearance of two regions with negative slopcs
theq carries the clear signature that flux cutting is taking place in a rather dramatic
way. ‘ . ‘ . .

The return portions of the five half cycles displayed in Figure 12 (thin lines)
confirm the p_l-lenomenon encountered when we focused on the behaviour in the
hole. )

(a) Axial flux "pumped” into the wall through the outer surface during the rise in

Hy, which has survived the flux cutting process, is now being released to the outside

“
*

"%



world.
{b) Aiso after large excursion of Hy, some of the axial flux originally permeating
- the wall isiow being carried out by the emerging flux lings.

As a consequence of the large excursions of Hy, a deep valley has been gouged out ,
of lthc initially uniform B_(r) profile in the wall. This valley together with any
azimuthal flux made to "rotate” along the z axis by the ﬂux cutting processes arc

the sources of the rise of axial flux in the cavity noted in the previous section.
L

The net change of axial lux in the wall, A{B: wali)net, ensuing from half cycles of
H (such as displayed in Figure 12) i:s’;)resented in Figure 13. The initial flat region
ind-icates that swings of Hy of small amplitude lecave the B.(r) profile cssentially
. intact (no valleys or peaks are left behind),, Our observations iﬁ l‘RlC hc;lc over the
corresponding range of cycles showed however, that not all of the axial lux removed
from the hole during the upswing was returned during the downswing. These two
sets of observations lead 1s to the following conclus'ions. The net reduction of flux
m the hole ger’lerated by the cycles of small amplitude arises not because pinning
retains this flux in the wall but rathe; because this flux was consumed in the wall

by flux cutting. : -

e
- 4

We note from Figures 12 and 13 that excursions of amplitt(des Hy > Hj, the
full penetration field, leave the wall with jdefich in axial flux. This deficit is seen
to increase with the amplitude of’t‘he swing. We have seen earlier that excursions
- of large amplitude left the hole richer in axial flux (see Figures 10 and 11). These
observations then confirm and complement each other and lead to a picture of a
- deep valiey in the B.(r}) profile in the wall, some of the flux originally permeating

this valley, now threading the hollow of the cylinder. Simple estimates of the depth
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Figure 13: Net change of the axial flux dens
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of this valley indicate that, at low axial fields such as H, i < 70 mT, the bottom of
the valley may be free of axial flux. This is indeed an amazing result. Further we
i e

note that the data curves show no strong indication that this trend is leveling off.

4.4 Effect of Flux Density on i;he Fluk Cuttiﬁg

)

¢

Phenomena

»
It is of interest to explore the influence of flux line density on the evolution of
. the flux configuration in the hole and the wall of the hoHolw cylinder in the flux
cutting regime. Con—sequcntly, we have examined this behaviour when the sample is
. subjected to half cycles of azimuthal field in 5evera% ‘static axial fields H); over a broad
range exténding from zerd to 3.50 mT. Observations in a "low” field, poH) = 70 mT,
have already been pres::nted. We now display meas.uremcnts: made at a slightly
lower ﬁéld, ,uo\H | =50 mT and at an appreciably larger ficld, l,ugH i = 250 mT, for

comnparison in Figures 14 and 15. To avoid clutter, we have shown the locus of the

measured quantities during the upswing of Hy only.

For completeness we have also displayed the evdlution of the azimuthal magne-
tization, po{M,) = (Bg) = {Ba)appt, where (B,) is the spatial average of azimuthal
flux density By(r). First, we note that the presence of a strong axial flux causes a
significant reduction iz the niagnitude of (My) when Hy > Hj. This behaviour has
been reported previously in othe;hsituations‘by our group. It is of interest because

it means that, at large magnetic fields, the longitudinal critical current density, j..,

18 increased when B. is made larger. This behaviour has been intimately linked by

/
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Clem to the flux cutting critical current density, Jell-

- Figures 14 and 15 confirm the phenomena reported above. The two features
which carry the clear signature of flux cutting, namely the regions of negative slope
in the locus of (B, ,.y) versus (Bg)appt, 8re even more dramatic in the stronger H, Il
In pa.rticular!: the valley is evidently more pronounced on a relatjve and also on an
absolute scale in the stronger H.

We note that (B, ). seems to have attained a plateau at the end of the upswing

in the stronger Hj. It is tantalizing to speculate, that if yet larger Hy were available,

- an upward movement would be detected.

