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Voltages across diametrically opposite contact pairs on the outer surface of superconducting Nb tubes are
found to depend dramatically upon the spatial configuration of the voltage measuring leads relative to the
positions of the moving magnetic flux lines. Experiments have been conducted to study these voltages for
different wall thicknesses and for a variety of arrangements of the leads when flux in the hole and the wall of
the Nb tube is made to exit or enter, completely or partially, by applying heat at a narrow strip along its
length. The basic concepts of the origin of flux-flow voltages in superconductors are discussed and the
importance of the measuring-circuit configuration is stressed. Using the critical-state concept, a model for the
change of flux and the resulting electric fields in the Nb tube on application of a heat pulse is presented. The
resulting time-dependent and time-integrated voltages are calculated and are in excellent quantitative
agreement with our present experimental results. These results show that the flux-flow voltages across two
contact points on a superconductor arise from (i) the generation of an induced electric field over a chosen
path in the superconductor between the contact points and (ii) a change of magnetic flux through the surface
bounded by the measuring leads and the chosen path in the superconductor. Furthermore, the movement of
vortex-line segments deep within the superconductor makes no contribution to the measured signal. Use of the
flux-flow signals in the study of the dynamics of vortex motion during flux jumps in hollow superconducting

tubes is discussed.

I. INTRODUCTION

It is well established that the flux-flow voltages
in the mixed states of a type-II superconductor
under steady conditions of applied magnetic field,
transport current, and/or temperature gradient
are produced by the motion of vortices (flux
quanta).»? Some questions remain, however, re-
garding the precise nature of the time-dependent
flux-flow voltage detected by a conventional volt-
meter connected by leads to the specimen’s sur-
face, especially when the vortex array is inhomo-
geneous and moves with a time-dependent velo-
city.®® One question, for example, is to what ex-
tent the voltage depends upon the spatial configura-
tion of the measuring-circuit leads. Such a de-
pendence has been observed in flux-flow voltage-
noise experiments,® in thermally induced flux-
collapse measurements,® and in several other ex-
periments.® Another question is whether vortex-
line segments moving deep within the supercon-
ductor contribute to the measured voltage.

In this paper, we describe results of an experi-
ment which help to answer these questions. Es-
sentially, the experiment shows that a specified
change of magnetic flux in a hollow superconductor,
which is part of a fixed measuring circuit, pro-
duces a voltage, measured across two contact

points on the superconductor, that is dramatically
dependent on the spatial configuration of the voltage
measuring leads. Moreover, our results are con-
sistent with the statement that a conventional volt-
meter, connected to contacts on the surface of a
superconductor, is insensitive to the motion of
vortex-line segments deep within the supercon-
ductor and that the measured voltage is produced
primarily by vortex-line segments moving within
a few peneiration depths of the surface. All our
results can be explained theoretically if we ex-
press the measured voltage as the sum of two
terms: a line integral of the effective electric
field along a path in the superconductor between
the two contacts, and the time rate of change of
magnetic flux through the surface bounded by this
path and the measuring-circuit leads.

In Sec. II, we discuss in general the flux-flow
voltages measured by a conventional voltmeter
across two contact points on the surface of a super-
conductor. The experimental procedure and re-
sults for the flux-flow voltages across a hollow
superconducting cylinder when the flux trapped in
the cylinder is changed under different conditions
are described in Secs. III and IV. In Sec. V, we
calculate the flux-flow voltages across the contact
points on the surface of a hollow superconducting
cylinder for the conditions of the present experi-
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ment. Our experimental results are compared
with the calculations in Sec. VI. Our results are
summarized in Sec. VII.

A brief description of some of the present re-
sults has been reported earlier by two of the
authors (S.M.K. and M.A.R.L.).}1° Although the
discussion given in that paper provides for a sim-
ple and essentially correct explanation of the pre-
sent results, it is not complete as it does not give
the total dynamical picture of collapse of flux in
the cylinder described in the present paper.

II. FLUX-FLOW VOLTAGES IN SUPERCONDUCTORS

The measured flux-flow voltage between any two
points a and b on the surface of a superconductor
is given by® (Fig. 1)

b . . 1d

Va,=VA—VB=f Bral-258, - (21)
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Here, the effective electric field! E’=(m/e)Vpu

- (1/¢)(dA/dt) is the gauge-invariant generaliza-
tion of the gradient of the chemical potential u;
m and —e are the electronic mass and charge; A
is the vector potential; B=V x A is the magnetic
flux density or magnetic induction; C, is any path
from a to b in the superconductor; and
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is the magnetic flux through the surface S,
bounded by paths C, and C, in the direction of
unit normal # shown in Fig. 1.

Quite generally, the first term on the right-hand
side of Eq. (2.1) represents the voltage contribu-
tion from an electric field over the path C, through

FIG. 1. Schematic view of voltage measuring circuit
attached at two points @ and b on the superconductor sur-
face.

the superconductor and the second term repre-
sents the induced emf from the change of flux in
the closed loop bounded by the paths C, and C,,.
The voltage V, is independent of the choice of path
C,, since E’and B obey Faraday’s law, V x E/
=(-1/c)(dB/dt), and thus any change in the first
term on the right-hand side of Eq. (2.1) along an
alternative path is completely canceled by an
equivalent change in its second term. V,, of
course, depends on the position of the contact
points a and b and on the choice of the area S,
and, hence, upon the fixed position of the measur-
ing-circuit leads constituting the contour C,,.

The role of the contribution (~1/c)(d®,,/dt) to
flux-flow voltages should be understood clearly.
As mentioned above, E’ and B are related by Far-
aday’s law and thus the induced voltage due to flux
changes in the superconductor alone may be incor-
porated in either of the two terms on right-hand
side of Eq. (2.1) by the appropriate choice of path
C,. In addition to this, &,, also includes the ex-
ternal flux outside the superconductor through the
surface bounded by the measuring leads and the
specimen’s surface. This has been shown to be
important in some measurements.®*® Although the
time average of this external contribution to the
term (~1/c)(d®,,/dt) is zero in typical flux-flow
measurements, its instantaneous value is not, in
general, zero and is important in some cases,
such as in flux-flow voltage-noise measurements.

The origin of the measured flux-flow voltages
during vortex motion through the superconductor
has long been a subject of discussion.!® We be-
lieve that these voltages are properly described
as follows: The observed flux-flow voltage at any
given time is, in general, a linear superposition
of voltage pulses produced by all vortices moving
in the superconductor. The magnitude of the time
integral of the voltage pulse produced by a single
vortex can be shown to be ¢,/c=h/2e multiplied
by the number of times the vortex axis passes be-
tween the contacts during its lifetime. To esti-
mate the time dependence of the pulse produced
by a given vortex moving through a specimen whose
dimensions are large by comparison with the pen-
etration depth, we must make two observations.
First, the magnetic flux ¢, carried through the
interior of the superconductor along the vortex
axis passes into the space near the superconductor
and returns around the specimen. The time de-
pendence of the fraction of the return flux that
passes through the measuring circuit makes an
important contribution to the observed voltage
pulse. This contribution depends upon the spatial
configuration of the measuring-circuit leads.
Second, the moving vortex produces a contribu-
tion to the electric field that is localized in the
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vicinity of the vortex core and near the surface
of the superconductor, and which decays approxi-
mately exponentially within a few (field-dependent)
penetration depths from the core or the surface.
In general, the contributions from a given vortex
to both B and E' must be substituted into Eq. (2.1)
to obtain the corresponding net contribution to V.
As shown in Refs. 3 and 5, for the computation of
a voltage pulse it is most convenient to choose
C, to lie for most of its length more than a few
penetration depths from both the specimen’s sur-
face and the axis of the moving vortex line pro-
ducing the pulse.

