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ABSTRACT

The thesis is introduced by a discussion of the technolegical importance
of developing superconducting materials having lTow losses at power frequencies.
The following two chapters are devoted to a presentation of the reversible
magnetic properties of superconductors using the Ginzburg-Landau equationé,
~and a discussion of the irreversible behaviour of real materials in terms
of flux pianing and the criticai state concept. Foliowing this background
discussion, previous work on a.c. losses is reviewed. Particular emphasis
is given to the losses below Hc] and it is shown that, while losses above
Hc] can be interpreted using the critical state model, below HC] they are
only partially understood.,

Modifications to an electronic wattmeter which enable accurate measure-~
ments to be made at 1074 WHz'Tm'2 are discussed. An improved vibrating
sample magnetometer is described, together with the theory and design of
an a.c. permeability apparatus used to obtain criticai current values.

The preparation of a range of niobium samples is described. The techniques
employed include annealing, spark-machining, mechanical, chemical and electro-
polishing, neutron irradiation and ion~implantation. The magnetization curves,
surface profiles and other data for the treated specimens are presented.

Measurements of the low frequency losses in these samples at 4.2 K are
described. It is shown that in rough samples hysteretic losses arise below
Hcl from the penetratibn of surface asperities and that the results are in
- gocd agreement with an expression, similar to Buchhold's (1963), which is

derived, namely :

- 2 cou I "
L o= 4 " F(H /H ) O
where H_ ic the pezk field, HCL the lover critical field, Hc] or Hc’ D the
centre line average height of the surface profile and K a ‘hysteresis factor'.
The losses in cold-worked and annealed niobium samples and lead, tin and

indium specimens with values for D between 0.33 and 20 um are found to fit



(within a factor of two) the expression
- 2 2
L = } Mo ,ﬁ'n (Hm/HCL) D

Different results are observed in smooth samples and explanations for these
are suggested. The losses in samples previously penetrated by a large a.c.
field are found to be increased by a factor of up to thirty. This increase
is related to trapped flux and poséible loss mechanisms are discussed.

The losses above HC] are shown to be reduced in damaged samples, Neutron
irradiation induces heavy bulk damage but has little effect on the surface.
Mechanical treatment producés large surface currents and is most effective
in reducing the loss, the dissipation at 50 Hz being below 0.1 W m~2 at
fields up to 85 kA(RMS)m'] (1500 0e =~ Peak) in a mechanically pelished,
annealed polycrystalline sample. Implantation of niobium jons to a depth
of 10 nm does not alter the losses.,

Measurements of the critical currents and flux profiles in two annealed
samples are presented and it is shown that a critical state exists within
them, The losses above Hcl in both irreversible and annealed samples fit
the Ullmaier (1966) expression L = g’“o(ﬁm - AH/2)3/JC. but it is
found that equating AH/Z with Hc] gives critical currents an order of
magnitude smaller than those cbtained in other measurements, It is shown
that &H/2 s not constant and that the shielding currents are negligible

-~ except near HC].
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The last decade has seen a phenomenal expansion in the use of super=-
conductors. The first high-field solenoids were constructed in 1961 by
Frazer et al (1961) and Kunzler (1962). Since then superconductors have
been used in the construction of a 2.4 MW D.C, motor by the International
Research and Development Co., two large bubble-chamber magnets at Brookhaven
and Argonne, the former of 2.44 m and the latter of 4.83 m internal diameter,
an 0.7 m quadrupole, focussing magnet for the Cern 28 GeV proton synchroton
and in microwave cavities for a linear accelerator at Stanford. Beside these
large scale projects, superconducting magnets of a variety of designs have
become common place research tools in many laboratories. A superconducting
picovoltmeter is available, and quanium interference devices {Josephson
Junctions) have found many uses. Superconducting wire is produced by firms
in Britain, Japan, Germany and North America. Superconducting magnets are
available from numerous commercial enterprises.

