AD480235

Digital Library
Paul M. Grant
www.w2agz.com

)
-—{({ A RESEARCH INVESTIGATION OF THE FACTORS
THATAFFECT THE SUPERCONDUCTING PROPERTIES OF MATERIALS .

REPRODUCED BY: nAR
U.S. Department of Commerce
National Technical Information Service
Springfield, Virginia 22161



Paul M. Grant
Text Box
Digital Library
Paul M. Grant
www.w2agz.com


FOREWORD

This report was prepared by the General Electric Research and
Development Center, General Electric Company, Schenectady, New York
under USAF Contract No. AF-33(657)-11722. The contract was initiated
under Project No. 7371, Task No. 737102. The work was administered under
the direction of the Air Force Materials Laboratory, Research and Technology
Division, Mr. D.J. Evans, project engineer.

This report covers work from June 15, 19683 to October 15, 1965.

Research scientists who contributed to the work presented in this report
are: CP Bean, TA Buchhold, RW DeBlois, W DeSorbo, RL Fleischer,
CD Graham, HR Hart, Jr., JD Livingston, PJ Molenda, RL Rhodemzer and
PS Swartz.

The manuscript released by the authors November 15, 1965, for
publication as an RTD Technical Report.

This technical report has been reviewed and is approved.

(s Yt

"JULES I/ WITTEBORT

/ Chief, Thermal and Solid State Branch
Materials Physics Division
AF Materials Laboratory

»




ABSTRACT

The extension of the critical state model (Bean model) of the inhomoge-
neous type IIsuperconductor toinclude alternating field excitation, alternating
current excitation, and rotating field excitation is reported. The alternating
current and alternating field losses in intermetallic high critical current
density superconductors have been measured in several experimental situ-
ations and found to be substantially as predicted. The surface flux penetration
and alternating field .0sses in niobium have been measured below He; as
functions of temperature, field, and surface preparation. The concepts of the
critical state model have been used to determine the conditions necessary for
a magnetic instability or flux jump to develop in a type II superconductor. The
theory suggests several ways of forestalling or eliminating flux jumps. These
critical state model and instability concepts have been extended to include the
prediction of the critical transport current, often found to be much less than
the product of critical current density and area. The angular dependence of
the critical field of the superconducting surface sheath above Hc, has been
measured as a function of the Ginzburg-Landau parameter k. The prediction
of a surface barrier to the entry of flux into a type II superconductor in the case
of a perfect surface is reported, and the experimental confirmation of this
prediction is described. A new method has been developed for determining
the critical current density of small amounts of superconducting material. A
marked increase has besn found in the critical current density of intermetallic
type II superconductors following fast neutron irradiation, or irradiation-
induced fission of impurity nuclei. (Critical current densities as high as
2 x 10° amp/cmz at 30 kOe have been obtained.) Preliminary studies attempting

" to determine the relationship between metallurgical structure on a.local scale

and the critical current density are reported. In the Appendices, the following
extensions of the above contract-supported studies are reported: the discovery
of surface superconductivity in the mixed state, rectification in type II super-
conductors, and a technical comparison of cryogenic normal metals.and
inhomogeneous type II superconductors.
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SECTION I

INTRODUCTION

This contract has been concerned primarily with fundamental studies of
those superconductive properties that are impcrtant in the use of electrical
equipment. In the technical summary report we present in detail all the work
carried on under the contract. However, prior to presenting the technical
reports, it seems appropriate to make a number of introductory comments.
First, we shall present some general remarks about superconductors that
will serve to very briefly introduce the terminology and concepts that will be
used in the report. Second, we shall indicate how the field of superconductivity

_can be conveniently divided up into a number of categories, and show in this

context how the program under the contract fits into the general framework.
Finally, we shall mention briefly the more important accomplishments that
have come out of the present work.

A, GENERAL COMMENTS

It has been learned in recent years that superconductors fall into two
classes: type I superconductors and type II or "hard" superconductors, which
differ in their behavior in a magnetic field. Further, it has been realized that
a distinction must often be made between the bulk superconductive properties
and the special surface properties of a superconducting system. The present
work has been concerned largely with type II superconductors, and both bulk
superconductivity and surface superconductivity have been studied.

The type I supercorductors, typically metals such as pure lead, aluminum,
tin, and indium (but notpure niobium), show the two unique properties of
superconductivity: zero electrical resistivity and zero magnetic flux density,
up to a single critical field H,. For fields above H, the material is in the
normal state; the magnetic field penetrates throughout the bulk of the sample
and the bulk electrical resistivity has the normal state value.

The properties of type II superconductors are more complex. Type II
superconductors, which are typically alloys and compounds such as Nb-Zr,
Pb-T1, and Nb3Sn (and, in addition, pure niobium), exhibit two bulk critical
fields Hep; and Hez. Below He, there are the two characteristic properties--
zero resistivity and zero flux density--while above He, the bulk exhibits the
normal state behavior. Between Hg,; and Hep the material is in a "mixed"
state, in which there is partial flux penetration and, depending on the metal-
lurgical state of the sample and the measuring current density, there is an
electrical resistivity less than that of the normal state, sometimes so small
as to be negligible. FFor example, when a current is passed through a wire
of type II superconductor, there is no voltage drop below a critical current;
while above this critical current the voltage increases, first exponentially,
and then linearly, until the wire is forced into the normal state by heating. In




many situations, instabilities force a premature catastrophic return to the
normal state, and these important instabilities have been studied under this (——)
contract. - R

The magnetic flux penetration in the mixed state has been treated theo-
retically by Abrikosov. (1) In his model, the magnetic flux penetrates in the
form of quantized fluxoids or flux threads that can move about freely within
the material. The resulting, thermodynamically reversible, magnetization
curve is shown in Fig. 1 as curve A. For an imperfect sample, one con-
taining physical imperfections or chemical inhomogeneities, the flux threads
cannot move freely enough to achieve the Abrikosov reversible behavior,
magnetic irreversibility results, and the hysteretic behavior illustrated by
curve B is obtained. (2) Through a model developed by Bean, and explained
later in the report, this magnetic hysteresis can be related directly to the
critical current densities and a-c losses of imperfect type II superconductors.
These properties of fundamental importance to any technological applications
of high field superconductors all depend on the inability of the flux threads to
move freely in the imperfect specimen, and, therefore, on the fundamental
interaction forces between flux threads and defects.

—47M

Figure 1 Schematic magnetization curves for type Il superconductors. Curve
A shows the reversible magnetization behavior characteristic of a homo-
geneous defect-free type II superconductor. Curve B shows an irreversible
magnetization curve typical of an inhomogeneous type I superconductor,
also called a hard superconductor. Hcj is the field at which flux first
penetrates the superconductor. Above Hc the interior or bulk properties
of the material are those of the normal state.

We have also learned in recent years that superconductivity can some-
times persist on the surface of a sample above Hcp or He, after the bulk of ()




the sample has returred to the normal state. This surface superconductivity
is very sensitive to the direction that the applied magnetic field makes with
the plane of the surface. For the field parallel to the surface, the surface
critical field Hea can be as high as nearly twice Hp,. Saint-James and
deGennes(3) have predicted theoretically that Hez = 1.69 Hey. Even below
Hco there is a layer of surface superconductivity that is quite different from
the bulk mixed state superconductivity. This surface layer can lead to some
surprising consequences, such as the partial rectification of transport super-
currents. The interaction of the Abrikosov flux threads with the surface can
also lead to a surface barrier to the entry of flux into the mixed state.
Several different aspects of surface superconductivity will be discussed in
later portions of this report. '

B. PROGRAM UNDER THIS CONTRACT

Superconducting preperties of materials can be conveniently divided into
three categories as depicted in Fig. 2. The primary properties, such as
transition temperature and the thermodynamic critical field, are equilibrium
properties that are governed by the gross intrinsic parameters of the metal
and are relatively insensitive to defect structur=s and composition. The
primary properties are properly treated by the Bardeen-Cooper-Schrieffer
theory of superconductivity.

PRIMARY  SUPERCONDUCTING
PROPERTIES (e.q.,Tc)

ELECTRON MEAN

// FREE PATH

SECONDARY SUPERCONDUCTING

PROPERIES (e.q., Hg, Hp Hes)

INHOMOGENEITIES
{ DEFECTS)

TERTIARY SUPERCONDUCTING

PROPERTIES (e.g.,J¢ ,AC LOSSES, FLUX JUMPING )

Figure 2 Superconducting properties divided into three categories. The .
present work is concerned mainly with the tertiary properties.

The secondary properties, such as the various critical fields, He;,
Hea, and Hega of type II superconductors, also are equilibrium properties,
and though they are intrinsic properties of defect-free materials, they are
very composition-sensitive. The secondary properties are determined by




parameters of the material such as electron mean free path and the shape of the /’j
Fermi surface, and these properties are treated by the Ginzburg-ILandau !
phenomenological theories of superconductivity.

The tertiary superconducting properties, such as critical currents,
hysteresis, flux jumps, a-c losses, are nonequilibrium properties that depend
sensitively on specimen inhomogeneities and defects. The work done under
this contract deals mostly with tertiary properties.

In the present work we have largely confined our attention to four specific
areas: ‘

1. Bulk a-c properties
2. Effect of defects on critical current density
3. Flux jump instabilities

4. Surface properties

1. A major goal of this contract has been to develop understanding of the
a-c properties of imperfect type II superconductors. The theoretical approach
was based primarily on the Bean model, which had already been shown capable
of explaining the d-c magnetic behavior of such materials (Sections II, III, and
IV of this report). ‘ '

2. The fundamental material parameter of the Bean model is Jo» the bulk
critical current density, which was known to depend on the interaction between
flux threads and internal defects. Part of the present effort was directed at
studying the effects on J. of various intentionally introduced internal defects

(Section W),

3. The major limitation to the general application of the original Bean
model was known to be the existence of instabilities known as flux jumps that
caused premature transitions to the normal state; hence a portion of the

contract program was aimed at a fundamental understanding and description
of this complex phenomena (Section VI).

4. The remainder of the program dealt with surface properties of type II
superconductors, including study of the surface sheath above He g, the surface
barrier to flux penetration above Hej;, and the anomalous a-c losses observed
below He; (Sections III, IV-C, and VII).

Prior to the work presented here, Bean developed a phenomenological
critical state model of a superconductor, which since has been recognized to
be a good model for an inhomogeneous type II superconductor. The critical
state model (which is reviewed in Section II-A-1) has proved extremely useful
in understanding precisely those tertiary properties of interest under this g’\' D
contract. As indicated schematically in Fig. 3, the model can be used to treat
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Figure 3 Relationship among tertiary superconducting properties, the Bean
critical state model, and the concept of flux thread-defect interactions.

low-frequency a-c losses (Section II) and magnetic hysteresis (Section V-C).
The Bean model has proved useful in understanding the phenomena of flux
jumps (Section VI-A), and the occurrence of flux jumps in turn can limit the
critical transport current (Section VI-B). '

Although Bean's model was originally proposed on strictly phenomeno-
logical grounds, the model has gained support from the more recently
developed concepts of flux thread-defect interactions that determine the
critical current density, J.. The connection between tertiary superconduct-
ing properties of interest under this contract arnd our studies of flux thread-
defect interactions is quite apparent.

C. ACCOMPLISHMENTS UNDER THE CONTRACT

Although the complete work under the contract is presented in later
portions of this report, it seems appropriate at this point to call attention -
to what we feel are the major accomplishments of the contract effort:

1. One of the main accomplishments of this contract has been the
extension of the critical state model (Bean model) of the inhomogeneous
type II superconductor to include (a) alternating field excitation, (b)
alternating current excitation, and (c) rotating field excitation. The
losses predicted for these various excitations have been tested in
various experimental situations and found, within the assumptions of
the theory, to be substantially as predicted. The concepts form the
foundation for the design of electrical equipment using type II super-
conductors (Section II).

n
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. A primary result of this contract has been the measurement of the (:)
properties of niobium under excitation with alternating fields. These -
studies aim at the use of niobium for gyroscopic bearing and motor

systems. The considerable advance in the artand science of preparing

and understanding the properties of niobium may bé grouped under the

headings (Section III):

a) Dependence of a-c losses on temperature

(

(b) Dependence of a-c losses on surface preparation

(c) Dependence of penetration depth on magnetic field

(d) Measurement of the London penetration depth in niobium.

3. The work supported under this contract led to independent discovery
of superconductivity in a surface sheath of type II materials above the
upper critical field of the bulk material. This phenomenon has been the
object of many investigations by various groups throughout the  world
and has led to a more detailed understanding of the superconducting
state (Section IV-C).

4. A new method has been developed for determining the critical

current density of small amounts of superconducting material. This =
method measures the odd harmonic voltages induced by immersing.the K )
sample in an alternating magnetic field (Section V-B).

5. Pioneering experiments of the effects of fast neutron damage as well
as internal fission on the current-carrying ability of type II super-
conductors have been accomplished under this contract. Internal fission
of uranium in V38i, in particular, has been shown to give the highest
current-carrying capacity (~ 2 x 10° amp/cm? at 30 kOe) yet reported
for any type II superconductor. These measurements rely on the voltage
harmonic technique mentioned in the previous paragraph (Sections V-A
and V-B).

8. This contract has supported some of the first studies attempting to
determine the relationship between metallurgical structure on a local
scale and current-carrying ability in inhomogeneous type II supercon-
ductors. Preliminary measurements on martensitic systems, systems
that exhibit spinodal decomposition, and simple precipitation

systems indicate an important field for research and development.

In particular, a concept of "differential diamagnetism" has emerged
that can predict and explain minima in current density as a function of

temperature (Section V-Cj.

7. The concepts of the critical state model have been used to determine (\)
the conditions necessary for a magnetic instability to develop in a type II
superconductor. These magnetic instabilities (flux jumps) have limited




the use of these materials in solenocids as well as in their use in
shielding and guiding magnetic fields. The theory now suggests several
ways in which flux jumping can be forestalled or eliminated (Section VI).

8. For the first time, it has been possible to predict the transport
current at which a type II superconductor prematurely returns to the
normal state. It hacd been known for some time that type II supercon-
ductors often return to the normal state at a transport current much
less than the "trus critical current, " which is the critical current
density, Je, times the cross-sectional area (Section VI).

9. One study, under this contract, led to the prediction of a surface
barrier to the entry of flux into a type II superconductivity in the case
of a perfect surface. Experiments carried out under the contract
confirmed this prediction and the possibility of significantly lowering
the losses in these materials under high alternating field excitation by
appropriate surface treatment (Section VII).

Several studies, given in the Appendices of this report, have arisen as
extensions .of work supported under this contract. They include: (a) the dis-
covery of surface superconductivity in the mixed state (Appendix A); (b) the
discovery and explanation of rectification in type II superconductors (Appendix
R), and (c) an evaluation of the relative technological advantages of cooled
normal metals and inhom.ogeneous type II superconductors in the production
of large alternating magretic fields (Appendix C}.

The contract work has benefited from a great amount of superconductivity
research that has been carried on in the General Electric Research and
Development Center both prior to and during the contract period. In Section
IX is a list of publications relating to superconductivity that originated in the
Center in recent years. '
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SECTION II

A-C LOSSES AND HEATING EFFECTS IN THE MIXED STATE

Practical high field superconductors, first announced in 1961, (4) have
been very useful in the lossless generation of large steady magnetic fields. (5)
Their impact would be greater yet if they could be used in alternating field
applications. From the time of their discovery their magnetic hvsteresis(6» 7
has indicated that power dissipation and consequent heat generation will exist
in alternating magnetic fields. In order to guide one in assessing the losses
in a high field superconductor under alternating field or alternating current
conditions, we present in this report methods for calculating the power
dissipation, tabulated results, and experimental confirmation, In addition,
we shall calculate the heating and temperature rise to be expected in turning
on or off a high field solznoid, or in testing a wire sample in a pulsed magnetic
field. Though we shall not here use our methods tc calculate the a-c losses
in potential power frequency equipment, our results indicate that such losses
are indeed significant ard must be estimated in any potential design.

Throughout this gection we assume the presence of magnetic fields suffi-
cently large that bulk flux penetration occurs (i.e., the material is in the
"mixed state"). (1) Surface losses such as those found in niobium and lead in
fields below Hc¢i and He, respectively, are considered in the next section,

A. THE CALCULATION OF A-C LOSSES USING THE CRITICAL
STATE MODEL (H.R. Hart, Jr. and P.S. Swartz)

1. The Critical State Model

Soon after the demonstration of the high field capabilities of NbgSn and of
alloys such ag Nb-Zr, Bean(7) found that a rather simple phenomenological
model, here called the critical state model, allows one to predict the magnetic
behavior of a high field superconductor in terms of a single empirical param-
eter. This model is the starting point of our calculation of the a-c losses and
will thus be briefly reviewed. The basic assumption of the critical state model
is that a changing field induces persistent currents up to a limiting or critical
current density, Jo. These persistent currente are induced to flow according
to Lenz's lawl( 3 in such a way as to minimize the change in the flux linking the
sample. A superconductor carrying this limiting current density is said to be
in the "critical state.™ '

A concise way of treating the critical state behavior of a high field super-
conductor is to use the nonlinear electric field-current relation illustrated in
Fig.4. Here the assumption is made that the electric field vector is zero for
current densities less than J., but rises vertically at J,, with the vector E
parallel to J. Thus a material cooled through the superconducting transition
with no transport current flowing has F and T zero everywhere. However, as
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Figure 4 A plot of the nonlinear electric field (E), current density (J) re-
lation assumed in the critical state model.

soon as currents are applied or the magnetic field is changed, transient
electric fields and, thereby, currents of magnitude J. are induced in portions { j
of the material. Maxwell's equations plus the characteristic E-J relation- o
ship illustrated in Fig. 4 determine the current and field distributions and

thus the heating or power loss.

The critical current density J, was assumed for simplicity by Bean to be
independent of magnetic field. Over the limited magnetic field range used by
Bean in his experimental tests of the model, the assumption of constant
critical current density was sufficient to provide excellent agreement between
theory and experiment. Kim, Hempstead, and Strnad, (9) who carried out .
experiments over a much larger range of magnetic fields, introduced a field
dependent critical current density. They found a good approximation to be
Jo(T,H) = ao(T)/[Bo(T)+H] where H is the applied (transverse) field and
ac(T) and Bo(T) are empirically determined parameters of the material,
depending strongly on the metallurgical structure of the material. The simple
critical state model allows us to develop analytical expressions for the
magnetic hysteresis of high field superconductors in excellent agreement
with experiment. The knowledge of the magnetic hysteresis allows us to
predict the a-c losses or heat generation in an alternating field.

The application of the critical state model to the calculation of the current
distribution in a wire fed from a current source enables us to calculate the
loss associated with a current flow in a wire. London has published a similar (j)
calculation. (10) Our results agree whenever there is overlap.

10




The phenomenological critical state model received a more physical basis
when Anderson introduced his theory of flux creep. (11) 1In the Abrikosov mixed
state of an ideal reversible type II superconductor, the flux filaments are free
to move about within the material and are subject only to their mutual repulsive
interactions. Nonuniforrn distributions of flux filaments, equivalent to field
gradients or bulk currents, disappear quickly in such a superconductor.
Magnetic hysteresis or persistent bulk currents in a mixed state supercon-
ductor occur when the motion of the flux filaments is limited by the structure
of the material, pinned, for example, by voids, normal inclusions, dislocations,
grain boundaries, or compositional variations. According to Anderson, a
finite energy barrier is associated with such defects. The flux filament can
pass over the barrier if the sum of the thermal energy and an energy equal to
the product of the force on it times the distance between barriers is equal to
or greater than the barrier energy. This motion is called thermally activated
flux creep; the effective barrier energy is equal to the defect energy barrier
reduced by the effect of the magnetic pressure gradient or Lorentz force JH
acting on one flux filament or a bundle of them.

The flux creep theory predicts that field gradients decay logarithmically
with time. This logarithmic decay of field differences has been observed by
Kim, Hempstead, and Strnad(12) in several tubes formed of different high
field superconductors. The "critical state” is simply the field configuration
for which the rate of cecay has become so slow as to be unobservable within
the time and sensitivity of the experiment. This theory leads to a temperature
and field dependence cf tae critical current density, J.H =a-bT, very close
to that observed experimentally.

In the region near the critical state, the effective barrier energies are
large compared with kT, and the rate of flux creep is governed by an extremely
strong exponential of JH. However, when JH is sufficiently large (as might
occur transiently), the effective barrier is no longer large compared with KT,
and "flux flow" rather than flux creep occurs. The rate of flux motion be-
comes linear in JH rather than exponential and ultimately approaches the rate
governed by the mixed state flow resistivity. The region of flux flow has
recently generated much interest and is now reasonably well understood. (13,14)
(See also Appendix A.)

2. Convenient Methods of Calculating Losses

We shall describe several convenient methods of calculating the losses,
give three sample calculations, tabulate some results for pertinent geometries,
and finally discuss the limitations and approximations involved in these calcu-
lations. The system of units will be a hybrid practical-cgs system. The
commonly used symbols, definitions, and unit$ are listed in Table I.
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TABLE I

Definitions, Equations, and Units

Symbol Definition Units
-—- Distance Centimeter
--- Mass Gram
tor T Time Second
iy Frequency (w= 2nf) Cycles/sec
T Absolute temperature °K
I Current Arapere
J Current density Amp/cm
\Y Voltage Volt
E Electric field Volts/cm
H Magnetic field Qersted
B Magnetic flux density Gauss
M Magnetization Gauss or Qe
) Magnetic flux Gauss-cm?
o Electrical resistivity Ohms
b Power Watts
K Thermal conductivity Watts/cm°K
Electromagnetic equations in the forms needed for our prcblems are: ()
Vxﬁ:4n3/10 v-B =0 B =H . 4nl
vxE—--é-;c—-xlo' qé'i( =-108/ <dA

loop area

(a) If a sample is placed in an alternating magnetic field, the heat
generated or power dissipated can be calculated from the area enclosed within
the magnetic hysteresis loop. (See Table I for definitions.)

{ 2 ™ =
= cr— 3 T s d
p g 10 Z] dv quH B
olume Complete cycle

We thus need to know R(H, r) fo: the cyclic steady-state condition.

(b) If the sample is subjected to an alternating current or field, the loss
can be calculated by integrating the Poynting vector over the sample surface
and over a complete steady-state cycle. The Poynting vector, (10/4m) E x H,
is the instantaneous energy flow per cm? (watts/cm?). Thus: -
®

p=dat

‘ o 7= (B X H) - do
Cycle Surface
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where dg is tkl.e diﬁerquial element of area normal to the surface. We thus
need to know E(wt) and H(wt) at the surface only.

(c) In the third method, again applicable to both currents and fields, the
electric field E is calculated as a function of position and time, and the local
power dissipation is calculated by integrating F.7 over a cycle. (This method
is particularly useful in the Bean model in whica J is always zero or £ J..)
For a wire, one can similarly calculate the instantaneous voltage drop,
multiply by the instantaneous current, and integrate over a cycle. In all of
these methods one has to wait until the starting transient is over and steady
cyclic behavior is obtained.

These three methods are fundamentally the same; the particular appli-

_cation dictates which method is most convenient and direct.

To use these methods to calculate the losses in a high field material,
however, one must know the field or current distribution throughout the cycle.
Here a theoretical model or an empirical E(J) relation is needed. We shall
use the critical state mcdel, usually stated in its simplest form, i.e., J. a
constant. The assumptions and limitations implicit in our approach will be
discussed in a later section.

3. Calculations of A-C Losses in Slabs and Wires -
Using the Critical State Model =

This section contairs some illustrations of methods for calculating a-c
losses from the critical state model. The first example is that of a plane
slab placed in an alternating magnetic field parallel to its surface. Since the
form of the expression for the losses depends on whether or not the alternating
component of the appliec magnetic field is of sufficient magnitude to penetrate
to the midplane of the slab, the cases of small and large alternating magnetic
fields will be treated separately. Another example concerns the losses in a
wire to which a-c currents are applied. In all of the following calculations we
use the Bean critical state model; the critical current density J, is assumed
to be constant.

¢

Example I: Losses in Plane Slabs Subjected
to Small A-C Magnetic Fields

Consider a plane slab of thickness 2a cooled through the transition in
a magnetic field He; < Hy < Hez. By arguments given earlier, no bulk trans-
port currents will be induced by this cooling procedure. If we now apply an
additional magnetic field H directed parallel to the surface plane, currents
are induced to flow in such a direction as to oppose the change in magnetic
field (Lenz's law). The current density at any point within the bulk is limited
to its'critical value J.. Thus the field is not totally excluded from the interiorn
but instead penetrates to a distance &, which is calculable from the Maxwell

equation

— )

v x H=4nJ/10.
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In one dimension this expression reduces to 4 )

dH
—33{- = 4TT Jc/lo

and reveals that the field gradient is of constant slope, 4n J./10, and that

5 - 10H
= 41_1.3.& )
The "small" a-c magnetic fields discussed in this example are those whose peak
values are Hy is less than 4n Jca/lo and consequently those which- do not
penetrate to the center of the specimen. The field and current distributions
in small increasing magnetic fields are shown in the uppermost diagrams of
Fig. b.

As the applied field is decreased, the limiting current density J. is -
again induced to flow in the direction that opposes the change in magnetic field.
This situation is depicted by the second diagram in Fig. 5. When the alternating
field is finally reduced through zero to its maximum value in the opposite sense,
the direction of the critical current is completely reversed. Following this
line of reasoning throughout a cycle of magnetic field will enable us to write )
the expressions for flux penetration as a function of applied field. Let the :
alternating field vary according to the expression

H = Hp sinwt .

The losses are now calculated by integrating the Poynting vector 10E x f?[/4rr
over one cycle. H is simply the applied magnetic field and E is calculated
from the relationship

p —
cdf = 108 | 2B.. gE - -10-8 v
j[Edc_-lo jat dA = -10 T

Loop Area

We begin this integration per unit length of surface at wt = n/2 to avoid the
"starting transient.” The flux penetrating the sample is the area under the
H vs x diagrams in Fig. 5 and is given by the expression

o [10HZ  10HEZ(I-sin wt)? n 3nr
olt) =2 [%Jc - T6rJ. o S wt€ 5— .

For the second half-cycle, o(t) is given as

10HZ  10HZ(1l+sin wt)? T T
co(t)=2[- 8ﬂJc+ T6r 7o 'T<wts7.
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l. MAGNETIC FIELD APPLIED TO A PLATE

C) o. INITIAL FIELD INCREASE
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IT. CURRENT APPLIED TO A CYLINDRICAL WIRE
a. INITIAL CURRENT INCREASE
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Figure b Schematic diagram of the magnetic field and critical current distri-
bution in plates subjectad to a-c magnetic fields and in wires through which

C a-c currents are passed.
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We obtain then for —2-
nfor —= (J

3¢ _ 5wHE (1-sinwt)(cos wt) rr 3

at EE T Swts T
and

dp _ 5wHE (1+sinwt)(cos wt) m fe T

at ol T g Suls o

Substituting these values for E and H into the expression for the Poynting
vecztor and integrating over one cycle, one obtains for the loss in joules/c ycle/
cm*® of surface area the expression

5x 10-7 H}

IZHZJC

If, in this example, we had assumed J.H a constant instead of J, a
constant, we would have found that the 1osses varied as Ho (We have called
this the Kim limit. )

Example II: Losses in Plane Slabs Subjected |
to Large A-C Magnetic Fields 'D

Large a~-c magnetic fields are defined here as fields whose maximum
amplitudes are much greater than 4nJ.a/10. The loss/cycle is calculated from
the expression

107 f~ > 1077 Area enclosed
Loss/cycle = In f dv j H-dB = Im {within the B-H Loop}
Volume

Under the condition that H >> 4nJ,a/10, the induced current density for
x>0 is -J, over essentially the entire period that the magnectic field is in-
creasing. Similarly, the induced current density for x>0 is everywhere equal
to J» when the applied field is decreasing. We can write for the average flux
density B within the specimen:

B = Hysinwt - nJea/b -%—<wt<%—
and

- . m 3

B = Hgsinwt + nJea/5 - < wt < ——

The enclosed loop in the BH plane is simply a parallelogram of area

4TTJC3H0/5 \”D
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and the loss in joules/cycle/cm?® is given as

10""a HqeJo/5 .

One of the important features of this result is that the loss per unit volume
increases with the thickness of the plate.

Example III: Losses in Wires Carrying Srnall
Impressed A-C Currents

Let us assume & current varying according to the expression I =1
sin wt and let us restrict the maxirnum amplitude to be much less than the
critical current nR2J,. The field and current distribution that pertains is
shown in the bottom half of Fig. 5. As the currents are increased from zero,
they will flow near the surface of the specimen in accordance with Lenz's
law.* The depth (R - ry) to which currents flow can be calculated from the
expression

I= n(Rz-rg)Jc .

The losses in this case are given by the dot product of the current and
voltage, integrated over one cycle. The voltage is given by the expression

jg .4 = ER) = -10-8 /_BSE%‘L) onr dr
Loop “o

(r=0 and. r=R)
where B(r) is the magnitude of the internal magnetic field created by the
applied current. After the initial transient has died down (wt=m/2 and I =1Iy),
the internal magnetic field is given as '
B(r) =0 for rgry,
where
Jem(R?-r}) = Io,
and
B(r) = (r-ry) 4nlo/10 for rp s r <R .

*This fact is not immediately obvious, but can be shown to be correct from
the following argument: If the applied current were to move to the interior of
the wire, say, to its axis, the field generated in the interior of the wire by
this current would induce a countercurrent to flow at the axis, just balancing
the applied current. This countercurrent would return at the surface, in effect
transferring the applied current to the surface.
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In the present limit that Iy is much less than the critical current for the wire,
the total flux linking the wire at wt = n/2 is given as (R - ra nJc/u Over
one current cycle, the flux linking a unit length of wire is given as

(R-ra) n.]c : (R-ra) n.TC(l-sm wt)?

#() = 5 i 0 - sutg §3—
-r )2 )2 . 5
o) = - (R-r)"md , (R-r_)*nJ (1 +sin ut) R
5 10 5-<wt < =
and
9 o V20 i
108 | = - 2 __ mwl (R-r_)*(1-sin wt) cosut P
ot 10 5~ Sutg——
8 _ a’\'P(U _ 2ﬂwJC(R_ra>z(l+Sinwt) coswt - .
107 B = - at 10 'TS‘”t$T-

By substituting these expressionsfor.E into the dot product of E and I and
integrating over a cycle, one obtains for the loss in joules/cycle/cm length
of wire the expression

213 x 107°
3nR2JC

If, in this example, we had assumed J,H a constant instead of J, a
constant, we would have found that the 1osses varied as Ig.

Tabulation of Results

In Table II we have summarized some of the more important results
calculated from the critical state model. We have included the equation giving
the losses for a wire carrying a-c current up to and including the critical
current. Note that the loss per cycle is independent of frequency; the power
dissipated is thus linear in frequenciz. Some of these results have been
calculated independently by London. 1

TABLE II

Critical State Model Loss Predictions (Using
Je Independent of H)

A. Magnetic Field, H = Hqy sin wt

1. Plane slab (thickness 2a), field parallel to surface:
(a) Ho < 4nJsa/10 .
5H§ x 1077

joules/cycles/cm?
120%7

Loss/cycle/unit area for one side =

18
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TABLE II (continued)
(b) He>> 4mJoa/10

Loss/cycle/unit volume = 1077aJ,Ho/5 jodes/cycle/cm?

2. Cpylinder (radius R), field parallel to axis:
(a) Hq <<4nJ,R/10

- 7103
Loss/cycle/unit area = Sx10" Hp

joules/cycle/cm?
121‘[2 Jc
(b) Hg >>4nJ.R/10

Loss/cycle/unit volume = 2x 10" "RJ-Ho/15 joules/cycle/cm?®

B. Current ina Wire of Radius R; I =1y sin wt
(a) Io<< nR2J,

Loss/cycle/unit length =

2x107°13
3nR%J,

joules/cycle/cm

(b) Io = mR?J,

Loss/cycle/unit length = 2x107°13 joules/cycle/cm
() 0gIognRT,

Loss/cycle/unit length =

ezl Lo R I CR PR ) ]
2x10 .IC{Z[ Ic]1n [1 Ic]+1c [ Ic]
joules/cycle/cm where I, = nRzJC .

C. Magnetic Field H = Hy sinwt; Current I =1, sinwt (T. A. Buchhold)

1. Plane slab (thickness 2a) field parallel to surface and perpendicular
to current:

(a) Hg >> % Joa
2
Loss/cycle/unit volume = 751- X 10'7aJCH0<1 + %’>j0u1es/cycle/cm3

where Ip = daad, = alay
(Note that little error would be made in this case by neglecting the

contribution of Ig.)

D. A-C Solenoid Wound from Thin Foils

For: Number of turns >> 1,

Thickness of winding << Coil diameter, Dy,
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TABLE II (continued) ”)

Foil thickness = d
Alternating field on the coil axis = HC sin wt,

| Alternating foil current per unit length:

IF = adJcsm wt = almax sin wt

Coil length >> Dy

Loss/cycle/unit length -é— x 10°7 DoHE 4

2
(—1%2—/-?3—) joules/cycle/cm.

4. Assumptions and Limitations in the Use of the Critical
State Model for A-C Applications

(a) Assumptions and Limitations in the Critical State Model
Common to A-C and Static Applications

(i) We have assumed that the magnetic behavior of a high field Super -
conductor can be characterized by a bulk critical current density Jo. In one
form of the model this current density is assumed independent of field; in »
another, a simple relation between J, and H is assumed. Numerous static )
(i.e., very slowly cycled, usually by hand) magnetization experiments in- e
volving bulk samples and appreciable fields have indicated rather good
agreement with these modéls. In two experiments on V3Ga, we have found
that the model breaks down for sufficiently small a-c fields (~100 Oe). There
are thus limitations on the applicability of the model in very small alternating
fields.

(ii) In using the critical state model for real materials we assume that
we are in the mixed state throughout the cycle. Only when a small alternating
field is applied to a sample in the appropriate steady bias field does this con-
dition hold. For high field superconductors in zero steady field, the error
in this assumption is small only if the lower critical field, H¢;, is much
smaller than the alternating field applied during the cycle. The lower critical
fields of the ordinary high field superconductors are less than 500 Oe.

(iii) In using the model we have assumed that no flux jumping occurs during
the cycle. Empirically, flux jumps often occur more readily under a-c con-
ditions than under static conditions; this may limit the usefulness of some
materials under a-c conditions. The important area of flux jumping or instability
is covered in a later section.

(iv) We have assumed that the sample is homogeneous, i.e., that the critical )
current density does not change through the region of field penetration. We are
thus implicitly assuming that the surface barriers of Section VII and Appendices A

20




and B are weak in comparison with the bulk critical current densities, an
assumption which seems very reasonable for practical high field supercon-
ductors in their present forms.

(b) Limitations in the Use of the Critical State Model Unique
to A-C Cond.ticns

(i) We assume that the temperature rise in the sample is negligible. Since
the critical current density J. is a function of temperature, the use of J,
determined from static measurements in a-c situations assumes no temper-
ature rise. Since heating does occur under a-c conditions and since the thermal
conductivities of high field superconductors are low, the temperature rise may
be significant. Bean has calculated the temperature rise for a simplified
model--when Je and K, the thermal conductivity, are constants. He finds for
a magnetic field applied parallel to a plane slab:

-5 174
Tmax - Tbath - 2 wHOo
3(4m)*KIZ

This calculation holds in the low field limit.

In the low field limit an appreciable temperature rise will cause the power
dissipation to increase faster than the third power of field or current. This is
because the critical current density will be lowered progressively as the power
dissipation is increased.

(ii) We have assumed that the dynamic and static critical current densities
are the same. By referring to Fig. 6, a typical plotof E vs J for a real high
field superconductor, let us discuss the variation of J, with experimental
conditions. The E(J) relation assumed for the critical state model was shown
in Fig. 4. In the latter we see that | J| is a constant, J., independent of E
for E # 0. For the real material that this is not strictly true.

Let us calculate tke change in J as a function of excitation field and
frequency for a simple geometry. Consider a semi-infinite plane interface
between a high field superconductor and the bath. We shall apply an alternating
field Hy sin wt in the z-direction parallel to the plane of the surface. Referring
to Table I, we find

-g dop' _
10 dat surface

where ¢' is the flux per unit length within the superconductor. From Bean's
model (see Fig. 5) we would expect the maximum flux penetration to be:

5+H,  10HZ

s =
® max 2 8mde
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Figure 6 A plot for a typical high field superconductor of the electric field
E as a function of the current density J. Near the critical current density o
Jos the electric field increases with current density, first exponentially, " )
then linearly until the point (indicated by the cross) where heating forces

a catastrophic return to the normal state.

We thus find the electric field for the sample to be:

10-8. 211‘_'f. —J;—O—I:-I-S-

lEéurface | < 8rde
2
% -84 .@L
ot ‘Esurfacel <10 AR

This E* is an upper limit, but also a typical value for E within the sample.
Let us characterize the operating point as E*, J*. We can now answer the
question: Does the absolute value of J vary appreciably during the cycle?

If it does, the critical state model will fail to predict the correct power loss.

The condition required is aJ/J<<1. We may write

2ig 2| L E*

E |gr 7% )
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Therefore, our condition becomes

<< 1,
E*, J*

or, inverting for convenience:

BE*
T 2R

d1nE

dInJ >> 1

E*, J*

- where E* has been calculated from the relation derived earlier. This simple
requirement on the steepness of the E-J plot will be considered for real
materials at the end of the next section.

(iii) We have assumec. that the response of the current field distribution to
a change in applied field or current is instantaneous. If there is a time lag in
the response approaching 1/2nf, i.e., an appreciable fraction of a cycle, the
prediction of the critical state model will again be in error. Certainly for
normal metals, where E =pJ, there can be an appreciable time lag. The a-c
skin depth is the result of such a lag in response. Are such effects present
in high field superconductors?