To illustrate the use of this procedure, we con-
sider the motion of a single vortex, moving with
a constant velocity across a superconducting slab
in the presence of an applied magnetic field di-
rected as shown in Fig. 2. According to the prin-
ciple of superposition, we can ignore the applied
field, concentrate on the contribution from the
vortex alone, and use Eq. (2.1) to determine the
voltage signals in different cases [(a)-(d)|. We
choose the path C, (shown dashed) to avoid the

(a) (b)

FIG. 2. As described in the text, the flux-flow voltage

Vb (t) depends upon the different possible orientations
a), (). (c), and (d) of the voltage measuring leads rela-
tive to the direction of magnetic induction and motion of a
vortex line in the superconductor. The time-integrated
voltage. however, corresponds to the flux in the vortex
and is the same in all cases. (The size of the vortex is
here greatly exaggerated for clarity.)

surface and the vortex core, such that the entire
contribution to the voltage pulse is represented
by the last term in Eq. (2.1), —c™'d®,,,/df. For
the measuring-circuit configuration of Fig. 2(a),
the net flux &, through the shaded area S,; de-
creases monotonically from ¢,, when the vortex
is near the left side, to zero when the vortex is at
the right side. The resulting voltage pulse is ra-
ther large at all times during the transit of the
vortex across the specimen. For the circuits of
Figs. 2(b)-2(d), however, inwhich the leads are
kept close either to the specimen’s surface or to
each other, the flux ¢,, changes rapidly from ¢,
to zero during the time that the vortex passes
under the segments bc in Figs. 2(b)and 2(d) or
under the segment cd in Fig. 2(c).

Thus, for the case of a single vortex and, by
superposition, for the case of an inhomogeneous
array of vortices, the measured instantaneous
flux-flow voltage depends upon the position of the
contact points on the superconductor, the spatial
configuration of the measuring-circuit leads rela-
tive to the surface, and the position, speed, and
direction of motion of the moving vortices in the
superconductor. In the special case fov which the
measurving-civcuit leads ave kept close either to
the specimen’s surface ov to each othev, such
that theve is no open avea bounded by the leads
and the suvface, the instantaneous measuved volt-
age is produced only by those vortices that ave
being crveated, moving, ov annihilating in the im-
mediate vicinity of the leads lying along the suv-
face of the supevrconductor.

For a moving array of vortices it is sometimes
more convenient to obtain the electric field E’
from!-?

E'=Bx¥/c (2.3)

and to evaluate the hne integral in Eq. (2.1) di-
rectly. Here, E’ and B are averages over several
intervortex spacings, and V is the local vortex
velocity which is perpendicular to B by definition;
that is, we consider spatial variations of E’ and

B on the scale of the specimen dimensions and
ignore variations on the scale of the intervortex

spacing.
In the normal state, the electric field becomes
E'=E!=p,J,=(cp,/4m) VxH, (2.4)

where p, is the normal— state resistivity, J is the
current density, and fi (=B) is the local magnetlc
field.

III. EXPERIMENTAL PROCEDURE

Two hollow cylinders of niobium, identical in
length and inner diameter, but differing in wall
thickness, were studied (Fig. 3). Their dimen-
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FIG. 3. Schematic view of experimental arrangement.
The pick up coils, central heater, and one of the strip
heaters are not shown for clarity. Inset (a) shows the
location of the pairs of contact points along the length
of the cylinder. Inset (b) shows the voltage measuring
circuits when a hair-pin heater is used to heat only a
part of the length of the specimen.

sions were 2.77-cm i.d., 7.62-cm length, and (i)
0.203-cm wall thickness for sample 1 and (ii)
0.064-cm wall thickness for sample 2. Two heater
coils (strip heaters) placed diametrically opposite
to one another were wound longitudinally and were
in intimate thermal contact with the inner and
outer surfaces of the wall of the cylinder along its
entire length and over a strip ~0.5 cm wide.
Another heater coil (central heater) was placed
inside the Nb tube and was in intimate thermal
contact with its entire inner surface. All of these
heater coils were noninductively (bifilar) close-
wound single-layer coils of 0.010-cm-diam
Formvar insulated manganin wire.

Several pairs of voltage contacts were made at
the outer surface of the cylinder. For each pair,
voltage contacts were made at two diametrically
opposite points halfway between the strip heaters.
Three pairs of measuring leads held close to the
outer surface of the cylinder were brought out
from each pair of voltage contacts, one pair of
leads toward each of the strip heaters and the third
pair along the length of the cylinder as shown in
Fig. 3. The pairs of voltage contacts were posi-
tioned at the following distances from the top end

of the cylinder along its length L: (i) 0.5L and

(ii) 0.75L in sample 1; (i) 0.2L, (ii) 0.5L, (iii)
0.75L, and (iv) 0.8L in sample 2 [Fig. 3, inset (a)].
A pickup coil (outer coil) of 25 turns of 46 B&S
copper wire was wound around the Nb tube at each
location of the voltage contacts. Another pickup
coil (inner coil) of 100 turns of 46 B&S copper wire
and having an inner diameter of 2.72 cm was placed
inside the cylinder. The assembly of the Nb cy-
linder, heaters, and pickup coils was rigidly po-
sitioned in the center of a superconducting solenoid
of 15-cm length, 3.5-cm i.d., and 4.5-cm o.d.,
immersed in a helium bath. The solenoid provided
a uniform magnetic field along the axis of the Nb
cylinder. An electronic pulse circuit with a rise
time of a few microseconds provided 0-500-V dc
voltage pulses to heaters of duration adjustable
from 1 to 2000 msec. This enabled us to heat a
narrow strip of the sample wall along its entire
length above its transition temperature at a fast
rate.

The sample was heated via the central heater
and then allowed to cool through T to the ambient
temperature (4.2°K) in the presence of a stationary
externally applied magnetic field H,. The applied
field was then changed slowly to a new value H,
(which may be zero), thereby generating a mag-
netic moment in the sample. The evolution of this
magnetic moment could be continuously monitored
against H. In particular, it was essential to ensure
that no flux jumps occurred as the applied magnetic
field was varied. With the applied field maintained
at H,, the sample was then heated above T, at a
fast rate by applying a suitable voltage pulse to
one of the strip heaters. We simultaneously mea-
sured the resulting signals across one of the outer
pickup coils and the voltage contacts at that loca-
tion with one of the three configurations of the
voltage measuring leads (see Fig. 3). Similar mea-
surements were repeated for all pairs of voltage
contacts. We studied the integrated as well as the
instantaneous signals across the voltage contacts
and the pickup coils by using electronic integrators
and a double-beam oscilloscope, respectively.
These measurements were calibrated assuming
that the sample in the virgin state shielded itself
perfectly against entry of a weak field H <<H ap-
plied from zero.

Similar measurements were also taken when the
sample was placed in a nonuniform field. For this
purpose, the sample was positioned coaxially at
one end of the solenoid such that half the length of
the hollow cylinder was inside and the other half
was outside the solenoid. This enabled us to gen-
erate strongly varying magnetizations along the
length of the cylinder. Flux-flow voltages across
a pair of voltage contacts were also investigated
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with a special arrangement of voltage measuring
leads (see Sec. IV).

For another separate set of measurements, a
flat U-shaped, 0.5-cm-wide and 3.0-cm-long (cf.
length of cylinder, which is 7.62 cm) bifilar heater
(hairpin heater) was placed in intimate thermal
contact with the inner and outer surfaces of sample
2 over a strip 0.5 cm wide and 3.0 cm long along
the length and placed halfway between the voltage
contacts near one end of the cylinder [Fig. 3, in-
set (b)]. From measurements of signals across
the voltage contacts and corresponding pickup
coils, this heater enabled us to study the collapse
of magnetization in different regions along the
length of the sample when only a part of its length
was heated to the normal state.