Feasibility and design studies have been undertaken for many other
applications. For example, Powell and Danby (1966) have examined the
possibilities of using superconducting magnets in the suspension of high=-
Speed frains. Garwin and Matisoo (1967) studied the transmission of powers
of the order of 100 GW over distances of 1000 km using a D.C. superconducting
cable, workers at the Rutherford laboratory are actively engaged in developing
a superconducting synchrotron (Smith, 1968).

Apart from the IRDC motor all the large-scalé applications of super=-
conductors have been in nuclear research; in none of them are superconductors
used to cérry power=frequency alternating currents. Since almost all electric
power is generated, transmitted and utilized as alternating current the
widespread use of superconductors in everyday industrial applications now
awaits the development of materials suitable for use with alternating currents.

The advance in the use of superconductors detailed above depended on the

development of such high-field superconducting materials as Nb3Sn and NbZr
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by Kunzler et al (1581) and Berlincourt et ai (igoi); These materials can
carry currents of up to 10,000 MA m ¢ at fields of 2 Tesla, and 100 MA m2 at
up to 20 Tesia. Their ability to carry such large currents with apparently
zero power dissipation arises because flux penetrates the material and is
pinned at metallurgical defects. However, when an alternating field is
applied this behaviour leads to dissipation. The motion of flux into and

out of the superconductor as the field changes is hysteretic, and produces
losses.,

Atthough the losses are small compared to normal joule heating in good
cenductors at room temperature, they are significant for two reasons. First
the rate at which heat can be transferred from a metal surface to liquid
nelium without producing a large temperature gradient is about 100 Hm'za
Consequently there is a limit to the loss level at which a superconductor
can be operated without producing thermal runaway. Second it requires a
power input %;%ﬁgo watts at room temperature %o produce 1 watt of refrigeration
at 4.2 K, any loss in a superconductor must therefore be at least a factor of
400 smaller than in a conventional conductor to obtain a real reduction in
power losses.,

Most devicés utilizing superconductors fall into twe categories, those
; which'éxploit the high=field characteristics of supercenductors e.g. magnets
and those which utilize their high current-carrying capacities e.g. cables.
For the former cnly the high-field superconductors are availabie,
and the problems of 50 Hz a.c. losses already mentioned are severe. For
high current app]icatibns the elemental suparconductors provide a
second. possibility, Some of these prevent flux penetraticn up to moderately
high fields, In this.field region, the so called Meissner state, they can
carry high alternating current densities at the surface with very little
loss. Lead and niobium are two materials which have been considered
(Rogers and Edwards, 1967)., Niobium is the basis for most of the high-
field al?oys. but, in pure form it remains in the Meissner state to fields

of 110 kA m'] (1400 Oe) at 4.2 K, and has a critical temperature of 9.2 K.




No other material cxcludes tlux tu as high a field at 4.2 K,

Crie of the high-current applications for which niobium could e used
is an a.c. power transmission cabie. A number of design and feasibility
studies have been undertaken of such a device e.g. Rogers and Edwards (1967),
Cairns et al (1969). Its potential advantages are enormous; it could carry
high currents over long distances, and might solve the problems of increasing
veltage and size which hamper conventional cable design. Cairns et al (1969)
~and Rogers (1969) have shown that an a.c. cable to carry powers of the order
of 1GK might be economically and technically feasible. The conductor (Taylor,
1969) would he a thin layer of niobium operated at a surface current density
below 100 kA m"i. This would be attached to a layer of high-field super-
conductor on a copper base which could carry any overload currents that
Produced fieids sufficient to drive the niobium normal,

- One of the problems in designing an a.c. cable or other device is a
lack of reliable information about the mechanisms which produce the small
losses that occur in the Heissner State, For example, the relationships
between loss and metallurgical parameters are uncertain, the desirable
degree of surface smoothness is not known. It is not clear if the performanice
of niobium can be improved. Any increase in its current carrying capacity
would certainly enhance the feasibility of the concept.
| This thesis describes an experimental programme which has been undertaken
te clarify some of these points. A.C. losses in niobium both in and above
the Meissner state have been measured with the objectives of identifying
the Toss mechanisms, defining the important material parameters and
investigating ways of reducing losses particuiariy in fields above the
Meissner state, .