We shall discuss such effects using again the geometry of the previous
Section (ii) and Fig. €. To discuss the limiting response time, let us say
somewhat arbitrarily that the time 714 for a change Hg in applied surface field
to penetrate a depth & = 10Hg/4nJ. should be much less than 1/2nf.

To calculate 14 from E(J ) and Maxwell's equations, let us restrict our-
selves to the above plane interface in which the magnetic field is parallel to the
surface and the z-axis. The x-axis is perpendicular to the plane. We shall
assume that B = H for the underlying type II superconductors, a good assump-
tion for an ordinary high field superconductor at fields well above Hcj;. The
first two of Maxwell's equations (Table I) then reduce to:

_dH _ 4nJ
>x 10
and
3E aH . -8
3x ot 10

Let us differentiate the upper equation with respect to x, obtaining:

S “'TU'%.’ S
2 - dX
0X
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Rewriting the second equation we obtain: )

BE _ BE . BJ - _ BH . 10-8
3x oy = at ’

Combining the last two equations we get:

23H _ 10° /3E\ »3%H
at 4r ad 2
oxX

In the normal state, where E =pJ and 3E/3J = p, the above equation be-
comes a linear diffusion equation in which the diffusion constant D.is 10%q/4m.
In our case the E(J) relation is nonlinear and a linear diffusion equation does
not result. However, for rectangular coordinates and for small excursions
about the operating point (E*, J*) we can estimate the time lag, 74, by a
diffusion equation approximation:

2H _ 10° (za) G

10° ( aE>
D=2 (8 )
N g g .

For flux diffusion, (19) the distance a change in flux travels in a time
t is X = /ZDt ; thus the time necessary for the change in flux to travel & is
/2D7s . (For the normal state the a-c skin depth is, in fact, the distance the
flux diffuses in a time 1/2nf. At this depth the time lag or phase shift is
appreciable.)

/

-

For the high field superconductor we therefore require:
52/2D << 1/2md.

Substituting in the above inequality to obtain the result in terms of E* (where
|E*|~ 5x 10-°fH§/2J, and J* (where J*~J,), we obtain the required con-
ditior:

3InE
m— >> l -

E*’ J’*
This is the same condition of the logarithmic slope of E(J) as found in
Section (ii) above.

The order of magnitude calculations in the last three subsections indicates fw'")
that if the logarithmic slope is much greater than unity at the operating poin:, "
and if there is negligible heating, the critical state model using J. determined
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statically should give reliable estimates of the a-c losses. This is true, of
course, only if the critical state model is a good representation of the static
magnetic behavior of the material.

From measurements of the voltage drop along a wire as a function of
current we can estimate the logarithmic slope of E(J). These estimates will
be of limited usefulness because we really do not know the applicable E*, J*
operating points. As ermphasized by Kim et al. (16) the voltage drop may be
very nonuniform along the wire; in addition these measurements may not be
isothermal. With these reservat1ons we consider Nb-Zr and NbzSn. The
data of Kim et al. (16) for Nb-Zr wires in fields of about 3000 Oe show that
just below the catastrophic transition current 3lnE/3lnJ» 5, whereas for
currents two-thirds as ‘arge 3lnE/3InJ~20. For NbzSn we use the unpublished
measurements of C.H. Rosner made on GE process NbzSn wires. Here, at
50, 000 Oe, at currents about 1% below the transition current, 3lnE/3ln J> 100;
at currents 1. 5% to 2. 0% below the transition current the logarithmic slope
has increased to greater than 400. Thus we would expect that NBazSn satisfies
our requirement quite well while Nb-Zr might show small deviations from the
critical state model a-c predictions.

The rough argument of this and the previous sections were developed
before the details of flux flow were well characterized. A more recent, more
exact, treatment of a special case is given by Bean in the next section. The
conclusion remains that for power frequencies the critical state model should
be applicable.

. B. REFINEMENTS IN THE APPLICATION OF THE CRITICAL STATE
MODEL TO A-C LOSSES AND HEATING (C. P. Bean)

1. Time Dependence of Flux Penetration
in Inhomogeneous Type II Superconductors

The essence of the critical state model for calculating the quasi-static
magnetic properties of inhomogeneous type Il superconductors is the assumption
of a static friction to the motion of flux. This static friction may be expressed
as a critical current density or equivalently by Ampere's law as a curl of H
or gradient of flux. In the calculation of dynamic properties, however, one
must use the concept of a dynamic friction. Figure 7 shows in a schematic
fashion the results of measurements of the current density as a function of
electric field(13) in type II superconductors. Identifying the electric field
with the velocity of flux motion and the current density with the gradient of
flux, we see, following Kim, Hempstead, and Strnad, that a close approxi-
mation to experimental situation is obtained by assuming a critical current,

Jc» and flux-flow resistance, pp. The transition from the static to dynamic
state iz experimenta’ly not abrupt as implied in this approximation but is
continuous and temperazure dependent as predicted by the flux-creep theory
of Anderson. (11)
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Figure 7 Current density as a function of electric field for a normal metal
and an inhomogeneous type II superconductor. The slopes of the curves
are the normal state resistivity, pyy, and the flow resistivity, pg. The _)
critical current, J., of the superconductor is indicated by an arrow. These
curves are valid onciy in the isothermal limit.

Setting down Ampere's and F‘araday's laws in practical units

Curl H = 4nJ/10
(1)

Curl E = -10"%3B/5t .

Using the defining equation for B, i.e., B =H + 4nM, we may rewrite Ampere's
law for an isotropic system as

_ (3B 4nJ
We take as an approximation to experiment
pF(J-JC) = E . (3)
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By elimination of J between Egs. (2) and (3) we obtain

_ (3B
CnurlB = (BH>

The usual critical state theory ignores the second term in the bracket and in
most applications replaces 3B/3H by 1 since in a strongly type II super-
conductor there is a close equivalence between B and H for fields well above
that for initial flux penetration. In the remainder of this section we shall
make this approximation. Taking the curl of Eq. (4) and using the fact that
div B = 0 as well as Faraday's law, we obtain

(4)

41T‘Tc N 4nE
10 10pw | °

vZB = (4n/10%y) 3B/at . (5)

'This is a standard diffusion equation for magnetic flux density.

As a particular problem, let us calculate the flow of flux and transient
field that results from increasing the external field suddenly by an amount
AB(O) from an initially uniform frozen in field, Bg. All fields are assumed
parallel to the surface of a semi-infinite slab. Distance into the slab is
measured along a z coordinate whose origin is at the surface. A solution of
Eqs. (4) and (5) is given by analogy to the theory of heat diffusion as(17)

@®

AB(z) = aB(0) |1 - 2/8' - (2/m) z (1/n)e'n2t/'rsin(nnz/6')

where 5' = 10aB(0)/4nJ,(Bo)

and T 4(5')2/111099F . (8)

If we define the flux per unit width that has crossed the surface as

Ag(0) =f AB(z)dz,
0

we have by integration
rp(0) = [aB(0)8'/2] [1 - (8/n?) Z (1/n?) s/ T] : | (7)
1 oddn

Finally, we may express the electric field at the surface as E(0) = -107%3a0(0)/3t
or from Eq. (7)

= -]

|E©)] = |j4x10'BAB(0)5'/n2—r]Z T (8)
oddn
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Replacing the parameters &' and 7 in the pre-exponential factor we obtain )
, e-n? ‘
[EO)] = 4ppT, (Bo) A ©)
rcddn

To estimate some typical values for this electric field and its duration, we
assume a pp of 1078 ohm-cm and a critical current density of 103 amp/cm?
to obtain ~0. 4 volt/cm for the pre-exponential factor. In the course of time,
Eq. (9) becomes a simple exponential of time constant r. Using the identi-
fications of Eq. (6), the relaxation time 7 is found to be 102[aB(0)]?/4r® J2 o%.
If we assume AB(0) = 10® gauss and use the earlier estimates of J.(By) and
o, this time is approximately 10-° sec. The shortness of this characteristic
relaxation time has several consequences. First, from an experirriental point
of view direct observation would not be simple and would probably require
sampling oscilloscope techniques to obtain the required band width. Secondly,
this brief relaxation time indicates that the quasi-static critical state theory
should apply to very high frequencies.

One word of caution should be added concerning the reliability of these
predictions. The analysis rests upon the relationship between current density
and electric field postulated in Eq. (8). The typical electric field that results
from this analysis, however, is several orders of magnitude larger than those
fields observed in the experiments that led to the empirical relationship of )
Eq. (3). In particular, although the velocity of flux motion is comparable to
velocity of sound in the example given above, we have neglected any inertial
effects in the equation of motion of the flux. Recent theoretical considerations
by Suhl(18) suggest that this neglect is quite justified. He calculates a natural
relaxation time of 10~'2 sec for isolated flux lines which would be quite un-
observable in comparison to the 10-% sec of this calculation. A lower limit to
the inertial mass could, however, be obtained from an experiment of this type.

2. Heating of an Inhomogeneous Type II Superconductor
Exposed to an Alternating Field

An inhomogeneous type II superconductor experiences a power dissipation
when subjected to an alternating magnetic field owing to the hysteretic nature
of its magnetization. For the simple case we treat here, a slab with the
alternating field in its plane, the rate of energy loss is(19)

W, = 5><10"7ﬂ—13/12rr‘2JC watts/cm? . (10)

In this expression, Hg is the amplitude in Oe of the oscillating field whose

frequency is f and J, is the critical current density (amp/cmz) of the super-
conductor. This energy will tend to heat up the specimen and finally a steady

state temperature difference will be established between the exterior surface -
(assumed held at a bath temperature, Tb th) and the interior. It is the object ff\_ )
of this section to calculate this equilibrium temperature, T o%, ©of the bulk h
of the specimen.

28




To make this calculation it is necessary to have the rate of energy
dissipation per unit volume, Q, as a function of depth within the specimen.
One can, in a straightforward though tedious manner, calculate directly the
local electric field and current density, multiply them together and average
over time. This local heating, however, can be obtained directly from
Eq. (10) with a little thought and use of a slight trick. From the usual
critical state theory, Eq. (10) represents a loss that takes place throughout
a depth 8, defined by

s = 10Ho/4n7T,,. (11)

Suppose we now take as -he origin of coordinates the plane in the material
that marks the limit of field penetration and let x represent the distance
outward from this plane. We may write the surface energy loss, employing
Eq. (11) as

W, = (5x1077¢/12n%T ) (417 _/10)* X° . (12)

This expression is valid for X = 8 and for lesser values of X represents the
rate of energy loss betwzen the origin and X. Hence the derivative of Wy(X)
with respect to X gives the rate of loss per unit volume at any point, i.e.,

QX) = 5x10774(4n7,)% X2/10%w . (13)

Thus the average rate of energy loss rises quadratically from the point of
innermost penetration., The temperature distribution in steady state is, by
conservation of energy s,

d2T
dx?2

where K is the thermal conductivity in watts/cm-deg. Again measuring X
from the plane of innermost penetration the differential equation for temper-
ature is

K + QX)) =0 ' (14)

d;?.T

= -5x1077 (4n7,)? X?/10%nK . (15)
dx?

The solution of this equation that satisfies the boundary conditions, T =Ty
and 3T/3X = 0 at X = 0 is

TiX) = -(5x 1077£/12)(4nJ)2X*/10%nK + Tppg, - (16)
The temperature at the outside surface is

. - 4 3
T () = (-5 x1077£/12)(4nJ;)?8*/10%nK+T . - (17

bath
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Substituting 8 from Eq. (2), we obtain | )

Toax = Toaty = (25/067°)(fHE/KIZ) x 1077 . (18)

We may make a sample evaluation of this quantity by assumption of a
thermal conductivity appropriate to NbsSnt20/ at 4. 2°K, i.e.,
K = 5x107* watts/cm-deg . (19)

Picking a frequency of 5 kc and a current density of 10° amp/cm?, a temper-
ature difference of 0.1°K is obtained when H; is about £50 Ce.

This result shows that alternating current such as those employed in the’
harmonic measuring technique(lg) have no appreciabie effect on the temper-
ature.

C. DIRECT MEASUREMENTS OF A-C LLOSSES IN HIGH FIELD
SUPERCONDUCTORS (H.R. Hart, Jr. and P.S. Swartz)

1. Experimental Techniques

We have used two principal methods of measuring the a-c losses in high
field superconductors, the helium boil-off method and the voltage-current S
measurement. The first, straightforward in principle, measures the loss ’ )
or heat developed in a sample by measuring the rate of liquid helium evaporation.
In our experiments we used a simple narrow-tailed helium Dewar and measured
the total helium evaporation rate using a ball-in-tube flowmeter. Samples of
various shapes could be accommodated in the 3/8-inch ID tail of the Dewar.

The alternating magnetic field was developed by a liquid-nitrogen-cooled
ouver zolenold surrounding the narrow tail of the Dewar. The 60 cps fields
were ¢r'ained from the power lines and controlled by a 208-volt autotransformer;
fields greafer than 3000 Oe peak were obtained in this manner. At higher
frequencies the coil was driven bv a commercial 1.5 kw audio oscillator with

the inductive reactance of the coil tuned out by a series capacitor.

There are several difficulties in the use of the helium boil-off method. One
is the changing heat leak into the Dewar. Ancther more subtle difficulty is
the following. Starting with the background heat leak and applying additional
heat input at the sample, there is a substantial time lag before a change in the
flowmeter reading occurs. It is possible under some conditions for the time
delay to be so long as to create the illusion that there are no measurable a-c
losses. The change in the flowmeter reading results from a change in the
vapor pressure over the helium bath, which depends; in turn, on a change in
the temperature of the bath. We were able to obiain successful measurements
by use of the following technique. By adding a standard resistance heater to ‘ )
the bath, we were able to improve stirring and convection so that the heat
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evolved in the superconducting specimen quickly brought the bath to its
equilibrium temperature. This standard resistance heater was placed in the
narrow tail of the heliurn Dewar below the sample. A current was applied to
the resistor at the beginning of the run, in zero a-c field, to develop a power
or heat dissipation larger than any a-c loss expected for the sample during
the run. After a sufficient time, this heater established the desired stirring
and brought the bath to an equilibrium temperature as indicated by a constant
flow-rate meter reading. The data were taken by slowly turning the a-c
field up to the desired value while at the same time decreasing the heater
current so as to maintain a constant flowmeter reading. The change in heater
power at constant flowmeter reading is the a-c loss for the sample. By
following this procedure, in which the necessary stirring is present before
the data run is started and in which the temperature of the bath is maintained
constant, we have been able to minimize (but not eliminate) the effects of the
time delay. To minimize the errors due to the changing background, the
power input to the heater that maintained a constant flow rate in the absence
of superconducting losses was determined between each datum point. With
care the reproducibility approached £1 mw.

The helium boil-off measurement is not well suited for experiments in
which large a-c currents are directly applied by a current source, rather
than induced by an a~-c rnagnetic field. The current leads add to the back-
ground heat leak even when carrying no current and dissipate additional power
when carrying current. In the case in which a-c currents were applied, we
have measured directly the a-c voltage drop along the wire and, noting the
current-voltage phase rslationship, calculated the power dissipation. This
measurement can be much more valuable than simply a measurement of a-c
losses. By measuring the harmonic content of the voltage drop, one can test
any proposed model for the current-field distributions, for each model predicts
a unique harmonic content. The actual measurements are complicated by
pickup and filtering problems. -

2. A-C Losses in Sintered NbaSn Rings

At the VIIIth International Conference on Low Temperature Physics,
Kamper and Chester 2L, reported measurements of a-c losses in sintered
Nb3Sn rings using the helium boil-off technique and a phase angle technique.
Their sensitivity was reported to be about 1% of the expected losses as
calculated from expressions similar to those of Section II-A. To their
surprise they observed no losses. This finding was the original instigation
for the present experiments with NbzSn rings and wires.

The first experiments carried out in our laboratories using the helium
boil-off technique seemed to confirm the Kamper and Chester results, i.e.,
no measurable losses. However, when the pitfalls mentioned earlier were
discovered and corrected, the more careful measurements indicated losses
very nearly those expected for a sintered NbsSn ring.
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Experiments have been performed on Nb3Sn rings made by sintering
compacted mixtures of Nb and Sn powders in stoichiometric proportion. )
The rings were 1 cm in diameter and square in cross section, 0.1 ¢cm on a T
side. The results on two rings are shown in Fig. 8. Here P/f is the
dissipated power divided by the frequency, i.e., the energy dissipated per
‘cycle. . Bean's model predicts P/f«H?; the high field Kim limit (J,H = con-
stant) predicts P/f«H*. The observed field dependence varies from H?® to
H3+%. The near linear relationship between dissipated power and frequency
is indicated by the data taken at two frequencies for each sample. Recall
that sample heating can increase the field dependence of the losses. If
heating is significant, the loss/ cycle obtained at different frequencies will
differ. We see that heating is thus not very significant in this experiment.

Sample A was tested at 60 cps in two different setups and the results are
indicated as A and A'.

10,000

0 =500 cps, A
A = 60 cps, A
A = 60 cps, A
o = 60 ¢ps,B
® =600 cps, B

/f

S
S
S

LOSS/CYCLE vs Ha

Nb3 Sn RINGS

0.lcm SQUARE CROSS-SECTION
Icm DIA.

P/f g JOULE/CYCLE

!

|
|
10
100 1000 10,000
Hyax O€

Figure 8 The loss/cycle (P/f) for rings of sintered Nb3Sn in an alternating
magnetic field. The induced ring current is proportional to the field

amplitude. )
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Assuming an equivalent circular cross section and calculating the current
irom the inductance of a circular ring, we find ring A has a critical current
density of 0.75x 10° amp/cm?, a value quite reasonable for sintered Nb;Sn.

We were able to avoid field regions where gross flux jumping occurred
by checking for flux jumping, using a pickup coil inside the hole of the ring.
Flux jumps at low fields prevented us from making reliable measurements in
Nb-Zr and Nb3Sn rings of smaller cross section.

The conclusions to be drawn from the ring measurements are:

(a) Measurable losses do occur in rings of sintered NbsSn contrary
to the results of Kamper and Chester. (21)

(b) These losses are of the order expected from the critical state
model (J, = constant).

(c) The critical state model (in the forms presented by Bean, Kim,
or by London) does give a reasonably accurate prediction of the a-c field
(or current) dependence of the losses near power frequencies.

3. A-C Losses in a NbaSn Wire

The supercurrents in the rings were induced by an applied a-c magnetic
field. In this section the results for directly applied a-c currents are presented.
These measurements were made on a GE process stranded NbsSn wire 10 cm
long by 0.008 inch in diameter using the voltage-current method described
before. This was a composite wire of very high current density NbzSn on a
Nb core. The results are illustrated in Fig. 9 where the solid line is drawn
through the experimental points. The power is proportional to approximately
the 3.3 power of the current, an exponent between the Bean and Kim limits.
Since the experiment was done at only one frequency, there was no test for
possible sample heating. The current density calculated for the NbsSn from
the voltage drop and the critical state model, assuming a simple cylindrical
wire, is about 7x10° amp/cmz, a reasonable value for GE Nb3Sn and, in
addition, roughly the value obtained from the critical current of the wire,
taking into account the niobium cross section. For this wire the a-c critical
current multiplied by 1.4 is within 10% of the d-c critical current, implying
that the maximum instantaneous current is responsible for the transition to
the normal state.

The results of this measurement. can be considered as justifying the use
of the critical state model for estimating losses in wires in which the a-c current
is applied directly.

4. A-C Losses in V3Ga Powders

We saw earlierthat the critical state model predicts a size dependent loss
per unit volume or per unit mass for a high field superconductor in an
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Figure 9 Power dissipation as a function of rms current measured in a GE
stranded NbaSn wire. *

alternating field. To study losses in samples of widely varying sizes in
alternating fields we chose to work with powders of V3Ga varying from about
1/2 mm (500u) in diameter down to about bu in diameter. An arc-cast

V3 Ga ingot was crushed and separated into size ranges varying from 1luto
500u. A determination of the distribution of particle sizes within each size
range was made from optical and electron micrographs. '

Two kinds of experiments were performed. The a-c power dissipation
was determined at 60 cps and about 600 cps as a function of the alternating
magnetic field in a zero d-c field using the previously described helium
boil-cff technique. Here it was necessary to be very careful to arrange the
powders in an open array allowing liquid helium access. If this precaution
was not taken, sample heating sufficient to alter the results was observed.
With proper cooling there was no significant discrepancy in the loss/cycle
for the 60 and 600 cps results, and both data have been used in drawing the
"helium boil-off" curves shown in Fig. 10.

Since the losses are thoughttobe basically hysteretic, i.e., a constant
loss/cycle independent of frequency, another method of predicting the a-c
losses is to measure the area enclosed by the "static" magnetization curve
for one cycle (experimentally, about 0.001 cps). Portions of three such
magnetization cycles are shown in Fig. 11 for the 420u to 500u V3Ga particles.
The area enclosed by a B-H loop multiplied by 10”7 /4n is the loss/cycle/cm?.
Thus the area of a 4nM vs H loop multiplied by 10-"/4rn is also the loss/

cycle/cm® as B = H + 4nM.
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Such static magnetization measurements were made for each of the three
size ranges for a series of applied field cycles of varying peak fields. These
results are also plotted in Fig. 10. The static and dynamic curves are
generally within a factor of two of each other and nearly equal at the larger
fields. We note the discrepancy is the greatest at the lower fields, fields in

the vicinity of Ho;. We mention two possible causes for these low field
Q ‘ discrepancies.
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Figure 11 Some of the experimentally determined magnetization loops of the
420u to BO0Ou V 3Ga particles from which the losses per magnetic field cycle
are determined. The area enclosed within each half-loop is multiplied by
10-7/2n to give the loss in joules/cm?®/cycle.

(a) For both experiments the experimental uncertainties become pro-
portionally greater as the losses become smaller, i.e., at the lower fields.

(b) The samples are mounted quite differently, the a-c boil-off samples |
being spread out in a thin open layer for good helium access and the magnet-
ization samples being packed tightly to increase the signal, there being no
heating problem. At the larger fields this makes little difference; however,
at fields near Hei and below, the larger diamagnetism could lead to enhanced
magnetic fields in the packed magnetization samples, increasing the losses
measured from the magnetization curve relative to those in the helium boil--
off experiment. No attempt was made to track down the actual cause of the )
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low field discrepancies. The basic experimental results, of a measured loss
that goes with the frequency raised to the 0. 95% power over six decades of
frequency and a loss/cycle that is in fairly good agreement with that expected
from the static magnetization curves provide strong confirmation of the critical
state model and its prediction that the loss/cycle is frequency independent.

The critical state model also predicts that for a sufficiently large alter-
nating field (much larger than the field required to penetrate to the center of
the specimen) the losses should be proportional to the radius of the sample.
Though we did not achieve alternating fields of this magnitude, we can see the
beginnings of this effect. The losses at 4000 Oe peak-to-peak are in the ratio
1:0. 3:0. 07 while the radii are in the approximate ratio.1:0. 1:0. 01.

5. . Conclusion

(a) Measurable losses do occur in intermetallic high field super-
conductors in the forms of rings [contrary to one published account 21)], wires,
cylinders, and powders. Losses have been measured and reported by others
in Nb-zr(22, 23) and in several other nonintermstallic systems. (23, 24) . Losses
are also found in the synthetic high field superconductor produced by forcing
lead into the pores of Vycor glass.

(b) The critical state model can be used for preliminary engineering
estimates of the losses to be encountered under a-c conditions using the
materials we have studied. The parameter J.(H) can be determined from
static experiments and used for power frequency calculations. We caution
that our experiments have been performed on samples of very simple geometries
-in which isothermal conditions can be maintained.

We have found the power to be linear in frequency for mixed state super-
conductors. In the next section it is shown that the power loss, again for simple
geometries, is linear in frequency for flux-exc_uding superconductors such as
niobium (below Hei) and lead. However, this linear dependence has not been
found by some other workers(22) using, perhaps significantly, more complex
wire-wound coils. It has been suggested 25) that mechanical resonances and
mechanical losses are responsible for the discrepancy. As will be seen in
the next section, significant temperature rises can occur in solenoids under
changing field conditions; higher temperatures lower J.. Since the temper-
ature rise will be frequency dependent, the loss per cycle will be frequency
dependent. We might thus expect departures from the linear frequency
dependence in some coil structures. The possibility of small flux jumps in
the coil wires further ccmplicate any loss predictions. The situations in
which flux jumps are important are considered in Section VI. In short,
considerable care is recuired in the use of our findings based on simple
geometries for predicting losses in the more complicated structures needed
in practice.
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D. HEATING IN HIGH FIELD SUPERCONDUCTING WIRES
AND SOLENOIDE UNDER NONCYCLIC FIELD CHANGES
(H.R. Hart, Jr. and P.S. Swartz)

1. Introduction

In Section IT-A the critical state model(7, 12) was applied to the calcu-
lation of a-c losses for several geometries and field and current configurations.
In all cases these were the losses for cyclic fields and currents. The same
model can be used for the calculation of the heat developed in a wire or
solenoid when the field is varied in a more general way. If the thermal con-
ductivity and specific heat are known, the temperature rise can be calcu-
lated. Since our calculations have indicated that the heat evolved and the
temperature increase can be significant, we shall give some simple examples.

2. Methods of Calculation and Example: Wire in Changing Field

Let us note that the local power dissipation per unit volume, a, is the
scalar product of the electric field intensity Z and the induced current
density J. This relation is particularly simple to use in the original Bean
model in which J = J,, a constant, independent of magnetic field. Thus:

q=E-7 . . : (20)
Maxwell's equations yield:
oH . of .
vxE = - atloc x107® or $E. dt = -10'8f a}loc - dA (21)
loop area '
and
0 N L | (22)
loc ~ 7 710 ’ ,

where the symbols and units are as defined in Table L

Using this method to calculate the local power dissipation, we can [see
Carslaw and J aeger(%)] determine the temperature distribution as a function
of time. In our examples the effects of the thermal diffusivity are not
important, i.e., we are dealing with effectively steady-state solutions. We
assume in our quantitative expressions that the temperature rise is sufficiently
small that the parameters characterizing the material are unchanged. How-
ever, we point out that the temperature rise can under some circumstances
be sufficiently large to decrease the critical current density significantly.

Let us, as an example, consider a wire of radius R whose axis is parallel
to the applied magnetic field. The wire is placed in a perfect cooling bath. Let
the field increase linearly in time, H = Hyt. Let us consider the solution after
H>(4m/10)J.R and after the initial transients have decayed. The Bean critical

38

s,

)



state model and Eqgs. (21) and (22) yield in this limit:

_ 4n
H.loc(r) = H - _lo_ J—C. (R-I‘)
and : (23)
2mrE(r) = -10'8Ha-ﬂrz
10‘8Har
or E(I’) = ——7— . (24)
From Egs. (20) and (24) we find:
g(r) = L x10-8H I r (25)
o Ha c ”

With this dissipation term and the. thermal conductivity K we can solve for
the temperature profile:

K'—l—e—-a—— <r£ +q(r):o

r or or
yielding
| H J' rd .
T(r) + 10-8 _511.8.%_ + Clnr +D=0.

Evaluating the constants of integration, C and D, we find:
-87 3 .3
10 HaJ'C(R -r°)

T(r) = Ty pp + 8%

(26)

In some cases we nzed to know only the total heat dissipation, not the
local heat dissipation. We can integrate Eq. (20) over the volume of the
sample or we can use another method that is in some cases simpler. We note
that the rate of storage of magnetic energy within the sample is:

au _ 1077 - dH) e qv
At 4nm loc ~ dt
Volume
or
ou__107an [ T (27)
dt 4 dt loc® ~ dH )
Volume
The rate of doing work on the sample is .
aw _ 1077 = Foe o
a ~ dnm dt
Volun.e
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or

- dH

dw _ 1077 dH loc

T = T O /H T dv . (28)
Volume

("We are assuming that H1OCHH Since the rate of dissipation of power in the
~ample is W - U we have:

dI_Iloc

H
Rl . / H-Hyoe) g+ 4V watts. 29)

v )
Volume

—
O

t
~3
Q,

If, as in our present example dHloc/dH =1 throughout the sample,
Eq. (29) simplifies to:

dH

— watts/cm?® (30)

Q
~ = -107M
where

_ 1
M = I (Hloc_H) dv
Volume

In our present example Bean's critical state model yields M = -(I/BO)J R and
thus

1

Q - . -8 " 3 ' ’
= =3 10 JCRHa watts/cm® . (31)

The same result is obtained by integrating §(r) from Eq. (25).

We have not solved the problem of a round wire with the axis perpendicular
to the field. Instead, we note that for a square wire of side 2a in a transverse
fieldH= h,t: )

10-°H,_J a°
o T 4
Tmax B 16K * Tbath ' (33)

This result is to be compared with Eq. (28).

Let us now consider a wire of a high field superconductor placed in a pulsed
field in a critical current measurement. We find from Eg. (31) that the total heat
developed varies directly with the intensity of the field, with the radius of the
wire, and with the critical current density. Introducing a typical 4.2°K value for
the high field specific heat of a high field superconductor such as V3Ga or
Nb3sSn(~0.03 cal/mole-deg), (27) we find that for a thermally isolated w1re of
radius 0.01 inch and critical current density of 10° amp/cm2 a field of 10° Oe
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drives the sample well above the critical temperature, AT~400°K. Of
course, since the specific heat increases with increasing temperature and
the critical current density decreases with incrsasing temperature, the wire
temperature would approach, but not exceed, the critical temperature. The
measurement of J e would, however, be meaningless.

Since the therma. conductivities of these materials are so low(28)

K (4.2°K) ~ —?- x 1073 watts/cm°K
Nb3Sn '

the temperature rise in a fast pulsed field even in a perfect conling bath
[Eq. (26) or (22)] can be detrimental. Note that the temperature rise varies

- directly w1th Jo and the rate of rise of field and with the third power of the

wire radius. Wlth a 10° Oe field pulse havmg rise time of 10 msec we find
that a solid Nb3gSn wire for which J, = =10° amp/cm must have a radius less
than 0.004 inch in order to mamtaln the temperature rise at the center less
than 1°K.

3. Solenoid

Let us now consider a high field superconduicting solenoid. Restricting
ourselves to very long solenoids, let us approximate the winding as a multi-
layer scroll wound from a sheet of high field superconducting material of
thickness d. Let the inside radius of the solenoid be a; and the outside
radius be as. The thermal conductivity of the composite winding (supercon-
ductor, insulator, supports, etc.) will be denoted by K. The central field
will be given by H = Hot/.

Note that for such a sheet of thickness d parallel to a field, Bean's
critical state model yields, for H>(4n/10)J, -d/2, dHjpe/dH =1 and
= -(1/20) -J.-d/2. Thus, from Eq. (30) we find /V (1/4)- 1078 T H,d.
Since the fleld proflle in the winding decreases linearly across the w1r1d1ng,
we can write:

ar) = 10-8 2Hoded - Az-r (33)

4t * ag-a;

where x is the filling factor.

Solving for the maximum temperature in the winding in the two limits of
wall thickness we find

T =m_ 41078, MiaJed@s-a))t

for (ag-a) << a3 (34)
max bath 38 /T 1K
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and

- - -2

2 i 144+K

=
mase W el

for a; <<a, . (35)

Ve

If instead of the sheet of thickness d we had a multilayer winding of wires of

diameter d', we would replace d with approximately (m/4)d' in Egs. (34) and
(35). The wall thickness w is related to the maximum field Ho by

W= lOHo/4m1KJC, where the operating critical current density J, = ado; o is
a factor less than one. Introducing this expression we find for wires of diam-
eter d': :

T3
‘ o iHZig .

T = T o O R e T R e B e B e 344
max bath * 5 NBR L 2 (34")
TKo )\JC

3
Speee Hid' :
G Y SO i e S I L 2, << 4z, (35")
max bath er B
TEo /\JC

Let us consider a rather extreme example of the heating in a coil by using
for X the (1/2) x 107% w/em°K characteristic of NbsSn at 4.2°K. Let
Ho = 10° 08, d' = 0.030 inch, X £1/2, a =1/2, J. = 2x10° amp/ecm? (a
critical current density characteristic of the lower fields at which the heating
is the greatest). Using Eg. (35), we find the shortest time, in which we can
increase the field to Hy without incurring a temperature rise greater than
1°K, to be 800 seconds.

From Egs. (34") and (35') we see that the solenocid heating problem increases
as the cube of the final field, as the first power of the wire diameter and inversely
as the critical current density and a’h.

We can also calculate the total heat generated per unit length in energizing
the coil and thus the amount of coolant required. We find for the shests of
thickness d:

T
3

12

QT = 10-8.

ZHoJ.d(az-a1)(az+22;) joules/cm

[For wires rather than sheets d is replaced by (n/4)d'. ]

This result is also of interest in energy storage using superconducting
solenoids, for it establishes the fraction of the energy stored in a solenoid
available to the user upon discharge. The energy stored in our scroll sclenocid
per unit length is:

=T
10 2/n2 By alass i 17y
W/ L= s Hi(a% + 22,23 + 3a%) joules/cm . (37)

42



Thus the fraction of energy lost is:

2mn )\ch (az-al)(az+2a1)

n = . : (38)
o Ho a% +2a,a, +3a%
In the limit of wall tkickness small compared to radius, we find:
_ MJedw
- basHg '
Since w = (10/4m) - Ho/AaJ,, We can write:
. B (39)
i o= ’

Hence the fraction of the energy lost is the ratio of the thickness of the sheet
to the diameter of the coil if a~1. This fraction can thus be made very small.
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SECTION III

A-C LOSSES AND FLUX PENETRATION BELOW Hey
(T. A. Buchhold, P.J. Molenda, and R. L. Rhodenizer)

A. INTRODUCTION

This section is concerned with the study of a-c losses and flux penetra-
tion behavior displayed by superconductors below the lower critical field
H.,. Although an ideal superconductor is perfectly diamagnetic in this region,
except for the London penetration, it has been observed that surface losses
normally occur below He; in real materials when the superconductor is
immersed in alternating magnetic fields.

It has been the purpose of this investigation to study the nature of these
surface losses from ezn empirical viewpoint. These investigations have
included the dependence of losses on field and temperature for both well-
annealed, high-purity samples and less pure specimens. The metal niobium
has been used exclusively for these studies. Associated with measurements
of the surface losses has been the study of flux penetration behavior in
niobium. This has included measurements of the London penetration depth,
the influence of field on ihe penetration depth, and the nonideal flux penetra-
tions normally associated with losses. These experiments have provided the
basis for an empirical model expressing surface losses in terms of flux
penetration and other experimentally determined parameters.

As a considerable amount of effort has been directed to the development
of a sensitive and accurate measurement device, the experimental apparatus
will be liberally discussad in the following section. This is done as it is
believed that the concept employed would be useful to anyone interested in
examining the practical aspects of superconducting materials and also to
illustrate the extreme caution that is needed in developing a device to meas-
ure properties such as surface losses accurately.

The results presented in the following sections are basically a summary
of many experimental measurements made throughout this program. Most
of the data presented herein have been discussed in previous progress
reports, and results that have been modified or improved by more recent
experiments have been omitted. Thus, the results included in this final

report represent the most reliable data accumulated from many experiments.

B. THE EXPERIMENTAL METHOD

Throughout the investigation, the experimental device has undergone
considerable modification to improve its accuracy and sensitivity. A descrip-
tion of the device in its original form will be given and a discussion of the
modifications will follow.
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A schematic diagram of the original test data device is shown in Fig. 12.
A superconducting cylindrical test specimen approximately o mm in diameter
oy 30 mm long is suspended from a thin-walled stainless steel tube within a
7 mm nylon chamber. The chamber may either be filled with dry helium gas
tc act as a heat transier medium, or be evacuated to provide good isolation
between the sample and the ligquid helium in which the entire device is
Immersed. A uniform longitudinal magnetic fieldof the desired frequency and

amplitude ig supplied by & superconducting nicbium coll and a niobium field
shaper.

The amplitude of the alternating magnetic field at the gurface of the test
specimen is measured by a fine-wire copper coil wound on & known diameter
of the nylon chamber. If the diameter of the sample is also known, the

amplitude of the field is determined from the voltage induced in tne coil by
the relation:

Crms = 444 58 () Bo (O - D&) x 107" 40)
HEL IUM BATH
/-———H—._,____/_r

]

CARBON RESISTORS

NYLON CHAMBER . -T/*\[ .

w
HEL UM GAS OR N\

™,
AN
i \\
VACUUM SPACE ~ FLUX - MEASURING
ColIL

PENETRATION OIL

/
BUCKING COIL

ECIMEN NIOBIUM
TEST SP P
7 \

I.R. SHIELD NIOBIUM

FIELD SHAPER

Figure 12 Schematic for cryogenic device to measure a-c losses in super-
conductors.
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where

D¢ is the coil diameter

Dg is the sample diameter

n is the number of turns in the measuring coil
f is the frequency of the field

By is the peak value cf the applied field.

The test sample contains a calibrated carben resistor that allows
temperature measurement and control. If desired, heat can be supplied to
the sample by passing a current through the resistor.

Two fine-wire copper coils are wound on the specimen: a flux penetra-
tion coil and a bucking coil. Voltages induced in these coils by the alternating
field are due to (a) the physical dimensions of the wires and their separation
from the superconducting surface of the test specimen and the conventional
London penetration, and (b) additional flux entering and leaving the super-
conductor itself, which is to be measured. By vertical adjustment of the
suspension tube, the bucking coil that is on the Zringing field at the corner
of the field shaper is positioned so that type (a) voltages are nulled and the
type (b) voltages, corresponding to superconductor losses, are obtained for
electronic analysis.