Simultaneous measurements of induced voltages
across various pairs of voltage contacts at differ-
ent positions along the length of the specimen dur-
ing spontaneous flux jumps as the external field
was swept over 0~ H , —0 were carried out exten-
sively for a variety of conditions. The signals
across corresponding pickup coils were also mea-
sured simultaneously with the above signals.

IV. RESULTS

We denote the instantaneous and integrated sig-
nals observed across a pair of voltage contacts on
the Nb tube over a given cross section by V, and
Sy= fVN(t)dt, respectively, when the measuring
leads are brought out toward the strip heater used
to quench the superconductivity; by V4 and S
= st(t) dt, respectively, when they are taken out
away from the heater; and by V, and S, = [V (¢)dt
when they are brought out along the length of the
sample (Fig. 3). The instantaneous and integrated
signals per turn across the corresponding pickup
coil at the location of the voltage contacts are de-
noted by V. and S.= fVC(t)dt, respectively.

For brevity, we limit our discussion to mea-
surements taken in zero applied magnetic field,
unless stated otherwise. The two strip heaters
were identical to each other, and, for the same
initial conditions and heating rates, the above sig-
nals were independent of the strip heater used to
destroy the magnetization of the sample. For all
of the measuréements, the amount of flux trapped
in the sample before it was driven normal was the
same unless indicated otherwise. This was en-
sured by initially cooling the sample through T,
to 4.2°K in the same applied field. Further, we
verified that the amount of trapped flux was the
same by simultaneously monitoring the integrated
signal per turn S_ across the pickup coil when the
sample was driven normal and the trapped flux
expelled. We shall first discuss the results ob-
tained when the sample was placed in a uniform

applied magnetic field. From the measurements
of signals across the different pickup coils on col-
lapse of flux trapped in the sample, we found that
the magnetic flux density was uniform over the
length of the Nb cylinder between the pickup coils.
For a change of flux A®, the integrated signals
across the voltage contact pairs are such that

Sy+Ss=S.=ad/c. (4.1)

The signals S, Sg, and S;, however, differed
dramatically. The following results were obtained
for the two samples:

5,=0.927a&/c, S;=0.0734%/c, S,=0.423Ad/c
(4.2)

for sample 1, thick wall;

5,=0.980a&/c, S;=0.020a%/c, S,=0.4774%/c
(4.3)

for sample 2, thin wall. The polarity of the inte-
grated as well as the instantaneous signals is solely
given by the direction of the trapped field. The
results given by Eqgs. (4.2) and (4.3) were also in-
dependent of the sign, viz., paramagnetic or dia-
magnetic, of the initial magnetic moment induced
in the sample.'*'* Thus the signals S,, S,, and
S approach A®/c, A®/2c, and 0, respectively,
with decrease in wall thickness of the cylinder.
We can identify two distinct contributions to the
instantaneous signals V, and Vg, one occurring
during an initial short interval (¢,,¢,) and the other
over a longer time interval (f,,¢;), where the col-
lapse of flux in the sample is assumed to start at
t=t,and end at t=¢,. The top trace in Figs. 4 and
5 shows the signals V and Vg, respectively, for

FIG. 4. Vy (upper trace) and V; (lower trace) during
initial stages of collapse of flux mainly from the hole of
sample 1. Horizontal scale: 5 msec/division; vertical
scale: 2 mV/division; B, =1.594 kG. See text for expla-
nation of Vy and V.
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sample 1 during the initial short interval (¢,,¢,)
immediately after applying the voltage pulse to
the heater. The bottom trace in these figures
shows the signal V across the pickup coil at the
location of the voltage contacts. We note the cor-

respondence between V, and V. and also that Vg ~0

during this interval. As we shall see shortly, the
relatively large signals during this period indicate
that a major fraction of the total flux in the sample
existing mainly in the hole, collapses in this short
initial interval.

Figures 6 and 7 show instantaneous signals over
time interval (¢,,7,) due to collapse of the entire

flux initially trapped in sample 1. The bottom trace

in Figs. 6 and 7 shows -V, and Vg, respectively,

while the top trace shows the corresponding pickup-

coil signal per turn V.. The sweep rate is much
slower and the voltage sensitivity much higher in
the latter figures (cf. Figs. 4 and 5). The starting
point of each trace is indicated by a white dot on
the corresponding horizontal axis.

The occurrence of these signals, though much
reduced, after the initial large signals V, and V.
seen in Figs. 4 and 5 indicate a gradual decay of
flux remaining in the sample wall. We note that
the signal V¢ continues to be negligibly small dur-
ing and beyond the initial period (¢,,#,) up to #=200
msec, when it increases and eventually attains a
peak value at ¢~ 640 msec from the start.!*> A
much reduced and decreasing signal V, also at-
tains a small peak value at the same instant ¢~ 640
msec. At this instant, a peak in the instantaneous
signal V. is also observed. We also note consid-
erable structure in the signals V., V,, and Vg
during the entire period (¢,,¢;).

The gradual collapse of flux in the cylinder wall
can be followed more closely in a quantitative
analysis of the data shown in Figs. 6 and 7. Figure

FIG. 5. Vs (upper trace) and V., (lower trace) during
initial stages of collapse of flux mainly from the hole of
sample 1. B,, time sweep and sensitivity as in Fig. 4.

MMWWW-‘»
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FIG. 6. V; (upper trace) and -V 5 (lower trace) during
complete collapse of flux in sample 1. Horizontal scale:
100 msec/division; upper trace: 0.08 mV/division;
lower trace: 0.02 mV/division; B, =1.594 kG. V. and
-Vy during initial stages of flux collapse, shown in Fig.
4, are here off scale.

8 shows the instantaneous signal V(f) normalized
to the corresponding signal V,(¢). From Figs.
6-8, we see that V¢/V, grows between the period
from ¢~ 200 msec to ¢~ 640 msec such that

V/Vy=0 for t,<t=<200 msec (4.4)
and
(Vs/Viy)max =3.0 at ¢~ 640 msec. (4.5)

When the sample was placed in a nonuniform
field, the flux it embraced at different points along
its length varied strongly. From our measure-
ments, however, we found that the observed sig-
nals still followed Eqs. (4.2) and (4.3). The sig-

FIG. 7. V, (upper trace) and Vg(lower trace) during
complete collapse of flux in sample 1. B,, time sweep,
and sensitivity as in Fig. 6. V, during initial stages of
flux collapse. shown in Fig. 5, is here off scale.
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FIG. 8. Normalized instantaneous voltage V g (#) V()
versus time ¢ during complete collapse of flux in sample
1.

nals across any pair of voltage contacts corre-
spond to the flux trapped in the cylinder cross sec-
tion at the location of those contact points.

Placing the sample in a nonuniform magnetic
field permits a closer examination of the signifi-
cance of both the location of the contact points
and the configuration of the measuring leads. With
this point of view, a special configuration of mea-
suring leads was attempted for sample 2. In this
arrangement, the voltage leads from the voltage
contacts at location C [Fig. 3, inset (a)] were
brought out a distance L/4 along the length and
close to the outer surface up to location B. The
voltage leads were then brought out close to and
along the circumference toward one of the strip
heaters. Let the flux trapped in the sample cross
section at C and B be A%, and A®, respectively.
The measured integrated signal S in this arrange-
ment was found to be

S=S, +Ad,/2c=(1/c)(0.47Ta8,+0.54%,),  (4.6)

where the second equality follows from Eq. (4.3).
Flux collapse due to a localized perturbation.
The dynamics of flux collapse due to a localized
perturbation on the sample can be understood
through the study of signals across the voltage
contacts on our sample. These results are divided
into two categories and are described here briefly.
(i) In one series of measurements of sample 2,
we were interested in the direction of escape of
flux, mainly from the cylinder hole, from the
sample cross sections at a distance from the hair-
pin heater as the flux in the sample over the region

of the hairpin heater collapsed. For this purpose,
we studied the integrated signals across various
pairs of contact points as described earlier, when
the flux trapped in the cylinder over the part of its
length in the vicinity of the hairpin heater was
destroyed on application of a heat pulse to that
heater [Fig. 3, inset (b)].