4.5 Effect of Helical Flux Configuration

The configuration of the magnetic flux in the wall of the cylinder becomes increas-
ingly complicated as the upsweep in Hy pr'ogresses. As a consequence, the "initial”
configuration when the sweep of Hj is interrupted and reversed is extremely con-
voluted. As a result, it is a formidable challenge to unravel the sequence of events -
encountered during the downsweep. It is certainly desirable to start a measurement
with the simplest configuration possible. For the upsweep, this is achieved by let-
ting the sample become superconduéting in a uniform, static longitudinal magnetic
field. The hole and the wall of the cylinder is then threaded by a uniform density of
axial flux. We can establish a relatively simple initiﬂ configuration of helical flux
lines by letting the sample become superconducting through cooling from 7. to 4.2
K in a stationary helical magnetic field generated by the sul;erposition of H)| and

Hy. We can then examine the evolution of this configuration of cylindrical sheets
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of helical flux lines when Hj is removed.

h-J

In Figures 16 and 17 we display the evolution of (M), (B:pote) and (B, ) as
Hy is removed starting f.rom 300 mT in the presence of pioH) = 50 and 250 mT.
These data should be compared with each other and with the corresponding curves
of Figures 14 and 15 since in a sense they show the reverse "side” of the behaviour
under scrutiny.

Although now the entire flux line lattice consists of helical fux lines, the axial
component of the magnetic flux density B.(r) is initially uniform. As the ambient
azimuthal ﬁelcir,;H¢ 1s removed, flux lines aré released through the inner and outer
surfaces of tl‘l{() wall. Each of the flux lines "sliding” into the hole adds a quantum

of axial flux to that already present in that finite reservoir. It is then not surprising

that, initially:
® (B, hote) is seen to rise,
¢ (B. yau) is seen to diminish

as Hy is reduced. The behaviour here, at first glance is simply the reverse of that
witnessed in Figures 14 and 15 where flux lines were made to enter the wall.

A novel and startling feature dramatically evident at large H, | (see Figure 17)
is that the locus of (B se.) and (B, yeu) both turn around as Hy approaches zero.
‘We are now confronted with an interesting paradox.

On one hand, helical flux lines are continuously being released from the wall into
the hole since H,( R;) is made to decr'ea,se. Experfmcntally, this exodus is confirmed
by the evolution-of the azimuthal flux (By), hence the azimuthal magnetization -

(M), versus Hy, which is displayed at the top of the figures. Indeed, from these
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data the; rate of release of flux from the wall is seen to be the greater for the stronger
H). The fiux lines released into the hole must be helical since, (i) I?,(R,) is _ﬁelical,
and (ii) the configuration of the flux line lattice in the wall is helical, Again, we
str;e(s that each of the flux lines released into the hole carries a unit of axial flux
int!o t‘hat enclosure.

On the other hand we witness that:

(a) the axial flux in the hole is now, decreasing, and
(b) the axia! flux in the wall is nowa correspondingly increasing.

We must infer from these facts that flux lines are leaving the hole and éntering
the wall. The flux lines moving out of the hole must be helical since the magnetic
field inside the hole along the inn;ar surface of the wall is helical.

- We are then inexorably led by our observations, in the framework of accepted
ideas, to a picture of countermoving cylindrical sheets of helical flux lines traversing
each other a.long’thee inner surface of the wall. The net transfer of axial flux resulting
from this counterflow is outwards at R; when H, is entering the range of low values
during its decrease.

Presumably, the behaviour along the outer surface of the wall is the mirrof
image of the phenomena taking place along its inner surface. Thus, along the outer
surface, the net flow of axial flux must be inwards since we obs;:we an increase in
{B:wan) With the external pickup coil. (We remind the reader that transfer of flux
between the hole and the wall will yield no signal in this detector. The inner axial
pickup coil in the cllosed space of the cavity directly monitors transfers of axial flux

between the wall and the hole.) We are thus compelled to visualize a counterflow

of cylindrica.lA sheets of helical flux lines at the outer surface of the hollow cylinder
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also. The cdunterﬂow at R; gnd R, leads to a. net increase in the axial flux in the
wall although the total flux density in the material is made to decrc%.se.

At first glance, thg two-way flow picture we have developed tcz account for the
observations appears to contain a contradiction. Since each flux line carries a unit
of flux @o, the decrease of axial flux in the hole indicates that An”, the number of
flux lines entering the wall is greater than An', the number of flux lines leaving the

wall. The total magnetic flux in the wall however is diminishing since
| A%y |= A(By)Z(R, — Iy)
~, B
{
the magnitude of the decre\ase in the amount of azimuthal flux is greater than

A(I):_- = A(B::,wuﬂ)ﬂ-(Rg - R?)

\

The solution to this "quandary” is found in the helical character of the flux lines.

the increase in the amount of axia! flux.