For operation below 4. 2°K, the specimen temperature is adjusted by
using helium gas in the test chamber and adjusting the boiling temperature
of the liquid helium beth through vapor pressure control. In the range above
4.2°K, sample temperature is monitored by the internal carbon resistance
thermometer and is altered by evacuating the test chamber and supplying heat
either from the supercorductor surface losses or by passing current through
the internal resistor.

The compensated voltage signal given by. the penetration coil, bucking
coil combination is related to the time rate of change of the flux which enters
and leaves the sample exclusive of that due to a constant London penetration.

That is:
ec =N %-C;LE— x 1078 (41)

where N is the effective number of turns in the coil combination.
From this signal, the total flux that enters the sample can be found as

1 T/2
9 = =%, / e (t)dt x 10° . (42)
0

The value of the integral in this equation can easily be determined frorp
an average voltage measurement of the signal and with appropriate calibration.
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It is also convenient in some instances to define an effective penetration
depth associated with this flux as

[ T/2
/ e(t)dt x 10°
__® o re
5 = = = ;48)

where

Dg 1s the sample diameter
B is the amplitude of the field at the surface of the sample.

This quantity is, of course, determined from a measurement of flux by
the voltmeter met bod at any known field.

The density of the a-c losses dissipated in the surface of the sample can
be determined by feeding the measured voltage signal to one leg of a light
beam wattmeter while a signal proporticnzl to the applied field is fed to the
second leg. In using this method, great care is needed in determining the
proper phase relationship between the voltage signal and field signals, but
methods have been devised for doing this accurately.

In order to measure the London penetration depth for a given sample, the
variation cf the penetration depth with temperature is obser wod. To do this,
the voltage signal is properly compensated at a given temperature and the
change in the penetration depth for various temperatures is measured by the
method deseribed previously. Obviously, this must be done at a field level
where nonideal flux penetrations are negligible. To determine the penetration
depth with this technique, the variation of A with the temperature must be
previously known. This point will be discussed in the secticon dealing with
the experimental results.

In the course of investigations of the superconducting losses exhibited by
very low loss samples (i.e., losses less than 107° watts/cm?) as a function
of absolute temperature, several discrepancies were noted in the measure-
ments which indicated the existence of errors significant enough to influence
measurements in the very low loss region. It is emphasized that these error
sources were not significant with respect to the losses exhibited by usual
superconducting materials, but became more important as more nearly ideal
superconducting specimens were produced through improved processing
techniques.

It was eventually discovered that a primary source of error was due to
penetration of the excitation field in the niobium field shaper that was sensed,
in an indirect manner, by the windings on the sample and interpreted as
penetration of the field into the sample itself.

It will be recalled (see Fig. 12) that the bucking coil was located near the
corner of the niobium field shaper, used to shape the excitation field, where
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the excitation field gradients are high so that a small change in the vertical
position of the sample would alter the voltage induced in the bucking coil.
Suppose, for example, as the applied field approaches its peak value, that
there is a sudden penetretion of the field into the field shaping piece. This
would most likely occur at the corners of the field shaper. As the bucking
coil is very close to these corners, a negative voltage signal is induced in
the bucking coil winding because of a small flux density change due to the
unwanted penetration. On the other hand, the penetration coil is far enough
away from these corners so that practically no signal is induced in the
penetration winding. As the bucking coil is connected in series oppesition
to the penetration coil during measurement, the negative signal induced in
the bucking coil will appear as a positive net signal as one examines the
voltage across the two coils 1n measuring losses. It is easily seen that very
logical values can be obtained for the losses as a function of field and
frequency which could reasonably be interpreted as sample losses, although
they are, in reality, relsted to losses occurring in the field shaper.

Because of the very logical behavior of the measured losses withrespect
to field and frequency, this source of error, which was significant in regions
below 10-® watts/cm?, was very difficult to isolate. However, in investi-
gating the properties of low loss niobium samples as a function of temperature,
it was found that the restlts did not follow the expected results as had been
found with samples with higher loss characterisiics. The discrepancies led
to many detailed investigations of the thermal and electrical design of the
measuring device which eventually led to the isolation of the source of error.

At this point the bucking coil arrangement was changed by rewinding the
bucking coil with the same number of turns and spacing, directly over the
penetration coil. The fewer turns of the bucking coil were distributed to
cover the same length of the sample as the penetration coil in an attempt to
compensate any erroneous signals in the applied field due to external dis-
turbances. In order to obtain the proper magnitude of the bucking signal to
correctly compensate the penetration signal, the bucking voltage was divided
across a potentiometer, located external to the cryogenic environment, and
added in opposition to the penetration signal.

This arrangement led to values of losses measured at 1000 gauss peak
field varying at 290 cps cf about 1 to 2 x 10~7 watts/cm? for the good niobium
samples. In order to more accurately measure losses at these levels, tech-
niques for aligning the phase and magnitude of the compensation circuits and
wattmeter signals were closely examined and improved. However, it was
found that certain discrepancies still existed in the measured values.

Among the various factors that were found to have a minor influence on
the loss measurements were: erroneous signals due to sample vibrations,
magnetic impurities in the copper penetration and bucking windings, and
harmonic frequency components originating in the excitation signals and
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amplifier circuits. Very critical phase adjustments were also necessary due
to the need tc compensate signals on the order of 500 to 2. Althoush it was
ielt that tnese minor possible sources of error could be controlled in a
satisfactory manner, it was found that the small signals duec to losses in the
field shaper remained as a prevalent socurce of errcor.

Because oI this it was decided to abanden the superconducting coil and tc
use & field coll witn covper windings and no superconducting materials. This
nad not been done in the original device as a copper fleld coil has some
cbvicus disadvantages when compared to a superconducting coil. One of these
is the greater power dissipation, accompmnied by higher liguid helium con-
sumption and another is the difficulty in achieving 2 uniform field with a
nonsuverconducting coll. Further study showed that a coll could be built
that was =atisgfaciory in both regpects.

A field coll was then designed and constracted with General Electric
funds to be used in msaking lcss measurements on very low loss samples.
The coil was deslgned to meet the field requirements with minimuam power
dissipation, and to produce a2 uniform field along the sample being measured.

rxperiments which have been conducted using a nonsuperconducting coil
have yielded reliable measurements of losses in the vicinity of J x 1077 watts/
cm”. This nas allowed the evaluation of niobium samples with very low loss
cnaracteristics which has given more insight into the properties of very
nearly ideal superconduciors. It is seen from the above discussion that
errors encountered in these types of measurements are generally very subtle
in nature, and extreme care is requlred in interpreting measurements. A
great deal has been learned regarding the extreme cautlon that 1s needed to
make accurale measurements cn very pure superconducting specimens.
However, it is felt that the significant sources of error affecting the meas-
arements have been eliminated to ensure accurate and reliable measurements.

C. THE PENETRATION DEPTE AND SURFACE LOSSES OF ANNEALED
SUPERCONDUCTORS FCR FIELDS BELOW Hp,

The London theory predicts inat the penetration depth in a superconductor
is independent of the applied field. However, more advanced theoretical
considerations show that the penetration depth is field dependent and alsc
depends on impurilies. This has alsc been shown cxperimentally.

It is assumed in the following that a cylinder of an annealed super-
conductor (which may have imperfections) is exposed to an a-c field (H) of
moderate frequency: e.g., f =300 cps. Annealing is assumed in order to
avoid unpredictable surface conditions caused by cold-work.



It is further assumed that the penetration depth can be expressed as:
(w,f X =X (0) +aH? + bH* +... (44)

The equation contains only even exponents of H since A must be
independent of the direction of H [see Fig. 13(b)].

Consider an ideal (i.e., zero leakage) one turn winding surrounding
the cylinder [Fig. 13(a)  which measures the flux penetrating the surface
of the sample. The flux ¢ per cm of circumference linked with the coil is:
®=uwHNX (45)
_ 4 S -5 41 s
where u = 0 X 10 iI7His in om and X is in cm.

A

X __

(, Figure 13 Penetration depth and flux penetration.
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Equations (44) and (45) yield {see IMig. 13(c)’
=1 [ZOMH +all® + bH® 4., ] (46)

with

7 — 3 .
Jj = I‘Im Sin UJI, (47)

the voltage e nduced in the measuring coll (C) per cm of circumference is:

g = %E[D_ = wa Hmr (0) + 32 B, sin’ et
+ EbH?n sin® wt +. . ] cos wt . ) (48)

With tne described measuring technique, the sinuscidal voliage produced
by the first term, 2(0) cos wt, is compensated, leaving the remaining flux

op =u (aB? 4% 4+l +..) . (45}

In the following, for matters of simplicity, only the H? term wﬁl be
used. Equation (48) yields:

e = 33 wu an sin® wt cos wt . (50

This equation is plotted in Fig. 14(a). For matters of comparison,
Figs. 14(b) and (c) show the calculated voltages e if the H® term and the =7
term are used in Eq. {48).

If the superconductor contains imperfections such as Impurities or
disiocations where flux lines can be pinned and trapped, the flux curve o
of Fig. 19(a) will have 2 hysteresis loop that is obtained if the curve Aw of
Fig. _B(b) is superimposed on the originzl curve (a) of Eq. (48). A simple
mathematical expression for aw is:

- [ H\E - :
20 = +po | 1= =4 (I - sin® wt). (1)

s

This causes an additional voltage:
)
Ae :—da%&p—’— = + wpg sin 2 wt. (52)

The (+) sign is used as H increases from -H,~ +Hm and the (-) sign as

H decreases from +Hm = =y

The net voltage is then:

N
—

e, =e+ Ke | (58
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e= wy 3a H,’,,3 sin’ wt cos wt

©

H=Hpy sin wt

®

7
¢
N

ez wh 5b Hm5 sin’ wt cos wt

e=wy Tc Hm7 sin’ wt cos wt

Figure 14 Calculated voltage curves.
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Figure 1% Flux hysteresis and calculated voltage curve ep.

This is shown by the solid curve of Fig. 15(c). In this curve it is seen
that a larger voltage peak alternates with & smaller voltage peak. A break

in the slope of the veltage curve is also noticeable as e goes through zero
(time t, ).

Figure 16(z) shows an oscillogram of the measured voltage ¢ for Hpy =
1000 Oe which shows good agreement with the voltage of Fig., 14{a). The
oscillogram of Fig. 18(b) shows the measured voltage e, for a field H = 1200
Oe [scale factor is different from that of Fig. 16(a)]. The agreement with
the theoretical curve of Fig. 15(c) is good.

The losses per cm? of the surface are proportional to the enclosed
area A of the loop of Fig. 15(z). That is:

L =fA (54)
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(b) Hmax = 1200 Oe.

(¢) Hmax = 1400 Oe.

Figure 16 Measured voltage curves.

where f is the frequency and oy of Fig. 15(a) is referred to 1 cm of circum-
ference. The area (A) of Fig. 15(a) is equal to the area of Fig. 15(b). Thus

A = (dooHm) = (8/3).90 Hn (55)
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where oo is the trapped flux at H = 0.

I3l
o3

L= (8/3) fwg Hyy =k £ o Him

The losses may then be described by two expsrimentally determined
oara 1eters k and wg where k depends on the shape of the hysteresis loop and
o 1s a measure of flux trapped in the sample at zero field. These factors,

of course, depend upon tne quality of the sample being tested.
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relatively low even when compared to the annealed sample. This is due to a
new method for polishing niokium, developed on other programs, which results
in smooth niobium surfaces with excellent superconducting properties. Surface

losses for samples (a) and (b) as a function of temperature as well as field are

shown in Figs. 18(a) and (b). These curves show that the surface losses a
a given field c,tre gth increase very rapidly as a "critical temperature” for

the particalar **elc strength is approached. Well below this temperature the
loss Sh ow little dependence upon the temperature. If this 'eritical temper-
ature” is plotted against field, the familiar parabolic relationship between
fxeld and temperature results. That is:
2
) (T \,
H=Hy [1- T (57)
A ‘
where
Hy is the a-c critical field at absolute zero.
Tc is the a-c critical temperature at zero field.
is the a-c critical temperature at field H.
The a=-c critical temperature in this case is defined as the emperature
at which runaway breakdown of the sample occurs at a given a-c field, Acurve
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Figure 18(a) Superconducting surface losses vs temperature and applied
290 cps a-c field strength for a lapped niobium sample.
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Figure 18(b) Supercorducting surface losses vs temperature and applied
290 cps a-c field strength for a pure, annealed niobium sample.
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showing the values measured for sample (a) is shown in Fig. 12 where
it is seen that

Hy = 2200 gauss
Te = B.8°K.

It is interesting that the thermodynamic critical field-temperature relation-
ship for nioblium follows the same parabolic law with published values for the
critical parameter for pure nioblum being:

Hp
Te

i

1650 gauss
g.2°K.

i)

It iz emphasized that the measurement reported here was made in
alternating fields and it would not necessarily be expected that the critical
parameters would be the same in both cases. However, the value T, = 8.8°K
was considered appropriate for sample {2) under the test conditions and was
used in evaluating the penetration depth measurements which will be discussed
in a2 following secticon.

Typical penetration waveforms for sample (b, at various fields and
temperature are shown in the photographs of Fig. 20. Noteinthese photograpns

APPLIED A-C FIELD STRENGTH
vs. CRITICAL TEMPERATURE FOR
9400 — PURE ANNEALED NIOBIUM SAMPLE.
CIRCLES ARE MEASURED PCINTS
AND SOLID LINE REPRESENTS
PARABOLIC RELATIONSHIP

H:2200 [1-(7/8.8)%)

1200 —

e

80C

-
4ooﬁ-
|
5 L | | |

0 20 4.0 6 80 10.0
CRITICAL TEMPERATURE - °K

Figure 19 The a-c field strength vs critical temperature of a well-annealed
niobium sample. The experimental points are fitted to the parabolic
expression given in the ligure.

PEAK A-C FIELDSTRENGTH - GAUSS
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Sample temperature, T =4.25°K

Penetration voltage sensitivity (upper
trace), Vo =1 x 107° volts/cm

Applied field maximum (lower trace)
Hny = 1000 Qe

Operating frequency, f = 290 cps

Sensing coil turns, N = 275 turns

T =5.88°K

Vo =1x 107 v/em
Hyy = 1000 Oe
. —
| V.V
o |
C = ‘ T = 5, 79°K
‘ Vo =5x 10°°% v/em
. . Hy = 500 Oe
\ |
v,
unﬁlnuﬂ
llnlul&
'f‘ ‘ ‘ T =6.81°K
Vo =1 x 107% v/em
HM = 500 Qe

Figure 20 Penetration wzveforms for a lapped niobium sample showing
C relation to applied field and rapid rate of increase with temperature.
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that peak penetration takes place where the voltage curve passes through
zero. Normally this point occurs at the peak of the applied field. From the
discussion of Section C, it is seen that these waveforms correspond to the
theoretical description of a sample with relatively high losses as given
therein. Also noticeable in these photographs is the increase in penetration
with temperature as the sample shows correct compensation at T = 4. 25°K
but becomes uncompensated for higher temperatures.

The photographs of Fig. 21(a) and (b) show some penetration waveforms
taken on a high-purity niobium specimen that has not been previously men-
tioned. This is presented to illustrate a definite change in the mode of
penetration as the lower critical field Hp; is exceeded. These waveforms
show that the mode of flux penetration is similar over a considerable
temperature interval but that, for a special field-temperature condition,
another flux penetration mode begins, which involves rapid flux penetration
and expulsion over the narrow field interval from 870 to 895 Oe [see Fig.
21(b)]. This mode is found to be extremely sensitive to field changes and
generally corresponds to rapidly increasing a-c losses. It is believed that
this mode is encountered as He: Is exceeded.

The effective depth of penetration of the field in sample (b) is shown in
Fig. 22 as a function of temperature. (Note that the effective penetration
depth in this case can be significantly different {rom that for pure nicbium due
to the relatively high losses displayed by this sample. ) This penetration
depth was measured by the method discussed in Section B.

() Penecration Cotl ¥oltage and Applied Maghetie Fagld Vs Time Tur 1800 Oerseas
at 3.5°K and 5.57K.
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Figure 21 Flux penetration waveforms for a high-purity niobium specimen
exposed to 300 cps magnetic flelds.
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Figure 22 Effective field penetration depth for several applied a-c field
levels vs specimen temperature for a lapped niobium specimen.

The a-c losses and effective penetration depth as noted in a niobium
titanium alloy, sample (d), are shown in Fig. 23. This sample consisted
of 98.43 w/o niobium and 1. 57 w/o titanium, and the sample was highly
polished and heat treated at 1800°C for 5 hours at a pressure of 4 x 10~® mm
Hg. The addition of titanium has the effect of lowering Hq1 as compared to
that of pure niobium, and it is seen that losses cccur at low field strengths
and increase very rapidly with the applied field.

Typical penetration waveforms for this sample are shown in-the
photographs of Fig. 24 at different levels of peak field strength. It is seen
that these waveforms are similar to those for pure niobium at high field
strengths where abrupt penetration and expulsion take place. It isinteresting
to note the phase relationship between the peak of the penetration waveforms,
which is the upper trace, and the peak of the applied field, the lower trace.

It is seen that the peak of the penetration curve appears very close to the
peak of the applied field.
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Figure 23 Surface losses and additional penetration depth for 88. 43 w/ 0
Nb + 1.57 w/o Ti.



850 gauss: 700 gauss:
0.71 x 107® v/cm; 0.50 x 1072 v/cm;
L~1.0x10"% w/cm?. L~6.0x 1075 w/cm?.

725 gauss: _7 50 gauss:

1.67 x 1073 v/cm: 0.5 x 107% v/cm;
L~2.6x107% L~7.0x 1074,

Figure 24 Sample 1. 98.43 w/o Nb + 1. 57 w/o Ti. Penetration coil voltage
and applied magnetic field vs time for various field strengths.

Figure 25 shows some similar penetration waveforms encountered on a
typical high~purity anrealed sample of niobium. The sinusoidal trace in these
photographs is proportional to the time rate of change of the applied field
rather than to the fielg itself which was the case for the previous photographs.
(The zero of the dH/dt curves occur at the peak of the applied field.) The
important factor to be noted in these traces is the shift in the peak of the
penetration waveform with respect to the zero of tne dH/dt curve as the
applied field strength is increased. It is noted that at 1400 gauss the zero
of the dH/dt curve is aligned very closely with the zero of the penetration
waveform. However, as the applied field is increased and as the penetration
mode changes, the zero of the dH/dt curve begirs to align with the peak in
the penetration curve. This means that for lower fields as the applied field
reaches a peak, the rate of flux penetration goes to zero. However, for -
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1400 gauss.

o
I-----H-J

~ 580 gauss. e

Figure 25 Photographs showing phase relationship between penetration
waveform and time derivative ci applied magnetic field at increasing field
strengths. Sample used was a high-purity vacuum annealed niobium
cylinder. (Note shift in peak of penetration waveform with respect to zero
of dH/dt waveform. ) :

higher field strengths, as the applied field reaches a peak, the rate of
penetration is also reaching a peak. This is often a characteristic of pene-
tration occurring above Hp;, the lower critical field in a type II super-
conductor.

(9]

2. Flux Penetration Behavior in Nichium

Section C presented preliminary evidence of the dependence of the pene-
tration depth on the applied field strengths. II was seen from the photographs
in Fig. 16 that good agreement between the theoretically derived waveforms
of Fig. 14 and the actual observations was obtained. Direct measurements of
the penetration depth as a functicn of field were made and the result is shown
in Fig. 26. {(Note that in the measurements, the London penetration is
compensated at zero field and the values presented here represent the change
in the penetration depth with field. )
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It appears from this curve that, in the field range covered by these
measurements, the fourth power term in Eq. (44) is the most significant and
that the penetration depth for this particular sample can be quite accurately
described as

=2(0) + bH* . (58)

This appears to be ai least valid for the field range from H = 800 gauss
to H = 1300 gauss. The coefficient b can easily be determined from the
slope of the curve in Fig. 26 and yields a value of b = 8.3 x 10~ }/(gauss)*.

The sample used for this measurement was sample (C) mentioned
previously. This sample displays considerably lower surface loss
characteristics throughout this field range, so that it is felt that this meas-
urement represents a fundamental property of niobium under these conditions.

The theory of Section C was developed on the basis that the second-order
term in H was most significant. However, it can be seen from the waveforms
of Fig. 14 that the differences in the predicted penetration waveforms would
be minor.

PENETRATION DEPTH
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Figure 26 Penetration depth aboveX (0) as a function of the fourth power of
the field. T =4.25°K.
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The London p@netrat*on depth in niobium was also investigated using
the measurement method described in Section B. This rpethm measure
the change in tﬂc penetration depth, A\, with temperature and i ace
sary to know the h “ct onal relationship between the penetrat:.o*:z deﬂth and
temperature in order to deduce the actual value of kg, the penetration depth
at absolute zero. It is well known that the variation of A with T fits the
follewing relationship quite well:
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This relationship has been shown to be quite accurate for values of T
near Te but as y approaches 1, a plot of X v y shows a definite increase
in slope. However, as T increases, the curve approaches a constant slope
that can be used as a measurement of ig.

Figure 27 shows the measured values of aA) as a function of y for sample
(2). It is seen from these data that, at larger values of y, the curve
approaches a straight line whose slope is 530 R in this region. Also noted is
the predicted increase in slope of the curve at lower values of y.

g

This measurement method is very sensitive to the value used for the
ritical temperature of the sampie bemg measured. In evaluet 1z these
ata, the critical temperature of 8. 8°K that had been measured by th
ethod described previcusly was used.

Q(3

?

A similar measurement was made on sample (¢) which yielded the same
result within the experimental accuracy. Again & critical +emmrﬂture of
8. 8°K was observed.



3001
200
240 —
200 MEASURED CHANGE IN PENETRATION
o | DEPTH AS A FUNCTION OF y FOR PURE
3 ANNEALED NIOBIUM.
S =TT
= [ ¢)"]
S 20k
=7 BASED ON CRITICAL TEMPERATURE T,: 8.8°K
<]
O L/ NoisE LEVEL
sof
- l,
ol L 1 I |
10, LI, 12 13 14 15 16 17 |y (DIMENSIONLESS]
429K 6.0°K 7'00K . ook  |EMPERATURE

Figure 27 The change in London penetration depth (aA)) plotted against the
dimensionless parameter y. See text for discussion.
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SECTION IV

C DYNAMIC FLUX MOTION ABOVE He,

A, ROTATIONAL HYSTERESIS IN HIGH FIELD SUPERCONDUCTORS
(C.P. Bean and C.D. Graham)

1. Theory (C. P. Bean)

The problem of losses in high field superconductors exposed to an alter-
nating magnetic field has been successfully treated(7, 10, 19 by a phenomeno-
logical theory that depends on only one parameter of the material~--its
superconducting critical current density, J.. (See also Section II.) The basic
assumption is that wherever a local electric field is felt during the process of
magnetization, a critical current density J. is caused to flow in the direction
of the electric field and which is sustained even when the electric field falls
to zero. The consequence of this assumed state of affairs is illustrated in
Fig. 28, which shows the internal field within the specimen after application
of a field Hy parallel to the surface. If the Z direction is measured from the
surface, then

H = Ho(1-Z/8) (60)
where 6, the field-dependant penetration depth, is given by
C— 5 = 1OH0/4nJC . (61)
<+—VACUUM ——=—— SUPERCONDUCTOR -
I
~ Ho
S = 10 Ho |
47y L
- Figure 28 The strength of the magnetic field within the bulk of a hard type
C II superconductor after the application of a field Hy.
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This solution is consonant with Maxwell's equations; in particular, it is
governed by Ampere's law--curl H = 4nJ/10, For losses, the theory outlined
above gives for losses in alternating fields

W(alt) . = 5H3/12n27 . ergs/em? - cycle
s c
(62)
Hy < H*
W(alt)v = HOJCD/IO ergs/cm?® - cycle
(63)

g e, B

Recently, we have been able to extend the ideas to the case of fields that
rotate in the plane of the specimen. The geometry is shown in Fig. 29 where
the X-Y plane defines the surface of a semi-infinite slab. We consider the
field to have an amplitude Hy and angular frequency w and assert a self-
consistent expression for the fields in steady state as a function of space and
time to be

Hy = Ho(1-Z//38) cosfwt +/2In(1-Z//38)]
H = Ho(1-2//36) sinfut + /2 In{1-Z//38] (64)
Hy, =0

where & is defined by Eq. (61). This field distribution has an amplitude that de-
creases linearly with distance but extends /3 times as far as that for the

k__-__

Figure 29 A definition of the reference axes relative to the surface of the
superconductor (see text).



) alternating field. This is shown in Fig. 30(a). 'The phase of the field within the
C specimen lags that of the applied field as shown in Fig. 30(b). At the inner
interface of the active region (Z = /28) the phase lag approaches infinity. This

condition indicates that, strictly speaking, the steady state hypothesized here
will be asymptotically approached only after many revolutions of the field. From
Fig. 30(b), however, we note that 90% of the thickness ¢f the penetration layer
has a phase angle of 180° or less--hence a rotation of 180° will develop a torque
close to that of the steady state. Application of Ampere's law gives for the

Ho
o \ ROTATING
o \
& @)
a
/>\
ALTERNATING '\
| L\l |
0 02 04 06 08 I0
‘ DEPTH BELOW SURFACE, ZA/3 8
Q 0 02 04 06 08 10
|
S 30°
LJ
o 60°
(&)
W gge
S (b)
< j20°
W)
(7p)
T 150°
a.
180°

Figure 30 (a) The strength of the magnetic field within the bul_k of a type I
superconductor after the application of a rotating or alternating field Hy.
- (b) The phase angle of the magnetic field within the type II superconductor
( relative to the phase of the applied rotating field at the surface.

73




current densities within the peretration depth

J., = U

Ir these expressions, and subsequently, the trigonomeatric argimeant
(wt + /2 In(l - 7//38)] is replaced by ¢. By expsnsion
2 2 i 2 . 30
+ = SIS
Iy Jy Ia (66)

a conaition of the theory. The local eleciric fields may be found by application
of Faraday's law--curl E = - 1078(3H/at) to the fields of Eq. (84). These fields
are

B, = [1078Hows(1-7//38)2//6] (sing + /2 cos o)
Ey = [107%H, ws(1-2//38)2//8] (/2 sing - cosew)  (B7)
EZ = 0

witn the boundary condition

E, = E, =0 a3 /33 . (68)
From Eqgs. (65) and (87), we may show

JxgE=0 . (69)

Hence the current density is parallel to the local electric field. The local rate
of energy dissipation in joule heat, W, 1s given by

W = BJ = (10-8Howl,8//2) (1 - 2//36)2 . (70)

T4



The total rotational hysteresis per unit area is
/36
W dZ (2m/w)
° (71)

W (rot)q

)

(10/8n/6) (H3/J,) ergs/cm? - cycle
This gives immediately for the ratio of rotating to alternating loss

W(rot) /Walt) = /6n/2=3.84 . (72)

The rotational torque in steady state is given by

i

T(rot)g W(rot)S/Zn

(73)

[10/(4m)2/ 6] (HE/T o) dyne-cm/cm? .

To this point we have assumed thatthe current density, J_, is indepen-
dent of field. This restriction may be lifted by noting that the increase in
torque AT(rot) for an increase in field AH is from Egs. (71) and (73)

AT(rot), = (1/w)[W(0)] [10/3 aH/4nJI.(Ho)] . L (74)

That gives
MT(rot), = [10/3//2(4m)?][H3/T (o) ]aH (73

or in the differential limit

—:%;— = (5/8/8/2n%) BE/I.(Ho) . (76)

This last expression allows one to calculate J, (Hp) from an experimental
torque curve or alternatively predict the dependence of torque upon field for
an arbitrary dependence of J c upon Hy.

In summary, we have calculated the losses ¢f inhomogeneous type II
superconductors in a rotating field, and find the losses to have similar depend-
enceto those inalternating fieldsbut approximately four times as large. In
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addition, this type of measurement may prove to be a convenient method for
determination of critical current densities. Lastly, anisctropies in current
densities (not treated here) will give characteristic torgue curves that would
appear to pe simply interpretable.

2. Bxperiment (C. D. Graham, Jr.)

Torgue measurements to check the predictions of the preceding section
have so far been unsuccessful vecause of flux jumping.

Measurements were made on a sample of Nb + 2% Zr, obtained from
H. W. Schadler. The sample was a disk, originally 1,283 cm in diameter by
. 13 c¢m thick. Teorgue measurements were made at 4. 2°K in an apparatus
of the kind used to determine magnetic anisotropy in magnetic materials. The
Sample was suspended from a tungsten torsion fiber with a magnetic field
parallel to a diameter of the disk, and the torque acting on the sample was
record«,d as a function of angular position as the sample was rotated about an
axis normal to its surface. Measurements were made in a series of constant
fields, and for both clockwise and courterclockwise rotation of the sample.

n the first experiment there was a relatively large torgue due to trapped
flux in the sample. According to the Bean model, rotational nysteresis is a
surface property of the sample, whereas the trapped flux is a volume property.
Reducing the sample thickness should, therefore, reduce the torgue due to
trapped flux, but leave ihe rotational hysteresis unaffected. When the sample
thickness was reduced to 0.025em (a factor of five) the torque due to trapped
flux was appropriately reduced while the rotational hysteresis torque was
approximately unchanged.

There was no significant torque on the sample in fields less than 1 kQOe.
In consiant fields between 1 and 3 kOe, the torgue as a function of angle rose
smoothly tc an approximately constant value in less than half a revolution, as

shown in Fig, 31. This behavior is qualitatively ir agreement with Bean's

4_ » * ¥ By . °
”05_ 0\ g . g ° .\\.

o 2"— \ \

E O: l L\va l palit, I i 1 ! l \- 1 [
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L e 2 5

i » . e B = e e o A 0.__.__._3.
b =] _4 T,

; - Nb+ 2% Zr

= - 2.5 kOe

. f [3 = = Q
Figure 31 Torgue vs angle for Nb + gg -t disk, 2.5 k0e, 4.8V K.
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prediction. At 3.5 kCe, flux jumping appeared, and prevented the torque from
reaching an equilibrium value, An example is shown in Fig. 32. This be-
havior persisted up to about 9 kOe, and at higher fields the torque vanished.

A magnetization curve and hysteresis loop measured on the same sample
are showninFig. 33. The magnetization data show that the alloy is highly
hysteretic, and confirm the values Hey = 1 kOe and Hq, = 9 kOe which were
suggested by the torque cata. Fluxjumping is evident in the magnetization
data, although over a narrower range of fields than was found in the torque
measurements.

An attempt to eliminate flux jumping during the torque measurement was
made by enclosing the disk sample in a tight-fitting high-purity aluminum
holder. No significant change in the flux-jumping behavior resulted.
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Figure 32 Torque vs angle for Nb + 2% Zr disk, 8 kOe, 4.2°K.
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Nb+2%Zr

Figure 33 Magnetization curve and hysteresis loop of Nb + 2% Zr disk (same
samples as in Figs. 31 and 32).

(a) Future Work

Two lines of approach are open. First, we might try to find another
material less susceptible to flux jumping which would permit a straightforward
test of the Bean predictions. Some work along this line is under way. Second,
we can try to make the best possible use of the data obtainable from theNb-Zr
sample, either by taking extensive measurements in the narrow field region
(1 to 3 kOe) which is free of flux jumping, or by extending the theory to con-
ditions other than the equilibrium rotational hysteresis state. The data of
Fig. 32 suggest that after a flux jump in rotation, the torque is nearly zero.
This in turn implies that the sample has been driven completely normal and
that the field in the sample is everywhere egual and parallel to the applied field.
Such a state is relatively simple, and may be susceptible to mathematical
analysis.



B. DYNAMIC SUSCEPTIBILITY (H. R. Hart, Jr. and P. S. Swartz)

1. Introduction

In order to continue cur investigations of a-c losses and dynamic flux
' motion into frequency ranges higher than power frequencies, we began studies
of two widely different classes of materials at audio- and radiofrequencies.
The materials chosen were the intermetallic compound V3Ga, a brittle, mag-
netically irreversible material with Hep 2 200,000 Oe, and Nbg, 70 Tag, 30, &
ductile alloy with Hez less than 10,000 Oe. The Nb-Ta system is very con-
venient for such studies, for it can be annealed to form a very reversible type
II superconductor; in addition, the value of Hep can bevaried by varying the
alloy composition. Further, the surface can be electropolished to provide a
very smooth finish.

2. Experimental Techniques

The experiments described in this section are directed to measurements
of dynamic or a-c susceptibilities in powders of V3Ga or ribbons of Nbg, 70 Tag. s0
that have been placed in steady magnetic fields up to 23,000 Oe. The suscep-
tibility changes are sometimes very small. Our method of measuring the
dynamic susceptibility is the frequency shift method of Schawlow and Devlin. (29)
The sample is placed in the coil of a tuned circuit that is part of an oscillator.
The frequency of the oscillator is determined by the inductance of the sample
coil, which in turn depends on the susceptibility of the sample. By measuring
the frequency of the oscillator we determine the dynamic susceptibility of the
sample, primarily the real part of the susceptibility. :

To achieve frequencies of 5,000, 000 cps, a modified Clapp oscillator with
a series tuned circuit is used.(BO) For 10, 000 to 100, 000 cps, a parallel tuned
" circuit is used with an audio amplifier and a large feedback resistor. The
amplitude of the field at the audiofrequencies can be monitored by measuring
the voltage across the tuned circuit. At 30,000 cps with a typical coil and field
amplitude can be varied from 0.05 to 25 Oe. The frequency is measured with
a commercial cycle counter.

The copper sample coil and a silvered mica capacitor are placed in the
liquid helium bath. Superconducting sample coils, ordinarily used in these
measurements, cannot be used here because the steady fields applied are as
high as 23,000 Oe. In fact, for ordinary copper wire in these fields and at
these temperatures the effect of normal state magnetoresistance must be
measured and corrections applied to the data.

3. Dynamic Flux Penetration in Nbg 79Tap, ag

The field at which flux first erters an ideal type II superconductor is called
Hei1. The field at which the static magnetization returns to zero in the
Abrikosov model, nominally the field destroying all superconductivity, is called
Hep. At the time when these experiments were started, experimental studies
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of type II superconductors had shown a resistivity less than that of the normal
state persisting in fields above Hpp. This reduced resistivity was thought to
be important under a-c conditions beczuse it implies an a-c sgkin depth smaller
than that in the normal state. In some discussions the field at which the re-
sistivity has returned completely to the normasal state value was tentatively
called Hg3, This field was rather nebulous and difficult to define experimen-
tally. These experiments are described in their original context; much has
been learned in subsequent work.

In our a-c studies of ribbons of Nbg, 79 Tag 30 we find clear evidence for
superconductivity extending to & well-defined value beyond Hpz. When the
large steady field is in the plane of the surface, the a-c flux is almosl com-
pletely excluded up to a field about 1.85 times Hep; at this field (He3), the
a~-c flux suddenly penetrates, irndicating a rather abrupt return to the normal
state (Fig. 34). When the steady field is perpendicular to the plane of the

Hs Il SURFACE PLANE

H L SURFACE PLANE

| Nbyg-Tay, RIBBON
[ AC.SUSCEPTIBILITY
fied VERSUS

1 MAGNETIC FIELD

Figure 34 Dynamic or a-c susceptibility as a function of steaay: magnetl‘c
field for a Nbg, 70Tag, 20 ribbon. The measurements were maae at 30,000 cps,
with the alternating field in the plane of the surface.



surface the major changes in a-c susceptibility are completed at He2. Though
the behavior of the flux penetration below H.p in the perpendicular field direc-
tion is strongly depencent on the mechanical and thermal history of the sample,
the behavior in the parallel field direction is quite independent of the history
of the sample.

These experiments were carried out with H,. in the plane of the surface.
Our experimental value cf Hi3 is independent of the relative directions of Hae
and Hg as long as both lie in the plane of the surface. The value of Hea obtained
is the same whether thre alternating field amplitude is 0. 05, 0.5, or 2.5 Qe.
This suggests that He3 is a well-defined property of the material, At an am-.
plitude of 20 Oe, however, normal state susceptibilities are observed above
Hez. In Fig., 34 the amplitude is 0. 05 Oe.

These early experiments were performed in an axial superconducting
solenoid making accurate angular alignment and rotation difficult. It was
found that rotating the d-c field out of the plane of the surface rapidly decreased
the measured He3 and broadened the Hep 3 transition. Though we measured
ratios of Hn3 varying from 1.5 to 1. 65, we felt that more accurate alignment
would slightly increase this ratio, We then studied the angular dependence of
both Nbg, 70Tao,30 and other type II superconductcrs with improved precision in
a more convenient iron magnet. - (Y. B. Kim had also found a ratio of ~1.6
Nb-Ta alloys using ordinary d-c current and voltage drop measurements. Kim
informed us of the striking angular effects.)

J. D. Livingston of the General Electric Research and Development Center
noted that for a series of lead~indium alloy wires for which He, (determined
from magnetic measurements) varies by a factor of four, the ratios of
Hes/Hez, which Hej is determined from resistivity measurements, are always
between 1.6 and 1.7. :

These results were extremely confusing; none of the tentative explanations
were sufficient. Then a preprint of an article by D. Saint-James and P. G.
de Gennes apparently explained these results. 3) They calculate, using the
Ginzburg-Landau equations, that between Hpp and 1.69 Hpz a thin superconduct-
ing film (~ 350 & thick at 6500 Oe for Nbg,7,Tag.z0) Persists at the surface of the
specimen when the steady field is in the plane of the surface. When the steady
field is perpendicular to the surface, this film does not exist. These results
are consistent with our observations. This promising theory, substantiated by
further study, removed one of the more puzzling problems in type II super-
conductivity. In Section IV-C we discuss our measurements of the angular
dependence of surface superconductivity for lead-thallium alloys.

4, Behavior of V3Ga Powder in High~Frequency
Magnetic Fields of Small Amplitude.