This also resulted in a total or partial collapse
of flux to a varying extentover sample cross sec-
tions at a distance from the hairpin heater. The
proportion of flux collapse in these regions was
found to depend mainly on (i) the initial flux density
over the sample cross section in the region of the
hairpin heater, (ii) the power fed to the heater and
the duration of the heat pulse, and (iii) the distance
of the sample cross section under investigation
from the heater. For a given sample cross sec-
tion, the proportion of flux collapse appeared to
depend upon the energy dissipated in the cylinder
wall in the vicinity of the hairpin heater due to
(i) collapse of flux in the region of the heater and
(ii) heat transmitted from the heater.

Using the hairpin heater, we found that the in-
tegrated signal across a pair of voltage contacts
at a distance from the heater, with measuring
leads arranged around the circumference toward
the side of the heater [contacts C, Fig. 3, inset
(b)], corresponded to the total change of flux over
that cross section, while the signal across the
same contact points with leads taken out in the op-
posite direction was zero. These signals were es-
sentially similar to the results discussed above
for the initial period (fy,¢,), although in the present
case the heater was at a distance from the sample
cross section at the location of the contacts. These
results were independent of the initial flux density
in the sample and were observed even when a com-
paratively low voltage pulse of a short duration,
that was just sufficient to destroy flux in the hole
of the sample near the heater region, was applied
to the hairpin heater.

(ii) In a separate series of measurements on
sample 1, the integrated signal across a pair of
contact points at location B [Fig. 3, inset (a)], with
measuring leads taken out around the circumfer-
ence toward one side, and the integrated signal
across the corresponding pickup coil at that loca-
tion were measured simultaneously during spontan-
eous flux jumps as the applied magnetic field is
swept over 0—H_,~0. It was noted that the inte-
grated signal across the contact points corre-
sponded to a fraction ¢ of the total flux change over
the sample cross section. Of course, the signal
across these contact points with leads taken out in
the opposite direction corresponded to a fraction
1 - ¢ of the flux change. It is interesting to note
that the fraction ¢ varied randomly between zero
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and unity (including the extreme values) for suc-
cessive flux jumps. Similar measurements were
also taken, simultaneously, at two locations, B
and C, along the length of the sample. The inte-
grated signal across contact points at location C,
with measuring leads taken out in the same manner
as at location B, corresponded to a fraction ¢’ of
flux change over the sample cross section at loca-
tion C.

For a given flux jump, we found that ¢ ~c¢’ gen-
erally. In particular, ¢ =c¢’ during the first flux
jump as the applied magnetic field along a virgin

(b)

FIG. 9. Instantaneous voltage versus time across
identical pick up coils wound around Nb sample 1 at two
locations, C (upper trace) and B (lower trace) [see Fig.
3(a)], along its length during spontaneous flux jumps.
(a) First flux jump suffered by the virgin sample as the
applied magnetic field is increased from zero to 1.945
kG. Horizontal scale: 2msec/division; upper trace =
0,1V/division; lower trace =0.1 V/division. (b) The
next flux jump as the applied magnetic field is further
increased to 3.112 kG. Horizontal scale: 1 msec/divi-
sion; top trace: 0.2 V/division; lower trace: 0.1 V/divi-
sion.

sample was increased (decreased) from 0~H ,
(H,—~0). However, for subsequent flux jumps,
¢ = ¢’ slightly for a small number of the flux jumps.
In a few cases, ¢ and ¢’ differed dramatically from
each other.

The upper and lower traces in Figs. 9(a) and
9(b) show the instantaneous signals induced across
identical pickup coils wound around the waist of the
Nb cylinder (sample 1) at two locations C and B,
respectively [Fig. 3, inset (a)], along its length
during two successive spontaneous flux jumps as
the applied field was changed. The voltage traces
in Fig. 9(a) correspond to the first flux jump suf-
fered by the virgin sample as the external field
was increased from zero. From these preliminary
results, it appeared that, starting from a virgin
sample, the first jump originated at the top or
bottom end and propagated toward the midpoint
of its length.'* Thus, the flux jump at B lagged
behind the flux jump at C. From Fig. 9(a), we
estimate that the velocity of propagation of the flux
jump along the length between B and C was ~6 X 10?
cm/sec (cf. corresponding results reported for
0.05-cm-diam Nb wire, ~2 X 10% to 10° cm/sec).'s
Starting with a virgin sample, the first flux jump
[Fig. 9(a)] appeared to consist of a single event
while the successive jumps were always accom-
panied by a number of smaller flux jumps [Fig.
9(b)]. We also see from the lower trace of Fig.
9(b) that the sample cross section at B was more
stable than that at position C.

V. CALCULATIONS OF FLUX-FLOW VOLTAGES IN A
HOLLOW SUPERCONDUCTING CYLINDER

A. Problem definition

We follow the discussion of Sec. II for calculating
the flux-flow voltages observed in the present ex-
periment. Figure 10(a) shows schematically the
cross section of a hollow cylinder with magnetic
flux in the hole and the wall. The cross-shaded
area on the right represents the region embraced
by a strip heater. The voltage leads (which are
shown at a distance from the cylinder for clarity)
were actually held close to the outer surface of
the cylinder such that the area enclosed between
the leads and the cylinder was negligible.

Following Egs. (2.1) and (2.2), if we choose C,
=C, for the signal V, and C,=Cj for the signal
Vs, then the second term in Eq. (2.1) is zero
[see Fig. 10(a)] since

@MNN=f Benas=0

and
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FIG. 10. (a) Schematic of sample cross section and
lead arrangements for measurement of voltages V g and
Vy across two contact points @ and b on the sample.

(See Fig. 3.) The voltage leads are shown some distance
from the cylinder only for visual clarity. (b) Configura-
tion of voltage measuring leads when they are taken out
along the length of the specimen from the two contact
points for measurment of voltage V. The area bounded
by the measuring leads and the chosen path Cy on the
superconductor surface between the contact points is
crosshatched. (See Fig. 3.)

a,.s= [ Beaas=o,
Sugs
and we have
14 - -
Vy=V, =V =f dl-E’ (5.1)
N A By alcyl
and
Ve=Vy =V, =f di-E. (5.2)
s S icg

Using cylindrical coordinates (p, ¢, z) and assum-
ing that there is no z dependence, di=R,d¢ &,
where R, is the outer radius of the cylinder and
(f) is the unit vector in the ¢ direction, we have

r/2
V=R [ Ei(Ro,$,0d¢ (5.3)
~-r/2

and

3r/2
VS=R0f E(Ry, &,)d. (5.4)
r/2

In the superconducting state

E}(Ry, ¢,8) =B (Ry, ¢,)v,(Ro, $,1)/c, (5.5)

where B,(R,, ¢,t) is the z component of the mag-
netic flux density (magnetic induction) and

v,(Ry, ®,1) is the p component of the velocity of
vortices (each carrying flux ¢,=hc/2e) just inside
the specimen’s surface at the coordinates R, ¢
and time ¢#. In the normal state, we may write,
with the help of Ampere’s law,

D 3B t
E!,(Roy &,1) = pyde(Ro, &, 1) === 3B,(p, $,1)
c ap peRo

(5.6)

where J,, is the current density, D=p,c?/47 is
the magnetic diffusivity, and the subscript n de-
notes the normal state.