The next two chapters describe the basic reversible and irreversible
magnetic properties of superconductors. The fourth chapter outlines the
current understanding of a.c. 1osses and the specific objects of our
experiments. The experimental apparatus and the results obtained are then
discussed. S.I, units are uéed throughout except that, for Convenience.

a magnetic field, H, is quoted in both Am™' and Oe.



* Recent pulsed-field measurements by Foner et al have shown the upper

critical field of NbAlGe to be 41T at 4.2K.

see Foner, S., McNiff, E.J. (Jr), Matthiag B.T., Geballe, T.H., Willens R.H.
and Corenzwit, E., 1970, Phys. Lett., 31a, 349-50
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2.1.  Superconductivity

A superconductor is a material which below its critical temperature,
Tc' has an immeasurably small resistance to the flow of electrical current.
In & magnetic field a superconductor will regain its normal properties when
the field exceeds a critical value. This critical field is temperature
dependent increasing from zero at T, to its maximum value at absclute zero,

The phenomenon of superconductivity was first observed in 1911 at the
University of Leiden when Kamerlingh Onnes (1913) attempted to measure the
resistance of mercury in liquid helium. He found that below 4K he could
measure no resistance. Since that time a further 23 elements have been shown
to be superconductors with critical temperatures ranging from 11.2K for
technitium to 0.01K for tungsten (Roberts 1963), and with critical fields
up to 0.26 Tesla for niobium. Much higher critical fields and temperatures
are exhibited by alloys. Roberts (1963) has Tisted hundreds of superconducting
alloy systems and compounds., The highest critical temperature so far recorded
(Foner et al, 1968) is 20.7K for a composite of nicbium, aluminium and
germanium; nicbium~tin with a critical temperature of 18.5K has the highest
upper critical field of over 20 Tesla at OK. ¥

Superconductors have other important properties besides zero resistivity.
A weak magnetic field is compietely excluded from their interiors; they are
completely diamagnetic with magnetic moment, M, equal to =H. For suitably
Prepared samples this effect is reversible. MWhen flux does penetrate a
Superconductor it is quantized. Other properties are also affected. At the '
critical temperature a second order phase transition into the superconducting
state takes place in zero magnetic field, This transition involves no latent
heat. There is a discontinuity in the specific heat which rises to a high
value at Tc then falis below its normS] state value as the temperature is
lowered towards zero. There are also small changes in bulk rigidity

modulus and thérma] expansion coefficient at the transition temperature.




A microscopic interpretation of these and other properties of super-
conductors has been developed by Bardeen, Cooper and Schrieffer (1957).
With some modifications, their theory which is now known as the BCS theory,
has been shown to be in agreement with the data from a wide range of thermal,
e]ectromagnetic, nuclear, acoustic and mechanical measurements. The theory
shows that the properties of a superconductor are produced by a condensed
state involving pairs of electrons with opposite spin and equal and opposite
momentum. This state extends over the whole of a macroscopic sample, and
can be described by a superconducting order parameter, y, which is a function
of position and time only. Such a condensed state wiil be produced by any
attractive force between electrons, but in the BCS theory this is supposed
to arise from phonon coupling over a characteristic distance cailed the
coherence length, £(T). |

An alternative and simpler approach to the understanding of the
electromagnetic properties of superconductors in particular is the Ginzburg-
Landau (1950) theory. In the remainder of this chapter the reversible
properties of superconductors are described, the Ginzburg~-Landau equations
are introduced and the magnetic properties they predict are presented. Many
sources h;ve been referred to while writing this chapter but the author has
drawn in particular from the books by Lynton (1969), DeGennes (1966) and
Rose-Innes and Rhoderick (1969), and the review article on Type II super-

conductors by Goodman (1966).

B4l 'Early Theories of Superconductivity

If.an infinitely Jong cylinder of one of the superconducting elements
is placed in a uniform, axial, magnetic field which increases from zero, the
Mmagnetization, M, of the sample follows the path shown in Fig. 2.1. The
Superconductor exhibits perfect diamagnetism, that is M equais =H, up to a
Critical field, Hc' At HC the superconductor reverts to the normal state,
‘¥here resistance réappears and M is aimost zero. Generally, the transition

is not reversible. There is some hysteresis due, for example to multiply-




connected, internal regions with critical fields higher than that of the
bulk meterfal. On field reversal, these become superconducting before the
bulk,and fiux is trapped within them.