We have measured the a-c susceptibility of V3Ga powder as a function of
magnetic field by using the oscillator resonance technique described in the
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previous gection. Lhe measurements descrihed 1 ezriier seciion

iné Bean model applles rea sona’oy well 1o the peravicr of type I = TIAUC -
tors subjected to large-amplitude, low-frequency magnetic f12lds or currenis.
In tals zection we dizcuss howa Tgpf“ I zuperccenducior iike T.fe,u.:-; IOnEVes in
high-frequency (>10,000 cps), small-amplitude (< 10 C)i) tic fields. TFine
pf‘wders rath&,.r' than & bulk =p 3c1 ren were cnosen becaus ance tech-

)
nigue uscd DT‘O\;'G@S more sensitivity ag 3 large :pecmjen is: subdivided and itg

surfzce area incressed,

Anarc-cast V3Ga ingot was crushed and separated into size ranges varying
from 1p to 80Cu. A determination of tae distribution of pariicic sizes within
ezch slze range was made irom opticai and electron microgrephs of the particles,
Powder irom each size range was carefully weighed ané mixed with 2 mezsured
weight of Lubriseal vacuum greass to Jorm 2 vaste, The pastes were geparatel
packed 1nto paper straws 2nd mouated in the oscilictor coLls_- (31

The first mezsgurement made was the determination o[ the &-¢ susceptibili-
vies at 4, 2K in zero magnetic fie.d for ¢z CW’ range of particle size. The r“'esuite
ghow trat the initizal susceptibiliiy dacreases from ~1. aS/év for toe 420uL to
900y particles to -0, 1@0//111 Tor the 1lu articles. The experimenzal value of

-1.58/4wn for the large particles is reasonable when compared with the -1, 50,/4n
expected for spheres much 1arg@r than the Lorcon penetraticn ueptfz. The
smaller susceptibiliiies of the smalier pariicles ig also expected since the
London penetration occuples a larger volume fraciion of the gmaller pariicies.
Tre same gsusceptibilities were obltained for these particles by measuring ine
initial slopes of steric magnetization curves,

From the knowledge of the size districution of the particles wiikbin each
size range and tne zero field susceptibility of each size range, a calfculation of
the London penetration depth was made using 2 spnere approzimaiicn for the
S. Thece numpoers vary from about 7000 i tor the 45y t0 E0u particles
about 4000 Efor the 1y particles, They are probably an overestimate
acé:ual Loxndon p@:et:atloh d@pn becatse extra penetrallorn cccurs st the
’Ormrs;; an effect virtually impossibie 1o caleulafe. The smalier caico-
raon penetration deplhs Fm the emaller particles is reasonable since

- neilc field almest completely penetrates the smaller particies and the
cnarp cornors make lesg clifcrance.

Tre second subject we investigated was the a-c gugceptibllity in nonzero
magnetic fields. The experimental results are summarized as foﬂowm

(a) The a-c susceptibility decreases smoothly with increasing d-c mag-
netic field up to the la“gest megneric fields in which mMeasurements were taken
(23 kOe). The results for the £5p to 80w particles and the 1y particles are
given in Figs. 35 and d\,.

(b) The plot of a-c susceptibility vs d-c magnetic field is Independent
of the a-c magnetic field up to apout b Oe peak to peak in the 4bu to 60u
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Figure 35 Experimentally determined a-c susceptibilities of 1y and 45u to 60u
V3Ga particles in steady magnetic fields up to 23,000 Oe. The a-c suscepti-
bility of 454 to 60u VaGa is reversible to within the thickness of the line
drawn., The a-c susceptibility of the 1u V3Ga is hysteretic and is shown only
in increasing magnetic fields. The numerical values along the ordinate are
to be multiplied by - >/4n to yield the magnitude of the a~-c susceptibility.

particles and to the largest a-c fields applied (~25 Oe) in the 1y particles. In
a-c fields greater than 5 Oe, the a-c susceptibility of the 45u to 60n particles
begins to show an amplitude dependence in the direction of larger decreases
in a~-c susceptibility with increasing d-c magnetic field.

(c) The a=-c susceptibility as a function of d-c magnetic field is inde-
pendent of the frequency of the a-c field over the range of 10% cps to 5 x 10° cps.

(d) The a-c susceptibility is a function of the magnetic history of the
specimen (Fig. 36). At any d-c magnetic field other than zero, hysteresis
exists; the a-c susceptibility is greater when the d-c magnetic field is in-
creased to some value from smaller values than when the d-c field is reduced
to that value from a higher value. For the 45u to 60y particles the hysteresis
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Figure 36 Experimentally determined a-c susceptibilities of 1p.and 45u to 60u
articles in steady magnetic fields up to 3500 Oe. The a-c susceptibility of
the 45u to 60u particles is reversible to within the thickness of the line
drawrn. The hysteretic behavior of the lu particles is shown. The numerical
values along the ordinate are to be multiplied by ~1/4m to yield the magnitude
the a-c susceptibility.

is only about the breadth of the line shown in Fig. 36. For tne 1luy particles
the nysteresis is as high as 10% of the susceptibility itself.
(e) The a-c susceptibility as a f nction of d-¢ magnetic field is indepen-
ent of whether the a-c nd d-c magnetic field vectors are parallel or perper—
o 1l

3 0 i -

Qi:fj

The lack of dependence O“f“ the susceptibility on amplitude, frequency,
and -“ela-tlvez- direction of the a-c and d-c fields implies that, even though we
e between H,; and I?ng, we are measuring a property that does not depend
on the aherqab ng entrance and exit of quantized fluxoids, The dependence of
thezero field a-c su Eceoub ility on the size of the particles is close to that

expected frorr the London theory; we shall in fact use the Londcy fneory and
the associated penetration depth x in our discussion. For the 45u to 80u

0

i
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diameter particles the a-c susceptibility begins to increase slowly (more flux
moves in and out) as the a~-c field is increased above about 5 Oe. This suggests
that about 5 Oe is required to unpin the quantized fluxoids or flux threads. The
observation for the lu particles that the a-c susceptibility is independent of a-c
field up to the largest a-c field applied (~25 Oe) will be discussed below.

Conslder first a single sphere of a homogeneous type II superconductor,
one in which there is no internal flux pinning and, therefore, no associated
magnetic hysteresis. If we also assume, for the moment, that there is no
surface barrier to crossing of magnetic flux then, if the radlus R >> ), the
equilibrium magnetization of the sphere will be the reversible AbI‘lkOSOV(l)
magnetization., If, however, R <\, we expect to find two kinds of deviations
from the Abrikosov large sample magnetization curve. The first is the simple
decrease in flux exclusion caused by London penetratlon(82
(xg = -R?/4m\? for R << 1) . The second is the result of the small cross-
sectional area and the finite fluxoid quantum;(33.v 34) when the radius is less
than about 10, there is no longer a simple Abrikosov critical field H.;. There
are a series of separate critical fields for the first fluxoid quantum, the second
quantum, etc. These several critical fields can be separated by as much as
several tens or perhaps even hundreds of Oe for very small particles; the
results have not yet been calculated for our speci:fic cases.

The first effect, the London penetratlon is the cause of thevariation of
the su sce%tlblllty with particle size. Solutions of the Ginzburg-Landau
equations 35 followmg the method of de Gennes(36)show that, for high x ma-
terials into which fluxoid quanta have not yet penetrated, changes in suscepti-
bility and thus penetration depth roughly similar to those seen in Figs. 35and 36
aretobe expected. The solutlons for such materials after fluxoid penetration
are not yet available,

As is clear from the figures, the field dependence of the susceptibility is
not simple; there are striking hysteresis effects for the smaller particles. In
Fig. 36 we see that if we increase the d-c magnetic field on the 1lu particles
to 3400 QOe, stop, and then decrease the field, about a 500 Oe decrease is re-
quired before the susceptibility again begins to change. (Actually there is a
barely visible minimum in the curve in this region.) That the critical state or
defect pinning hysteresis is too small to account for this hysteresis can be
demonstrated ffom the results of another experiment. Magnetization measure-
ments made(31) on 45u to B80u V3Ga particles taken from the same parent
ingot yield a hysteresis of ~100 Oe. Takinginto account the size dependence
of the hysteresis associated with the critical state and the decreased suscepti-
bility of the 1y particles, we can account at most for 10 Oe of the 500 Oe
hysteresis measured.

Some progress in understanding this hysteresis is made if we assume that
the effective penetration depth is not a function of the average internal field as
such, but is a function only of the number of the fluxoid quanta threading the
particle. For small samoles the effects of the finite size of the fluxoid
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quantum and the surface effects, such as a surface barrier to the crossing of
magnetic flux, will lead to a large intrinsic hysteresis in the magnetization and
in the number of fluxcid quanta threading the sample. Consequently, if the stated
assumption is valid, the a=-c susceptibility will show an increasing dependence on
magnetic history with decreasing particle size. In addition, the finite change in
applied field necessary to change the number of fluxceid quanta yields our ampli-
tude independent small signal susceptibility. The smaller the particle the larger
the expected field change necessary to change the number of quanta. This effect
is reflected in the larger limiting a-c field amplitude for the smaller particles.

oince the iniroduction of fluxoid quanta introduces into the material cores
of normal electrons replacing superconducting electrons, it is tempting to
atiribute the increase in penetration depth to this lowering of the average num-
ber of superconducting electrons. Unfortunately, this appealing mechanism is
quantitatively far too weak to account for our results. Further work is thus
necessary to understand these experiments.

C. THE ANGULAR DEPENDENCE OF SURFACE SUPERCONDUCTIVITY
IN SOME TYPE I AND TYPE II LEAD-BASED SUPERCONDUCTORS
(H. R. Hart, Jr. and P. 8. Swartz)

In the previous section we reported some studies of dynamic flux penetra-
tion in Nbg, 70Tag 3g; Our results were consistent with the presence of a super-
conducting surface sheath in a type I superconductor above H.p. We then made
further studies of supereonductivity above the bulk critical fields H, and Hep
using a different alloy system and an improved tf.q}q%i&%ue. A major portion of
the results presented below has been published.

We have found additional evidence(39 -41) for su erconductivity above the
thermodynamic critical field H. and the Abrikosov(l) critical field Hes in type
I and type II lead-based superconductors. Because of the agreement of the
critical field of this remnant superconductivity with the thpo“y of surface
superconductivity proposed by Saint-James and de Gennes, 3) and because of the
dependence of this critical field on surface roughness, we altribute its origin
to a superconducting surface layer. We find, as have other investigators, 140)
that the critical field Hy of this surface film is sensitive to the angle 6 between
the magnetic field vector and the plane of the surface, being a maximum when
9 = 0. We find, in addition, that the normalized angular dependence of H+ on
8 is independent of composition for the entire range of the lead-thallium type II

superconductors that we tested. :

In pure lead and Pbygg Tlg, 01, Which are type I superconductors, we {ind
evidence for surface superconductivity 41) above the thermodynamic critical
field when 8 is small. Beyond scome value of 6, the critical field of the surface
film becomes less than He and is not experimentally defined. However, from
6 = 0 to this angle where Hy = H¢, the normalized angular dependence of Hr
is the same as for the type II superconductors.
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The specimens were in the form of chemically polished sheets
(<0.020 by 1 by 1 inch), which were annealed in vacuo for 40 hours at 10° to
30°C below their meltirg temperature. The sheets were mounted between
thin glass plates. The superconducting-to-normal transition (4.2°K) was’
obtained by measuring the transmission of a smallalternating magnetic field
(0. Q1 Oe at 10* cps) through the central portion of the sheet as a function of
the externally applied steady magnetic field and angle 8. Care was taken to
minimize the amplitude of the alternating field near the edges of the sheet. In
Fig. 37 we show a schematic of the experimental configuration. The horizon-
tal axis has been expanded near the sample. Thne two field coils have been
wound in opposition and the copper shields have been employed to minimize the
alternating field and induced current near the edges of the sheet, The pickup
coils have been wound in opposition to minimize stray pickup voltages.
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Figure 37 Schematic view of the experimental configuration. The horizontal
axis is expanded near the sample.
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In the normal state, transmission consistent with the ncrmal state re-
sistivity was observed; when the surfaces were superconducting, no trans-
mizclon wae observed, The breadth of the transition was typically 1% to 34 of
che steady fleld. The critical field E(6) is defined as the midpoint of the
transition. Hp(6) was found to change less than 1% upon varying the magnitude
of the a~c field over a factor of 100C. .

Typical transmission curves are shown in Fig., 38. From these curves,
ET(8) vs 6 can be plotted (Fig. 29). Hp(0°) is identified with Hus and Hp(80°)
with Hps. According to Saint-James and de Gennes, (3) Hez/Hez = 1,895,
Cur ratics (see Table 111} are in fairly good agreement with this number and
those observed by others. (40} We were able to measure Ho2 accurately for
each of the type 11 superconductors with the exception of Pbg g7 llg g3 and
Pho 70The 30. In these two cases, the transition broadened as § approached
90° (H+ - Hgaz) in a marner that suggests that the supercurrents carried by
these two samples in the mixed state near H.j are less than those carried by
the surface fllmg above Hapz.

10 1 I |

J5— N
f Pbgs T2.05 90°¢ [50° Je5°  J2® s |o°
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0 500 1000 1500 2000

APPLIED MAGNETIC FIELD {0e) —=

Figure 38 Transmission of a small a-c magnetic field through a PbgesTlg, o5
csheet as a function of steady magnetic field and its angle 8 with the surface
of the sheet,
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Figure 39 Angular dependence Hp(8) of surface superconductivity in a
Pbo.g5Tlo.0s sheet. The.normalized angular dependence Hp(8)/HT(0°) is
found to be the same for all type I (when Hp > He) and type II materials tested.

TABLE III

Tabulation of the lead-based materials investigated and their significant
superconducting parameters: k for the type II alloys is determined from the
paper of G. Bon Mardion, B. B. Goodman, and A, Lacaze. (42) For the two
type I materials (pure lead and Pbg,ggTlg, 01), K is determined from the
expression k = Ha3/1.695/2Hc

1% T2 K Hes Hey Hes/He,

0.00' 43 591 TYPE 1

1.06 7 906 TYPE

2.90 L1 1415

4.87 1.5 1844 1048 1.76 .01

487t 15 | 1878 1061 1.77¢.01
10,1 2.5 2974 1691 1.76 £ 01
19.9 45 4404 2580 L71%.0l
29.9 6.5 475 <2927 21,62

t UNANNEALED
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A sensitive demonstration that the nermalized angular dependence of H
on § is independent of composition is provided in Fig. 40. Here the normal-
ized derivative —HTl(O")dHT(e)/dB is plotted vs 8 for all of the specimens
investigated, including the type I superconductors. Within our experimental
uncertainty the data fit the empirical expression (8 expressed in degreeg),

dH.(8)
i
- dg = -0,023e"%0%00 (77)
H0°)
for B <~ 60°
yielding HTKS) :
Hp(0®)

The scattering of the points at 8 <~2° is probably related to a small degrge
of surface roughness that could not be completely eliminated. At § >~ 60"
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Figure 40 The normalized derivative of the critical field of _the suﬁace fi.lm‘

~H-1(0°) dH~(8)/d8 is plotted vs 6 for all of the materials investigated. The

£ s . 15 is independent of K.
results indicate that the normalized angular dependence is independer
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the functional dependence of = HT (0°)dH(e)/d(8) decreases below that given
in Eq. (77) and becomes too small to deflne experimentally.

Saint-James and de Gennes did not determine the surface critical field for
angles other than 8 = 0° or § = 90°. There was at the time of the experiments
no explicit theory for the angular dependence of HT(e), or for the k-dependence
of Hr(6) for intermediate angles. [The Ginzburg-Landau parameter(l) k ig
determined by the alloy composition. In our experiments the materials tested
encompass a factor of ~10 in k. Note that H., =/2kH, and Hq3=
1.695 /2kHa. ] Tinkham (43) first, by analogy, applied to this problem his
results for the angular dependence of the critical field of an isolated thin film
of a type I superconductor. In this first model he finds the angular dependence
to be independent of k and to be qualitatively similar to that observed in his
work. At 8 = 0° the normalized derivative predicted from Tinkham's first
model is approximately two-thirds of that observed. Subsequently, in a more
refined calculation, Tinkham{44) predicted a zero degree normalized derivative
very close to that observed in this experiment.

More recently, Saint-James(45) has calculated the zero degree normalized
derivative for a range of values of the ratio of the thickness of the sample to
the coherence distance. Cur experiment yields one limit of this curve, in
excellent agreement. Kecent measurements by Burger, Deutscher, Guyon and
Martinet(46) have showr. the curve calculated by Saint-James to be correct for
a wide range of thickness to coherence length ratios.

An interesting side result was obtained in this work. In searching for a
convenient alloy system having a sharp transition (Fig. 38), we found that the
minimum transition breadth is a characteristic of the alloy system itself. In
particular, the minimura breadths for lead-bismu:h alloys are always greater
than those for lead-indium alloys, which in turn are always greater than those
for lead-thallium alloys. We believe that this effect can be understood from
Fig. 41. Solidification theory tells us that the compositional homogeneity is
governed by the separation of the liquidus-solidus lines. The larger the separa-
tion, the larger the small-scale inhomogeneity. Since the liquidus-solidus
separations for these alloys increase in the same order as our transition
breadths, we conclude that our transition breadths are caused by small-scale
compositional inhomogeneities in the samples. (Note: Our samples were
annealed but probably not homogenized. ) :
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SECTION V

INTERACTION BETWEEN FLUX THREADS AND INTERNAL DEFECTS:
CRITICAL CURRENT DENSITY

The critical current density, Jeo, has been seen to be the primary
material parameter controlling the a-c and d-c properties of high field super-
conductors. It is generally believed that J, is determined by the interaction
between internal defects and the flux threads of the mixed state. We have
sought to improve our understanding of this basic defect-flux thread inter-
action by studies of the changes in J produced by intentionally introduced
defects. This has included defects produced by (A) fast neutron irradiation,
(B) thermal neutron irradiation of superconductors doped with fissionable
impurities, and (C) solid-state phase transformations.

A. FAST NEUTRON IRRADIATION (P.S. Swartz, H. R. Hart Jr., and
R. L. Fleischer)

Niobium wires, Nbg.70Tag.30 r1bbons and ~70u diameter particles of
NbzSn, NbjAl, V3Ga anc V3Si have been subJec-ed to doses of 5 x 1018,
3.5 x 1017, and 1.5 x 10*® fast neutrons/cm? (nvt). The superconductmg
properties of only the ordered intermetallic compounds were found to be
sensitive to the radiation. (47)

The RCA group has published results of experiments somewhat similar
to ours. (48) The apparent quantitative discrepancy in the increase of criti-
cal current density with dose between their results and ours is probably un-
real; they count neutrons whose energy is in excess of 5 Mev, while we in-
clude in our count neutrons with energy as low as a few tenths of 1 Mev.

Thus, for the same reactor irradiation we would count an incident flux about
10 tlmes that of the RCA group. .

The specimens were packaged in aluminum foil, wrapped in 0.010-inch
cadmium, and irradiated in the Brookhaven reactor. The cadmium absorbs
the thermal neutrons so that the primary flux irradiating the samples is
composed of energetic neutrons (10° to 4 x 108 ev).

In the niobium wires the magnetization curve and the upper critical
field (2720 £ 20 Qe at 4.2°K) are unchanged by the various neutron doses.
Similarly, the low neutron dose of 5 x 10! € nvt induced no change in either
the upper critical field or the magnetization of the Nbg.79Tag.30 ribbons.
The Nbg.70Tap.30 ribbons that received the higher doses are too radioactive
to be handled safely in the near future.

The irradiation of the intermetallic powders produced extensive changes

in magnetic properties. The techniques employad in preparing the powders
and measuring their magnetic properties are described in Refs. 31 and 49.
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Figure 42 shows the 4.2°K experimental magnetization curves of the V3Ga
powder before the irradiation and after the medium and heavy doses. As
these curves demonstrate, the magnetic hystersis (labeled 8) is significantly
increased by fast neutron irradiation. The change in B with neutron dose at
an applied magnetic feld of 4000 Oe ig given in Fig. 43.

The values ¢f magnetic hysteresis obtained from the heavy dose (1.5 x
1018 nvt) VaGa, VaSi, and the "diffusion processed” NbzSn may be mislead-
ingly small. This conclusion is suggested frcm the following arguments.
We found considerably more scatter in the points of the experimental mag-
rnetization curves of the heavily irradiated diffusion processed NbaSn, the
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Figure 42 Experimental magnetization curves of ~704 V3Ga powder. The
curve obtained from the V3Ga submitted to the light dose is omitted for
clarity. These results indicate that the magnetic hysteresis increases
with irradiation.
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Figure 43 The change in magnetic hysteresis AB at H = 4000 Oe is plotted vs
fast neutron dose for each of the intermetallic compounds investigated.
The hysteresis B. of the unirradiated specimens is given in the parentheses.
The results suggest that the hysteresis increases linearly with dose.

arc-cast V3Ga, and particularly the arc-cast V3Si than we could attribute to
experimental uncertainty. Since theory(50) and experiment(9) both indicate
that flux jumping (sudden reduction or disappearance of the magnetization) is
more likely in type II superconductors that have large magnetic hysteresis,
our high dose powders may be flux jumping. This would account for the extra
scatter in these three magnetization curves. Further, if flux jumping is
prevalent, some of the particles have a magnetization that is less than the
critical state magnetization, and hence the measured hysteresis is too small.

For this reason we do not know where to put the top of the error flag on these
three points in Fig. 43.

95




According to the Bean meodel, (7) the magnetic hysteresis 8 in the mixed
state is directly related to the magnetic field gradients in the bulk of the
specimen or, equivalently, the critical current density J. of the specimen.
For sphereg the relationship’ is

N _ 1b6B(H)

JolH) = S

Thus the change in critical current dengity AJe 1s immediately calculable
from the change in magnetic hysteresis 48. We approximate the irregularly
shaped particies as spheres (R = 3bu). In Table IV we have listed aJ per
10" nvt measured in an applied magnetic field of 4000 Qe for each of the
intermetallic compounds.

TABLE IV

Increase in Critical Current Density Per Unit Flux Measured at
4000 Ce, Initia! Critical Temperature, and the Change in
Critical Temperature after 1.5 x 10*° nvt

AJc/l’]Vt
Material (10° amp/cm?)/10*® nvt To("K) 8Tc(°K)

Arc-cast NbzSn 1.1 17.84 -0.18
Arc-cast NbgAl 1.75 17.7G - .28

Diffusion .
processed NbaSn 2.7 1;-86 - O%
Arc-cast VaGa 3.3 } .4§ . - 1A/
7.0 18.87 - .18

Arc-cast VaSi

The Increase in critical current density of the arc-cast samples has a
trend that is to be expected from considering energy and momentum transfer.
The fraction of the energy of a neutron that can be transferred to an atomic
nicleus in an elastic collislon is inversely proportional ic the mass of thé
nucleus. The cross section for elastic collision between g reutron and an
aromic nucleus increases only as aboul the two-thirds power of the mass of
the nucleus. The net effect is that more energy is transferred per neutron
to light atoms than to heavy atoms. If the increased current-carrying cspac-
ity is & measure of the extent of the radiation induced damage, then it is
reasonable that the two niobium-base intermetallics show a smaller increase
in magnetic hysteresis than the two vanadium-base intermetallics, as Nb is
heavier than V. It is aiso reasonable that V381 has a larger increase than
V3Ga and that arc-cast NbsAl has a larger increase than arc-cast NbsSn, as
silicon is lighter than gallium and aluminum is lighter than tin. The fact that
the Nb3Sn, made by the diffusion process {pressed compacts of Nb and Sn
powders in stoichiometric proportion sintered at 950°C for 2 hours), has a
larger increase than both the arc-cast Nb3zAl and the arc-cast NbaSn is not
understood.

YThis expression is valid only if the specimen is in the mixed state and 8<~F;
otherwise, the relationship is more complicated.
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The critical temperature of the intermetallic compounds was also
measured in both the unirradiated and heavily irradiated condition. Each of
the powders was mixed with Lubriseal vacuum grease to form a paste that
was packed into the coil of an oscillator (4 x 10* cps). Following the tech-
nique of Schawlow and Devlin, (29) the frequency was monitored as the
temperature was decreased (see Figs. 44 and 45). From'these measurements,
the critical temperature (defined here as the onset of the frequency shift) and
the breadth of the transiticn were determined. We find that the critical tem-
perature is lowered and the transition is slightly broadened by the irradiation.
Table IV lists Te, the critical temperature and ATe, the change in critical
temperature of the intermetallics irradiated to 1.5 x 1018 nvt.

There are at least four effects of neutron irradiation: (1) the exchange
of atoms between sites, (2) the creation of interstitial-vacancy pairs, (3) the
clustering of vacancies, and (4) the creation of new elements. Since the
superconducting properties of the ordered intermetallic compounds are af-
fected by fast neutron irradiation while those of pure niobium and the un-
ordered Nbg,70Tag.30 alloy are not, it is likely that it is the disordering
caused by the exchange of atoms between sites that is important. It should be
possible to determine the extent of disordering in the heavily irradiated in-
termetallics by measuring the change in the relative intensities of certain
lines in the x-ray pattern. This technique is not sensitive to less than ~10%
disordering and no measurable disordering was detected. Disordering will
be studied by investigating the x-ray patterns of intermetallics subjected to
much larger doses than those described in this report.

CONSTANT FREQUENCY
OSCILLOSCUPE % CURRENT COUNTER
_ OSCILLATOR

CRYOSTAT
/

PARALLEL L-C CIRCUIT
/DETERMINING OSCILLATOR FREQUENCY,

{~ 40,000 cps)

CAPACITOR ———E{E4 SAMPLE AND GOPPER COIL.
-/

Figure 44 Schematic view of the frequency shift method used for the
measurement of critical temperature. The susceptibility of the sample
determines the inductance of the coil and thus the frequency of oscillation.
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Figure 45 A plot of the normalized a-c susceptibility vs temperature for
unirradiated and irradiated (1.5 x 10'° n/em?)~70u particles of NbaAl.
The susceptibility was determined from the frequency shift technique
(Fig. 44). The critical temperature is arbitrarily taken as the tempera-

ture at which the susceptibility first deviates from the normal state value.

B. THERMAL NEUTRCN IRRADIATION OF SUPERCONDUCTORS DOPED
WITH FISSIONABLE IMPURITIES (C. P. Bean, R.L. Fleischer, P.S.
Swarte, and H. K. Hart, Tr.)

1. Introduction

We have added small quantities of natural uranium or boron to the super-
conducting compounds NbgAl and V3Si and exposed them to thermal neutron
irradiation to induce fissions or (n,a) reacticns. Novel techniques were
emplioyed both for observing the distribution of the doped elements and for
measuring the critical current densities before and after irradiation. We
find that the uranium-doped samrples display critical current densities after
irradiation that are substantially higher (~2 x 10% amp/cm? at 30 kOe) than
any now known, while the critical temperature is decreased only 1% to 2%.
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2. Sample Preparation

Six small ingots were produced by arc-casting. . The three NbzAl ingots
contained (A) nominally no impurity, (B) 0.301 A/o boron, and (C) 0.321 A/o
natural uranium. The three V3Si ingots contained (A) nominally no impurity,
(B) 0.178 A/o boron, and (C) 0.190 A/o natural uranium. The ingots were
then crushed to powder and sized. Powder from each 70u diameter population
was irradiated in the Brookhaven reactor to 1.1 x 1017 and 1.7 x 1013 thermal
neutrons/cm?.

The uranium and boron contents were measured using Price and Walker's
technique(®l) that also allows the distribution of these elements to be observed.
In this procedure, the positions of the fissionable atoms are detected by
charged particles emitted as a result of neutron bombardment. ‘The sample
to be examined is polished flat and an appropriate nuclear track detector 52)
is placed against this surface. The sample plus detector is then irradiated
with thermal neutrons; the resulting fission particles enter the detector and
leave damage tracks that are subsequently revealed by chemical etching. To
detect boron fissions [(n, ) reactions], a detector such as cellulose acetate
butyrate or cellulose nitrate, which is sensitive to alpha particles, is used;
for uranium-doped samples, any of the known solid-state nuclear track de-
tectors is suitable. (52)

Figure 46 shows the distribution of particle tracks emanating from
fragments of boron nuclei in V3S8i and NbzAl. In the V3Si, the tracks are
random; in the NbzAl, they occur in isolated clusters, indicating that the
boron is not in solid solution but is localized in what are probably second-phase
regions. The particle track distribution of the uranium-doped ingots (not
shown) was random, indicating that the uranium went into solid solution.

Since the concentration of etch channels is a known function(51) of the
atomic concentration cf fissionable impurity, the neutron flux, and the cross
section for fission, we have been able to establish by counting the tracks in
the detector that (with the possible exception of boron-doped NbzAl) the
number of fission tracks observed is consistent with the doping additions
initially made to the arc-cast ingots. The neutron flux was measured bi]
counting neutron-induced fission tracks in a calibrated glass dosimeter. 53)

3. Experimental Method and Measurements

In the past, the measurement of critical currents has been accomplished
by direct measurement o transport currents in wire samples or measure-
ments of the magnetization loops of bulk samples. In the latter method, the
supercurrents are induced by a change in the magnetic field. In an exten-
sion of the magnetic technique, Swartz, Hart, and Fleischer(47) have
measured the magnetic hysteresis of fine particles of high field supercon-
ductors. This type of measurement obviates the necessity for the formation
of bulk samples of these brittle materials. There are, however, some
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Figure 46 (a) Fission tracks from irradiated, boron-doped VaSi. The
random distribution of tracks suggests that the boron went into solid
solution; (b) fission tracks from irradiated, boron-doped NbzAl. The
clusters of tracks indicate that the boron did not go into solid sclution.

limitations to this technique. TFirst, the measurements are quite time con-
suming. Secondly, with samples of a high critical current density, one can-
not always calculate the critical current density in a direct fashion, and
lastly, the flux jumps may becloud the interpretation of the data, leading to

a calculated critical current density that may be too small. The existence

of these difficulties led us to develop an alternative magnetic technique for
measuring the current density in a superconductor with a high bulk current-
carrying capacity. The technique measures the response of the sample to a
small alternating field applied collinearly with a steady magnetic field. From
theorstical congiderations, (19) one of us has shown that the voltage output of
the third harmonic of the driving frequency, f, obtained from a coil of N turns
and of length L, wound around a cylinder of surface area S whose axis is col-
linear with the field, is:

| Vard| = [2h3fNS/mLIo(H)]10 8volts . (79)

In this expression, hy is the amplitude of the alternating field in cersteds,
while J- (H) is the critical current density of the superconductor in amp/cm2



in a field H. The derivation assumes that ho is small enough that the currents
flow only in a surface layer, small compared to the radius of the specimen.
Measurements on large samples have confirmed the a-c field and frequency
dependences of this expression. (19

Equation (79) could be applied directly to the powders if the powder par-
ticles were in the form of rods or plates aligned in the field direction. If
the powder particles are spheres, as we shall assume, the local field is
tangential to the surface as assumed above, but varies from zero at the polar
point where the field line intersects the sphere to (3/2)hy at the equator.
Owing to this shielding effect, we would guess that Eq. (79) would be valid
for spheres when multiplied by a factor that would be expected to be larger
than unity.

We here present the modification of Eq. (79) for samples of spherical
particles as opposed to the assumption of the zero demagnetizing factor that
underlies Eq. (79). As indicated above, this modification is expressed in
terms of an amplification factor v, that may be guessed to be larger than
unity owing to the field enhancement associated with a sphere. The approach
we use may appear to ke somewhat indirect but is, we believe, easier to
follow than a direct attack upon the problem.

Consider a specimen surrounded by a coil, that is energized by an alter-
nating current, Io sin(wt). If a voltage V(t)=V] sinlwt) + V9 coswt) + Vard
sin(3wt) + Vsth sin(bwt) + ..., is induced in the coil by the changing field, then
the average rate of energy loss per cycle is W =§‘I~th where gi represents
integration over a cycle oI the fundamental frequency. This integration yields
W=IoVi/2 joules/cycle, & familar result.

We may express this energy dissipation in terms of material properties
by noting that it is equal to the integral over the surface of the sphere of the
local surface losses. By Eq. (8) of Ref. 29, this local surface loss is Wg=
5h3/12n2Jc ergs/cm?/cycle. In this expression, h is the amplitude of the
local alternating field. For a sphere in an alternating field of amplitude hy,
this local field is h=(3ho/2) sin 8 where 8 is the polar angle measured from
the field direction. The integration above is:

Wiotal =J Wsds

=(5h3/12n2J.) (27/8) (Zﬂrz)/r'Sin46dS '
0

= (6h3/12n27¢) (S) (81m/128)

Thus, the loss in the sphere is higher than that of a planar surface by a
factor (81n/128) or approximately two. By the equation for loss in the pre-
ceding paragraph, the out-of-phase component of the first harmonic of
voltage is also raised Ly this factor; and since the shape of the hysteresis
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loop is unaffected by this field amplificati ovx all odd veltage harmonics are
raised by this same amplification factor y ={81n/128); hence

| Vargl = [81h§fNS/64LI(H)]10 %volts .  (BO)

spheres

Figure 47 shows a schematic diagram of the electric circuit employed
in the measurement. A 60-watt McIntosh power amplifier drives a primary
coil of 1343 turns of No. 32 wire wound on a form of 0.66 cm diameter that
is 5.5 cm long. A series LC circuit is tuned to the fundamental frequency to
remove higher harmonics from the applied alternating field. The amplitude
is mcnitored by a VTVM that senses the voltage across a 10 chm resistor.
Alternating fields up to about 400 Oe can be generated in the audio range.
Two secondary coils of 280 turns, 0.36 cm in diameter, and 1.11 em in
length, fit closely into the primary coil. The sample, consisting of 40 to
o0 mg of 704 particles mixed with Lubriseal grease, is packed in a straw in
cne coil. The output of the two coils is bucked externally across a voltage
divider. In addition, a compensating signal can be injected from a 25 mH
mutual inductor. The voltage dividerand mutual inductor are adjusted to
null the fundamental voltage for a low drive field when the specimen is super-
conducting. Not shown in this diagram is the superconducting coil that
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Figure 47 A schematic diagram of the circuit employed in the harmonic
analysis technique.
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encloses the primary and secondary to provide a steady field up to 30 kQe

at 4.2°K and about 26 kOe at 2°K. The output voltage is amplified by a Keith-
ley 102B decade isolation amplifier and detected by a Hewlett Packard 310A
wave analyzer. The noise is usually a fraction of a microvolt.

Equation (80) is used to determine the critical current densities of the
samples. The experimental factors that are not precisely known are NS/L.
These factors can be determined in two separate ways. In the first method,
N and L are coil factors that are known quite accurately, while the surface
area, S, of the particles is calculated from the weight of the powder packed
into the coil and the assumption of a particle radius, r, of 3.5 x 107°% cm.
This method yields a typical value of about 2.0 x 10% cm for NS/L.

In the second method, NS/L is inferred from the measurement of the
normal-to-superconducting transition of the sample and the assumption of a
particle radius. The fundamental voltage difference between the normal and
the superconducting states is given as:

| AV pms = [2nNSrhot/3/21,]1078 (81)
or
NS/L=[3]|aV|pms//onrhot]10*8

From this expression, NS/L can be determined for particles with a critical
current density sufficiently low that the magnitude hg of the alternating field
can be made much greater than the magnetic hysteresis, and the consequent
penetration of the alternating field complete. By this method, we meadsure
typical values for NS/L of ~1.65 x 10® c¢cm for an ~8% volume fraction of
powder in the coil. The difference between these two estimates is that the
first may be high owing to the assumption of perfect coupling and packing,
while the second may be low because of incomplete penetration of the par-
ticles by the alternating field.

The value for NS/L of 1.685 x 10 is chosen for all calculations of critical
current density in this report. From Eq. (80), J (H) then becomes:

To(H) = (1.48 x 107°)h§1/| Vard| rms . (83)

A test of the method itself rests on the field and harmonic dependence
of the output voltage. According to theory, (19) the output voltage should
increase with the square cf the alternating field and the ratio of the nth
harmonic to the third harraonic is given as 5/(n?-4). An experimental test
of the method is shown in Fig. 48 for the heavily irradiated, uranium-doped
Nbz Al measured at 15 kOe at 4.2°K. The solid lines are theoretical with the
assumption that Jo(15 kQe) = 8.3 x 10° amp/cm?®. These data indicate a sub-
stantial agreement between theory and experiment over a wide range of
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Figure 48 A plot or output voltage of odd harmonics of 5 ke for a samrple of
NbsAl + 0.321 A/o U irradiated with 1.7 x 10'* thermal neutroris/cm?.
The measurement was made at 4.2°K in a steady field of 15 kOe with al-
ternating field amplitudes from 4.4 to 88.3 Qe.” The third through the seven-
teenth harmonics are plotted on the horizontal axis as 5/(n® - 4) where n
is the order of the harmonic. The solid lines are theoretical, based on
the assumption of a critical current density of 8.3 x 10° amp/cm?.

driving field and measured harmonic. One can estimate from the data of

Fig. 48 and the two independent measurements of NS/L that the precision
of measurement is within ~+ 20% and that the absolute values of the current
density may be low by about 204

Some of the determined values of J-(H) as shown in Figs. 49 through
52 encompass a variety of audio-frequencies and alternating fields, selected
so that the output voltage of the third harmonic was generally maintained be-
tween a few microvelits and a few hundred microvolts, and the consequent
penetration of the alternating magnetic field was small.