Examining Eqgs. (5.1)-(5.4), we see that the cen-
tral problem in obtaining V and Vg is the deter-
mination of E/, for different conditions using Egs.
(5.5) and (5.6).

’

B. Systematics of flux change in a hollow superconducting
cylinder

To simplify this discussion, we first consider
the case where magnetic flux is trapped in the hole
and wall of the cylinder by cooling it in a uniform
static initial magnetic field H,=H 2 along the axis
of the cylinder which is subsequently reduced di-
rectly to zero. Magnetization measurements on
these samples indicate that the flux-retaining
persistent current flows in a small layer of depth
X, at the outer surface of the cylinder. For sim-
plicity, we use Bean’s critical-state model, where
the critical current density in this layer and hence
the gradient of flux density is assumed to be inde-
pendent of local magnetic induction. With the ap-
plied field H, reduced to zero, B,(R,, ¢)=0. Ex-
perimentally, we have also checked that B,(p, ¢)
=B,=H_ for p=R;, where R, is the inner radius
of the cylinder. Figure 11(a) shows the profile of
magnetic induction B =B, initially present across
the sample cross section. It can easily be seen
that B, is spatially uniform in the hole and over
most of the wall thickness of the cylinder. Separate
measurements of the flux trapped at different
points along the length indicate that B, has no z
dependence. Since X, <<R,, the magnetic flux ¢(¢)
initially trapped in the sample at time ¢={, is given
by

(t,) ~ (1R - 1R, X,)B,. (5.7)

Our results indicate that the collapse of flux in
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a thin-wall hard superconducting cylinder takes
place over three overlapping time intervals, which
we refer to as time intervals I, II, and III. On
application of a voltage pulse to the strip heater
at time ¢t =¢,, the region of the cylinder wall near
¢ =0 in the immediate vicinity of the heater is
heated through supercritical mixed states to the
normal state. During time interval I, with
t,<t<t;, the azimuthal persistent currents sup-
porting the flux in the hole collapse rapidly and
magnetic flux flows out of the sample through the
heated region. The flux density B,, in the hole of
the specimen (p<R;) decreases quickly to a value
close to zero. We can easily show that B, (p, ¢,?)
is also spatially uniform.

Figure 11(b) shows the profile of magnetic flux
density across a cross section of the cylinder wall
at some distance from the strip heater at the end
of interval I. As can be verified easily, B,, <<B,
and is shown to be zero in this diagram. Our mag-
netization measurements also indicate that the
magnitudes of the slopes of flux profiles at the

(b)

FIG. 11. Sketches of profile of magnetic induction (a)
across the cross section of the hollow Nb cylinder trap-
ped initially at¢ =¢ ;; (b) across the wall of the Nb cy-
linder after flux from the hole has escaped.

inner and outer surfaces are the same.

There are two other regions besides the hole of
the cylinder from which magnetic flux is expelled
during interval I: a small layer of depth X, near
the inner surface of the cylinder wall and the wall
region embraced by and in the immediate vicinity
of the strip heater. Both of these contributions
are small by comparison with the decay of flux
from the hole and will be ignored for the calcula-
tion of induced voltages in interval I alone (see
Sec. V.C).

In order to calculate the decay rate of flux in the
hole, we assume that the time interval is suffi-
ciently short such that the arc length [, of the
heated normal region of the wall does not grow
much beyond the immediate vicinity of the strip
heater. That is, we assume that [ =~/ ;, a constant
over time interval I or that [,7/1, <1, where I,
gives the time rate of change of /, and 7 is a time
constant for the decay of flux in the hole. This as-
sumption is well supported by our results.

The current I}, circulating in the ¢ direction per
unit length of the cylinder of wall thickness W is
given by Ampere’s law,

B, =(4n/c) I =(4n/c)d, W, (5.8)

where the current density J,, in the normal heated
region is assumed to be uniform over the wall
thickness. We assume that the current I, flows
without dissipation in the critical-state region of
the superconductor. Thus, E/{ =0 over most of the
perimeter of the cylinder which is in the super-
conducting state, but

E\ =E!,=p,J,,=DB,,/cW (5.9)

in the normal region.

The line integral around the contour C; of inner
radius R, in the counterclockwise direction can be
evaluated from Faraday’s law and Eq. (5.9), which
yields

dB,, - DI
e 3 : I 5.10
dt TRIW " i* (5.10)

Taking [/, =1, to be a constant over interval I, we
get

B,=B,e™'", (5.11)
where
T=1R3W/DL,,. (5.12)

Thus, the flux density B,, in the hole should de-
cay exponentially with a time constant 7 which de-
pends on the sample properties and dimensions.

Next, we focus our attention on time intervals
II and III, during which flux in the wall collapses.
After the initial time interval I, we assume that
the interfaces between the superconducting state
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and normal state at ¢ =+ ¢,(t) and ¢ =— ¢,(f) move
rigidly with angular velocities ¢, (f) and — ¢, (¢).
Ahead of each advancing superconducting-normal
interface is an arc length of wall Al that isheated
sufficiently far above its original temperature that
initially pinned vortices are depinned and driven
towards the inner and outer wall surfaces. We
refer to such supercritical regions as thermal
fronts. The angular coordinates of the leading
edges of the thermal fronts are +(¢,+ A ¢). We
define the time interval II (f;<#<t,) as that re-
quired for the normal region, of arc length [,
=R(2¢,), where R=(R;+R,)/2 is the average wall
radius, to grow from [, to 7, =7R. Thus, at the
end of this interval, the cylinder wall over the
range ¢ =(- n/2,7/2) is in the normal state. Fin-
ally, during the time interval III (¢;;<?<{;;), the
normal region grows from [, =7R to [,=27R. At
time # =¢;;, the entire flux originally trapped in the
sample is collapsed.

As the thermal front advances, the unpinned
vortices from the heated region migrate to and
collapse at nearby inner and outer surfaces of the
cylinder. Khanna and LeBlanc® have extensively
studied the dependence of flux migration upon flux
profiles and temperature gradients in type-II super-
conductors. In the present experiment, since the
sample is essentially being heated equally and
simultaneously, and hence symmetrically, at its
inner and outer surfaces, equal numbers of vortices
will migrate toward and collapse at the two sur-
faces. Thus the unpinned fluxoids with p <R mi-
grate to the inner surface and annihilate at p=R,,
thus dumping their flux in the hole, while the un-
pinned vortices with p>R migrate to the outer
surface and collapse at p=R, [see Fig. 11(b)].

In each advancing thermal front, the amount of
flux collapsing from the wall at p=R, in time dt
is 3(W-X,) B, v,dt where, assuming A¢ to be con-
stant, v, =R¢, is the speed of the thermal front.
The net rate of change of flux in the hole at p<R;
is equal to the rate at which liberated trapped flux
at both thermal fronts collapses at the inner sur-
face minus the rate at which flux leaks out across
the normal region. From the resulting rate equa-
tion and Eq. (5.9) we obtain

dB;, L,DB,, _ (
dat  TRW 2R}

Bq (W-x,)1,, (5.13)

where [, =2R¢,.