However, Meissner and Ochsenfeld (1933) showed that for pure, defect-
free samples of good crystallinity the phase change is reversible. This
enabled Gorter and Casimir (1933) to develop a thermodynamic treatment of

superconductivity. The Gibb's free energy, GS(H)B of a superconductor in

& magnetic field, M, is given by

\ H

2.2.1. 6 () - o) = [ av J « M(H) dH
0 ¢

where Gs(o) is the free-energy in zero field.

Volume changes are negligible so j dv equals V, and for an infinite sample

L1H

M equals -H, At the transition GS(HC) Gn(Hc)’ where Gn(H) is the free
energy of the normal phase in a magnetic field. For most materials Gn(H)

will be almost equal to Gn(o). Hence it can be shown that
e 6.(0) = 6.(0) = VuHZ2
n s oc

2/2(Jm'3), of the superconducting state is
H
T

o
the order of 10'8 e¥ per atom. Its smallness was the principal reason for

Thus the condensation energy, “oHc

equal to the area under the reversible magnetization curve, J MdH and is of
the long delay (1911-1957) in deriving a satisfactory theory of the super-
conducting state.

Successive differentiations of Equation 2.2.2.‘with respect to
témperature yield expressions for the entropy and specific heat of
& superconductor in terms of the variation of the critical field with
temperature. Gorter and Casimir also predicted how the thermal properties
would vary with temperature by using a two-fluid model of a superconductor.
This medel supposes that the superconddctor contains two types of conducting
electrons, a number ng which are superconducting, and n = ng which are normal.
‘As the temperature changes from Tc to zero, ng changes from zero to n.

Thus, the Meissner=Ochsenfeld experiments led the way to a thermo-



dynamié description of superconductivity. They also led F. and H. London
(1935) to develop an electromagnetic thecry of superconductors. Becker
et al (1933) had developed an electromagnetic treatment based on the
assumption that a superconductor contained perfectly conducting electrons.
The current density J in a material subject to a field E, and containing

 perfectly conducting electrons of charge e and mass m can be shown to be

2.2.3, E = i j

ﬁé this leads to

Using the Maxwell equation curl E

Ced b, B = .-.-"-]-2_ curl
ne

jcen

Equation 2.2.4. shows that a perfect conductor would generate shielding
currents near the surface oppcsing anyAchange in an applied magnetic field
and keeping the internal flux constant. Hence if the normal-superconducting
transition occurred in a magnetic field, the flux present in the conductor
would be trapped. The Meissner experiments showed that in a superconductor
this does not happen.

F. and H. London (1935) suggested that the superconducting electrons
of the Gorter-Casimir two-fluid model should obey Equation 2.2.3. which

becomes
202.5. E = 4 '3

and that the Meissner effect would occur if Equation 2:2.4. was replaced by

the more restrictive condition

: m
2.2,6, .E, = _n—;;z_ curl J
where ng is the number of superconducting electrons.
Equations 2.2.5. and 6 describe the electromagneiic behaviocur of a super-
Conductor, and are known as London's equations. Equation 2.2.6. may be

Combined with thé Maxwell equation curl B = uog to obtain the expression



2.2.7. B vy eurlcewlB = 0 where
3
2e2c8; )L = ( m : 2—- )
uonse

The solution to Equation 2.2.7. for a one-dimensional case shows that an
external field penetrates a superconductor, but decays exponentially from
the surface over a characteristic distance AL which is approximately

10 nm, AL is called the London penetration depth.