(Text continued on page 109)
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3. Discussion

The measured values of critical current density are interesting in a
number of respects. Perhaps the most significant result is the absolute
magnitude of the critical current density of the uranium-doped NbzAl and
V3Si after 1.7 x 10'® thermal neutrons/cm?. The critical current densities
of L to 2 x 10% amp/cm? at 30 kOe (see Figs. 49 and 52) represent an in-
crease of nearly two orders of magnitude over the pre-irradiated values and
are nearly an order of magnitude greater than the highest values yet reported
for any superconductcr in these high magnetic fields. This large increase in
critical current density must be attributed to the uranium fissions rather than
the thermal neutrons alone, since the undoped V3Si (Fig. 50) and the undoped
NbzAl (not displayed) undergo an increase in critical current density of only
about 5 x 10* amp/cm? at 30 kOe after the bombardment of 1.7 x 1018 N/cm?.

It is interesting to note the very small fraction, f, of fissions that has
produced this large increase in Jo.. We have

f=Clod (84)

where C is the atomic concentration of the uranium, equal to 3.21 x 1072 for
the NbzAl, and 1.90 x 1072 for the V3Si; I is the atomic abundance of the
Uzas in natural uranium, equal to 7.19 x 1073; & is the thermal neutron dose
(1.7 x 10'® N/cm?); and o is the fission cross section of Uz3s which is 5.82 x
10-%2cm?. Equation (84) tells us that the fraction of the total number of
atoms that have fissiocned is one in each 44 million in the NbzAl and one in
each 75 million in the V48i. The total number, M, of atoms displaced per
uranium fission has been calculated on different occasions to be 6 x 10? or

6 x 10° for uranium. (54 35) If these numbers are assumed to apply here also,
the fraction, Mf, of atoras displaced by the heavy irradiation in the two
uranium-doped intermetallic compounds would be 1/1000 to 1/100.

Earlier work(47) on the increase in critical current in undoped V3Si and
Nbs Al after fast neutron irradiation has shown that the increase in current
density per incident nesutron is about 3 to 4 times greater in the V3Si. The
present results indicate that damage produced by the uranium fissions is also
more effective in the V3Si, since the increase in critical current per uranium
fission at high magnetic fields is 2 to 3 times greater in the V33Si.

The increase in critical current with thermal neutron dose in the uranium-
doped samples is unusual. In low magnetic fields, the critical current is in-
creasing much slower than linearly with neutron dose. In high magnetic fields,
the critical current is increasing somewhat faster than linearly with neutron
dose. In magnetic fields greater than about 10 kOe, the critical current of the
heavily irradiated, uranium-doped V3Si and Nbz Al becomes nearly independent
of magnetic field. Apparently, the type of pinning center produced by the fis-
sion is as effective in impeding flux motion in high magnetic fields as in low
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magretic fields. Thisobservation runs counter to the typical case in which tha S
more customary relationshin of Je(H + By) = ac is found. )

It would be interesting to determine if there is some upper limit to Je
in the beta-tungsten-type superconductor. Perhaps the easiest way to ex-
plore this question is to dope with enriched, rat™ :r than natural, uranium.
Then 140 times as many fissions would be produced per incident thermal
neutron.

The critical temperatures of some of the samples were also measured.
Following the technique of Schawlow and Devlin, (29) the frequency (near 4 x
10* cps) was monitored as the temperature was decreased. The critical
temypirature oithe unirradiated, uranium-doped V3Si was ~16.90°K, essentialiy
the same as the undoped sample. After the heavy irradiation, the uranium-
doped V3Si showed a decrease of only ~0.22°K (Fig. 53). The critical tem-
perature of the unirradiated, uranium-doped NbzAl was only 16.94°K, a
decrease of ~0.75°K from the undoped sample. After the heavy irradiation,
the critical temperature was further decreased by ~0.45°K. ‘

The critical temperature of the boron~doped V3Si was also measured
before and after the heavy irradiation. The critical temperature was found
to decrease only 0.04°K from the pre-irradiated value of 16.85°K. I the
boron-~doped VzSi (Fig. 51) and NbsAl (niot shown) the increase in critical
current after heavy irradiation was essentially the same as the ircrease ob- { )
served in the undoped samples. This indicates that the boron fissions are o
either ineffective in preoviding pinning sites witk which the magnetic flux lires
will interact, or that relatively few damage sites are produced.

We may use Eq. (84) to calculate the fraction, f, of fissions produced
by heavy irradiation in the boron-doped intermetallics. Taking the isotopic
sbundance, I, of B*® g5 0.19 and o = 4 x 10" %Yem?, then f = 1/2.5 x10° for
the NbsAl and f = 1/4.2 x 10° for the V33i. The lithium nuclei and alpha
particles produced by the boren fission carry a total kinetic cenergy of ~2.5
Mev, most of which is given to the lighier alpha particle. This number is
much less than the 100 to 200 Mev total kinetic erergy of the heavy fragments
produced by a uranium fission. The subsequen: atomic displacements that
result from the fission fragmerts originate in koth cases from the repulsive
coulomb inieracticrs. Because of its low charge and mass, the aipha particle
is less effective in producing atomic displacements than the ratio of 2.5 Mev/
180 Mev weould imply. The number, M, of atomic displacements produced .
by a 2 Mev alpha particle is only ~40 in germanium. (55)

We can provide a qualitative expianation of the relative ineffectiveness
of the boron fissions wken compared to the uranium fissions if we assume
that the increase in critical current density is proportional to the number
of disrlaced atoms i each case. From the values of C, I, M, and & given )
above for boror and uranium, we calculate that 10 to 100 times as many atomic -
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displacements occur in the uranium-doped V3Si and NbsAl than in boron-
doped samples after comparable thermal neutron irradiations. Further, the
damage resulting from the uranium fissions may be somewhat more effective
than the multiple of 101102 suggests, as each of these damage clusters
should be larger and more comparable to the diameter of the flux thread,

and hence effective as a pinning site. (56)

4. Summary

The technique used for confirming the amount of uranium and boron ad-~
ditions and its distribution in the samples is novel. This method of detect-
ing small concentrations of a fissionable impurity should lend itselfto other
applications. The technique employed for measuring the critical current
density of small samples is also new and offers certain advantages over the
ballistic method.

The major experimental finding is that damage resulting from uranium
fission is extremely effective in increasing the bulk supercurrent of the
beta-tungsten-type superconductor. The accompanying decrease in critical
temperature is small. Thus, the technique of uranium doping followed by
thermal neutron irradiation may prove to be a ussful processing technique
for increasing the supercurrents in systems mads from superconductors of
the beta-tungsten structure. Further studies of the effects of various types
of irradiation-produced damage may provide insight both to the nature of the
damage produced and to the nature of the interaction between a structural
defect and the quantized magnetic flux thread.
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C. SOLID-STATE PHASE TRANSFORMATIONS (J.D. Livingston)

1. Martensitic Transformation in In-T1

In-T1 alloys undergo, on cooling, a martensitic (diffusionless) transfor-
mation from f.c.c. to face-centered tetragonal(57) resulting in an interesting
microstructure (see Fig. 54). Within the primary transformation lamellae
seen in the figure are much finer secondary lamellae. (57) Since these alloys
are type II superconductors, (58) it was decided to study the effect of these
unusual microstructures on superconducting properties. The recent indica-
tions from Bell Laboratories of similar transformations in Vasi(59) and
other 8-W compounds, and the resulting possibility that critical currents in
NbsSn are controlled by such a transformation, give added interest to a
study of In-T1.
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Figure 54 "Nomarski" interference contrast micrograph of In 20.9 A/o T1
polycrystal, showing primary transformation ‘amellae. 200X

The martensitic transformation temperature decreases with increasing
T1 content. A recent paper(ﬁo) shows the transformation temperature de-
creasing from room temperature at 224 T1, to 77°K at 304 T1, and to liguid
helium temperatures by 314 T1.

A series of alloys was annealed at 135°C, and the magnetization curves
tested at about 2°K. The results in Fig. 55 show a tenfold increase in mag-
netic hysteresis (hence, in J.) in the vicinity of 31% T1.

The most likely explanation of these interesting results is a two-phase
structure in the alloys near 31% T1. Probably samples (a), (b), and (c) were
fully tetragonal at 2.15°K; samples (g) and (h) fully cubic; and samples (d),
(e), and possibly (f) part cubic and part tetragonal.

Hence, martensitic microstructures of the kipd seen in Fig. 54 apparently
do not produce much hysteresis. Samples (a), (b), and (c), which contain such
structures, are nearly as reversible as (g) and (n), which remained cubic. ;: )
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Figure 55 Magnetization curves for In-T1 alloys at about 2.2°K.

The results, therefore, suggest that to obtain high current-carrying
capacity from a martensitic transformation, one wants an incomplete trans-
formation, as in specimens (d) and (e). This conclusion may also be true
for V3Si and Nb3Sn, which may undergo similar transformations, and where,
as here, local composition is probably the main variable controlling the
transformation.

2. Spinodal Decomposition in Nb Alloys

Spinodal decomposition has recently been recognized as a mode of phase
separation that, in solids, can produce an extremely fine and uniform micro-
structure. (61) "Such a microstructure should be more amenable tc quantita-
tive description than the irregular microstructure produced by crdinary de-
formation and precipitation treatments, and thus more useful for experiments
attempting to determine & quantitative relationship between J¢ and micro-
structural parameters. A uniform microstructure as produced by spinodal
decomposition might also be less prone to flux jumping than more irregular
structures. Unfortunately, all alloys known to undergo spinodal decomposi-
tion were nonsuperconductors, so metallurgical development work was first
necessary to see if "spinodal supercconductors" could be produced.

This work, started in the last year of the contract, was delayed by a
variety of difficulties, and has not yet achieved success. Only in the last
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Figure 56 Transmission electron micrograph of Nb - 60% Zr alloy solution
treated at 1500°C and subsequently aged 1 week at 370°C. Faint checker-
board pattern ssen on fine scale may be evidence of spinodal decomposi-
tion. 80,000X
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month have some promising preliminary results been obtained. Transmission
electron microscopy of Nb-Zr and Nb-Zr-Ta alloys aged for one week at

370°, 450°, and 510°C has revealed a fine microstructure that has some of
the expected features of spinodal decomposition (for example, see Fig. 58).

'An at least locally periocdic structure on a scale cf 100 & or less is visible.

More work is necessary to confirm and interpret these results, and to see
the effects of these fine microstructures on superconducting properties.

3. Precipitate Particles; "Differential' Diamagnetism"

In considering the relative effectiveness of various precipitated particles
in interacting with flux threads, it was conceived that a controlling property
was the differerce in diamagnetic tendencies between particle and matrix, as
determined by the difference between the equilibrium magnetization of the two
phases. - Flux threads will be repelled from particles more diamagnetic than
the matrix, and attracted to particles less diamagnetic. The force of the in-
teraction, which governs the critical current density Je, will vary with this
"differential diamagnetism" between particle and matrix.

Considered in detail, this suggests that superconducting particles of lower
Te and Hez than the matrix can produce critical currents that will increase
with increasing temperature. (The particle, less diamagnetic than the matrix,
also loses diamagnetisra faster with increasing temperature, so that the
"differential diamagnetism" increases.) This has been observed in an alloy
of Pb-In containing Sn-rich precipitates, as seen in Fig. 57. It can be seen
that for fields below about 1500 Oe, this alloy has a higher hysteretic magneti-
zation (hence, a higher Js) at 4.2°K than at 2.0°K. The situation, of course,
reverses at higher fields,since the critical field at 2.0°K is much higher than

at 4.2°K.

The "differential diamagnetism" argument also suggests that supercon-
ducting particles of lowar Te and Hez than the matrix can produce critical
currents that will increase with increasing field ("peak effect"). The Pb-In-
Sn alloy at 2°K shows a slight peak, as predicted. Applied to particles or
regions of different k¥ than the matrix, a "peak effect" is again predicted, in .
this case with a minimum in critical current near H = (1/2)Hcz (where equi-
librium magnetization is independent of k¥, hence "differential diamagnetism"
is zero). Samples of several cold-worked Pb alloys show such a minimum
(Ref. 62), where the dislocation boundaries probatly serve as high-k regions.

Although still in a preliminary state, this concept of "differential diamag-
netism" has received some experimental support, and shows promise of
improving our understanding of the dependence of J. on temperature, field,
and the nature of second-phase particles. The srecific case of materials
with Je increasing with increasing temperature is of particular interest.

Since flux jumping is dependent on the normal decrease in J¢ with increasing
temperature (see Section VI of this report), materials like that shown in Fig.
57 might be unusually resistant to flux jumping.
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BECTION VI

MAGNETIC INSTABILITY AND ITS IMPLICATIONS
FOR THE BEHAVIOR OF HARD SUFERCONDUCTORS

A. CONDITIONS FOR MAGNETIC INSTABILITY IN INHOMOGENEQUS
TYPE II SUPERCONDUCTORS (P.S. Swartz and C.P. Bean)

1. Introduction

It is a common experience that an inhomogeneous type II superconductor,
a hard superconductor, exposed to an increasing magnetic field will shield this
magnetic field from the interior of the specimen by the induction of persistent
currents. At excess fields on the order of kilo-oersteds or tens of kilo-
oersteds, it is commonly found that a magnetic instability develops and the
formerly persistent currents are partially or wholly destroyed, and corres-
pondingly the magnetic flux partially or wholly enters the specimen in a
discontinuous fashion. The occurrence of these flux jumps is usually not
reproducible in detail and, further, depends on sample size and structurc as
well as the time course of the applied field. The occurrence of these flux
jumps has an importance over and above the immedlate limitation to the
shielding properties of high field superconductors; the analogous effect in coils
gives a momentary voltage that may cause enough energy dissipation to trigger
a discontinuous transition to the normal state.

It is the purpose of this report to give necessary conditions for these flux
jumps in terms of sample and material properties. The question of the sufficient
conditions is more complicated and can be dealt with only in a more or less
incomplete manner.

2. Incremental Adiabatic Susceptibility .

This section treats the following problem:(63) consider a semi-~infinite slab
of superconductor cooled in a magnetic field directed in its surface plane.
Assume further that the field is raised isothermally by an amount H (QCe). (It
is important to note that H represents the amount by which the field is raised,
rather than the absolute magnitude of the field.) We next consider the field
to have received a small increment, AH, in a time short compared to an ap-
propriate thermal diffusion time and long compared to an appropriate electro-
magnetic diffusion time (these limits will be made clear later). 'This increase
of field is termed adiabatic. If the total change in flux per unit width of the
specimen is given by aw(H, o), then pw/AH defines an adiabatic incremental
susceptibility. A necessary condition for a flux jump is that this quantity be
unbounded--~this condition is calculated in this section. The physics of the
situation arises from the fact that the impediments to flux motion are, in
general, decreased by increasing temperature. Each element of volume
exposed to the increment of field receives a thermal pulse. This impulse,
in turn, lowers the barriers to flux motion, giving rise to a further impulse.
Under appropriate conditions this process may be catastrophic.
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The calculation rests on the following assumptions: first, the material
is assumed to be strongly type II such as Nbg, 75Zr0,25 Or Nb3Sn, and to be
operated in the mixed state region where the equilibrium flux density within
the body is closely equal to the applied field; secondly, the material is
characterized by a critical current density, J C(amp/ cm?), a gradien: of
current density with temperature, 3Jc/3T (amp/cm?°K) and a specific heat,
C (ergs/cm3°K). If the slab is cooled in an arbitrary field in the mixed state
region and the field is subsequently raised in an isothermal fashion by an amount,
H(0), then by simple application of Ampere's law, (7)

3H/3X = -4n7,/10 (85)
the excess field decreases with distance, measured in the X direction, to a
depth § = 10 H/4nJ o This state of affairs is shown in the lower curve of

Fig. 58. The flux per unit width, ¢(X), that has crossed a position X in the
body is defined by

o (X) =/X H(X)dX . (86)

If the field were increased isothermally by an amount AH, as in the dashed
curve of Fig. 58, then the increase in flux ag;qo 1S given from Eq. (86) and
inspection of figure as

Dpjgo =0 AH ' : (87)
Hence the isothermal incremental susceptibility is simply AcpiSO/AH =5%. Ii
however, the step of field is applied adiabatically, then each region has an
energy Johp(X) x 10 ! ergs/cm?® suddenly dissipated in it. If this occurs in a
time short compared to that for heat diffusion, then by the first law of thermo-
dynamics there is a temperature rise AT(X) given by

CAT(X) = Toap(X) x 10-t . (88)

If we expand the current density J»(X) in a Taylor expansion in T, i.e.,

J.(TwT) = J.(T) + (aJc/aT)AT (89)

we can by combination of Egs. (88) and (89) eliminate AT to arrive at a
specified form of Ampere's law

3H/3X = -4nJ /10 + (1/72)a9 (X) (90)
where ) is a parameter with the dimension of distance, defined by

1/A% = -4nJ (63./3T) 1072/C . (91)
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Figure 58 The distribution of field in an inhomogeneous, strongly type II
superconductor of field-independent, critical current-carrying capacity under
three conditions. The lower solid curve shows the field distribution into the
planar specimen with an excess field, H, applied isothermally. The depth
of penetration is 6;. The dashed curve marked "isothermal” indicates the
result of an increment field, AH(0), applied isothermally while the upper
solid curve marked "adiabatic" indicates the further penetration owing to
local heating that occurs if AH(O) is applied in a time short compared to that
for heat diffusion. The final depth of penetration is bs.

The final field configuration is that shown in the upper curve of Fig. 58.
A general expression for the increase in local field, AH(X), caused by the
increment AH(O) is

X
e d2H dH
AH(X) =0H0) + A (SS{‘ -5

1) ax (92)

where the subscripts f and i refer to final and initial states or after and before
the increment of applied fleld, respectively. In deriving equations for the
final field distribution, we must distinguish between two domains of X. The
region of initial field penetration, 0& X £ 6i; and the extra region exposed

to flux, ;€ X< 6;. By the conditions hypothesized,

2| =- a1 /10 0 Xg8;
1
(©3)
3H | _
B_X j_—O 615 XSbf
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Using the final value of the field gradient given by (90) and the initial value given by (J
(85), Eq. (92) becomes L

X
AH(X) = aH0) + (1/)‘2)/0 A (X)dX 0g Xg 8
X
AH(X) = AH() - 4.nIC(X-61)/1O + (1/x2)/ Aep (X)dX (94)
for 6i< XL b¢

The distance of total penetration, bp 1S defined by setting the increase in field
equal to zero, i.e.,

5
0 =AH(0) -4n:rc(6f,-6l)/1o + (1/x2)/ ' pp(X)ax . (95)
0

Differentiating Egs. (94) with respect to distance with substitution of first and
second derivatives of Ap(X) for -pAH(X) and -3AH(X)/3X, respectively, from Eq. (86)
gives differential equations for A (X)

259 = (1A %) 0< X< 63 )
ax? : |
(96)

z .
37N -1 B +4nT /10 61 < X b¢
3xX? ;

The appropriate boundary conditions are

pp  and 3dp/dX continuous at 8;
©7)

Ao =300/3X =0 at 85
Solutions of Eqs. (96) that satisfy the boundary conditions given in (97) are

Mp(X) = (4nT A2/10) [cos{ (X-61)/A] - cos { (X-8:/\)}), 0 X& 64 .
(98)

Ap(X) = (4nI\2/10) [1-cos{(X-87)/21] 5;£Xgd; . )

122



From the first equation of the set above, we can immediately write down the
total pulse of flux that enters the samples as

b (0) = (4nT A 2/10) [cos (81/n) - cos (6¢/A)] . (99)

To determine the value of AH(O) we take the negative derivative of the first
equation of (98) and evalucte it for X = O:

AH(0) = (4nJ 0/10) [sin (5¢/2) - sin(6;/2)]. (100)

Equations (99) and (100) given by elimination of 6¢, the desired relationship
between ap (0) and AH(0),

2(aE(0)] sin (5;/2) + [AH(0))? (10/4nT 2) =
(101)

2[a@ (0)] (1/2) cos (5:/2) - [29(0)]2 (10/4nT A %)

In the approximation of small AH(O) and ap(0), this gives for the adiabatic
incremental permeability

8w (0)/a3(0) = x tan (51/2) - - (102)

In the limit of small penetrating fields, & ;<<\ and ap/AH- 6; in agreement
with the isothermal case of Eq. (87). The first possibility for an instability
occurs when this adiabatic incremental permeability becomes unbounded, i.e.,
when tan(s i/x y= or 61/7\ =n/2. Using the earlier definitions of § and X, this
gives an instability limit field of

- | 3 . 1/2 ‘
Hinstability =L CIc/ @I/ 1) ro. (103)

Using approximations appropriate to NbaSn, 64 65) ¢ = 2.3 x 10273 ergs/cm?,
and J(T) = J(O)(1L - T/T,), this instability field has the values shown in the
dashed curve of Fig. 5J. The peak value is about 9 kOe at 14°K, and it

falls to zero both at absolute zero and the critical temperature.

We emphasize that this is merely a necessary condition for a flux jump
and is not necessarily a sufficient condition for partial flux jump, let alone a
complete one. The next section calculates the necessary condition for a full
flux jump.

The argument of this section rests on the assumption of an adiabatic pulse.
This condition requires in turn that the time of application of the field step
AH(0) 1is less than an appropriate thermal diffusion time, Tipoppy- The
thermal diffusivity, Diyepy, 1S K/C where K is the thermal conductivity
in erg-sec/cm-°K and C is the specific heat in ergs/cm3-°K. For NbzSn
below 10°K, (20) K ~ 75T2 erg-sec/cm-°K. Hence, with the value of C
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Figure 59 The temperature dependence of two necessary conditions for flux
jump in solid Nb3Sn. The dashed curve plots Hinstability, the excess field
at which the adiabatic, incremental permeability first becomes unbounded.
The solid curve plots the excess field necessary to destroy superconductivity
in a specimen.

previously employed, i.e., 2.8 x 102T3, Dtherm becomes approximately

0.3 cm?/sec. For a thickness of §, the thermal diffusion time is Ttherm
~82/4Dipepm- If & were 1072cm, then Ttherm would be about 1074 sec. In
general, then, rise times in the microsecond range ensure adiabatic conditions.
The arguments of this section have neglected the magnetic diffusivity

owing to the viscous motion of flux lines. This diffusivity, Dmag, can be
expressed(®8) in terms of a flow resistivity of flux lines as Dy g =

10° p ¢/4n. While we (gnssw of no direct measurements in NbsSn, Strnad,
Hempstead, and Kim 7) have found a simple empirical relationship for

Nb-Ta alloys at low temperatures, Pt = p,| E|/Hcz where op is the resistance

of the normal state; | H| is the magnitude of applied field; and H¢z is the upper
critical field of the material. Assuming the generality of this result and using

a value of 10~ ° ohm-cm for the normal state resistance of NbzSn, Dmag~103
H/Hcz. Using a value of 2.5x 10° Oe for Heg, it is seen that Dpy,e is greater
than Dy ey if the applied field, H, is greater than 75 Oe. Hence, for most
cases of interest, the magnetic diffusivity is greater than the thermal diffusivity;
and thus the retardation of flux motion owing to flow resistivity will not prevent
a sample of Nb3Sn from receiving an adiabatic pulse of flux.
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3. Necessary Condition for a Complete Flux Jump

Following the concepts of Wipf and Lubell, (68) the necessary condition for
a complete flux jump at a temperature Ty is determined through equating the
decrease in field energy of complete penetration to the energy necessary to
heat the sample to a higher temperature, Ty, at which it is not super-
conducting in the presence of the field in questicn. This latter temperature,
as Wipf and Lubell point out, is usually very close to the critical temperature,
Tc, of the sample. The equations that determine this full flux jump field,
Herity are

. Tu . |
HZ, it (To)/8n = /T C(T)aT (104)
0

and

Hoppt(To) = Hea(Ty) - (105)

We may evaluate this critical field for a material such as Nb3Sn by the
use of the following analytic approximations

C(T) =y T, Hea(T) = 8(1 - T/T) (106)

where the latter approximation is valid near the critical temperature. Using
Egs. (102) and (105) together with the approximations given in Eq. (108), we
find an equation for Ty in terms of Ty

(T'O/,—-I‘-\c)4 = (Tu/Tc)4 - (BZ/ZTTYTé)(l'Tu/Tc)Z . (107)

To evaluate this for the specific case of Nba3Sn,  we choose (65, 69) Yy =

2.3 x 102 ergs/cm3-°K*%, 8 =3.2x 10° Oe, and T, = 18°K. The results of
this calculation of Tu anc hence by (108) and (105) of Hcrit(Tc) are shown in the
full line of Fig. 59.

4. Discussion

Treatments whose physics is similar to ours for instability conditions
have been recently announced by Wipf and Lubell 88, 70) a5 well as by
Hancox. (71) Their results apparently differ by numerical constants of the
order of one from our result given in Eq. (103). Both authors note that for
usual dependences of Jo(T) and 3Jo/3T, the field is independent of the magni-
tude of J.. Itappears, hcwever, that Hancox confuses this instability limit
with the field required for full gesmetration. A detailed treatment by Wipf and
Lubell is promised to appear. (68
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This report has presented two conditions necessary for flux jumps; an
important question remaining is that of sufficient conditions. At low temperntures
€14°K for Nb3Sn) the considerations of the present report do not permit an
identification of the sufficient conditions. Inspection of Fig. 59 shows that for
Nb 3Sn above 14°K, the instability field both decreases with increasing temperature
and, in addition, is larger than the field required for a full adiabatic flux jump.
These conditions are sufficient for a catastrophic jump. We conclude that
from 14° to 18°K the dashed line of Fig. 59 represents the flux-jump limit for
Nb 381’1;

The instability condition of Eq. (103) suggests two methods for the elimination
of flux jumps. The first is to distribute a second phase within the supercon-
ductor that imparts a high specific heat or latent heat such that the instability
field of Eq. (103) is raised. Goldsmid and Corsan(7°) have found that porous
Nb3Sn in a helium bath will withstand fields up to 50 kOe, and have attributed
this stren th against flux jumping to efficient cooling by the liquid helium.
Hancox(71) has further shown that impregnating such a cylinder with wax
reduces the flux~jump field to about 17 kOe, in agreement with this concept.
A second method, implicit in the letter by Wipf and Lubell, is to reduce the
thickness of the specimen sufficiently so that the critical distance of
penetration, m\/2, is greater thanthe half thickness of the specimen. Given
the thickness as W, this condition becomes .

Wg {-102nC/[47,6TATI /2 . (108)

For a given specific heat and functional dependence of J, upon T, this thickness
depends inversely on the critical current density. Inasmuch as this criterion
is based upon a necessary condition for a flux jump, it undoubtedly is unduly
restrictive at low temperatures.

B. AN UFPER LIMIT TO THE CURRENT-CARRYING CAPACITY
OF HARD SUPERCONDUCTORS (P.S. Swartz)

1. Introduction

Tt is well known that the transport current that can flow in a type II super-
conductor in the mixed state is primarily a bulk, rather than a surface super-
current. It is customary to describe the current-carrying capacity of such a
superconductor in terms of a bulk current density Jo(H, T) that is related to the
degree of flux pinning at imperfections and that often adopts the Kim-
Anderson form of

T
J—C (H + BQ) = G‘C(O) (1 - teTC ) (109)
where H, B, a,(0), and T, have their usual meanmg(11 12) and te is an

experimentally 8ef1ned parameter that can adopt values between zero and
unity. The expected critical current I.(H, T) for a superconductor characterized
by a bulk current density is simply the product of Je( (H, T) and the cross-sectional
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area, A, of the superconductor. In practice, however, one finds that a quench
or an abrupt return to the normal state (i.e., the sudden appearance of a

large voltage) often occurs at a transport current [, «<J, x A. In this report
we extend the model foer magnetic instability as developed by Swartz and Bean
(see first section of this report) to the case where the transport current is
applied to the superconductor directly from a battery, rather than induced by
a changing external magnetic field. We find that under certain well-defined
conditions, the state of the superconductor becomes magnetically unstable and
a flux jump occurs that quenches the sample well before the "true critical
current” I.(®J; x A) is reached.

It will be useful in the analysis thatconstitutes the body of this report to
look upon I.(H, T) = J.(H, T) x A as a phase boundary separating the supercon-
ducting and normal state At a given magnetic field H, the "true" critical
current I, vs reduced temperature t=T/T,) takes the form I o)=L, (0)(1-t/ty)
shown in Flg 60. At any temperature tg, if there is no intervenlng instability,
no steady voltage Wlll be detected until the transport current I, intercepts
the phase boundary, I (t) We define also a second transport current I
Io is defined as that txansport current level where, if an instability occurs,
sufficient heat will de dissipated to raise the superconductor from ty to a higher
temperature t, where I~(to) = I.(ty) ® J(ty) x A and a consequent quench
would result. This quench current I S:may be regarded as a phase boundary
that is conditional to the superconduc GEor being unstable when I; = Ig. A
third-phase boundary I¢;(t) is defined as that transport current at which a flux
jump or instability occ urs This phase boundary is operative in limiting the
maximum transport current only when IQS I;:< I,. Typical curves for I
and Ifj for an unshielded superconducting filmi are also displayed in Fig. 80

These three phase boundaries may be used to determine an instability
induced upper limit to the transport current in a hard superconductor. In the
case of a hard superconducting film, at reduced temperatures between t, and

(see Fig. 61), the transport current will first intercept the I,(t) phase
boundary and the true critical current, J. x A is measured. At reduced
temperatures between t; and tp, the transport current will first intercept
the conditional phase boundary I (t). No transition will take place here,
however, as the superconductor is still stable against flux jumps (i.e.

IQ < Iygj ). When the transport current is raised to Iy ;, a quenching ﬂux
jump will occur, as Ig5> Io and an abrupt, rather than smooth increase in
voltage will be measured at I¢j. Inthe regiont; < tg t;, the maximum
transport current will follow the phase boundary of If (t) and decrease with
decreasing temperature. At reduced temperatures below t,, the transport
current will first intercept the conditional If-(t) phase boundary The flux
jump that will occur at this boundaryis nonduenching as ¢ The

sample will quench abruptly at the first flux jump beyond f (t The upper
limit to the transport current I; at temperatures t, cannot be precisely defined
to a single value at each temperature, but only to a range, I (t) < ;i g

[I {t) + I .(t)]. The upper limit to transport current as a functlon of temper-
ature is sﬂown schematically by the band below t; and the heavy line between
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Figure 60 Typical phase boundaries for a hard superconducting film 'as a’

function of reduced temperature of (1) the critical transport current, Lo,
(2) the quench transport current, I, and (3) the instability or flux Jump

transport current, ly.
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Figure 61 The dark houndary and the shaded area give the upper limit to the
transport current in a hard superconducting film. .

t; and tp. The essential interesting feature of this boundary is that the limiting
transport equals the trues critical current only at high temperature; at inter-
mediate reduced temperatures the limiting transport current decreases with
decreasing temperature and becomes essentially independent of temperature at
low reduced temperatures. For the case of the superconducting wire, Is;

does not intercept I.. Typical phase boundaries are shown in Fig. 62. Here
the heavy lines give the upper limit to the transport current.

In the sections to follow derivations of I (t) and IQ (t) are given for a

ribbon and a wire. Experimental results for a niobium-oxygen film are also
given and provide substantial agreement with the model.
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Figure 62 Typical phase boundaries for a hard superconducting wire as a
function of reduced temperature of (1) the critical transport current, I,
(2) the quench transport current, I, and (3) the instability or flux jump
transport current I... ‘The dark boundary is the predicted upper limit to
the transport currerqt.

4. Derivation of I

(a) Wire

In the first section of this report, Swartz and Bean have derived a
condition for when a hard superconductor exposed only to an increasing
magnetic field will become unstable. They predict that when the difference
H, between the applied field and the frozen-in field becomes equal to a

critical value given by

Hey = [-n3CTo/@IAT] Y2 (110)
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Aw/pH becomes unbounded and a flux jump ensues. The problem of a hard
superconductor supporting a transport current bears important analogies to
the magnetic case treated in the previous report. Consider a hard super-
conducting wire cooled in a magnetic field H. The wire is characterized by a
critical current density J C(H, T) and a specific heat C. An applied transport
current will flow first near the perimeter of the wire to its local critical
value J.. If no instability occurs, then as the transport current isincreased,
its dept% of penetration § increases until the entire cross section supports a
critical current. The transport current I, produces some self-field difference
Hq between the outer surface of the wire and the distance 6 to which the
transport current penetrates. Consider first the simple case where I << I =
J.mRZ. Under this condition, the expression

dnd,

1 3 Y= &

that relates the field gradient and transport current in cylindrical coordinates
reduces to the simple exoression ~

4nJ

3H C .
dr >~ 710 ' (112)

In general, the self-field Hy at the surface of the superconducting wire is
related to the transport current by Hy = It/ SR, where R; is the radius of the
wire. For the condition that I} << I, the derivation of the condition for which
a transport current induced flux jump occurs (i.e., pp/Al becomes unbounded),
is the same as the derivation for H¢: with the substitution only that Hy =
I,/5R,. This transport current Iy is thus given as

1/2
-n3CT

. : C ‘

It isnecessarytocelculate Lt also for the general case, i.e., where the
restriction that Iy << I, is relaxed. One can follow the approach of Swartz
and Bean and set up the differential equations for the general case, but they
are complicated and difficult to solve analytically. However, a simple,
approximate derivation of I¢; is possible, as outlined below. We note first
that the superconductor is characterized at each temperature by [see Eq. (109)]

37, J(0)
3T  toT.

(114)

Equation (114) is valid everywhere within the superconductor and is
independent of the magnetic state (i.e., the depth 8 to which supercurrents
flow). This expression tells us that any increase in temperature AT(X)
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(where X is measured from the surface) must be accompanied by a decrease in 3
critical current density S

T(X)7,(0)

AT (X) = -
¢ tTe

(115)

Now if the transport current L; is raised by al;, some magnetic flux
Ay will cross each point in the superconductor to the depth & +a8(aL;) to
which the supercurrent flows. If the increase in transport current takes place
in a time short compared to that for thermal diffusion, then each point in the
superconductor within a depth § + a8 (AIt) of the surface will experlence an
increase in temperature given by

107174 (T) o (X)

AT(X) = G (118)
Combining Egs. (109), (115), and (118) gives
10 C (tgTo-T)
b (X) = - AT (X) . (117)

JE(T)

Equation (117) provides a relationship between the decrease in local current
density that the superconductor will allow as a function of the magnetic flux
crossing that point. A second relationship between AT . (X) and A (X) that
depends on the transport current that flows must also ge satisfied.

(\\j

Consider a wire of radius R, carrying a transport current I;< JomR3
that has been cooled in some external magnetic field. An inner radius R,
that is defined as the radius to which supercurrents flow is given as

1/2 ,
Rz-‘-Rl (-%) . (118)

If the transport current is increased by some small amount, additional
magnetic flux will cross into the superconducting wire, resulting [see Ec. (117)]
in some decrease, -AJ., of the local current density between R,;and R,. &Since
total current must be conserved, and the critical state model obeyed, any
small decrease in the local current, AI(R-) = -0J.- 2nR;dR; where Ra<Rij< Ry,
will relocate at the position R,. The amount of magnetlc flux [Aw (Ro)]
crossing any radius Ry <R < R; due to the relocation of any current AI(Ri)
to R, where Rj < Ry is given as

R, AI(R;) AL(R,) R. )

1 1 {
[Acp(Ro)]l = —/ BR dR = - 5 In Rg . (119) o
Rz
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Equations (123) and (124) differ only in that the result from the self-
consistent calculation [Eq. (124)] gives an instability current about 104
larger than the approximate approach used to derive (123). The approximate
approach can be brought to excellent agreement with (124) by assuming that
the decrease, in the current density brought about a small increase
Al in the transporcf current is not constant, but is largest at the surface where
the associated Ap is the largest, and decreases with distance from the surface
according to

2
Ri - Rj
= - == ——i ).
AJC(RI) AJC(Rl) 1 (Rl' R, > ] . (125)
When the substitution
r 2

AM(R:) = onR:dR: AT (R,) |1 - R1-R
i) = amB{ARi Ad (R, R, - R,

is made in evaluating the integral in Eq. (120), an expression may be derived
for I that contains a number of correction terms. In the limit of I;<< I,
that expression agrees with Eq. (124) to about 14. For our present purposes,
however, we will keep the mathematics simple and treat Eq. (122) as if it
were exact. From Eq. (122), Ifj at any field and temperature tg is the
solution of the equation:

L It 12 't t3 :
f
! +1n [1- ] +[_m ] <! \)=O (128)

Ic(0)<-%z—) IC(O)( - lony [ 12 ) (1%

where C = ZT and Im may be regarded as a scaling factor defined equal to

100 yTénR From (126) it can easﬂy be seen that Iy: < I at all temperatures
since the logarithmic term - as I (to)~Is(to). In I-llg 63 we plot Ity (t) vst
for various values of I, O)/ I, with én assumed value of t, = 1.

(b) Film

The derivation of Iy; for a film is very much the same as the calculation
for the wire. We calculag zhe increase in flux A that crosses the edges of
the ribbon per decrease -pd. in critical current density. When the coefficient
of -AJ, equals that of Eq. (117), an instability condition is reached.