Equation (5.13) holds approximately for time
interval I, when B,,~ B, and the term on its right-
hand side is negligible in comparison with the
other terms, such that Eq. (5.10) holds. In time
interval II, however, B,, drops to a small value by
comparison with B,. Furthermore, dB,,/dt is
then governed by the rate of change of [, rather

than by 7 and can be shown to be negligible. This
indicates that a steady state is quickly attained
after the flux initially trapped in the hole has es-
caped. Thus, when ¢ > 7, the rate of addition of
flux to the hole due to flux collapsing at p=R, is
balanced by escape of flux through the heated nor-
mal region /,. Equation (5.13) then yields
B,.zz%t)ll B,. (5.14)

n

We have assumed that the angular width A¢ of
each thermal front (the region of the cylinder wall
under transition from the pinned superconducting
to the normal state) is small compared with that
of the normal region; i.e., A¢ < ¢,. In practice,
the thermal front may be rather diffuse. However,
Eq. (5.13) is still valid, provided the thermal
fronts move rigidly with velocities +¢, and —¢,.

Figure 12 shows schematically the current-den-
sity pattern in the vicinity of the thermal front at
¢=¢,(t). The arrows on the contours of constant
B show the direction of the local current density.
The current density is essentially uniform in the
normal region, but flows in the directions shown
in the superconducting region, which is mostly
in the critical state. The vortices that are unpin-
ned because of the local increase in temperature
experience a local Lorentz force in the direction
of the small arrows in the diagram. The local
electric field E’ =B x¥/c has a large value only
over the range Al in the directions shown. From
Fig. 12, we note that A/ is at least of order W
but may be considerably larger if the thermal front
is diffuse.

g

- T

L E e AL
e e i A X
< ogt L e

—

|

FIG. 12. Sketch of the current-density pattern and in-
duced electric fields in and near the thermal-front re-
gions of the cylinder wall.
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C. Instantaneous and integrated voltages

1. Signals Vy, Vg, Ve, Sy, Sg, and S¢

From Faraday’s law, we have [see Fig. 10(a)
and Egs. (5.1) and (5.2)]

Ve===28y, +v,, (5.15)

where d¢(t)/dt is the rate of change of flux in the
region p<R,; V. can be expressed as a line inte-
gral of E’ in a counterclockwise direction around
a contour C, of radius R, and is measured by the
signal per turn across a pickup coil of radius ~R,
wound around the sample. The voltages V, and
Vs during the various intervals can be calculated
using the instantaneous value of E’ over the ap-
propriate arc length of the cylinder. The super-
script on a time-integrated signal S will indicate
the time interval over which the corresponding
voltage is integrated.

(i) Interval I: Since E4(R,, ¢,¢) =0 over the path
Cg, we obtain from Eq. (5.2)

Vg=0. (5.16)
From Egs. (5.9), (5.10), and (5.15) we obtain
Vy=Vc=(,D/cW)B,,, (5.17)

where we have ignored the loss of flux from the
wall.

The initial rise in V or V. corresponds to the
rapid rise of [, from 0 to /,; while B,,~B,. Thus,
the peak value of these signals is

(Vi)year = (V)peax = (P/cW)L, B (5.18)

As discussed earlier, the flux in the hole then de-
cays exponentially with a time constant 7, pro-
vided [, =1 ;, a constant. Thus

Vy=Ve=(D/cW), B,et/". (5.19)
The time-integrated signals are

Sy=S¢=(mR}+1R;X,)B,/c (5.20)
and

Si=0. (5.21)

(ii) Interval II: Since, if A¢p < ¢,, the thermal
fronts are confined to |¢|<7/2, E,(R,, $,)=0
over the path C¢ and

V=0. (5.22)

The average electric field E}, at p=R, due to col-

lapse of liberated flux at each of the thermal-front

regions of arc length Al=RA¢ at ¢=2x ¢, is
E'(Rg, ,8) = (W= X,)B,1, /4c(Al). (5.23)

From Egs. (5.9) and (5.14) we see that E/, in the
normal region [, is

E!4(Ro, ¢,1)=(W=X,)B,1, /2cl,. (5.24)
Using Egs. (5.1), (5.23), and (5.24) we thus obtain
Vy=Ve=(W=X,)B,i,/c. (5.25)

We note that the total contribution to V, from
the two thermal-front regions at ¢ =+¢, equals
that from the normal region /,. This occurs be-
cause equal amounts of liberated trapped flux in
the thermal-front regions collapse at p=R, and
p=R;. The flux collapsing at p=R, produces an
electrical field of large magnitude only near the
thermal fronts. The flux collapsing at p=R,,
however, pumps flux into the hole which leaks
out again at essentially the same rate through the
entire length of the normal region [, such that
dB,,/dt=0. The resulting electric field
E’(R,, ¢,t) around the outer surface of the cylinder
is schematically shown in Fig. 13(a).

Recalling that [, ~I  at t=¢,and [, =7R at t =t ;
and assuming that Al < 7R and [ ;< 7R, we obtain
for the time-integrated signals in interval II

Sy=St¢=~mR(W-X,)B,/c, (5.26)
S¥=0. (5.27)
(iii) Interval III: Figure 13(b) shows schemati-
cally the electric field E%(R,, ¢,t) in the time in-
terval III, when the thermal fronts are confined

to |¢|>7/2 and ¢,>7/2. As in interval II [see
Eq. (5.25)]

PEREISRIEEINIISENEE HENRIIIINIISIIIRABERIIL URUSEES

¢n 2 0
(b)

FIG. 13. Sketch of the induced electric field in the
normal (crosshatched) and thermal-front (shaded) regions
of the cylinder wall (a) during interval II and (b) during
interval III. In each case, the total area under the curve
in the two humps, corresponding to the thermal fronts,
equals the area under the flat portion, corresponding to
the heated normal region.




3910 S. M. KHANNA, JOHN R. CLEM, AND M. A. R. LeBLANC 14

Ve=(W-X,)B,1,/c. (5.28)
Further, using Eqgs. (5.23) and (5.24), we obtain

Vo~ TR(W=X,)B, I,

N 5 i (5.29)
_(W-X,)B,i, < nR'>
R 1'21,, . (5.30)

At the beginning of interval I, ¢,=7/2 and [,
=7R, such that

Vs=Vy=3V,. (5.31)

At the end of the interval III, when I, =27R, we
obtain, provided A¢ < ¢, and Al <] ,

Ve=3V,y=5V,. (5.32)
S N

The time integrals of the induced signals over
interval III are

S§t~TR(W - X,) B,(InVZ)/c, (5.33)

S§~ (1-1nv2)[7R(W-X,)B,/c], (5.34)
and

SM~mR(W-X,)B,/c. (5.35)
Thus,

SIH+SIM 1+Inv2

Sytoy _1tinve

SIS _Invg 2.06 (5.36)
and

ST 1-Inv2_

‘S‘F—W—lﬁss. (537)

The total integrated signal due to the collapse
of the entire flux in the sample is

_%(to) _ (7R3~ TR0 X,) B,
c c

Se (5.38)

and the ratios of the signals S and S, integrated
over all three time intervals, to S are
Ss_S¥_(- InV2)R(W - X,)
Se S¢ Ry(Ry—X,)

(5.39)

and

Sy/Sc=1-Ss/S;. (5.40)

2. Signals V; and S|

The time-integrated signal S;, where the mea-
suring leads from the voltage contacts on the cy-
linder surface are taken out along the length of
the cylinder, provides an interesting example of
the roles of contributions due to different terms
in Eq. (2.1). Since the leads are along the direc-
tion of flux density in the sample, one might in-
correctly expect S; to be zero. However, follow-
ing our earlier discussion, we can calculate it

easily and find it not to be zero.

In Eq. (2.1), if we choose C, =C, and CM=CML
[see Fig. 10(b)],
b == 1d®, .