The experiments of Schoenberg (1940) and others confirmed the London
prediction that an external field should penetrate a small distance irto a
superconductor. They also showed that the temperature variation of the
penetration depth agreed with the temperature variation of ns'é predicted
by the two=fiuid model. However the actual value of the penetration depth
was found to be Targer than A Pippard (1953) used measurements of the
anomalous skin effect in superconducting tin samples to obtain the actual
penetration depth, A. He found that A was greater than AL that it increased
as the applied field increased and that it was anisotropic in single crystals.
Even more significant was his discovery that the penetration depth in zero
fiéld. Ao' increased as thé mean free path, 1, of the tin was decreased by
the addition of indium. '

To explain his results Pippard (1950 and 1953) suggested that there
wWas a characteristic length associated with superconductors which was the
minimum distance over which changes in the parameters describing the super-
conducting state could chénge under the influence of.perturbations. This
characteristic length was of the order of 1 ym for pure materials, and
decreased with the e1ect§on mean free path in impure specimens. Such a
characteristic length, the coherence length £(T), does appear in the
microscopic BCS theony. _

Pippard drew an analogy with the theory of the anomalous skin effect
to 3uggest that the relationship between the super currents and the external
field was non-local. Using a non-local expression for the conductivity in

a region of characteristic dimension g, similar to expressions developed



for the anomalous skin effect, he predicted that the actual penetration

depth sheild be given by the expressions

2.2.9. SN (LN £<<A  (London Limit)

1/3 2/3

2.2.10 x, = 0.62 o g >> A (Pippard Limit)

M

where £, 1s the coherence length for pure materials, and 2~ 1s the
corresponding penetration depth in the 1imit of infinite electron mean

free path, These expressions are found to be in agreement with experiment.

2.3. The Ginzburg-Landau Equations

While Pippard was developing the concept of the coherence iength,
Ginzburg and Landau (1950) suggested a phencmenclogical theory of super-
cenducteors which leads to a similar idea. Their aim was to improve on the
London theory which did not permit a calculation of the normal-super-
conducting surface energy, nor correctly describe the destruction of
superconductivity by a magnetic field and current.

According to the Landau~Lifshitz (1958) theory of second order phase
transitions, the free energy difference of the phases can be expressed as
an even power series of an 'order parameter' of the more ordered phase.
Ginzburg and Landau assumed that for a superconductor near Tc only the first
two terms of the expahsion needed to be considered, and hence in zero-field

one could write @

2 4
G, = G+ aly]” + 8/2]y

Where ¢ 1s _the supercohductfng order parameter, « and B are two variable
Parameters, and G is the Gibbs free energy per unit volume, If Gs is

required to be a minimum in zero field then aGs/a(lwlz) = 0 and
23,1, lolc = - o8

Since Gn(0) - Gglo) = w22 (Equation 2.2.2.)




10.

this gives

2
H 2
2.3.2. u c = 9
0 2 2B

In a magnetic field there will be a contribution to the free energy
of u°H2/2 from the field, and a kinetic energy contribution where variations

in ¢ take place which Ginzburg and Landau supposed to be

*

- fu(-ihe - 2e N
Where curl A = B, and the current carriers are assumed to be electron
pairs of charge 2e. They then added these terms, and by minimizing the

resulting expression for the energy with respect to both A and ¢* obtained

the two Ginzburg Landau equations :

2.3.3. w + 8lul% + - (-1 - 268y = 0
2 e‘h 482 2
3.4, R TR ) B -l [T

and also the Ginzburg-Landau boundary condition

2.3.5, (-ihv - 2ep) =0

Where n denotes the component normal to the boundary.
These equations describe the time-independent, electromagnetic behaviour of
@ superconductor and Gorkov (1959) showed that, sufficiently near to Tc. they
can be derived from the microscopic BCS theory., In prac;ice they appear to
apply reasonably well at all temperatures.

The equations can be written so as tc contain both £ and A as parameters.
For a semi-infinite slab occupying o0 < x < = where there are no fields or
Currents, equation 2.3.3. may be written :
N 3

. + ap + By = 0
' 2m dX .