The transport current I, applied to a film characterized by a bulk current
density J. will flow first near the edges up to the local critical value J,. The
boundary that separates the region between zero and critical current flow is
shown schematically in Fig. 684(a). In the derivation below we shall simplify
the problem somewhat by assuming that the value of the local critical current
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The total magnetic flux crossing Rg due to the relocation of the current at all
radii R; « Ry is given by

/Ro AI(Ri) <Ri> ZnAJc Ro (Ri )
ACp(Ro)"—'- '-5——11’1 E =T— : Rl 1n—§? de

Rz RZ
(120)
P g Be oL (g RZ)J
10 TR, 2 V0T
and, from Eqgs. (118) and (120),
I I
_nR% t t

Equation (121) provides the second relationship between the change in critical
current density and the change in flux crossing any point in the system; unlike
Eq. (117), Eq. (121) depends on the magnitude of the transport current that
flows. When :

100 C (t, T, - T)
b> ' (122)
JZ (T)nR%

ol

condition (117) can no longer be satisfied, and a condition for instability is
defined. The critical current will continue to decrease and magnetic flux will
continue to flow into the surface, i.e., a flux jump will occur and I, is then
identified as If; . It is interesting to compare (122) with (113) in the limit
where I, << I,." Here (122) reduces to

1/2
Ifj [ZOOC (teTC - T) }

ke 7% (T)n R}

or (123)
'

Iy = [200 C (t, Te - T) mRE]

while from (113) and (109)

1
Ifj = [25n2 C (te T, - T)nRE] /2 : (124)

»
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Figure 63 The calculated instability current Ifj (t) and the critical current

I.(t) for a hard superconducting wire as a function of Io(0) and reduced
temperature.
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Figure 64 (a) A schematic diagram for a hard superconducting film of the
boundary separating the region of J = J, and J = 0 in the presence of various
transport currents; (b) distribution of transport currents assumed for calcu-
lation purposes; and (c) an assumed distribution of transport currents used
for calculating the conditions necessary for a quenching flux jump.
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density is J, to within a distance X, = It/27 .7 of each edge (r is the film )
thickness) and zero otherwise [see Fig. 64(b)]. This simplification will
introduce but a small error in the result when the film width Wq >> 1.

Following the derivation for the wire, we calculate first the magnetic flux

[aw & Wo/2)]; crossing + Wo/2 when the current flowing at x = x; and x=Wg - x;

is decreased by (AJ.)(x%;) and moves to the positions X = 1;/2J,7 and

X = Wq - 1I;/2J .7 respectively:

X Wo-Xo
0 {
Ap (tV\/o/Z) = - A5I _q}_{_ + / g)

X X
Xl WO—Xl

_ AL %o/ % _Wo-Xo,
= [ln (xo/%1) + In ('Wo-Xi,)]

The total change in magnetic flux Ao Wo/2) associated with the decrease in
current density -A.TC of all elements x; < X, by the addition of a current

Al = XoAde at X = Xg and x = Wp - Xg is given by

(127)

Xg Wo=Xo

TAJ
ApEWo/2) = - 5c // (ln %)dxi+4,
T/2 0

1n (Lo=X0) | gy,
Wo-Xi ! )

(128) .
Ti (t) 21 (1) I, (t)
= o.M '2 MG [1 TILE ”“c

As before Iy is then defined for the film as the solution to the equation

2I.(t,) I ()]l T3
CchMo ‘ _ ] 0 _ m ) 3 _
Ifj (to) {2 + —I—W In [1 2Ic to TC*(O-T teto 0 (129)

and, as before, 13 = 100 yT§ x cross-sectional area = 100 yT3Wor. In the
limit where Ig; (t) <<Io(t) [at low t and Iy << I.(0)], then (129) feads to the
interesting reSult that Iy increases with the cube of the temperature and is
inversely proportional £ the critical current, I,(0). From (21), Lgj (to)
becomes equal to In(to) when

tg(te'to) ]1/3 (130)

Teto) = I [ 0.614

Equation (130) represents the largest possible walue of the "true" critical
current at any temperature to, without first having encountered a flux jump.

\,
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It is noteworthy that Eq. (130) scales with the square root rather than the

first power of the cross-sectioral area. It should be pointed out that Eg. (130)
is the locus of the points where Ifj (t) = I.(t). It does not represent the

largest possible value of the measured transport current at some temperature
t. For instance, when [.{0)>> Iy, the maximum value of the transport current
at low temperature is Iy which, as we shall see in the following section, is
much greater than the values given by Eq. (130). In Fig. 65 we plot L3 (t)

vs t for various values of 1,(0)/I,, for the film. In Fig. 66 we plot Eq. (130)

for te = 1.

Aspointedout intheintroduction, Lt does not necessarily represent the
value of the transport current at which a quench occurs, but is the value of the
transport current at which the first flux jump or instability occurs. The
derivation of the quench cvrrent IQ follows in the next section.
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Figure 65 The calculated instability current Iy (t) and the critical current
I.(t) for a hard superconducting film as a functicn of I.(0) and reduced

temperature.
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Figure 66 The calculated locus of the transport currents at which I.(t) =
Ifj (t) as a function of reduced temperature.

3. Derivation of the Quench Current IQ

(@) General Remarks

In this section we derive a conditicn where, if an instability occurs,
sufficient heat will be develoved to quench the wire. We designate the lowest
possible transport current for which this condition is met as IQ. A self-
consistent derivation of I involves the question of how far an instability
proceeds before a stable %ux configuration within the sample is again
achieved. Consider a superconducling sample supporting a transport current
I; < I, that is in the critical state (i.e., the local current density = J,
everywhere that the transport current flows). When a flux jump occurs, flux
will continue to flow into the sample until a spatial current distribution is
attained such that (1) the local current density Jc(t) at each position is
consistent with the local temperature rise proportional to the flux ¢ that has
crossed that point, and (2) total current is conserved. This calculation is not
trivial and is being set up on the computer at the present time. Within this
framework the quench current I~ will be defined as that current for which
the first stable flux configuration following an instability brings the leading ] )
edge of that flux front to the depth to which the transport currents on the e
opposite side of the superconductor are flowing. Since the results of this
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calculation are not yet available, we shall instead develop an approximate
method for calculating IQ.,

(o) Wire

Consider a wire of type II superconductor in the critical state at
temperature ty and supporting a transport current I, that has become unstable.
Let us assume that the total current is maintained. constant as flux rushes
into the sample and a transient voltage is measured. (Constant current can be
maintained by having a large reactance in series with the superconductor. )
During the flux jump, the transport current mowves from the periphery toward
the center of the wire. If sufficient driving energy is available to drive the
current to a position where the moving flux fronts meet and current flows at
the center of the wire, then the wire will enter a resistive state, i.e., a quench
will occur. We can determine I approximately by calculating the heat
dissipated when the transport current is brought from an initial critical state
where the current flows riear the periphery at its local critical value
Jc(tg) to a second state in which the current flows uniformly within a cylinder
at the center of the wire of radius

I 1/2
R[Trrr

If the total heat dissipated is sufficient to bring the superconductor to a
temperature t, where I, (tu) = I, (to), then the flux fronts indeed have enough
driving ?nergy to meet at a center of the wire and a quench will result.
Stratton(73) has shown that for such a redistribution of currents the work done
on the system splits evenly between the increase in stored magnetic energy
and the heat dissipated. Since the field is unchanged for R> R,, the increase
in stored energy AE is calculated according to

‘1 2 (o\_ 172
AE = = /F 2oRHER)-HIR) 45 (131)
8m 2
0 nR{
where the subscripts 2 and 1 refer, respectively, to the total magnetic

field in the assumed states after and before the flux jump. It can be shown
that the cross terms in H2 cancel and that (181) reduces to

AL
AE = / [AH2(R)]dR (132)
4nR% 0 1=2

where AH2(R) is the square of the change in self-field of the transport current.
Equation (132) leads to the result that the total heat dissipated AQ = AE is
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I (to) r L (to) }
8Q= ———— | In 2| +
IOOnRi “-?E;T

Lo (to) Ic(to) | I (to)
+|er) (ol - - 2]

The temperature t,, to which the superconductor will rise with a heat input
AQ is given as

(133)

2-T8) . T (134)

If we assume that a quench will occur when Ii(to) = I (t,;) and I,(t) = I.(0)
[1- (t/te)], then (133) and (134) yield an expression for the quench current I‘Q
as the solution to the equation ‘

IQ(to) J I.(0)(1-to/te) L. (0){I-to/te)
1Qtte) —m[lc(o)(l‘to/te) *[ Y '1] 1*[ ) '1]*

R

The computer solutions for IQ show that I~ is essentially independent of
temperature for a given I,(0)" See Fig. 67. The dependence of IQ'(O) on
I.(0) is shown in Fig. 68. '

(135)

I(to) 12 In(to) 4 i
1'1(&(10*1;& ”) -Tm— t‘g[l-%;_}_tgfo .
C 0/ le - i

J

We can summarize the results of Egs. (126) and (135) in Fig. 69.
This figure applies, to the limits of the various approximations, to all hard
superconducting wires. It predicts, as a function of the specific heat, I1.(0),
and the wire radius, the temperature below which the maximum transpert
current will become instability limited. Within the I~ phase space the
maximum transport current is given by thesolution.of Eq. (185) and is
essentially temperature independent. Within the I; phase space the maximum
transport current is given by the solution of Eq. (1%6).

(¢) Film

The approach for calculating the total heat dissipated in a film during
a flux jump is the same as that used for the wire. The initial current
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Figure 87 The calculated quanch current I~(t) and the critical current Ia(t)
for either a hard superconducting wire oerilm as a function of Io (0) and

reduced temperature.
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Figure 868 The calculated quench current I~ at zero temperature as a
function of the critical current at zero temperature for either a hard super-

conducting wire or film.
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Figure 69 A summary diagram cof the regions where (1) the critical current,
lo, (2) the quench current, I, and (3) the instability current I;; determine
the maximum transport current that can be carried by a hard superconducting
wire.

distribution is that shown in Fig. 64(b) and the final current distribution, for

calculation purposes, is shown in Fig. 84(c). Stratton(73) shows that the
change in magnetic energy of the total system when the currents are redis- >
tributed is given by

AE = %—Z Titvo; (136)

where pw; 1s the change in flux threading circuit i due to the other n-1 circuits.
Equation (138) is less cumbersome than Eq. (132) where, for a film, the
change in the field squared must be integrated over all space. Equations (136)
and (134) lead to the following defining equation for the quench current IQ(t) in
a film ,

21 (to) 1 Ic(0)(1-to/te)
! 1 s Lo
13 to); [ Zhr (IC(O)(l-to/te>j'Z[ PN R

T (0)(1-to/te) ﬁz [ ' IQ(to)
MR 7 O Bt L 8 )[BTV N

2

Ig(to) }
T IO )
(137)
4 .
IQ(tD) 1 4| = 0.
B RONI NN

1In

+

IZ
[ m o« t4
| T g e

The computer solutions of Eq. {137) are equal to within 24 those of Eq. (135).
Thus Figs. 67 and 68, which are solutions of Eq. (135), may alsc be regarded ’ )
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as the solutions of Eq. (137). Temperature ranges at which the maximum
transport current follows I, decreases with decreasing temperature, and
becomes temperature independent is given in Fig. 69. The finding that the
solutions for I~ are virtually identical, when scaled to I, for cross sections
as different as chose of a wire and a film, suggests that II%1ese solutions are
valid for any ellipsoidal cross section. ’I‘he summarizing plot of the predicted
phase boundary of all planar, unshielded, hard superconducting films is given
in Fig. 70.
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Figure 70 A summary diagram of the regions where (1) the critical current
(2) the quench current, I, and (3) the instability current Iy; determine
tﬁe maximum transport curr nt that can be carried by a hard superconducting
film.

4. Experimental Measurements and Discussion

Measurements of the critical current of a number of nicbium-~oxygen films
(0.050 inch by ~ I1u) evaporated at various azimuthal angles (see Fig. 71) has
been carried out as a function ¢f magnetic field, orientation of the magnetic
field relative to the surface plane, and temperature. The films were made by
J.R. Rairden, M. A. Cocca, and J. Furey by the techniques described in
Ref. 74. Hcgy for the films reported below was determined from critical
current measurements to be ~15 kOe (results not displayed).

In Fig. 72 is displeyed the critical current I, at 4.2°K vs azimuthal angle
¢pthat a magnetic field of 8000 Oe makes with the surface plane for three
niobium films evaporated simultaneously at the azimuthal angles of 78°, 86°,
and 90°. The critical current goes through a sharp local maximum when the
applied magnetic field is aligned parallel to the surface plane {p = 0°).
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Figure 71 A schematic of the evaporation of the niobium-oxygen films.
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Figure 72 The critical transport current as a function of azimuthal angle of

three different niobium-oxygen films.
magnetic field vector (8000 Oe) is either aligned parallel to the surface

@ = 0°) or coincident with the evaporation angle, I;.
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Following the work of Swartz and Hart(75) (see Appendix A), these maxima
are taken as further evidence that the surface of a type II superconductor
can support a superconducting transport current in the mixed state if the
magnetic field is aligned parallel to the surface plane.

The second interesting feature of these results is the maximum in
critical current that occurs when the magnetic field is coincident with the
direction of the bombarding niobium atoms during the evaporation. These
currents are most likely bulk, rather than surface, currents. The surfaces
of the niobium films were carefully examined for any surface structure or
protrusions that couldbe associated with the incident angle of the bombarding
niobium atoms. Examination both under the optical microscope and of
replicas of the surface under the electron microscope showed none. X-ray
diffraction patterns (which average over the bulk of the film) and electron
diffraction patterns (which average only to a few angstroms depth below the
surface) showed no preferred crystalline orientation within the film. In view
of these negative results, we can only speculate about the origin of this
"angle of incidence" effect. Although the individual crystallites are randomly
_oriented, they may tend to grow antiparallel to the incident direction of the
bombarding atoms. If this is so, the grain boundaries, or subgrain
boundaries, separating the crystallites may take the form of cylindrical
surfaces aligned parallel to the incident direction. Such boundaries have a
two-dimensional character and disturb the lattice over a few atomic spacings;
thus they may be effective as pinning sites thatgive rise to the large observed
supercurrents when the magnetic field direction is coincident with the
bombarding niobium atoms.

The "angle of incidence"effect may be rather general to superconducting
films made by evaporation. I have observed the same effect, but of smaller
magnitude, in evaporated Pb and Pb-T1 films.

The transition to the normal state of the data points in Fig. 72 was always
smooth; the first appearar.ce of voltage was exponential with current, but
became linear with currert at a few microvolts. As the magnetic field
was lowered, leading to larger critical currents, the maximum measured
values of the transport current never exceeded a value of about 13 to 15 amperes
(depending on the film). Further, when the extrapolated critical current
exceeded this maximum level (see Fig. 73), the measured transport currents
(1) exhibited training, (2) were defined by an abrupt transition from zero
voltage to several millivolts, and (3) were fully trained on the second trial.

The fully trained values (those plotted in Fig. 73) bore an inverse relationship
to the expected or extrapolated critical current; the larger I. in excess of

13 to 15 amperes, the smaller was the measured fully trained current. Each
of these observations is consistent with the model proposed in the earlier
sections. From Eq. (130) we can calculate a predicted upper limit to the
transport cuxgrent without adjustable parameters. To calculate I,,, we assume
T, = 9.0°K, 74) W, =0.125 cm, T = 10-* cm, YNp(4.2°K) = 0.98 x 10-4 |
cal/deg-mole, (76) yielding a value for I, of 56.5 amperes. te¢ is independently
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Figure 73 Critical current as a function of azimuthal angle of a niobium-
oxygen film evaporated atey; = 101°. 1In the region where training is
observed the fully trained current is less than the extrapolated critical
current. The maximum transport current that could be measured at any

field never exceeded 13 amperes. . ! )
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C ; - determined from measurements of the critical current'(defined when the
current-voltage transition is smooth) as a function of temperature to be
~0.7 and at 42°K, ty = 0.467. The upper limit to the current-carrying
capacity of these films at 4.2°K |i.e., where Itj (4.2°K) = I, (4. 2°K)] should,
according to Eq. (130), be about 11.0 amperes.” This predicted value is in
good agreement with tae experimentally determined values of 13 to 15 amperes.

The change from smooth to abrupt voltage trans:tions is also consistent with
the model.

The observation that the experimentally measured maximum transport
current bears an inverse relationship to the critical current when the critical
current is in excess of 13 amperes is also consistent with Eq. (129). For
It; (to)/Ic(to) ~ 1 in Eq. (129) yields

IZnt8 (te-to) J
tj (to) = Ty | — 0012

(138)

In terms of the model developed here, the training is not difficult to
understand. FEach time a new field and/or angle is set, supercurrents of
opposite signs are induced to flow near the edges of the film up to the local

- critical value J. that shields the interior from the changing fields. A

C i subsequently applied transport current will add to the already flowing

supercurrents at one edge and will subtract at the opposite edge. At the edge
where the currents add, a quenching flux jump will occur when the applied
transport currents anc the initially present transport current sum to I; (or
to In, depending on the temperature). Thus the first measured value of the
current at which the abrupt transition takes place will be less than that
measured on the secondand subsequent trials, since the prior quench destroys
the transport currents induced initially by the changed setting.

Equation (130) predicts that the maximum measured transport currents
should decrease with decreasing temperature below 3t./4 =~4.7°K. An
experimental test of this point is shown in Fig. 74 for a film that showed a
maximum current at 4. 2°K of ~15 amperes. As this figure shows, the
maximum current L., decreases as the temperature is lowered. Below
about 2.3°K (t<~ 0. 25%;), (1) the transition is abrupt at all angles and at all
fields up to the highest ficld tested (8355 Ce), (2) the values of the critical
current at each angle and field setting become essentially temperature
independent (see curves labeled "1.7°K" and "2.1°K" in Fig. 74), and (3)
the maximum value of the critical current varied more slowly with angle
and field than at high temperatures where the true critical current I, was
measured. According to the model developed in the earlier sections, at low
temperatures Iy; < I, and the measured maximum values of the transport

current equal I~ and are essentially temperature independent, as observed.
( ' The numerical agreement without adjustable parameters is also good.
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Figure 74 The critical current as a function of angle ¢, temperature, and
field [H = 5000 Oe in (a) and 8355 Qe in (b)] of a niobium-oxygen film
evaporated at ¢; = 90°. The results are in agreement with the proposed
model that, if instabilities exist, the maximum measured transport current
(Ima.x on diagram) decreases with decreasing temperature to some low
temperature at which the measured transport current becomes temperature

independent.
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When we extrapolate tne critical current at high temperatures to zero
temperature to obtain I,(0) as a function of angle and field and solve Eq. (137),
values for I~ as a function of angle and field agree with the experimental
measurements to within about +154.

9. Summary

In this report we have introduced the concepts of real [I-(t)] and conditional
[Ifj (t) and I (t)] phase boundaries in the transport current-reduced temperature
phase space.” We have also presented approximate derivations of these phase
boundaries which are found to be a function of the "true" critical current,
Io(t) = Jo(t) x A, and the size and specific heat of the superconductor. The
conditional phase boundary I(t) scaled to I is probably the same for a hard
superconductor of any ellipsoidal cross section, as the calculatéd results for
a circular cross section and a film agree to 26. The conditional phase boundary
Is; (t) seems to be very sensitive to the ratio of the major and minor axes as
the results of a circular wire and a film are very different. A universal
phase diagram each for a hard superconducting circular wire and film are
given in Figs. 69 and 70. An experimental test of the various predictions
using a hard niobium-~oxygen film demonstrates rather remarkable agreement
in spite of the approximations used in the derivations. Independently reported
results of Mercereau and Crane(77) also are in excellent agreement with the
model developed here.

Journal publication will be sought shortly, when certain refinements of

the derivations and further extension to the degradation of solenoids are
completed. Further experimental work in this area will continue.
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SECTION VII
SURFACE BARRIER TO FLUX PENETRATION

Experimental observa{igsls of magnetic hysteresis apparently associated
with the specimen surface 78) led us to consider the possibility that an ideal
surface presents a barrie;i t)o the penetration and expulsion oé&ux threads.
The resulting theoretical(’®) and confirmatory experimental work are
outlined below. This concept has already stimulated other theoretical 34, 36)
and experimental(33: 81) papers. . An effective surface barrier to flux thread
penetration may also eventually have practical 'consequences in reducing

a~c losses, since losses are known to increase substantially once flux
threads penetrate and the specimen enters the mixed state.

A. THEORY (C.P. Bean and J.D. Livingston)

We present here an elementary treatment of the interaction between a
flux thread and the specimen surface.

Consider a semi-infinite type II superconductor with a flux thread within
it lying parallel to the single plane surface. There are two separate forces
which the flux thread feels near the surface.

1. Image Force

The necessary boundary condition of zero current normal to the surface
is satisfied by adding an image flux thread of opposite sign, outside the
surface [Fig. 75(a)] There is thus an attractive force to the surface, and
the energy E per unit length of the flux thread increases with x, the distance
from the surface, as shown in Fig. 76 for H = 0. From the interaction
energy between two flux threads, 1) tor x >>8 and A\>>E, E(X) = ¢ ~ (po/4m\)?
Ko (2x/\). Here g is the coherence length; \ is tne penetration depth; ¢ is
the energy per unit lergth of a single flux thread far from the surface and is
approximately(56) equal to (cpo/41'rk)z log (\/€); wp is the flux quantum; and K
is a modified Bessel fgz}r%?iion of the second kind. For x>>g, the image term
in E (x) vanishes as e-* For %~g, E(X) must be altered so that E goes
smoothly to zero as x - O rather than going to -= with Kp.

2. External Field

An external field H penetrates into the superconductor| Fig. 75(b)] as
H-¥/M. If this field is of the same sign as the fields of the flux thread, this
produces a repulsive force from the surface, and a contribution to E(x) of
(cnge'X/ M/4n. This interaction energy is obtained by straightforward
integration of the total energy of the superposed fields and currents of the
flux thread and the surface layer. Note that for any nonzero H, this term
will eventually dominate the image contribution to E(x) for x >> A.
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Figure 75 Schematic representation of the forces on a flux thread near a
specimen surface: (a) attractive force produced by an "image" flux thread
of opposite sign; (b) repulsive force from interaction with the surface
fields (density of dots represents density of local field).
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Figure 76 Dependence of the line energy E of the flux thread on X, distance

C from the surface, for various applied fields. Results presented are for
: L = 10¢.
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The addition of these two contributions to E(x) will lead to different total
E (x) curves for various values of H. Curves calculated for » = 10g are seen
in Fig. 76. Note that an energy barrier to flux motion into or out of the
specimen exists at low fields. Without these surface effects, internal flux
threads become energetically favorable (1) at a field Hei, defined by woHe:1/
4m =¢ [i.e., in present terms, E(0) = E(»)]. However, the presence of this
surface energy barrier suggests that with a perfect surface, at absolute
zero, flux threads may not be able to enter until a higher field, Hg (see
Fig. 76), at which the barrier to flux penetration no longer exists.+ The
barrier to flux escape, on the other hand, does not disappear completely
until H is reduced to zero. ‘ :

Although the above considerations indicate that a plane surface provides
an-energy barrier to flux thread motion, it is likely that field concentrations
at specimen ends or surface irregularities may create local fields equal to
Hg when the average applied field is considerably less. Thus flux may enter
at these irregularities, and may then spread into the remainder of the
specimen when it becomes energetically favorable, i.e., at H,;. These same
field concentrations, however, will block flux escape at these irregularities
in decreasing fields. At other spots, surface concavities may produce
lowered local surface fields that may encourage flux escape, but since a
barrier to'flux escape exisiz duwato H=C, flux escape should still be difficult.
Thus with surface irregularities and end effects, the magnetization curve
in increasing field may be nearly the thermodynamically reversible one
(as is commonly assumed), whereas surface hysteresis in the lorm of delayed
flux expulsion will appear in decreasing field. This is consistent with the
form of the surface hysteresis observed. 78 Experiments are currently
under way to see if improved surface preparation and avoidance of end effects
will produce evidence of the large nucleation barrier to flux penetration
calculated here.

The present elementary treatment has only considered E(x) for a single
flux thread. To calculate the detailed hysteresis curves expected, one must
consider an assembly of flux threads and the interactions between them. For
a more exact calculation of Hg and removal of the limitation A>>§, detailed
consideration of the core of the flux thread and use of the Ginzburg-Landau

equations will be required.

We gratefully acknowledge discussion with P. G. de Gennes, who had
independently considered the image flux thread and the resulting energy

barrier.

+Our calculation of Hg in this approximation is inexact because of uncertainties
in the image term in E(x) for xg€. Choosing to cut off Ko (2x/)) at x = g,
the maximum image force then occurs here, and we get Hg= wo/4m\ExHc/ /2,
where H, is the thermodynamic critical field.
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B. EXPERIMENT (R.W. DeBlois and W. DeSorbo)

. Through arguments presented above, Bean and Livingston predicted the
existence of an image-effect surface barrier to the penetration of magnetic

" flux into type II superconductor. We report here the experimental obser-

vation of a greatly enhanced superconducting to mixed state transition field

in some regions of an electropolished specimen of Nbg. g93Cp. gg7 and in
another of Nbg.a3Tag.g7. Qur observations are consistent with the predictions
of the Bean-Livingston theory that a plane surface on a type II superconductor
will produce nucleation barrier that will increase the initial flux penetration
field to near the thermodynamic critical field He, and that roughening the
surface will permit flux penetration near the superconducting to mixed

state transition field He;. They are also shown to be inconsistent with the
most plausible alternative explanation that electropolishing may have produced
a chemically or structurally altered surface sheath. Joseph and Tomasch
have also recently found experimental evidence for the existence of the
surface barrier by a different technique from ours. (81

The grg&paration of the Nbg. ggs00.007 Wire+ specimen has been described
earlier. (82 The Nbg.33Tag.g7 Specimen was sectioned from a 0. 76 mm wire
annealed 291 hours at 1650°C and 10~7 mm Hg. Electropolishing was carried
out in an acid mixture of two parts HpzS0, to one part HF. Several minutes
near 10 volts were followed by several minutes near 3 volts. The voltage
measurements were between the specimen and a platinized platinum cathode.

Since the existence of localized imperfections--for example, at grain
boundaries--is to be expezted even along the lengths of electropolished
specimens, we have probed the specimens by applying localized pulsed

. magnetic fields along their lengths. The specimens were tested at 4. 2°K

in one of the matched pairsoffield and pickup coil units connected in series.
With the specimen either withdrawn or normal the dB/dt voltages from the
two pickup coils canceled each other during a field pulse. The specimen
unit consisted of 29 pickup turns of 50y wire wound on a 1.24 mm quartz
capillary for an axial length of 1. 25 mm, and of 90 field-coil turns wound
over the pickup coil to an outside diameter of 2.14 mm. The section of the
specimen at the field coil was varied by means of a draw thread leading out
of the top of the Dewar.

The field at the surface of the superconducting specimen is the sum of
the applied field and that produced by induced surface currents. This total
is best determined experimentally by adding a known biasing field and measur-
ing the change in the field-trace voltage needed to rematch that trace with
2 fiducial break in the dM/dt trace. The field varies from 580 to 660 Oe/amp,
with a probable error of about 3%, for specimens from 0.30 to 0. 65 mm in
diameter.

+On the scale of the image-force distances involved in the theory, the wire
presents an essentially planar surface.
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Figure 77 shows two sets of oscilloscope traces of pickup-coil voltage:
and applied magnetic field vs time for the Nbyg, ¢80, 007 Specimen. The
field trace is of the voltage over a resistance in series with the field coil.
Trace A is for the specimen in an optimum position. (The trace bottoms
near -18 mv.) For trace B the specimen was moved 1.4 mm upward. The
trace of AM/dt is proportional to dH/dt as long as no flux penetrates into
the specimen. For trace A this condition holds to a field Hg cf 1330 Oe,
while for trace B the main penetration starts near 725 Oe. In most traces
other than type A, a slight flux penetration is detectable before the main
penetration, at a field near He;.

Conventional tests in an electromagnet on axg adjacent section cf wire
and, earlier, on a similarly prepared specimen 82 give a superconducting
to mixed state transition field Hey of 580 Oe, a thermodynamic critical
field He of 1360 Oe, and upper limit Hep for the mixed state of 7000 Oe,
and a critical temperature T, of 8. 8°K. Thus the penetration field Hg
experimentally observed here is more than twice Hei and is approximately
equal to H,. Inother tests on this specimen penetration fields up to 1500
Oe (104 above HC) have been observed. It is not yet clear what the theoret-
ical limit for Hg should be. Bean and Livingston made a rough estimate of
Ho/r2 for a material with the penetration depth much greater than the
coherence length. k, a measure of their ratio, equals 4.0 for Nbg 9200 007-

Figure 78 shows the penetration field contour along the length of the
Nbo.09300. 007 Specimen after a particular electropolish. The open circles
show regions where flux penetration occurred abruptly, as in trace A of
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Figure 77 Oscilloscope traces showing initial penetration of flux into an -
electropolished Nbg.ggsOo oo7 wire at a field o 1330 Ce with the field coil
at an optimum position, and at 725 Ce wita it 1.4 mm away (He:1 = 580 Oe).
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Figure 78 Maximum (©,0) and minimum (a) initial flux penetration fields
along the length of an electropolished Nbg.g93Q¢.007 Wire. The positions
of grain boundaries are indicated by the row of dashes just above the field
data. For explanation of other symbols, see text.

Fig. 77. Tests of one of these optimum positions show that the penetration
field Hg does not vary with field rise rate (AH generally less than 20 Oe) in
the observed range of 8 x 10* to 22 x 107 Oe/sec. Thus it is unlikely that
dynamic effects accdunt for the high penetration field. 'Abrupt penetrations
also occurred at regions shown by the squares, but they were preceded by
gradual penetrations starting at coil-center fields shown by the inverted
triangles (v). One may note that the abrupt penetrations (1270 to 1400 Oe)
all occur near the thermodynamic critical field H, of 136C Oe. The gradual
penetrations (v) probably arise at weak spots in the fringing field of the coil.
The triangles (o) and solid circles (@) show regions with traces like B of
Fig. 77 and with penetraticn fields at the local minima and maxima,
respectively. These less perfect regions still have penetration fields above
He: (580 Oe). However, gently circumscribing the specimen with a razor
blade at two positions reduced the penetration fields there to about 645 and
590 Oe, respectively.

The dashes above the data points show the positions of grain boundaries
along the length of the specimen. The abrupt penetrations all fall between
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these boundaries. Microscopic examination of the specimen under oblique
lighting revealed minute surface steps at the grain boundaries that would, \‘ )
from the theory, be expected to make flux penetration easier than at a

smooth planar surface. However, grain boundaries need not be weak spots.

Subsequent tests on another specimen of niobium with probably somewhat

less than 0.7 A/o oxygen showed a continuous region of 2.3 cm over which

only abrupt penetrations occurred, all at 1560 + 20 Oe. These results followed

a thus far uniquely superior electropolish at 9 volts.

Tests on the electropolished specimen of Nbg.s3 and Tap.g7 showed a
range of penetration fields from 180 to 320 Oe. The specimen was also
tested after the surface was roughened with emery paper. The average
penetration field then became 175 Oe, with a maximum of 200 Oe. The
average before roughening was about 245 Oe, and after the next electropolish,
about 235 Oe. Conventional tests on similar material give values of He; =
110 Qe, He =310 Oe, Hep = 1600 Oe, and Te = 5.6°K. Thus the upper
penetration field of 320 Oe is about equal to He.

Whether flux penetrates abruptly at a high field or gradually at a low
field makes no difference in the manner of flux expulsion as the field pulse
falls. For all positions along the length of the Nbg.g9sO0.007 Specimen it
becomes abruptly complete near 650 Oe, independent of the amount of flux
that originally entered. This is what one would expect from inspection of the L
bulk magnetization curve of Fig. 9 of Ref. 82. If, on the other hand, electro- )
polishing chemically or physically altered the structure of the surface mate-
rial, one might expect the sheath producing the high penetration field to trap
the interior flux near the high field and to prevent the abrupt completion of
flux expulsion near the field Hq1 of the bulk of the specimen.
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SECTION VIII
RECCMMENDATIONS FOR FUTURE WORK

In the past 4 years, there have been impressive advances in our general
understanding of superconductivity. As indicated in this report, there have
been advances in our understanding of those properties of superconductors
that are important in the eventual use of these materials in electrical sys-
tems. There remain, however, a number of specific areas where further
research is necessary to enlarge our fundamental understanding and to
enable us to evaluate the potential technological uses of certain types of
superconductors.

We would like to recommend several areas for future work, the princi-
pal criterion for the choices being that contributions in these areas will
advance the application of superconducting materials in electrical systems.

1. There should be a further development of the theories of magnetic
instability in high current-carrying type II superconductors and the under-
taking of experiments to confirm or qualify theoretical work. A thorough
understanding of these instabilities is an absolute necessity in order that
we may fully exploit the intrinsic properties of type II superconductors in
actual applications.

Early research in this area (Section IV) already has provided important
new upper limits to the performance of type II superconductors. Further
theoretical and experirmental work should provide additional criteria and
restraints to the application of type II superconductors in a-c and d-c
electrical equipment.

2. There should ke further studies of the superconductive properties of
niobium and interpretation of these properties on the basis of recent theories.
The reason for this emphasis on niobium is quite straightforward. At
present, niobium appears to be the principal contender for use in supercon-
ducting gyroscopes, in power cryotrons, and in superconducting transforme-
ers. It also appears that niobium may in the future be the principal super-
conductor used in Josephson tunnel junction devices and in adiabatic
magnetization refrigeration cycles. In short, niobium will be one of the
workhorses of superconductivity. Specific properties of niobium that should
be studied are:

(a) Effects of preparation techniques and cooling rates on the a-c
losses below He ;.

(b) Low level flux trapping and its relation to field penetration, losses,
and structural and compositional parameters.
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(c) Surface supercurrents between He; and Hea, especially the factors
governing these currents and the elimination of them.

3. There is need for research aimed at providing a quantitative description
of the interaction between the magnetic flux threads and well-characterized
metallurgical defects. The attack might be chosen from among the following

three possibilities: (a) a study of the superconducting properties of alloy systems

that undergo spinodal decomposition or martensitic transformation; (b) the study
of superconducting systems to which ferromagnetic precipitates have been
added; or (c) a detailed analysis of the effects of particular types of radiation-
induced damage.

4, In view of our rapidly advancing understanding of properties of super-
conductors, it seems appropriate to embark on pioneering studies of the
relative advantages of (a) inhomogeneous type II superconductors; (b) cryogenic
nonsuperconducting metals; and (c) conventional metals at environmental tem-
peratures for application in large scale a-c electrical equipment. The extension
and confirmational studies of the critical state model (Bean model) performed
under this contract (Parts II and V) has provided the foundatlon for the important
engineering studies which should now be undertaken.
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ABSTRACT FOR APPENDIX A

Measurements of the critical transport current above He; in a variety )
of Pbg.gsTlg.05 samples reveal that the surface can support a large transport
current in the mixed state when the magnetic field vector is aligned with the
surface. When a geometry is chosen such that the magnetic field vector can
be aligned with a single surface (e.g., a cylinder of triangular cross secticn),
the critical currents of opposite polarities differ by over a factor of three when
the magnetic field vector is parallel to a surface plane; partial rectification
is thus observed. The larger critical current is always in a direction that
indicates that magnetic flux crosses out the surface of a type II superconductor
more easily than into the surface. The "anomalous peak effect" (amaximum
in the critical current just below Hez) is observed in annealed samples and
is identified with the strength of the Saint-James and de Gennes surface
film below He2 because of the manner in which it is affected by a thin surface
film of copper. The nature of critical transport current results suggests
that two separate mechanisms contribute to the surface transport current in
the mixed state. One of these mechanisms is identified with the Saint-James
and de Gennes surface film below Hez; the second is tentatively associated
with a bulk penetration depth. We measured a mixed state resistivity and
separated the contributions from the surface and the bulk. The bulk mixed
state resistivity is found to be independent of the density of bulk defects.
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APPENDIX A

SURFACE EFFECTS IN THE MIXED SUPERCONDUCTING STATE
(2. 8. Swartz and H.R. Hart, Jr.)

A. INTRODUCTION

It has been established that f%perconductivity in a type II superconductor
can persi ’S above the Abrikosov'l upper critical field Hey in a thin surface
layer. (2-6) The critical field of this surface layer is sensitive to the angle
the magnetic field vector makes with the surface. When the magnetic field
vector is parallel to 'She surface being explored, superconductivity persists
to Hez =1.69 Hee. 6) As the magnetic field vector is turned out of the plane

of the surface, the critical field is reduced rapidly, becoming equal to Hez at
90°.

A second surface pheaomenon has been predicted by Bean and
Livingston. (7) They calculated that the surface zcts as a barrier to the
- nucleation of the mixed state at Hei, delaying the entrance into the mixed
state until m&%netic fields somewhat gre@t)er than Hei. The work of DeBlois
and DeSorbo and Joseph and Tomasch'\?/ supports the Bean-Livingston
prediction.

In the Appendix we explore various surface phenomena in the mixed
state (He; < H < Hep) and between Hep and Hes. Our more significant
findings are as follows. (1) The surface of a type II superconductor is
capable of carrying significant transport supercurrents in the mixed state
vwhen the magnetic field vector is parallel to the plane of the surface. (2)
The magnitude of the critical surface transport current is sensitive to the
polarities of the transport current and the magnetic field in a manner reveal-
ing that, in a type II superconductor, magnetic flux crosses the surface more
easily from within the sample than from without; partial rectification can
occur in a superconductor. (See Note Added in Proof.) (3) The "anomalous
peak effect" (10, 11) near He, (sometimes called the "dip effect") exists in an
annealed lead-based alloy. Studies using copperplating indicate that in our
sample the peak effect is a surface phenomenon, apparently a manifestation
below Heo of the Saint-James and de Gennes surface sheath.

B. SAMPLE PREPARATION

All of the experiments described in this report have been performed with
the solid solution Pbg.gs5T1s.05, & type II alloy for which Hej = 350 Oe(lz) and
Hez =1030 Oe. We found previously(3) that the lead-thallium alloys undergo
very sharp superconducting transitions between Hc, and Heg; these alloys have
a very narrow liquidus-solidus range, suggesting little microsegregation
upon cooling from the melt. The experiments reported here have been per-
formed with two geometries--thin ribbons 2 inches by 0. 250 by 0. 003 inch and
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a Z2-inch-long cylinder with a cross section approximating an isosceles
right triangle about 0. 120 inch wide across the hypotenuse. )

The ribbons were prepared by first rolling the cast ingot to 0. 004-inch
sheet from which samples were cut. The samples were then cotton swabbed
with either acetone or ethylene dichloride to remove organic films that would
otherwise cause pits to appear on the surface during polishing. The ribbons
were polished to a mirrorlike finish by immersing them for 1 to 2 minutes
in a vigorcusly stirred solution of 100 parts glacial acetic acid to 26 to 30
parts of 30% H,O,. Following the polish, the samples were immediately
washed in ordinary tap water and dried in a fast-flowing gaseous nitrogen
stream. (If distilled water is used for the wash, a dull film is left on the
surface.) The ribbons were then annealed for 1 to 2 weeks (at 320° + 2°C) in
a vacuum ranging between 10~% and 107 mm. The ribbon specified as
"annealed" in this report was held at 326° to 327°C for a few minutes after
annealing at 320° for a week. The ribbon was mounted between glass plates
and current and voltage leads attached (see Fig. A-1). The ribbon sample
that we designate in this report as "unannealed" was mounted and tested
after the polishing operation.