= — = D ) — .
Vi=Va Vs, J;[CN]dl B-o X (5.41)

There are two contributions to the magnetic flux
&, v through the surface bounded by the paths
Cy and Cy: (i) the flux through the surface
bounded by the paths CML and bxa in the direction
of unit normal #, to this surface, which is very
nearly zero by symmetry, and (ii) the flux through
the surface bounded by the paths axb and C, in the
direction of unit normal #, as shown in Fig. 10(b).
Thus,

&, n(t) == 32 (t,). (5.42)

Using Eq. (5.41), we find the time-integrated sig-
nal S; to be

S, =S, - ®(t,)/2c (5.43)
or, from Eq. (5.38),
S./Sc=Sy/Sc—%. (5.44)

From Eq. (5.44), we see that, with the above
arrangement of the measuring leads, both terms
on the right-hand-side of Eq. (2.1) produce impor-
tant contributions to the induced voltage.

VL. COMPARISON WITH EXPERIMENTAL RESULTS
AND DISCUSSIONS

A. Instantaneous and integrated signals

Salient features of our model can be tested ex-
perimentally and are in excellent agreement with
our experimental results. As noted earlier, the
different time intervals overlap to some extent,
and it is difficult to exactly identify each interval
with the corresponding signal. Both the instantan-
eous and integrated signals provide important re-
sults regarding the origin of induced voltages due
to vortex motion in superconductors. A study of
signals S, and S integrated from the start to fin-
ish of flux collapse provides a good overall test
of our model, and the instantaneous and integrated
signals over a given time interval provide added
insight into the mechanism of flux decay in our
sample.

Interval I: For a given change of flux, the dra-
matic results for the signals V, and V¢ given by
Egs. (5.16) and (5.17) are in good agreement with
the experimental results shown in Figs. 4 and 5,
respectively. In particular, we note the impor-
tant experimental result that Vg=0and V=V,
during decay of flux mainly from the hole of the
cylinder. The time constant 7 for exponential
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decay of signals V, and V. and hence the arc
length [ ; of heated normal region are nearly con-
stant. From Fig. 4, we find that 7=12 msec at
(Vy),eax and soon settles to a constant value of 7
=10 msec.

Using Eq. (5.12), 7=12 msec, and near the
transition temperature for Nb p, =0.8 uQ - cm,
we find /,;=1.56 cm, which is about three times
the width of the strip heater. Using this value of
1,; and the experimental value B,=1.594 kG, we
determine from Eq. (5.18) (Vy),.,,=8.0 mV, which
compares well with the experimental value of 7.4
mV. The difference in the experimental and calcu-
lated values of (V,),,,, may be due to our assump-
tion that [, changes from zero to /,; while B, re-
mains constant. We would expect a small leakage
of flux, thus making B,,<B, as [, grows quickly
but continuously from zero to [,;.

Intevvals II and 1II: We now discuss the signals
induced due to escape of flux from the wall. From
magnetization measurements, we calculate that
(Fig. 11)

X,=0.0135 cm for sample 1
and
X,=0.0088 cm for sample 2.

Correcting for escape of flux from region /,; of
the wall during interval I, the modified Eqgs. (5.26)
and (5.36) are

Si=(1/c)(nB - 1,)(W - X,)B,

and

SEF+S¥'_1-1 /7R +1nVv2

STy g 1-1nv? (6.1)
Experimentally, we find for sample 1

(SEH+ 81 /(ST + 811 = 1,60 (6.2)

by integrating the area under the voltage traces in
Figs. 6 and 7 from time ¢ =60 msec to t=¢,=1000
msec. Combining Egs. (6.1) and (6.2) and solving
for I,;, we obtain [,;=1.41 cm, which is to be com-
pared with the value /,;=1.56 cm obtained above
by a different method. Owing to overlap of inter-
vals I and II, it is difficult to completely separate
the contributions to the observed signal due to col-
lapse of flux from the hole and wall of the cylinder.
From Fig. 8, the time ¢ corresponding to the
start of interval Il at V/V, =1 [see Eq. (5.31)]
is estimated to be 400 msec. By integrating the
area under the voltage traces in Figs. 6 and 7 from
time ¢ =400 msec to ¢t =f;=1000 msec to obtain
St and S}, we obtain

sli/sii=1.89, (6.3)

which compares very well with the calculated value

1.89 given by Eq. (5.37).
Further, from Fig. 8, we note that at =640
msec

V(t)/Vy(t) ~3.0, (6.4)

as expected from our model at the end of time in-
terval III [Eq. (5.32)]. It indicates that the leading
edges of two thermal fronts traveling with velocity
¢, and —¢, meet at ¢ =7 at t~640 msec.

Integrated Signals Sy, Sg, and S;: A compre-
hensive test of our model is provided by the study
of signals Sy, Sy, and S; integrated over all three
time intervals as all trapped flux in the sample is
expelled. Using Egs. (5.39), (5.40), and (5.44), we
find that on the basis of the present model:

S—-N = is- = & =

S, 0.9217, S, 0.073, S, 0.427 (6.5)
for sample 1, thick wall;

Sw_ Ss2 Si_

Se 0.976, S 0.024, Se 0.476 (6.6)

for sample 2, thin wall. Recalling that S.=A¢/c,
these results compare very well with our experi-
mental results given in Egs. (4.2) and (4.3).

From Fig. 7, we note that V5 and Sg have a
small nonzero value over the period from ¢ =200
msec to { ~¥400 msec contrary to our model, where
VL=vi=0and S{=S¥=0. This indicates a diffuse
thermal front during intervals I and II which has
coordinate || >n/2 while ¢, <37 and [, <7R during
this period.

The measured signals with the special configura-
tion of measuring leads [Eq. (4.6)] can easily be
explained from our discussion in Sec. VC2. The
surface bounded by the measuring leads now en-
closes half the flux trapped in the sample cross
section at position B[Fig. 3, inset (a)] in addition
to the case discussed in Sec. VC2. Further, the
collapse of this flux aids the signal S; across the
contact points at position C, thus leading to re-
sults given by Eq. (4.6). This measurement clari-
fies the importance of location of the contact points
and configuration of the voltage measuring leads
in the study of flux-flow voltages in superconduc-
tors and thus stresses the contributions to flux-
flow voltages from each of the two terms in Eq.
(2.1).

We note the small structure present in all sig-
nals, V., V,, and Vg, over the period (f,,¢,).
Preliminary studies indicate that these structures
may be due to the occurrence of macrovortices!?*®
in the wall of the sample as flux in the wall is
destroyed by heating through the strip heater.

The sharp peak in signals V., V,, and Vg at
t ~640 msec (Figs. 6 and 7) indicates an increase
in rate of collapse of flux from the wall when the
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two thermal fronts traveling with angular veloci-
ties ¢, and — , meet at ¢=7. For times ¢ from
the start until about 640 msec, the wall region
ahead of the thermal front is essentially at 4.2 °K
and serves as a cold sink to conduct away the heat
from the thermal front. At #=~ 640 msec, the lead-
ing edges of the two thermal fronts reach ¢ =7
from opposite directions, giving rise to a more
rapid rate of temperature increase at ¢ =7 and a
greater rate of depinning of the trapped vortices.
For times ¢ = 640 msec, the last remaining vortices
become depinned and collapse at the surfaces.
Finally, at f={,, all flux in the wall has been ex-
pelled and the wall is entirely normal. We do not
fully understand, however, the decrease of the
ratio V¢/V, to values less than 3 for ¢>640 msec.
The experimental results that V/V, = 2att =800 msec
indicates an approximately 30% increase in the
amount of flux collapsing at the inner surface over
that expected for symmetric flux flow. Why flux
flow out of the advancing thermal fronts becomes
asymmetric near ¢=n at f ~{,, although it is ap-
parently symmetric at earlier times, remains an
unanswered question.