2'306

3 %(x) 115 nopsuniform:we may substitute

b = v f(x) and 5(1) = 1%/2ma



into 2.3.6. and obtain the equation

2 d°f

3
~Elrrepeinf o4 om0
dx

which shows that changes in f and hence ¢ will take place over distances of

order g.
In weak magnetic fields lez = |on2 and 2.3.4. may be written
4
de L 12
d o= == [y 1t A
Taking the curl of both sides we obtain :
Lo
2e3:7 "'_B_ = “—2———-'2— curlg_

4e® v, |
Provided that I-yol2 is interpreted as the number of superconducting electrons
Nge this is identical to the London equation 2.2.6. for particles of charge
2e, Although Ginzburg and Landau derived Equation 2.3.7. in the same way
as this and defined a penetrétion depth Aq by

3

(it
0
4uoe |¢0|
they did not explicity define the parameter §. They did however define

another parameter, x, now usually denoted by x and known as the Ginzburg-

Landau parameter, by the equation

}
m B
S ety ol g

Théy pointed out that experimentally the ratio Aolx (which using Equation

2 o 4%/2m) was of the

2.3,1. can be shown to be equal to ¢ as defined by &
order of 1010..and that th%s was the thickness of the nonnal-superconducting
surface region. The significance of this conclusion, and the parameter x will

be discussed in the next section.

2.4, Type II Superconductors and the Mixed State

The importance of the Ginzburg-Landau equations was not fully recognized

until ten years after they were first published., Until this time the behaviour



of superconducting alloys in allowing flux to penetrate at a field lower
than that at which superconductivity disappeared, had been associated with
the magnetic irreversibility of such materials, Both effects were supposed
to arise from inhomogeneities and defects in the samples. The discovery
that Nb3Sn remained superconducting up to a field of 8 Teslas which was
almost one hundred times greater than that at which complete diamagnetism
ceased, presented a major problem. Goodman (1961), however, pointed out
that a superconductor could reduce its free energy by allowing flux to
penetrate, because in that case the magnetization, M, which appears in
equation 2,2,1, would be less than 1. London (1950) had reached a similar
conclusion, He showed that a superconductor which did exclude flux up to
Hc must have a positive surface energy so that the creation of extra
normal-superconducting surfaces would, in fact, increase the free energy.
This can be seen by considering Fig. 2.3. which shows the variation of the
super electron order parameter, ¥, and the magnetic field, H, at the
surface of a superconductor. The field penetrates a distance A, and the
free energy per unit surface area is therefore reduced by Auon/Z. The
order parameter changes over a ccherence length, £, and the loss of super-
conducting volume increases the free energy per unit surface area by
EuoHCZ/Z; Therefore, the surface energy per unit area L is approximately
QHO(EHCZ - AHZ). Pippard (1953) showed that for pure materials g > A,
and @ s is therefore positive at all fields. However in alloys the mean
free path and the coherence length are small, while the penetration depth
~1is large. Goodman suggested that, in this case, £ might become smaller
than " dns would then be negative at a sdfficiently high field.
Homogeneous'alloy specimens might therefore exhibit a new type of magnetic
behaviour, characteristic of negative surface energy superconductors, in
which superconductivity remained to fields well above the thermodynamic
critical field HC defined by Equation 2.2.2,

Goodman's theory drew attention to a papér writtén four years
earlier by Abrikosov (1957). In it Abrikosov pointed out that the

Ginzburg-Landau equations lead to the conclusion that there are two types
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of superconductors; the first type have a Ginzburg-~Landau parameter x
less than 1/v7 , the second have x greater than 1/vZ. Moreover, Ginzburg
and Landau (1950) showed that for x > 1/v¥Z their equations lead to a
hegative surface energy, and 'instabilities of the normal phase' in fields
greater than Hc‘ Abrikesov (1957) calculated that an applied field should