The cylinders of triangular cross section were prepared by milling
from 0. 100-inch rclled sheet. Each surface was then sanded flat by rubbing
the faces of the triangle against a piece of crocus cloth (No. 685) glued to
a flat surface. The subsequent polish, wash, and anneal were then identical
to that for the ribbons. A surface layer about 0.002 to 0.003 inch thick was ' )
removed by the polishing operation.

e

COPPER PLATED
SECTION

UNPLATED
SECTION

\-/\
vou
LEADS
INDIUM SOLDERED
CURRENT LEADS
Figure A-1 A schematic of the mounting arrangement of a ribbon and a .
cylinder of triangular cross section. The glass cover plates are not shown. J
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C. EXPERIMENTAL DETAILS

The mounted samples were placed in a helium Dewar between the pole
faces of a 12-inch Varian magnet. Two sample orientations have been used--
in the first the long axis of the sample is vertical, and in the second,
horizontal. In the first case the transport current direction and the magnetic
field vector are always orthogonal (8 =90°) and the magnetic field vector is
rotated in the plane perpendicular to the current direction (azimuthal angle
v is varied). In the case of the ribbon, we define ¢ = 0° when the magnetic
field vector is parallel to the planar faces of the ribbon. For the cylinder
of triangular cross section, we define ¢ = 0° when the magnetic field vector
is parallel to the widest of the three plahes. In the second orientation, in
which the axis of the sample is mounted horizontelly, the magnetic field
vector is kept in a surface plane (azimuthal angle ¢ = 0°) while the angle 8
between the transport current and the magnetic field vector H is varied from
0° to 90°.

The transport current is provided by a Kepco voltage-regulated d-c
supply and the accompanying voltage drop is measured after amplification
by a Liston-Becker d-c breaker amplifier. The critical transport current
is defined in all experiments as the current at which a voltage drop of 1.4
uv/cm is detected. All experiments were performed at 4. 2°K.

D. SURFACE SUPERCURRENTS; 8 = 90° (I LH), » VARIED
1. Data

In this subsection we report the critical transport current measured as
a function of angle v and magnetic field H for ribbons in various conditions
and for a well-annealed cylinder of triangular cross section. In the following
subsections (2 through 4) we show that these data provide evidence for surface
transport currents in the mixed state.

We determine o = 0° (H parallel to the plane of the ribbon and, for the
cylinder of triangular cross section, to the widest of the three planes) to less
than 0. 05° by rotating a constant magnetic field of magnitude between Hep
and Hes and searching for the voltage minimum. The results for ribbons in
three different conditions are displayed in Figs. A-2 through A-4. The
ribbon of Fig. A-2 is in the as-rolled, unannealed condition; that of Fig. A-3
is in the annealed condition (1 week at 320°C plus a few minutes at 326° to
327°C in vacuo); Fig. A-4 shows the ribbon of Fig. A-3 after electroplating
~1000 L of copper. The following noteworthy features are common to all
three families of curves:

(a) The critical currents are strongly angular dependent both below and
above Hez.
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Figure A-2 The experimental family of critical current curves as a function
of magnetic field H and azimuthal angle @ (H1I) for an as-rolled, unannealed,

and polished Pbg, g5 Tlg .05 riboon.
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Figure A-3 The experimental family of critical current curves as a function
C of magnetic field H and azimuthal angle oH1I) for a polished, well-annealed
ribbon of Pbo .95 T].Q .05 .
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Figure A-4 The experimental family of critical current curves as a function
of magnetic field H and azimuthal angle o(H1I) for the same ribbon as in
Fig. A-3 after electroplating ~1000 L of copper on the surface.
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(b) At Hey there is a sudden change in the magnitude of the critical
current.

The following noteworthy features are not common to all three families
of curves: ‘ :

(a) At every angle and field the magnitude of the critical current below
Hc: is greatest for the unannealed ribbon and least for the copperplated
ribbon.

(b) Above Hc, the magnitude of the critical current is the same for‘
the unannealed and annealed unplated ribbons at all angles except o = 0°.

(c) The magnitude of the critical currents above Hqz of the annealed,
plated ribbon is significantly less at all angles than the critical currents of
the other two ribbons.

(d) At intermediate angles the critical current goes through a maximum
just below Hep only on the annealed, unplated ribbon. The breadth of these
current peaks becomes narrower as the angle g is increased.

The annealed cylinder of triangular cross section was copperplated
over one-half its lengtht (Fig. A-1). A pair of voltage leads was attached
separately to each half. The critical transport current of the unplated
section was determined as a function of azimuthal angle ¢ at H = 700 Qe
(about halfway between He; and Hep). The results are displayed in Fig. A-b.
These results have the following noteworthy features.

(a) The critical current of each polarity goes through a very sharp
maximum when the magnetic field vector is aligned parallel to one of the
faces.

(b) The magnitude cf the critical currents of opposite polar‘ities is
significantly different at and near the peaks.

(c) The signs of the larger and smaller critical current peaks inter-
change at each successive surface.

(d) The larger and smaller critical currents interchange polarity when
the sign of the magnetic field vector is reversed (rotation of 180°).

- TThe plating of one-half of a specimen in order to study plated and unplated
behavior simultaneously was suggested to us by R. W. Shaw.
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Figure A-5 The critical current of a well-annealed cylinder of triangular
cross section as a function of azimuthal angle o (H1I) at a magnetic field
H =700 Oe. The results demonstrate that critical currents of opposite
polarities go through maxima of significantly different magnitudes when
the magnetic field vector is &ligned parallel to a surface.

Below Hcy the copperplated portion of the cylinder demonstrated results
essentially the same as those displayed in Fig. A-5, but with the magnitude
of the peaks of each polarity decreased about 50%. In the unplated half of the
sample the critical current went through a maximum as a function ¢f magnetic
field just below Hez when the magnetic field vector simultaneously made an
angle of at least 30° with each of the three surfaces. No critical current
maxima were observed as a function of magnetic - field with the copperplated
section.

2. Surface Transport Currents in the Mixed State

In this section we wish to make a single point: the data reveal that
surface transport currents flow in the mixed state. The sharp angular
dependence of the critical transport current below Hcz measured on the
unannealed ribbon can tentatively be associated with internal planar defects
that originate in the rolling oper%fiﬁn. This point has been demonstrated in
rolled Nb-Zr and Mo-Re alloys. One would expect that this anisotropy,
if associated solely with internal defects, would decrease upon annealing in
a single-phase solid solution. We find instead that the anisotropy increases
with annealing. In Fig. A-8 we display for ribbons in different stages of
annealing the critical current as a function of angle at a field of 900 Oe,
which is well into the mixed state. With unannealed ribbon the critical current
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Figure A-6 The angular dependence of critical current for three different
ribbons at a magnetic field of 900 Oe and H1l. The results indicate that
the angular dependence of the critical current increases with annealing.
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drops slightly over an order of magnitude between ¢ = 0° and ¢ = 90° (from
17.7 to 1.12 amperes). The well-annealed ribbon, however, shows a drop ; )
of over two orders of magnitude, from 6.1 amperes at ¢ = 0° to 0.043 ampere

at o = 90°. This suggests that as the anisotropic bulk currents are removed

by annealing, a second mechanism of much sharper angular dependence

supports the transport supercurrents. We identify this second mechanism

with the surface because of the following observations. When the annealed

ribbon which displays the very sharp angular dependence is plated with only

about 1000 & of copper, the critical current is significantly reduced at all

fields and angles above Hei. The o = 2° and o = 30° curves before and after

rlating are taken out of Figs. A-3 and A-4 and displayed separately in Fig.

A-T7. This observation supports a surface mechanism since the strength of

any bulk defect should be insensitive to a thin surface layer of copper. The

point that surface currents are indeed sensitive to the copper film is demon-

strated in Fig. A-7 by the observation that the critical current is reduced

above Hey with copperplating where only the Saint-James and de Gennes

surface currents flow. (&

The argument for transport surface currents in the mixed state is
strengthened by the results on the annealed cylinder of triangular cross
section. Here the argument cannot be made that the peaks originate from
internal rolling planes since only one pair of peaks (p = -42°) corresponds
to a surface parallel to the rolling plane, and yet the three pairs of peaks
are generally similar in height and breadth. It is unlikely that planar bulk
defects with properties similar to those produced by rolling are introduced
by the cutting and sanding operations. In addition, we remove a 0.002~
to 0.003-inch surface layer during the polishing operation prior to the anneal.

One of the more convincing arguments for transport surface currents
comes from the partial rectification (i.e., unequal critical currents of
opposite polarity) of the applied current at and near each peak (Fig. A-5).
If rectification were a phenomenon associated with the bulk, then it should
appear with equal prominence in the ribbons near ¢ = 0°, but does not. The
triangle is distinguished from the ribbon in the essential feature that the
magnetic field vector is parallel to only a single surface at a time rather than
two surfaces that are mirror images of one another. We interpret the
rectification of current applied to the triangles as one of the stronger
arguments that the critical transport currents measured in the mixed state
with the annealed ribbons and the cylinder of triangular cross section are
predominantly surface currents.
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Figure A-7 The critical current as a function of magnetic field at ¢ = 2°
and o = 30° of a well-annealed ribbon before and after copper electroplating.

' Q The curves are taken directly from Figs. A-3 and A-4 and displayed
’ separately here for comparison.
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3. The Argument for Two Surface Mechanisms in the Mixed State

In this subsection we wish to show that two separate and distinct surface
mechanisms contribute to the mixed state surface currents measured on the
two well-annealed ribbons (Figs. A-3 and A-4) and the annealed cylinder of
triangular cross section. We arrive at this conclusion from the observation
that the family of curves displayed in Figs. A-3 and A-4 can be constructed
from the sum of two families of curves, each having a significantly different
field dependence and each affected to a different degree by the copperplating.
We display these two families of curves, denoted mechanism A and mechanism
B in Figs. A-8 and A-9. Mechanism A has the assigned property that its
contribution to the total mixed state surface current decreases approximately
exponentially with increasing field strength and then cuts off sharply at Hes.
We tentatively assign to surface mechanism A an effective surface layer
thickness on the order of the penetration depth A. Mechanism B has the
assigned property that it yields transport supercurrents that are a maximum
at or just below Hep and are roughly symmetric about their maximum. For
the present discussion this family of curves is constructed by arbitrarily
reflecting the critical current curves above He,, where no contribution from
A exists, about a field just below Hep. We identify mechanism B with the
Saint-James and de Gennes surface film having an effective thickness on the
order of the coherence length €. Following this interpretation, the effect
of copper will be somewhat more severe on the currents relat?ci to a coherence
depth than with a penetration depth as A » 2€ in this material. (1)

The "anomalous peaks" that are found at angles intermediate between
o = 0° and @ = 90° in the annealed, unplated ribbon-and in the unplated portion
of the annealed triangle can be explained in terms of these two mechanisms.
V/hen the magnetic field vector is nearly parallel to.a surface, contributions
from mechanism A predominate. The currents associated with A show a
sharper angular dependence at intermediate angles than those associated
+7ith the Saint-James and de Gennes surface sheath. Thus at intermediate
angles, the Saint-James and de Gennes mechanism dominates and the
currents go through a maximum as a function of magnetic field just below
Hes. In this view the current peaks near He, become sharper as ¢-90°
because the critical current curves of the Saint-James and de Gennes surface
film above Heaz (which are reflected below Hep in mechanism B) drop more
sharply with field as ©-90°. At @ = 90° the peaks disappear because the
Saint-James and de Gennes surface film does not exist; the critical current
here is made up from mechanism A plus perhaps a small remnant contribution
Irom the bulk.

Continuing this interpretation, we can nnderstand the disappearance of
the "anomalous peaks" after copperplating. The copper reduces the
magnitude of the critical currents above Hez where only the Saint-James and
de Gennes mechanism exists by a significantly greater fraction than the
critical currents well below He, where only mechanism A contributes.

When the curves above H., (Fig. A-4) are reflected (Fig. A-9) and
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Figure A-8 Two families of constructed critical current curves for a well-
annealed, unplated Pbg.esTlg.os ribbon. They have the property that when
added together they result in a family of curves nearly identical to those

C of Fig. A-3.
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added to the family of exponential curves, which are determined by the
critical current well below Lc,in Fig. A-4, the peaks do not appear because
the exponential curves dominate at all angles. The peaks do not appear for
the unannealed ribbon because the bulk currents dominate at all angles (Fig.
A-2).

With the cylinder of triangular cross section, as with the annealed
ribbon, the peaks were observed just below Hez (results not displayed) when
the magnetic field vector made an angle of at least 30° with each of the three
surfaces. The peaks were not present in the copperplated section.

The conclusion of the arguments presented in this subsection is that two
mechanisms contribute to the surface supercurrents. Mechanism A is
undefined in any detail, but may be associated with the bulk penetration depth
A since its contribution tc the total surface current cuts off sharply at Hez
and since its contribution is less severely affected by copperplating than is
the Saint-James and de Gennes surface film, which is associated with a
smaller thickness. The "anomalous peaks" below Hez are simply a measure
of the strength of the Sairt-James and de Gennes surface film below Hez;
the peaks are sharpest at angles where the surface currents above Hc, fall
off most sharply; they disappear with the same copperplating that significantly
reduces the strength of the Saint-James and de Gennes surface currents above
Hes. »

The finding that above Hep identical critical currents were measured
for the annealed (Fig. A-3) and unannealed (Fig. A-2) ribbons for all angles
except o = 0° suggests that these measured surface critical currents @ # 0°)
may be fundamental properties.of the Saint-James and de Gennes surface film.
The annealed sample was polished, then annealed, then tested; the unannealed
sample was polished and immediately tested, presumably with a superior
surface and thus a higher critical current at ¢ = 0°.

4. 'The Rectification of Surface Transport Currents (See Note Added in
Proof)

In many of the ribbons tested we measured small differences in the
critical currents of each polarity. (13 Typically this difference is 14 to 2%
above Hey and increases to 58 to 104 near Hei; as p - 90° the critical currents
of each polarity become more nearly equal. Inthe annealed, copperplated
ribbon (Fig. A-4) the critical currents of opposite polarity differ by as much
as BO# at @ = 0° near Hepj, but are essentially the same above Hez. In Fig.
A-4 the curves shown are those for "positive" current, except at 0° and 105
where the "negative" critical currents are displayed as well. From 0° to 2°
the positive critical currents are larger; at 2° the positive and negative
critical currents are about equal; for ¢ > 2° the negative critical currents
are larger; as o - 90° the critical current becomes independent of polarity.
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In the cylinder of triangular cross section the difference between
critical currents of opposite polarities become significantly more pronounced
(Fig. A-5). At the peaks the critical currents of opposite polarities differ by
about a factor of three. The signs of the larger and smaller current peaks
interchange at each successive surface.

In order to understand better these unusual results, let us first note
that the critical current is that current for which some small voltage drop is
detected (in this report 1.4 uv/cm). Equivalently, 14) the critical current
can be defined as that current which causes a specified amount of magnetic
flux to cross the sample per unit time. When the applied magnetic field
vector is parallel to a surface carrying a transport supercurrent and
perpendicular to the current direction, magnetic flux will cross the surface
under the action of the Lorentz force (T x 1%') when the critical surface
transport current (1. e., a critical surface field gradient) is exceeded.
Critical currents of one polarity correspond to magnetic flux crossing the
surface from tne interior of the sample to the outside; critical currents of
the opposite polarity correspond to magnetic flux crossing the surface from
the outside in. Similarly, a reversal of magnetic field direction reverses
- the Lorentz force vector. In terms of this simple treatment it is evident
that if magnetic flux can cross a type II surface more easily in one direction
thanthe other, a single surface will support a larger superconducting
transport current in ong direction than the other. This model also indicates
why the sign of the larger current peak reverses at successive surfaces
(Fig. A-5) or when the magnetic field vector is rcotated 180°; the direction
of the Lorentz force reverses in this manner. We find that the larger
critical current peaks (Fig. A-5) always correspond to a Lorentz force
pushing the flux through the surface from without, revealing that it is more
difficult for magnetic flux to cross a surface into a type II superconductor
than out of a type II superconductor.. The sharp angular dependence of the
critical transport current cof each polarity means simply that magnetic flux
crosses a surface more easily when the flux crosses at an angle and the
Lorentz force direction is not perpendicular to the surface. When the
magnetic field vector makes a large angle with the surface, the flux crosses
easily in either direction and the critical currents of each polarity are equal
and very small, revealing that the surface is then ineffective as a barrier
to the motion of magnetic flux.

In terms of the discussion above, one can understand why the critical
transport current measured in type II ribbons is nearly independent of
polarity, even at 0°. When the critical current is reached, magnetic flux
crosses both surfaces of the ribbon. One surface is crossed from the
outside in; the other, from the inside out. As the results from the triangle
demonstrate, each surface of the ribbon v.ill support a significantly different
transport current when the critical electric field (1.4 uv/cm) is reached.

A ribbon with two identical surfaces will not rectify, however, since the
reversal of the Lorentz force simply causes the larger and smaller currents
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. to switch to the opposite surfaces while the total current is unchanged. We
Q ; interpret the small differences between critical transport currents of opposite
polarities occasionally observed in ribbons near ¢ = 0° as caused by a slight
difference in the properties of the two surfaces. The larger difference between
currents of opposite polarities (50%) observed in the annealed copperplated
ribbon near Hei and o = 0° is probably related to a bketter copperplating on
one surface than the othe:r.

Since there is at gresent no theory predicting that the surface of a type
IT superconductor in the rnixed state should act as a barrier to the passage
of magnetic flux or that this barrier should be crossed more easily from
within than without, it is difficult to say whether the measurements dis-
played in Figs. A-D and A-10 (the I-V c¢haracteristics of the triangle at H =
700 Oe and 9 = 50°) are ultimate characteristics limited by the quality of
the surfaces. Further careful experiments are needed to test this point.

[H=2000 Oe
| (NORMAL )

30

VOLTAGE (uV/em)——

€ XPONENTIAL
% REGION
H:=700 Oe
10 $:=50°
[ L LA 1 o ] J
-2.0 -1.0 0 1.0 2.0 30 40
APPLIED CURRENT (AMPS)——
H=;%0 Qe -10
$=50° -
EXPO-
NENTIAL H-20
REGION
-30
- 40
-50
l 4-60
J-10

Figure A-10 The voltage vs current transition for the well-annealed c;ylinder
of triangular cross section at H =700 Oe and o = +50°, demonst.r_atmg the
partial rectification of a superconducting transport current. Initially, .the
voltage increases exponentially with increasing current, but becomes linear
in current as the current is further increased.
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It is possible that the apparent asymmetry of the surface barrier to the
crossing of magnetic flux is not a fundamental property of the barrier but is
a nucleation phenomenon related to the fact that any quantized flux line lying
within a type II superconductor must break through the surface at some spot.
Consider a flux line within the superconductor nearly parallel to a surface
and being pushed against the surface barrier by the Lorentz force. The
normal spot where the flux line breaks through the surface may weaken the
surface barrier locally so that the spot moves down the surface under the
influence of the Lorentz force. In this manner the flux line can cross the
surface barrier. Magnetic flux being pressed against the surface barricr
from without has no such automatic nucleating site available to weaken the
barrier locally and permit it to cross. This view of rectification is con-
sistent with the experimental observation that magnetic flux crosses out of
a surface more easily than in.

E. SURFACE SUPERCURRENTS: 8 VARIED, ¢ =0°

We have measured the critical current of the annealed, copperplated
ribbon as a function of the angle 8 between the magnetic field vector and the
transport current, keeping the magnetic fie 8 érector in the plane of the
ribbon (p = 0°). Cody, C%llen and McEvoy ) have found that NbzSn films
obey the Anderson-Km{ relationship:

J(Hsin 8 + Bg) =a, (A1)

where qc and Bg are found to be constants. When we plot Ic vs sin 8 (Fig.
A-11) we also find a linear relatlonshlp and a constant Bg/ac ratio. The
linear relationship between Iz' and sin 8 implies that the Lorentz force
controls the magnitude of the surface current when the magnetic field vector
is kept in the plane of the surface. The convergenceof the straight lines to a
single intercept (Bg/ac) at the ordinate reveals that the strength of the
surface superconductivity in the absence of the. Lorentz force is a constant
independent of the magnetic field over the field range shown and, for this
ribbon, equal to about 40 amperes (1/0.026). It is unlikely that this number
has fundamental significance. The Bo/qc ratio is probably a function of
surface condition and impurity concentration near the surface. It is also
likely that ground planes would further enhance this number by permitting
the transport currents to flow more uniformly over the width of the surface.
The calculated o is not the same at each magnetic field. A Var}atlon of ac
with field is not surprising for this low k material (k ~ 1. 86)
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Figure A-11. The inverse of the critical current as a function of the sine of
the angle 8 between the field and current vectors in the annealed, copper-
plated ribbon. The magnetic field vector is kept in the plane of the surface
@ = 0°). The linear relationship implies that the critical surface current
is controlled by the Lorentz force. -

F. MIXED STATE RESISTIVITY

The current-voltage transitions of the ribbons in the three different
conditions were also studied. Initially the voltage drop increases exponen-
tially with increasing current (V/L ~b uv/cm). Although this exponential
region of the transition was not studied in gre%t %etail, we developed
sufficient data to show that the Anderson-Kim 14 relationship

InV =K; +X2J (H + Bog) (AZ)
does not hold.
As the voltage drop is increased beyond about(élol%y/ cm, the incremental
?

voltage becomes linear with incremental current. Figure A-10 shows
the exponential and linear regions observed in the triangle. The linear region
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covers an order of magnitude in voltage, beyond which the voltage increases
faster than linearly with current, suggesting sample heating.

In the linear region we define a differential resistivity dV/dI; in the mixed
state dV/dI is smaller than in the normal state. In Fig. A-12 we display for
the annealed, unplated ribbon the measured differential resistivity divided by
the normal state resistivity (measured at 4. 2°K and H = 2000 Oe) vs applied
magnetic field for v equal to 5°, 15°,and 90°. These curves display some
interesting features. The resistivity at ¢ = 90° increases smoothly from
zero at a very low magnetic field strength to the normal state resistivity at
Hea. We associate this resistivity with the bulk rather than the surface
of the ribbon since at 90° the surfaces support 'very little supercurrent and
are ineffective in impeding the motion of the magnetic flux. It is also
interesting tha t e resistivity curve shows no break or change of slope at
Hey 350 Oe). This suggests that the sample enters the mixed rather
than the intermediate state when flux first penetrates at a low field. (Because
of the large demagnetizing factor of the ribbon at g = 90°, magnetic flux
will break into the surface at a few oersteds rather than at He,.) As the
angle v is decreased from 90°, the differential resistivity above Hez becomes
less than the normal state resistivity and the differential resistivity below
Hcz becomes less than that measured at 9 = 90°. This suggests that surface
superconductivity, being strengthened by the decreased angle, is able to
participate with the bulk in retarding the motion of magnetic flux through the
sample. It may be meaningful to calculate a differential resistivity associated
with the surface as a function of angle and field by assuming that the lowering
of the resistivity with decreasing angle ¢ arises from a low resistivity
surface layer or flux barrier in addition to the bulk.

The jog in the resistivity curve at He, for ¢ # 90° is not understood.
The resistivity curve at ¢ = 0° could not be determined accurately for the
ribbons, because the sample beganto heat up soon after the linear region
was reached and because the transition became noisy. The scant data we
have at 0° indicate that the resistivity is reduced considerably below the
curve at ¢ = 5°.

After the annealed ribbon was copperplated, the resistivity was
measured again. The differential resistivity at 90° was unchanged, but
the resistivity at the other two angles investigated (@ = 15° and @ = 5°) showed
that the differential resistivity had increased and lay closer to the o = 90°
curve. This is consistent with the interpretation of the data taken prior to
plating; the copper film weakens the surface contribution to the resistivity,
but has no effect on the bulk properties.

The differential resistivity curve we 3 measured on the unannealed

ribbon at © = 90°. This curve was essentially the same as that measured on
the annealed sample, though the current at which this linear current-voltage
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Figure A-12 The normalized differential resistivity of the annealed, unplated
Pbg.95s Ty, 05 ribbon as a function of magnetic field and azimuthal angle ¢
when H1I. The decreass of resistivity with decreasing angle indicates that
the surfaces contribute to the resistivity when ¢ is small.

region is found is ~10 times larger. This observation supports the conclusion
that beyond a certain critical current the differential resistivity associated
with the bulk in the mixed state is insensitive to the defect structure. 2,1

The angular dependence of the differential resistivity and its interpretation
" in terms of a combined surface and bulk resistivity suggests that resistivity
data taken on round wires may include both a bulk and surface contribution.

To minimize the contribution that the surface might make to the determination
of the bulk resistivity in the mixed state, it may prove desirable to choose

a geometry such as a ribbon or film in which the portion of the surface not
orthogonal to the flux lines can be made arbitrarily small.

G. HALL VOLTAGES

An attempt was made to measure the Hall voltage in the mixed state
in the annealed, copperplated ribbon. Voltage probes were placed on
opposite edges of the ribbon. The magnetic field vector was directed
perpendicular to the major surfaces of the ribbon (p = 90°). This mea-
surement was limited by a spurious effect presumably due to a residual
sample imperfection. Upon our reversing the direction of current flow, the
small transverse electric field did not simply reverse polarity; there was
a change in magnitude as well. This discrepancy (reproducible and magnetic
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transverse electric field upon reversing the applied magnetic field. We thus
report that in our sample in the mixed state in the linear portion of the I-V

curve the tran 1\76e>rse or Hall electric field is less than 24 of the longitudinal
electric field. '

field dependent) was on the same order as the change in magnitude cf the » ()

H. SUMMARY

The basic conclusion of this work is that the surface of a type II super-
conductor is capable of supporting transport supsrcurrents in the mixed
state, as well as above Hea. The magnitude of these currents is extremely
sensitive to the angle between the magnetic field vector and both the surface
plane and the current direction. In addition, when the magnetic field vector
is perpendicular to the transport current and nearly parallel to a single
isoleted surface, rather than a pair of parallel surfaces, the magnitude of
the critical transport current of each polarity is significantly different.

The family of curves that describeg the total superconducting transport
current as a function of angle in unplated, and plated annealed ribbons can be
related to the sum to two significantly different empirical functions. This
leads to the hypothesis that two separate mechanisms contribute to the trans-
port surface current. One of these mechanisms is the Saint-James and de
Gennes surface film. It has the postulated property that its strength in
supporting transport currents is a maximum at or just below He2 and that its (x‘:)
strength, which is strongly angular dependent, falls off roughly symmetrically ‘
on each side of Hepz (or a field slightly below Hez). The second surface
mechanism is undefined, but characterized by the property that its current-
carrying capacity decreases approximately exponentially with increasing field
beyond He; and cuts off sharply at Hea. The Bean-Livingston surface barrier
may contribute to such a mechanism. '

The "anomalous peaks" in the curves of critical current vs magnetic
field are observed experimentally in annealed Phg, ¢5T1g.05 When the magnetic
field vector makes an angle intermediate between o = 0° and © = 90°. They
disappear when copper is plated on the sample, supporting the interpretation
that they are of a surface origin in the samples investigated. They apparently
result from the field and angular dependence of the Saint-James and de Gennes
surface film below Hea.

The absolute magnitude and angular dependence of the critical currents.
reported for the triangle and the ribbons are probably not a true measure of
surface properties. They are certainly sensitive to some degree to surface
contamination and surface smoothness. These transport current curves also
probakly include a small bulk contribution. The presence of a ground plane
should serve to increase the magnitude of the surface transport currents when
the magnetic field vector lies parallel to the surface plane. The transport {3
current curves measured on the ribbons suffer from an effect revealed by the >
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results of the triangle--when the magnetic field is nearly parallel to the
ribbon, the two surfaces contribute unequally to the total transport current.
Moreover, the larger of the two currents has a much sharper angular
dependence. These currents can be separated in the case of the cylinder

of triangular cross section. Even here there was no ground plane and the
faces of the cylinder could not be made as smooth and planar as those of the
ribbon.

A differential resistivity can be measured in the mixed state when the
transport current significantly exceeds the critical transport current. This
mixed state resistivity drops sharply from the normal state resistivity below
Hez and approaches zero resistivity at very low magnetic fields. When the
magnetic field vector is perpendicular to the plane of the ribbon and the
contribution of the surfaces to the critical current is virtually eliminated,
the measured mixed state resistivity is attributed to the bulk. This resis-
tivity is the same in the annealed and unannealed ribbons and consequently
independent of the defect structure. At intermediate angles the surfaces
contribute to the superccnductivity and the measured differential resistivity
is decreased. :

In the absence of theories predicting the phenomena we have observed,
we cannot state the generality of the various effects. It should prove
interesting and fruitful to explore these phenomena as. a function of surface
preparation and contamination, of geometry, and of the Ginzburg-ILandau
parameter K.
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NOTE ADDED IN PROOF P
2

Further studies of rectification (to be published) indicate that the )

mechanism described below is more likely than that described in Appendix

D-(D). Figures A-2 through A-6 show that the surface critical current for

a macroscopic sample exhibits a sharp angular peak; any small magnetic

field component perpendicular to the surface decreases the critical current.

If a sharp angular peak occurs locally for each microscopic region, we can

obtain the critical current for the sample by summing the critical currents

for the microscopic regions where the local critical currents are determined

by the local perpendicular fields H, (7):

H_L (f)zH_La&) +H"_Ld@) + Hlj(f) . (A3)

Here H 1a is the local perpendicular field applied externally, Hjq4 is that
resulting from the superconducting diamagnetic currents, and H,; is that due
to the applied transport current in the sample. If an applied current of one
sign gives an Hy;(r) which tends to cancel the other two terms, a large
eritical current will be measured, for I—I_L(r) will be small. An applied
current of the opposite sign then yields an H 15 ) which adds to the other two
terms, increasing H _L(r) and decreasing the critical current. Rectification
can thus occur in a type II superconductor that has a sharp angular peak in
the critical current (it is not necessary that the current be a surface currernt) (”’D
and some appropriate local perpendicular field distribution. All rectification
experiments performed to date are consistent with this interpretation.

A simple example is a strip having a cross section, viewed along the
long axis, of a circular arc of a large radius of curvature. The applied
‘magnetic field, when parallel to the chord of the arc, yields a perpendicular
field component varying linearly with distance across the strip, going
through zero and changing sign at the midpoint. Applied currents of one
polarity decrease the total perpendicular field, yielding a large critical
transport current. With the opposite polarity, the perpendicular components
add and a small critical transport current results. Rectification ratios as
large as 5:1 have been obtained in this way. The triangular sample described
in this report apparently rectified because the polishing yielded slightly
curved surfaces. It is also possible to rectify with a flat sample and a
curved applied field, achieved from separate current-carrying field control
wires. Rectification ratios as large as 3:1 have been observed in this
manner. In 1962, H.H. Edwards and V. L. Newhouse observed rectification
in thin tin films using this technique [J. Appl. Phys., 33,868 (1962)].
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APPENDIX B

PARTIAL RECT-FICATION IN TYPEII SUPERCONDUCTORS
(P. 8. Swartz and H.R. Hart, Jr.)

A. INTRODUCTION

It is well accepted that the large critical current densities which certain
type II superconductors can S?Bport in the mixed state (H,, < H < Hg 2) are
predominantly bulk currents. It has recently been shown, however, that
the surfaces of a type II superconductor can support a supercurrent in
addition to that associated with the intrinsic or reversible magnetization of
the mixed state itself. The work of the Brookhaven group(2 has demon-
strated that diamagnetic a-c surface currents car. be induced by a small
alternating magnetic field collinear with a steady field, both in the mixed
state and also inthe region of the Saint-James and de Gennes(3) surface film
(Hecz < H< Hea). Swartz and Hart(4) have shown that the surface of a type
II superconductor is capable of supporting a superconducting transport
current between Hey and Ec3. The magnitude of zhis surface current is
found to be very sensitive to the angle that the magnetic field vector makes
with the surface being explored; the current-carrying capacity is large when
the magnetic field is parallel to this surface, and drops sharply as the
magnetic field vector is turned into the plane of the surface. As we shall
see, the diamagnetism of the surface to small alternating magnetic fields
and the ability of the surface to support a superconducting transport current
both demonstrate that the surface of a type II superconductor is effective
as a barrier to the crossirg of magnetic flux. (See Note Added in Proof, p. 220.)

In this Appendix, we illustrate several methods by which the surface
properties of a type II superconductor can be utilized to make the critical
transport currents of opposite polarity unequal. We define this property as
"partial rectification” since such a superconductor displays I-V charac-
teristics as those shown in Fig. B-1l. We have found that there are two
separate and distinct surface properties that make partial rectification
possible. One type of rectifier, which we denote as the "class I rectifier, "
rests on the newly found phenomenon that the effective height of the surface
barrier to the crossing of magnetic flux depends on the direction from which
the magnetic flux encounters the surface barrier. Magnetic flux that en-
counters the surface barrier from the inside of the specimen crosses the
surface barrier more easily than magnetic flux encountering the surface
barrier from the outside. The largest rectification ratios (i.e., critical
transport currents of one polarity divided by the critical currents of the
opposite polarity) that we have observed in class = rectifiers are ~1.4:1.

A second type of rectifier, which we denote as the "class Il rectifier, "
relates only to the sharp dspendence of the transport surface currents
with the angle that the local magnetic field vector makes with each element
of the surface plane. 5) Edwards and Newhouse 6) nave earlier produced
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Figure B-1 The voltage vs current transition for a well-annealed triangular
prism of Pbg,g5Tlg, 05 A magnetic field of 700 Oe is directed parallel to one
of the surfaces and perpendicular to the transport current. The curve
demonstrates that the critical currents of opposite polarity are unequal
(reproduced from Ref. 4).

partial rectification in cryotron devices utilizing this angular dependence in
evaporated type I films. With class II rectifiers we have achieved rectifica-
tion ratios as large as 5:1 in bulk type II samples in the mixed state.

We divide this Appendix into three sections. The first two sections are
devoted to the class I and II rectifiers, respectively. Each of these sections \D
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is divided into three parts: 1. Principles of Operation; 2. Experiments;
and 3. Discussion. The final section is devoted to general remarks and a
summary.

B. CLASSI RECTIFIERS

1. Principles of Operation

It is convenient to describe class I rectifiers in terms of the properties
of a surface barrier to the crossing of magnetic flux in the mixed state. We
shall show first that the ability of a superconductor to support a supercon-
ducting surface transport current in the mixed state can be interpreted as
evidence for a barrier to the crossing of magnetic flux. We shall then show
how partial rectification of a transport supercurrent can come abeut if the
surface barrier has certain properties.

Consider a type II superconducting ribbon of unit width that is well
annealed and homogeneous so that no pinning sites exist in the bulk, and no
bulk supercurrents flow. We apply a magnetic field of magnitude between-
Hey and Hep parallel to the surface planes and perpendicular tothe long
axis of the ribbon. We find experimentally that such a ribbon will support
a surface transport current, It. We define the critical surface transport
current, Ic, as that current for which some small voltage drop is detected.
Equivalently, I, can be defined as that current which causes a specified
amount of magnetic flux to cross the sample per unit time, (7) When the
magnetic field vector is parallel to a surface carrying a transport super-
current and perpendicular to the current direction, magnetic flux will cross
the surface under the action of the Lorentz force (I x H) when I, is exceeded.
Since a surface transport current produces a field change at the surface, we
may equivalently define a critical surface field drop, or barrier, that must
be exceeded before magnetic flux can cross the surface. I we assume for
the example given here that the transport current divides equally between
the two surfaces, we may define the critical barrier height as

MHerit = 4mle/20 . (B1)

When critical conditions are reached, equal magnetic flux crosses both
surfaces of the ribbon. For critical current of one polarity, one of the
surface barriers is crossed from the outside-in and the second surface from
the interior to the outside; for critical currents of the opposite polarity, the
first surface barrier is crossed from the interior to the outside and the
second surface from the outside-in. Similarly, a reversal of magnetic field
direction reverses the Lorantz force vector. Interms of this simple
treatment it is evident that, if magnetic flux can cross the surface barrier
more easily in one directicn than the other, a single surface will support
a larger superconducting transport current in one direction than the other,
and partial rectification will occur. A ribbon, having two oppositely directed
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surfaces, will not rectify. In that case the total transport current measures

the sum of unequal transport current supported by each surface. When either (’D
the polarity of the transport current or the direction of the applied magnetic h
field is reversed, the accompanying reversal of the Lorentz force vector

simply switches the larger and smaller transport currents to the opposite

surface, and no rectification of the total transport current is detected. 1t is

evident, then, that if the barrier to the crossing of magnetic flux is direction
dependent, rectification by this mechanism cannot be observed in type II
superconductors in which the effects cancel through symmetry arguments.