B. Flux collapse due to a localized perturbation

(i) It is clear from earlier discussion that the
integrated signal across a pair of contact points
combined with a measurement of the change of flux
indicates the direction of escape of flux from the
hole. The “weak spots” on the cylinder wall can
thus be identified.

From results obtained using the hairpin heater,
we find that flux from those regions which are at
a distance from the site of thermal perturbation
also escapes through the same half of the cylinder
wall in which the hairpin heater is located, even
when the perturbation is very weak.

(ii) The results of induced signals across a pair
of contact points at a given cross section of the
sample during flux jumps indicate that flux leaks
with equal probability from each half of the cir-
cumference at that location. This suggests that
the weak spots are randomly distributed around
the circumference.

Similar observations taken simultaneously at
two positions along the length indicate that usually
equal amounts of flux escape through the same
half circumference along the entire length of the
cylinder during a flux jump. This is always the
case for the first flux jump.

From above results (i) and (ii), it would appear
that collapse of flux in different parts of length
of the cylinder are “coupled” together. The col-
lapse of persistent currents at one site on the cy-
linder wall “induces” their collapse in its proximity

through thermal and electromagnetic coupling
mechanisms. This appears to be particularly valid
when the trapped flux in the sample is uniform.

With nonuniform flux density in the sample, as
would be expected after redistribution of trapped
flux following a flux jump, various regions of the
cylinder wall over a given cross section are in
different subcritical states. The location and
nature of the subsequent flux jump may then also
depend on these subcritical states along with the
proximity-induced effects. This is supported by
our observations that in any subsequent jump after
the first flux jump, the proportion of flux escaping
from the sample in any direction may not be the
same over its entire length, and indeed may be
quite different in some cases (also see Ref. 12).
Further, we note that such flux jumps are invari-
ably followed by a succession of small flux jumps
over a given cross section, as would be expected
from the above discussion [see Fig. 9(b)|. Further
investigations are needed to fully understand flux-
jump phenomena in hollow Nb cylinders.

VII. CONCLUSIONS

The instantaneous and integrated signals across
a fixed pair of contacts attached to the surface of
a hollow superconducting Nb cylinder, when a fixed
amount of magnetic flux A¢ threading the hole and
wall of the cylinder was changed, were found to
depend dramatically on the configuration of the
voltage measuring leads relative to direction of
flux motion. When the flux in the hole was col-
lapsed by heating the cylinder wall over a narrow
strip along its entire length, the observed signals
with measuring leads brought out foward the heated
strip corresponded to the total change of flux in the
hole. During the exit of flux from the hole, the
signals with measuring leads brought out away
from the heated strip were negligibly small. Sub-
sequent collapse of flux in the wall of the cylinder
led to signals across the contact points with mea-
suring leads brought out toward either side of the
heated region of the cylinder wall. These signals
were related to the flux change in the wall in a
complicated manner. The integrated signal across
the contact pair with measuring leads brought out
along the length of the cylinder corresponded to
approximately half of the flux initially trapped in
the sample.

In explaining these results, we pursued the view-
point that the motion of vortex segments within the
interior of the superconducting body does not con-
tribute to our measured signals and we considered
two contributions to the measured voltages: (i) the
signal due to the generation of a flux-motion-in-
duced electric field along an arbitrary path through
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the superconductor between the contact points,
and (ii) the signal due to the change of flux through
the surface bounded by the chosen path and the
measuring leads. Taking both of these contribu-
tions into account, we discussed the contribution
to the flux-flow voltage from a moving vortex. We
concluded that the measured flux-flow voltages in
general depend upon the position of the contact
points on the surface of the superconductor and the
configuration of the measuring leads relative to
the direction of magnetic induction and flux mo-
tion in the superconductor.

In the present experiment, both of the above con-
tributions to the measured signals depended upon
the direction of flux motion in the superconductor.
We exploited the concept of critical flux gradients
to visualize the collapse of flux from the hole and
wall of the cylinder and developed a formalism
from which the expected signals could be calcu-
lated. Good agreement between the calculated and
measured values was found.

Finally, we showed how measurements of signals
across pairs of contact points with measuring leads
arranged on one side along its circumference could
be used to study flux jump in a hollow supercon-
ducting cylinder.
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FIG. 10. (a) Schematic of sample cross section and
lead arrangements for measurement of voltages V g and
Vy across two contact points @ and b on the sample.

(See Fig. 3.) The voltage leads are shown some distance
from the cylinder only for visual clarity. () Configura-
tion of voltage measuring leads when they are taken out
along the length of the specimen from the two contact
points for measurment of voltage V;. The area bounded
by the measuring leads and the chosen path Cy on the
superconductor surface between the contact points is
crosshatched. (See Fig. 3.)



(b)

FIG. 11. Sketches of profile of magnetic induction (a)
across the cross section of the hollow Nb cylinder trap-
ped initially at? =¢,; (b) across the wall of the Nb cy-
linder after flux from the hole has escaped.



(b)

FIG. 13. Sketch of the induced electric field in the
normal (crosshatched) and thermal-front (shaded) regions
of the cylinder wall (a) during interval II and (b) during
interval III. In each case, the total area under the curve
in the two humps, corresponding to the thermal fronts,
equals the area under the flat portion, corresponding to
the heated normal region.



FIG. 2. As described in the text, the flux-flow voltage
V 45 () depends upon the different possible orientations
(@), ®). (e}, and (d) of the voltage measuring leads rela-
tive to the direction of magnetic induction and motion of a
vortex line in the superconductor. The time-integrated
voltage, however, corresponds to the flux in the vortex
and is the same in all cases. (The size of the vortex is
here greatly exaggerated for clarity.)



HEATED STRIP

HEATED STRIP

FIG. 3. Schematic view of experimental arrangement.
The pick up coils, central heater, and one of the strip
heaters are not shown for clarity. Inset (a) shows the
location of the pairs of contact points along the length
of the cylinder. Inset (b) shows the voltage measuring
circuits when a hair-pin heater is used to heat only a
part of the length of the specimen.



FIG. 4. Vy (upper trace) and V; (lower trace) during
initial stages of collapse of flux mainly from the hole of
sample 1. Horizontal scale: 5 msec/division; vertical
scale: 2 mV/division; B, =1.594 kG. See text for expla-
nation of Vi and V.



FIG. 5. Vg (upper trace) and V; (lower trace) during
initial stages of collapse of flux mainly from the hole of
sample 1. B,, time sweep and sensitivity as in Fig. 4.



FIG. 6. V (upper trace) and -V y (lower trace) during
complete collapse of flux in sample 1. Horizontal scale:
100 msec/division; upper trace: 0.08 mV/division;
lower trace: 0.02 mV/division; B, =1.594 kG. V. and
=Vy during initial stages of flux collapse, shown in Fig.
4, are here off scale.
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FIG. 7. V, (upper trace) and Vg(lower trace) during
complete collapse of flux in sample 1. B,, time sweep,
and sensitivity as in Fig. 6. V. during initial stages of
flux collapse, shown in Fig. 5, is here off scale.



(b)

FIG. 9. Instantaneous voltage versus time across
identical pick up coils wound around Nb sample 1 at two
locations, C (upper trace) and B (lower trace) [see Fig.
3(a)), along its length during spontaneous flux jumps.
(a) First flux jump suffered by the virgin sample as the
applied magnetic field is increased from zero to 1.945
kG. Horizontal scale: 2msec/division; upper trace =
0,1V/division; lower trace = 0.1 V/division. (b) The
next flux jump as the applied magnetic field is further
increased to 3.112 kG. Horizontal scale: 1 msec/divi-
sion; top trace: 0.2 V/division; lower trace: 0.1 V/divi-
sion.