At all times, the helicity of the flux lines leaving the wall is greater than the helicity
of the flux lines entering the wall. Consequently, N/, the number of circumferential .
circuits traced by the former is greater than N”| the number of circuits covered by
the latter. Thus the total azimuthal flux &4 = Nl¢y contained by a departing flux
line is greater than &3 = N, <o for a flux line entering the wall. For the remarkable

situation under scrutiny we find that: - ~
An'N. > An"N} (21)
although An' < An”. |
In our experiment,
N! > N! for Hy decreasing and

N! < N! for Hy increasing.
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- Our interpretation of the staftliﬁg behaviour we have encountered is in harmony
with the detailed pictures of flux cutting described in the preceding chapter. Indeed
our observations provide the first direct support for th.ese descriptions of flux cutting
events. Qur explan‘ation is evidently incomplete since it provides no reason why in ‘
some circumstances the number of flux lines entering the wall during the counterflow _

exceeds the number of those leaving it while under other conditions this is not the

\
-

case,

Finally, we note that a reversal in the evolution of the axial flux in the hole and
in the wall can also be discerned during the increase of H, in low H | (see Figures
10 and 14} although there the changes of slope are less prominent. The pi‘cture of
countermoving cylindl.:ica,l sheets of flux lines therefore applies to these observations
as well, although now

< An'N, < An”"N” _
and

An' > An'.

We may speculate that counterflow of flux lines is taking place whene:.rer flux
cutting is occurring, hence wherever jj > jq regardless of the values of H,; and H, i
that may come into play. Various circumstances however will determin-e .whethe‘r
An' is greater or less tahn An" in a way which needs to be elucidated.

, | j
4.6 Conclusions dand Summary
™

We set out to reduce the axial flux threading the cavity of a hollow cylinder of a

type II superconductor in a static axial field Hj by subjecting the sample to a half’
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cycle of azimuthal field Hy. We expected thai; a sizeable fraction of the axial flux
transferred to the wall by vortex r.xilcleﬁtior; and migration during the upsweep of
Hy would (i) remain imprisoned there by flux pinning after thiz downsweep of Hyg,
and (ii) be "consumed” by flux cutting in the wall during the swing of lH 4. To our
consternation, we found that most of the axial flux removed from the hole during
the application of Hy returned there when Hy was brought bzir.ck to zerp. Indeed,
to our surprise, we discovered that large swings of H, would causc a net increase
in t".he axial flux in the hole.
We had designed an arrangement where all of the pertinent fnagnetic quantities
are measured simultancously. These are the axial flux density in the hole, {B: hole):
the axial Aux density in the wall, {B: wau), 2nd the azimuthal flux density in the
wall, {By). From our ob§e1'vations of the evolution of these quantitics we identified
features which bear tlic "clear” imprint of flux cutting. We examined the hehaviour
starting with the simplest helical configuration of magnetic flux *.Ive could devise
and establish. We also investigated the effect of flux density on the flux cutting
_processes. These studies led us to a most remarkable occurrence, nameiy that flux

lines are entering the wall of the sample when flux is leaving it (and vice versa).’
‘ We have ghown that these observations provide evidence and support for detailed
models developed by other workers of the flux cutting sequence of events between
adjacent sheets of _ﬂux lines. In these models, the sheets of flux lines or sublattices
can be seen as traversing each other. In our work, however, we have .encountered
a counterflow of flux lines of a most unusual character. We are then left with a
new question. What factors give rise to the special regime of counterflow we have

discovered?
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ABSTRACT

We set out to explore a new approach to feduce axial flux threading the hollow
of a superconducting tube by applying and removing an azimuthal magnetic field.
To achieve this, we have modified the s.et up previously used by Fillion. We rebuilt
the toroidal magnet coil, increasing the number of turns from 7 of Fillion to 16
and using a different wire capable of carying higher critical current. These changes
extended the available range of azimuthal field by a factor of about 3.5 compared to
that obtained previously. With this broader range of azimuthal fields, we entered a
new domain and encountgrcd a new phenomenon.

We also doubled the turn-area parameter of the inner pick up coil, thereby 3011-
bling it‘s sensifivity. Consequently, the reliability and accuracy of our observations
of B. in the hole was éorresponclingly increased.

By balancing the toroidal pick up coil we improved our ability to monitor the
azimuthal magnetization by an order of magnitude and therefore could accurately
follow the entry and exit of the azimutlial magnetic flux in the wall simultaneously
with the evolution of the axial flux in the hole of theylinder.

As the applied azimuthal field entered the range of values zbove 0.2 Tesla, a.qle\'v
and unexpected beltaviour was encountered. We present a qualitative interpretation
of the two related phenomena observed. OQur measurements spanned a wide range
of static axial fields. The two characteristics of special interest evolve over this
range. In the thesis we display sets of representative data in the lo*.;.r and high axial
ﬁélc‘l’;egions. These data constitute the first diréct evidence for the countermotion

of sheets of flux lines. : . . §