2. Experiments

In our earlier work, 4) we attempted to test this hypothesis of rectifica-
tion by measuring the critical transport current of a well-annealed
Pbo.gsTlg, 05 triangular prism in which the only transport supercurrents that
could flow were found to be suriace currents. Since the critical transport
current is observed to decrease rapidly with the angle that the applied mag-
netic field vector makes with the surface, we were able to explore the
properties of a single surface when the applied magnetic field was aligned
parallel to one of the three surfaces of the prism. We observed rectification
ratios as large as 3:1 (see Fig. B-2) and, at the time, concluded that this
experimental evidence supported the hypothesis given above. The surfaces
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Figure B-2 The critical current of a well-annealed triangular prism of
Pbg esTlo.os as a function of azimuthal angle o (H1I) at a magnetic field of
H =700 Oe. The results demonstrate that the critical currents of opposite
polarities go through maxima of significantly different magnitudes when the (D
magnetic field vector is aligned parallel to a surface (reproduced from Ref.4).
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of this prism were very slightly curved through the polishing operation and, as
( we later came to appreciate (see Note in Proof in Ref. 4), such a sample recti-
: fies for wholly different reasons. A triangular prism with slightly curved
surfaces is an excellent example of the class II rectifier to be discussed in
Section C.

In an attempt to provide a valid test to the hypothesis that magnetic flux
can cross the surface barrier more easily in one direction than the other, a
sequence of experiments has been performed with ribbons having compositional
gradients across their thickness, We describe these experiments below and
outline the significant features of the results, The discussion follows the de-
scription of all of the experiments, In each of the five experiments, we report
the results only for magnetic field orthogonal to'the transport current and
parallel to the surface plane(s) carrying the transport current.

(a) Experimentl

An alloy of Pbq,goTlg, 10 is cold-rolled to 0.009 inch and polished. A
ribbon 2 inches by 0. 250 inch is cut from this sheet, and current and voltage
leads are attached. The critical current (defined at a voltage level of 0. 5uv/cm)
is measured at 4. 2°K as a function of a perpendicular magnetic field applied
parallel to the major planes of the strip. The results are shown in Fig. B-3.
We summarize the significant features as follows:

. 3 T T T 1 4 ! T I
e ‘ ) MECHANICALLY BONDED SURFACES (UNANNEALED SAMPLES)
. L + ‘ -
Q 008 W} O{+ AND - CURRENTS:}
. YW 77777A3 Y
o' \3\ Ll-—.ZSO —
) 0057 Fh.eotlio O (+ AND — CURRENTS:)
7 (Help,*577 Oe T i
T 4r (M) 1690 De
€ C2%pb g0 Tto
=
a2k
=
g
20
4 7+
o
|
10-! L | ! | 1 4 |
400 1600 2000 2200

800 1200
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Figure B-3 The critical currents of an unannealed Pbg 9Ty, 10 Tibbon and an
unannealed Pb-Pbyg, 90 Tlg. 10-Pb "sandwich™ with the magnetic field parallel
to the surface plane. The results show that no rectification occurs.
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(1) The critical transport currents of opposite polarity are equal, j
\\

(i) Hcz is measurable as the sharp change in critical current at 1690 Oe.

(b) Experiment II

A metal sandwich of Pb-Pbg g¢Tlo, 10-Pb is formed by cold-rolling together
egqual thicknesses of the three metal sheets. At the final total sandwich thick-
~ess of 0,000 inch, the three metal sheets are mechanically inseparable. A
ribbon is cut, polished, mounted, and tested in the same manner as in
Experiment I. The results are also shown in Fig. B-3. The significant
features are:

(i) The critical currents of opposite polarity are equal.
(ii) The critical current drops essentially to zero at H = 1690 Oe.
(iii) The slope of the critical current with field changes in the vicinity of
the pure lead transition (577 Oe).

(c) Experiment II

A bimetallic strip of Pb-Pbg g9Tlg, 10 is formed by cold-rolling together
equal thicknesses of the two metal sheets. At its final total thickness of 0.005
inch, the two metal sheets are mechanically inseparable. Subseguent procedure
follows that described in the preceding experiments. The significant results
are (see Figs. B-4 and B-5): ( )

(i) The critical currents of opposite polarity are unequal from the lowest
fields tested (500 Oe) to magnetic fields close to Hea (~2900 Qe).

(i) From about 800 Oe to fields close to He3, the larger critical currents
correspond to magnetic flux crossing the outer Pbg 99Tl 10 surface from the
outside-in.

(iii) Below about 600 Oe the larger critical currents correspond to mag-
netic flux crossing the outer pure Pb surface from outside-in.

(iv) The largest rectification ratio occurs near H = 1200 Oe and is about
1,3:1.

(v) The pure lead transition at 577 Oe and the Hg, transition of the alloy at
1690 Oe are clearly defined in the figure by the sharp change in slope.

(d) Experiment IV

A bimetallic strip prepared in a manner identical to that used in Experi-
ment III is annealed for 60 hours at 200°C and 1 hour at 320°C in a vacuum of
10-% to 10-7 mm Hg, The sample is then mounted and tested in the way
described earlier. The significant resultsare summarized as follows (see Figs.
B-6 through B-8). (’D
(Text continued on p. 208.) ~
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Figure B-7 The rectification ratio (|I,/I_]) vs applied magnetic field for
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Figure B-8 The difference between critical currents of opposite polarity

(|T+ | - |I-]) vs app.ied magnetic field for the curves of Fig. B-6.
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(i) The critical currents of opposite polarity are unequal from the
lowest field tested (400 Qe) to a field approaching 2400 Qe.

(ii) From 400 Oe to about 870 Oe the larger critical current corre-
sponds to magnetic flux crossing the outer Pb surface from the outside-in.

(iii) The sense of the rectification switches at 670 Oe; between this
crossover field and a field approaching 2400 Oe the larger critical currents
correspond to magnetic flux crossing the outer Pbg goTlg. 19 surface from the
outside-in. Beyond the field of 2400 Oe the critical currents of both polarities
were reduced to a few milliamperes, and it became impossible to detect any
significant difference in their magnitudes.

(iv) An Hg,-type transition appears to take place at 1580 Oe.

(v) The rectification ratio assumes a maximum value of about 1.3:1
in the vicinity of 1200 Qe.

(vi) The rectification ratio shows no abrupt change at 1560 Oe (Fig. B-7).

(vii) The magnitude of the difference between the critical currents of
opposite polarity (Fig. B-8) is changing sharply with field in the low field
range and is essentially constant over the range between about 800 and 1200 Oe.

(e) Experiment V

The same strip used in Expei'iment IV is electroplated with a few microns
of copper and retested. The significant results (see Figs. B-6 through B-8) are;

(i) The magnitude of the critical currents of botn polarities is signifi-
cantly reduced at all fields.

(i) Both the relative (Fig. B-7) and absolute (Fig. B-8) difference
between the critical currents of ‘opposite polarity is significantly reduced.

(iii) The crossover field remains at about 670 Oe.

(iv) The critical currents of both polarities become too small (less than
a few milliamperes) to detect beyond about 1700 Oe. :

3. Discussion

Experiments I and O (Fig. B-3) are reference experiments for the three
that follow. Experiment I demonstrates that a flat, polished, unannealed
ribbon of type II superconductor will not rectify a transport current. Experi-
ment I also shows (as reported earlier) that the Hep transition is clearly
recognizable on such an I, vs H plot. Experiment II demonstrates that when
2 Pbg.goTlg 10 ribbon is bonded to pure Pb at both surfaces, the effect is
similar to that of copperplating (Refs. 4 and 8), i.e., the surface currents
are decreased. The most significant result of Experiment II is that no recti-
fication is measured.

Experiment III (Figs.B-4 and B-5) differs from Experiment II in that only

one of the Pbg.goTle 10 surfaces is bonded to pure Pb. Consequently, the
current-carrying capacity of one surface only is diminished. If the barrier
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of each surface is insensitive to the direction in which magnetic flux crosses,
then each surface will support a critical current that is independent of the
direction of the transport current; and consequently the sum of these two
currents, which is the total transport current, would not be rectified. On

the other hand, if each surface barrier can be crossed more easily in one
direction than in the other, and the barrier at one of the two surfaces is weaker
(due to the proximity of pure Pb), then partial rectification should be observed.
As Figs., B-4 and B-5 demonstrate, rectification is indeed observed and changes
sense at about 600 Oe. As mentioned earlier, above about 600 Oe the larger

of the two critical currents corresponds to magnetic flux crossing perpendicu-
lar to the free Pbg g9 Tly, 10 surface from the outside-in. Correspondingly,
below about 800 Oe, magnaetic flux crosses the sample more easily in the oppo-
site direction, as the sense of the rectification switches. These observations
are consistent with the following two statements:

(a) Between Hq; and a field close to or equal to Hp3, magnetic flux can
cross the surface barrier of a type II superconductor more easily from the

inside of the specimen.

(b) Below H,., magnetic flux can cross the surface barrier of a type I
superconductor more easily from the inside of the specimen.

In Experiment III the magnitude of the rectification is probably diminished
by the presence of the internal surface. Although the current-carrying capacity
of the inner surface is less than that of the free surfaces (as Experiment II
demonstrates), the sense of any rectification there probably opposes the rectifi-
cation of the free outer surfaces. Further, since the ribbon used in Experiment
III was not annealed, some portion of the total transport current must have been
flowing in the bulk where rectification does not occur.

Experiment IV (Figs. B-6 through B-8) is designed to remove these com-
plications. A bimetallic ribbon is well annealed (60 hours at 200°C and 1 hour
at 300°C) to remove much of the bulk current-carrying capacity and to permit
the internal boundary to become smeared through the diffusion that takes place
at these elevated temperatures. As our earlier work shows, 4) the transport
current-carrying capacity remaining is essentially that associated with the
free surfaces. Calculations show that after this annealing treatment employed,
a significant fraction of the thallium should diffuse from the thallium-rich side
into the pure lead The experimental results suggest that the Hqp transition at
the thallium-rich surface is reduced to 1560 Oe, corresponding to a thallium
concentration of 9.0% (upper arrow in Fig. B-9). The switch in the sense of
the rectification at ~870 Qe suggests that at this field the second of the two
surfaces is suddenly able to support an increased supercurrent. If we associate
an Hep of 670 Oe with the second surface, a thallium concentration of 1.6% is
indicated (Fig. B-9). The excess of thallium (8.0% + 1.6% = 10.6%) over
the 104 starting concentration that the sum of these surface concentrations indicate
can be explained by a possible small difference in the initial thickness of the two
metal layers. The sense of the rectification above 670 Oe is consistent with the
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Figure B-9 The relationship between H., and the weight per cent of Tl in Pb
as determined from the data of Hart and Swartz.(®) The arrows indicate the
two values of He, suggested by the results of Experiments IV and V.

observations of Experiment III; namely, that magnetic flux crosses the surface
barrier of a type II superconductor more easily from the inside. The greatly
magnified rectification effect below 670 Oe, and, in the opposite sense, sug-
gests that the absolute magnitude of the asymmetry in the barrier increases
as one approaches type I behavior,

Experiment V provides conclusive evidence that the transport currents ,
flowing in Experiment IV, and the associated rectification, are a surface
phenomer.on. When the ribbon of Experiment IV is copper electroplated and
retested, the absolute magnitude of the critical transport currents of both
polarities is significantly reduced. Further, both the absolute magnitude of
the asymmetry in barrier height (Fig, B-8) and the relative magnitude of the
asymmetry in the barrier (as measured by the rectification ratio and plotted
in Fig. B-7) are substantially reduced. The "crossover field" of 670 Oe is

.
U
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essentially unchanged (Figs. B-6 through B-8), suggesting that the copper is
about equally effective on each surface.

Experiments I through V leave unanswered the question of the fundamental
origin of the asymmetry of the surface barrier. Experiments I through V
reveal only that the surface barrier can be crossed more easily from the inside
in the particular geometries and systems explored. A recent calculation by
Park predicts that the diamagnetic surface transport currents should be smaller
than the paramagnetic currents. The experimentally measured ratio of the
critical currents of opposite polarity are in essential agreement with Park's
prediction, but the sign is wrong, i.e., we measure larger diamagnetic
currents.

C. CLASSII RECTIFIERS

1. Principles of Operation

In this section, we shall show how the sharp dependence of the critical
surface transport current on the angle that a perpendicular magnetic field makes
with the surface leads naturally to partial rectification for certain geometries.
Previous work(4) has shown that the magnitude of the critical surface transport
current of a well-annealed Pbg,95T1g 05 ribbon drops sharply as an applied
magnetic field, of magnitude between He, and He,, is rotated into the plane of
the surfaces. The critical transport current typically drops a factor of two
when the magnetic field vector is rotated as little as ~2° from its parallel
alignment.

To begin, we assumre that every element of the surface of a type II super-
conductor has the property suggested by the macroscopic sample, that the
critical transport current-zarrying capacity Ine(yp) of any small element of the
surface drops sharply as the local magnetic field vector is rotated out of paral-
lel alignment with the surface (Fig. B-10). Let us determine in a qualitative
way the distribution of trarsport current across the width of a finite, plane
macroscopic surface in the presence of an external magnetic field H applied
parallel to the surface and perpendicular to the transport current [Fig. B-11(a)].
The element along the centerline of the strip always sees a local magnetic field
parallel to its surface; consequently, the maximum transport current, I,5(0°),
will flow there. This current produces a magnetic field that is perpendicular
to all other surface elements. Thus the two surface elements adjacent to the
centerline element will see a total magnetic field that has both a parallel (the
applied field) and a perpendicular component, and consequently the resultant
magnetic field vector will not be parallel to the surface of these two elements.
Because of the assumed dependence of I, with angle, the current-carrying
capacity of the two adjacent elements will be less than the current I,¢(0°) that
flows in the centerline element. When these arguments are carried out for all
elements across the surface plane, it can be seen that the maximum transport
current flows in the centerline element and that the current in all other elements
decreases continuously wita distance from the centerline element [schematically
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Figure B-10 (a) A schematic of the configuration of the ribbon and the applied
magnetic field. (b) A plot of the critical surface transport current vs the
angle that the applied magnetic field makes with the surface plane. Typically,
the critical surface current drops by a factor of 2 when the magnetic field
makes an angle of about 2° with the surface plane.
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Figure B-11 (a) A schematic of the distribution of critical surface transport
currents over the width of planar surface of finite width for the case that
the applied magnetic field is everywhere parallel to the surface. No recti-
fication occurs. (b) A schematic of the distribution of critical surface
transport current over the width of a planar surface of finite width for the
case that the applied magnetic field has a perpendicular component as shown.
The total critical currents of opposite polarity are unequal and partial
rectification occurs. ' )
1
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shown in Fig. B-11(a)]. The total transport current that a macroscopic
surface composed of such elements will carry is the integral of the curve
shown in Fig. B-11(a) and will not scale linearly with the width of the surface.
Such a surface is not expected to rectify a transport current by this mechanism,
as the arguments given above are independent of the polarity of the iransport
current,

Consider the same problem again with a slightly altered starting condition.
In addition to the magnetic field applied parallel to the surface everywhere, we
also apply a small perpendicular magnetic field H)(z ) which will be zero along
the centerlire (z = 0) of the finite plane, will 1ncrease continuously with increas-
ing distance from the centerline, and will have the symmetry that
H (+z) = -H,(-2z) [see Fig, B—ll(b)], The surface element along the center-
line always sees only a magnetic field parallel to its surface, independent of
the polarity of the transport current; consequently, the maximum transport
current Ice(0°) will flow there. The current that can flow in all other surface
elements, however, is polarity dependent in this situation. Currents in the
centerline element of one polarity will produce a perpendicular magnetic field
in each of the two adjacent elements that reduces the magnitude of the applied
perpendicular magnetic field in both of these elements. Currents of the oppo-
site polarity will produce a perpendicular field that increases the magnitude of
the applied perpendicular magnetic field in each of the two adjacent elements.
When these arguments are carried out for all surface elements, it is seen that
the total current of one polarity will be larger than the total current of opposite
polarity. The distribution of critical transport current of each polarity over
the width of the surface will be qualitatively similar to that shown in Fig.
B-11(b), and partial rectification will be observed.

2. Experiments

The foregoing argurents suggest a number of techniques by which partial
rectification should be observable in type II superconductors. We require only
that the current-carrying capacity decrease sharply with the perpendicular
field component and that we have means available for externally applying a
small perpendicular field that varies across the width of the plane in the manner
indicated above. Two simple systems for satisfying these requirements are
illustrated in Fig. B-12. In both cases we start with a type II ribbon in which
the bulk currents, which tend to be insensitive to the angle that the applied
field makes with the surface, are essentially decreased to zero by annealinge.
The remaining current-carrying capacity is that associated with the surfaces
and is highly sensitive to the perpendicular field. In the first example the
ribbon is planar, and a steady applied magnetic field is directed parallel to the
surface and perpendiculer to the long axis and the transport current direction.
In addition, a small perpendicular magnetic field is produced by two wires laid
parallel to the rlbbo% at its edges through which applied control current I,qop,
is equally d1v1ded. The magnitude of the perpendicular field is controlled by
the magnitude of the control current. We carried out this experiment using a
well-annealed Pbg,gsTlo, 95 ribbon (Hpy ~ 350 Oe; Hep = 1030 Oe) 0.250 inch
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Figure B-12 Two arrangements of type II'superconducting ribbons by which
a perpendicular magnetic field distribution such as that showr in the lower
portion of the diagram will be achieved.

wide for the superconductor and copper for the control wires. As Iagp is

increased, the critical transport current through the ribbon of the same

polarity as the control current is increased, while the critical current of the

opposite polarity is decreased. The results are shown in Fig. B-13 for a ("ﬂ)
steady field of 400 Oe. e

A second example is also illustrated in Fig. B-14. In this case, the
ribbon is curled about its long axis. A magnetic field is rotated about the long
axis. When ¢ = 0° (applied magnetic field parallel to the chord of the arc), the
appiied magnetic field can be divided into parallel and perpendicular compo-
nents that satisfy the criteria set down for partial rectification. The experi-
ment was carried ouat using a well-annealed Pbg g5 Tlq. g5 ribbon 0. 240 inch
wide and wrapped oa an insulating cylinder of 0. 39-inch radius. Between the
angles o =+ 18° and 9 = -18°, the applied magr.etic field is tangent to some
portion of the major surfaces of the ribbon. Some of the experimental results
are shown in Fig. B-14 for applied fields of 400 and 800 Oe. In both fields,
rectification begins at ¢ = + 18° when the applied magnetic field first becomes
parallel to some portion of the major surfaces of the ribbon. The rectifica-
tion ratio increases until ¢ = +12° is reached in a field of 400 Oe and to
w=+ 16° in a field of 900 Oe. Between these limits the rectification ratio is
essentially constant. The angular breadth of this plateau region is significant
since it enables one to calculate the angular and fractional width of the surface
that carries supercurrent. At 400 Oe the angular width of the current-carrying
zone is ~12°, while at 900 Oe the angular width is reduced to ~4°,

214




'g1-4d '31A
Ul umoys Jouuew oy} ui diIis oy} JO UIpIM 9y} SSOIO® pPainglaisip pietf Lenotpusdasd € Jo soussoxd
31 UT SINOO0 UOTIBITIOAI Tellard 1BY] 91RIISUCWSD S}NSSI 89U, 'SoJTM [0JIU0D S} UT JuUsIIND ay)

SA uoqqrx $0°077,96°0qg paleauur ur u1 Ajtrelod s1rsoddo Jo SJUBIIND j10dsUBRI} 1BOTILIO OYL, gI-d oIn31g

~— (SdWY) Y®1

G+ 0+ GI+ -0Ol+ G+ 0 G- 0l- Gl- 0Z- G-
| | | R F . I | I ] |

215

_

'

2
c%lu .H au.HI . o0 = G
777777774 O 20 00 - H
SIUIM :NOILO3S - X - 0627 %,£00 2
OMINO) ¥3dd0) NOBEIY 97156qd @3ITVINNY




~362 | -
RIBBON )
" ANNEALED Pbgs T2
R~=.39 RIBBON 2"x 003" x.240"
2
(+)
IO<|»I
I H=400 Oe
|IC| 5
(AMPS) (+) AND (=)
CURRENTS
ARE EQUAL m
2\ () B v \
loo« ’)
H= 900 Oe
5 )
2
10~ A | I I I I I

-30° -20° -10° 0 +10°  +20° - +30°

¢ —

Figure B-14 The critical transport currents of opposite polarity in an
annealed and curled Pbgg5Tlg. 05 ribbon vs the angle that steady fields
of 400 and 900 Oe make with the chord of the arc. The results demon-
strate that partial rectification occurs when the magnetic field be- ,
comes tangent to some portion of the major surfaces. {\ )
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3. Discussion

The two experiments described above demonstrate that the mechanism for
partial rectification proposed at the beginning of this section is valid. It is

. possible to go further than we have gone here and develop a mathematical

framework for predicting the magnitude of the rectification ratio in class II
rectifiers as a function of the parallel and perpendicular fields, the width of
the surface carrying the current, and the critical surface current and its
angular dependence.

One can imagine that such an analysis will suggest how the maximum rec-
tification ratio can be actieved and, coupled with experiments, will reveal the
magnitude and angular dependence of critical surface current density of a
microscopic surface element. Such an analysis must presume, however, that
experiments are reproducible. In spite of considerable effort on our part to
develop recipes for preparing surfaces so that results can be accurately re-
produced, we have found that both the magnitude of the critical surface super-
currents and their dependence on the angle of the applied magnetic field vector
are sensitive beyond our control to surface preparation. Our best surfaces
(achieved according to the recipes described in Ref. 4) give superconducting
properties that are reproducible only to about a factor of two. In general, the
smoother the surface on the microscopic scale, the sharper is the observed
angular dependence of the critical surface transport current. Consequently,
we are quite certain that the various numbers mentioned for critical surface
currents and rectification ratios, both in this report and in our previous re-
port, cannot be taken zs & quantitative measure of fundamental surface proper-
ties; as more perfect surfaces are tested, the angular dependence will increase
along with achievable rec:ification ratios. Since we have been able to achieve
rectifications ratios in class II rectifiers of 5:1 without optimizing the various
parameter and on a systeam with a less-than-perfect surface, it seems reason-
able to guess that rectification ratios between 10:1 and 100:1 are possible.

An experiment reported in our earlier work4) of rectification in a well-
annealed triangular prism of Pbg,gsTlg o5 is reproduced in Fig. B-2. Here
rectification ratios of ~3:1 are observed. We associate this rectification with
a slight curvature of the three surfaces introduced during the polishing opera- .
tion. Rectification comes about in the same way as it does in the curled ribbon
discussed above.

We have repeated these experiments with the prism, taking great care to
achieve planar surfaces. Under this condition, we are able to examine the
properties of a single planar surface since transport currents in two surfaces
are reduced essentially to zero when the magnetic field vector is parallel to the
third surface. The prism then behaves as a class I rectifier, and rectification
ratios in the range of 1.2:1 to 1. 5:1 (results not displayed) are typically

observed.
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D. GENERAL REMARKS AND SUMMARY | )

In Section II we have shown that the ability of a type II superconductor to
support a superconducting transport current in the mixed state is consistent
with a barrier at the surface to the crossing of magnetic flux. Although we
indicate that the height of the barrier may be measured experimentally by the
critical transport current that the surface will support [Eq. (B1)], the actual
oarrier height is larger than what this expression suggests. This statement
1s supported by the arguments presented in Section C-1 that show that the
transport current is not uniformly distributed over the surface when the crmcal
current is achieved.

We have presented no argument to show that a surface barrier should exist.
We have only presented experimental results showing that a surface barrier
does exist and that two different properties associated with the barrier lead to
two different classes of rectifiers. Class I rectification can be observed ir.
certain geometries both in type I superconductors below H. and in type II
superconductors to a field close to or equal to Hes. Partial rectification has
recently been predicted by Park. (10) This predicted asymmetry is caused by
the nonlinearity of the Ginzburg-Landau equations. The absolute magnitudes
of the predicted and measured rectification ratios are in essential agreement.
Unfortunately, the agreement between theory and experiment seems to end
here. Our experimental measurements (1) show that the diamagnetic rather -
than the paramagnetic surface currents are larger;(10) (2) show that the critical (\)
surface currents as a function of magnetic fleld change significantly in slope b
at Hoy, contrary to predlctlon (10- 12% and (3) the measured critical surface
currents b%tweers Hoz and Heg are nearly an order of magnitude smaller than
predicted.

In Section C we have shown that a second class of rectifiers can be pro-
duced from a superconductor in which the current-carrying capacity depends
strongly on tae angle that the magnetic field vector makes with some plane
fixed within the superconductor. Because the barrier at the surface to the
crossing of magnetic flux drops sharply with angle, the transport surface cur-
rents can be rectified.

It is important to note that a surface barrier that supports a superconduct-
ing transport current in the mixed state is inconsistent with a reversible mag-
netization curve. A reversible mixed-state magnetization implies that no bulk
supercurrents and no bulk field gradients exist; for every surface field H, there
is a unique internal field B that is in equilibrium witn H, independent of the
magnetic history of the sample. A transport surface supercurrent that flows
on two symmetrically disposed surfaces (consider a ribbon geometry as an
example) increases the magnetic field at one surface and decreases the mag-
netic field at the second surface; the internal magnetic field cannot be in equi- ~
librium with each of these two different surface fields at the same time if the R)
magn etization is reversible. This analysis suggests either (2) that the surface
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transport current is not truly superconducting, and that magnetic flux creep
across the surface barrier accounts for the reversibility observed in the d-c
magnetization curves(13) of the mixed state; or (b) that the reversibility
observed is a result of not having the magnetic field perfectly parallel to the
surface everywhere. The results of our previous work indicate that the sur-
face barrier drops sharply if the magnetic field is not perfectly aligned with
the surface. Even if the applied magnetic field were everywhere parallel to
the surface of the sample, however, the demagnetizing factor of the sample
would still cause magnetic flux to break through the surface. Thus, if a true
superconducting transport current does flow on the surface, the associated
irreversible d-c magnetization curve should be observable only if great care
is taken to assure that the total magnetic field is essentially parallel to the
surface everywhere.

The experiments of Tomasch(14) and the theories of Marcus(15) and
Fink(12) indicate that for magnetic fields of magnitude between Ho; and Hep
and parallel to the surface, there exists a superconducting surface sheath sur-
rounding the Abrikosov(m) bulk mixed state. In this surface sheath the order
parameter, or the density of superconducting electrons, remains very near
its zero field value up to fields just below Hep. It is presumably these super-
conducting electrons which, for a well-prepared surface, can carry transport
supercurrents and which should give rise to an associated magnetic hysteresis.
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NOTE ADDED IN PROQOF

A few further words of caution should be given to the experimentalist. I
the text, we poirt out that when the properties of a single surface are explorea
the dlamagnetic surface currents are found to be the larger. This type of
rectification, which we designate as class I, is apparently extremely sensitive
to surfacc condition. In more recent experiments we have often observed some
rectification in flat annealed strips and evaporated films. This rectification is
unexpected if the two surfaces are identical; we can account for this rectificalion
only by assuming that the two surfaces are different (perhaps one is rougher)
on a microscopic scale. '
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C‘\ APPENDIX C

A COMPARISON OF THE HEAT GENERATICN IN SUPERCONDUCTING .
AND NONSUPERCONDUCTING HIGH FIELD A-C SOLENOQOIDS (P. S. Swartz)

In this Appendix, we address ourselves to the question of heat generation
in the windings of multiturn a-c solenoids made both from pure aluminum and
operated at 20.4°K and from high field superconductors and operated at some
temperature below ~ 18°XK (the highest Tc now known). It has already been
shown(l) that the total power dissipation (including refrigeration requirements)
is much less for pure aluminum or copper at the optimized temperature of
~20°K than at room temperature. These observations open the, possibility of
using pure nonsuperconducting metal at cryogenic temperatures for various
a-c applications such as motors, generators, transformers, and the like.

In the analysis below, we show that less power is required to operate an a-c
cryogenic solenoid made from aluminum than from a high field superconductor.

In Section II of this report, Hart and Swartz have shown that the heat
generated per unit winding length in a multiturn a-c solenoid made of hard
superconductor is given as:

-8 2 b4 / V
C <_E) _ 5 x 107"RHpfd (1 +07/3) watts/cm, (C1)
/ L/s.c. 20,

where
R is the mean winding radius (in cm)
Ho is the maximum solenocidal field (in Oe)
f is the frequency (cps)
d is the individual strand diameter (in cm)

a is a parameter that defines the applied transport current divided by
the critical transport current [le(H) = Je(H)nd?/4] averaged over the wind-
ings.  The maximum value of a is unity. In solenoids in which the maximum
design field is small {<~10% Oe), o will typically lie between 0.5 and 1.0.
For high field solenoids, however, a will typically be 0.1 to 0.5.

In the text to follow we shall calculate the power losses in a cryogenic
aluminum solenoid operating at 20°K (in liquid hydrogen) and compare the
result with Eq. (Cl).

We begin with the definition that

-8
P2o® =Daoo°/m?—g'—7—%'l-o—— ohm-cm ’ (C2)
(,J where m is the resistivity ratio. We shall treat m as a variable that can

assume any value over the practical range between unity and 10%. The
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calculation of heat generation in the windings depends on the diameter d of

the individual current-carrying strand and on the dimension d relative to the
skin depth A and the electronic mean free path 4. We first write an expressior
for X and 4 in terms of m:

X =<£Qj>1/2 =<Dsoo°>l/z : (C3)

mfu mium
taking
P300° =2.7%x 1078 £ =60, u=1.25x 1078
we have
AamE (c4)
) Assuming that 1<m<10®, the limits on A are given as
3x10"%cm<i<lcm . (C5)

The calculation of the mean free path 4 is also straightforward(?)
10-1m

P300°

L 2 ~ 4 x 10785y ‘ . (C8)

Assuming the same limits as before for m, then the limits on the mean free
path are given as:

4 x10"%m<t<4 x 107%cm . )

Equations (C5) and (C7) show that over the entire range of allowed values
of m,4<\x. We now must consider the loss calculation for two cases, (1)
where £ <d<X (i.e., the "normal" situation), and (2) where d<¢ <\ and the
effective resistivity is determined by 2/d. .

CASE I (4 <d<)

The power or heat generation P/V (watts/cm?®) of a single wire exposed
simultaneously to an alternating current density j = jo sin wt and alternating
magnetic field B = Bg sin at is given as:

-16/~ 2 - 2
P _ 107 *(Sowd) + 40P (C8)
A\ 240 2

The first term in Eq. (C8) represents the eddy current losses, and the
second, the resistive heating:. The total heat generation (watts/cm) per unit
axial length in a multiturn solenoid whose mean radius R > A, the winding
thickness, and whose central field is H = Hq sin wt can be derived from (C8) as
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) -6 2 2
P _[107%mHwd)? | iE ] Ap (C9)
L . 72p 2 :

where Am(cm?) is the conducting portion of the cross-section ares of the
windings. The resistivity that minimizes the total losses is found by setting

2 B = 0 from which

3p L
108Howd  1078Hpfd .
= 10
Popt Bjo = jo (C10)
‘and from (C9) and (C10), the minimum power losses are given as
o 107%H,fdjoA (Cc11)
—]__' = olQjo Ay, -

Equation (C11) will apply only for thoss wire diameters where the optimiza-
tion of p [Eq. (Cl0)] places the resistivity ratio, m, within the allowed
range (1<m<10%). We can derive a relationship between d and m in the
following way. :

From (C10),

10%j9 p3go®
i T e—————— - c12
m H,fd ( )

For psgo° = 2.7 x 10~ ¢ chm-cm and, in the typical case where f = 60, Eq.
(C12) simplifies to

4.5 §o

C13
Hod (C13)

m =

A rough value of jo/Hp can be determined by the observation that, for typical
cryogenic solenoids,

2 x 10%0e<Hp<2 x 1C*0e
and |
10%amp/cm?<jo < 10*amp/cm? . (C14)
Generally, the higher and lower values of Hyp apd jo go together and we may
take as an approximate median value jo/Ho~1/2. Thus, in order for optimi-
zation of losses to be possible,

mxd~2.25cm . (C15)
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In order for the underlying Eq. (C9) to be valid, the condition that
L(=4 x 10"%m) <d < A(=m~1/?) (c18)
must also be satisfied. Equations (C15) and (C18) together with the assump-

tion that 1<m<10° yield the limits on the wire diameter, d, for which Eq.
(C11) is valid:

3x107% cm<d<.45ecm . (c17)

We can put Eq. (C11) in a form comparable to Eq. (C1) as follows. For
a solenoid whose mean winding radius, R>>4, the winding thickness, then
Ay, is given as ‘ ‘

Ay =2nREA (C18)
where € is the packing factor. For a solenoid whose length L>>R,
4 .
Ho =10 Elod (C19)

and from Egs. (C18) and (C19)

oRH,

: (C20)
Jo

Am=

from Egs. (C20) and (C11), we get for the heat generation in a cryogenic
nonsuperconducting solenoid per unit axial length

(fi) = 5 x10-®RH3fd watts/cm (c21)
L Jeryo

for 0.001 inch < d < 0.200 inch.
The heat production ratio between a superconducting solenoid operating

below 18°K and a nonsuperconducting aluminum solenoid at 20.4°K is given
from Egs. (Cl) and (C21) as

(£)
Ljs. c. (1+a2/3) 1 (C22)
¥ 2« ) '

Ljeryo

The minimum value that Eq. (C22) can adopt is 1/2 (for a = 1). The implica-
tions of Eq. (C22) are discussed following the derivation of losses for the
second case. :
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CASE IT (d<4<\)

Here the eddy current losses become much less than the resistive losses

[see Eq. (C9)] if transposition is good. The losses in the solenoidal windings
may then be approximated by -

P _ foeffAm _ 5RHopeff]o
L 2 2

(C23)

where, (3) from Nordheim's formula,
£ .
Peff = P20° (1 +5> . (C24)

If we make the substitution that 101! pyge4 =1, then from Eq. (C24)

7

/ ~11 X -6°
pett = pzo° |1+ >=2.7x10-6(.1_ G22I (cos)
\ dpzaoe° m m

For d<~4 x 107% cm and mpyax = 10%, (C25) reduces to

10711 )
Peff = S . (C28)
From Egs. (C23) and (C28)
(-P-) ~2.5 x 10-11 EHojo watts/cm - (C27) .
L/cryo - d

for d < ~ 0.001 inch. From Egs. (Cl) and (C27) we gét for the heat genera-
tion ratio :

P>
T 3 2
<- se. . 10Hofd" (c28)

L
) "
L Jeryo

For the case where f = 60 and in general (as mentioned earlier) Ho/jo ~ 2,
Eq. (C29) becomes

&

L/ s.c. 1.9 532

—— = 1.2 x107d" (C29)
P a
\L> cryo

gal




for d < ~ 0.001 inch.

DISCUSSION

It is interesting to summarize graphically the heat generation per unit
axial length for each cryogenic and superconducting a-c solenoid. In Fig.
C-1 we plot a normalized heat generation in units of (5 x 10"®RHj fd)"' x P/L
for the cryogenic a-c solenoid (aluminum at 20.4°K) for each of the two cases
treated and for the hard superconducting a-c solenoid. In order that we may
plot Eq. (C27) in these normalized units, we make assumptions that Ho/jo ~
4 and that f = 60, yielding

-13 2
<£> _ 2x10""°RHg f (C30)
L /eryo d

for d < ~ 0.001 inch.

The two solutions for the cryogenic solenoid are joined smoothly in the
region of d~ 2 x 1073 cm, where nelther solution is exactly correct. The
heat generated for the hard superconducting solenoid is plotted for the most
optimistic case (i.e., a = 1).

Because the superconductor presumably will be operated at a tempera-
ture below 20.4°K, more input power to the refrigeration system will therefore
be required to remove a given heat loss from the superconducting solenoid.

We estimate this refrigeration factor to be~ 3 at 15°K and ~30 at 4.2°K. Thus,
for a superconductor operating at some temperature T<20.4°K to have a
favorable loss compared to aluminum at 20.4°K, it is necessary that the iosses
in the superconducting solenoid be smaller by a factor y than the losses in the
aluminum. The dashed curves in Fig. 1 represent the hard superconductor
curve multipled by y. In order for superconductors to be more favorable

from a loss standpoint, a wire diameter must be chosen for which the losses

in the superconductor fall below the minimum of the "cryogenic a-c solenoid”
curve. Thus, if the superconductor is to be operated at 15°K, the individual
wire strand diameter must be less than~2 x 1072 cm (point (A\ ) to have

lower losses than Al at 20.4°K. At 4.2°K, the superconducting strand must

be less than~2 x 10™* em (point @ ).
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Figure C-1 The solid lines refer to the losses in a cryogenic a-c aluminum
solenoid operated near 20°K and a hard superconducting a-c solenoid
operated at any temperature below its critical temperature. A further
discussion of the figure is found in the text.

SUMMARY

The calculations show that the power requirements of multiturn a-c
solenoids made from aluminum and operated at 20.4°K will have a lower total
power requirement than comparable a-c solenoids made of hard supercon-
ductor unless the individual superconducting strand is made less than some
very fine dimension that is of the order of 14 to 10u. Since the technology
required to develop a reliable multiturn a-c solenoid from a hard supercon-
ductor is more difficult and expensive in many respects, it seems sensible
to favor aluminum for any a-c application requiring the production of high

a-c fields.

For application where only low a-c fields (a few kOe or less) are required,
the comparisons provided in this Appendix do not pertain. Such a comparison
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(not yet performed) will show that, from a loss standpoint, the hard super-
conductor is the better performer. _ : )
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C Abstract (continued)
!
i intermetallic type II superconductors following fast neutron irradiation, or
irradiation-induced fission of impurity nuclei. (Critical current densities as
high as 2 x 10° amp/cm?® at 30 kOe have been obtained.) Preliminary studies
attempting to determine the relationship between retallurgical structure on a
local scale and the critical current density are reported. In the Appendices,

the following extensions of the above contract-supported studies are reported:
the discovery of surface superconductivity in the mixed state, rectification in
type II superconductors, and a technical comparison of cryogenic normal metals
and inhomogeneous type II superconductors.