Penetrate a superconductor of the second type at a field Hcl given by

204. ° = 1
1 Heq = (Th x + 0.08) H, (k >> 1)

where Hc is the thermodynamic critical field defined by 2.2.2.
Up to this field the surface energy is positive, the material exhibits
perfect diamagnetism (H ==M), and is said to be in the Meissner state.
Above Hc] the surface energy is negatiye. and the superconductor
contains normal regions. Abrikosov called this the mixed state. He used
the Ginzburg-Landau equations to predict its properties, and showed that
the flux penetrates in the mixed state in the form of infinitely thin
filaments of normal material. These are surrounded by a region of
Characteristic radius ¢ where the order parameter increases from zero to
a maximum équi]ibrium value, Flux penetrates the superconductor around
the filament in a region of characteristic radius A. The interior of
the superconductor is shielded from the flux in the filaments by super-
electron currents flowing around them. Near the core the electron
velocity falkoff inversely with distance from the filament in the
SaMe way as the fluid velocity around the vortices in superfluid

helium.. The filaments are therefore sometimes known -as vortex

lines, Each vortex line carries a single quantum of flux ﬂo where

00 = h/2e

and the fi1aments‘are consequently also known as flux lines or fluxcids.
Abrikosov calculated that the vortex lines would form a two~dimensional
Periodic, square lattice in the superconductor. Later calculations (Matricon
1964, Kleiner et al 1964) showed that under most conditions a triangular

lattice 1s more stable than a square one.
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The existence of 'negative surface energy’ superconductors is now
adequately confirmed. They are known as type II superconductors. French
et al (1967) amongst others have demonstrated the existence of materials
With « greater than 1/VZ, first penetrated by flux at a field Hcl given
by Equation 2.4.1,, for which the magnetization curves are completely
reversible, A typical reversible curve is shown in Fig. 2.2. Essmann and
Trauble (1967) have observed the vortex structure in the mixed state, and
confirmed that it is triangular. It will be seen in Chapter 3 that inter-
actions between this vortex structure and the crystalline lattice provide
the basis for an understanding of the irreversible magnetic properties of

Superconductors.

2.5.  The Upper Critical Fields

Abrikosov's predictions of the properties of type II superconductors
on the basis of the Ginzburg-Landau theory confirmed its great importance.
Its usefulness was further demonstrated when St, James and DeGennes (1963)
used the Ginzburg-Landau equations to predict the existénce of a phenomenon
now known as the surface sheath.

The upper critical field, ch. of a type II superconductor may be
determined’by solving the Ginzburg-Léndau equations in high fields. Near
the critical field v will be small and terms in |w|2 can be ignored.

Equations 2.3.3. and 2.3.4. then become

2.5.1, Vem(-ihv - 2eA)%y = -ay
262 J w 0

Equation 2,5,1, is identical to the Schrodinger equation of a particle of
charge 2e and mass m in a uniform magnetic field B = curl A. Landau and
Lifshits (1958) show that, in an infinite medium, this equation predicts

that the particles will move in circular orbits of frequency w, = 2eB/m

With velocity v, The energy of a particle has the form 3 mv> + (n + 1/2jﬁmc.

and the lowest energy state corresponding to v =n = 0 gives :
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Other energy states give Tower values for B consequently 2.5.3. gives the

upper critical field 1i.e.

H

o Oyt 71 41 2ade
ce HoEN

Using Equations 2.3.2. and 2.3.8. this may be rewritten as

205040 ch = K/Z' HC

St. James and DeGennes showed that the above éolution also satisfied the
boundary condition (Equation 2.3,5.) in the case of a semi-infinite slab
with the field normal to the surface. However, when the field was paraliel
to the surface the boundary condition was not satisfied for a region of
order &£ below the surface. The correct solution in this case led to 2

higher surface critical field Hc3 given by

2.5.5, & "
5 H 2.4 x H, 1.7 H,

c3

The prediction that a region of thickness ¢ at the surface of a sample

would remain superconducting up to fields greater than ch applied parallel
to the surface was rapidly confirmed byla number of workers e.g. Bon Mardion
et al (1964), Since H 4 Will be greater than H_ for x > 0.417, some Type I
Superconductors also exhibit surface superconductivity. The phenomenon is

Usually known as the DeGennes surface sheath,

2.6.  Summary of Magnetic Properties

The magnetic properties of superconductors described by the Ginzburg-

Landay theory may be summafized as follows.

For all shpérconductors t-

There is a thermodynamic critical field Hc defined by :

H
2 T
w72 = g Jo MdH

Wh?”e Hr s the maximum field at which superconductivity exists.

S TRS————
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Superconductors may be divided into two types depending on their Ginzburg-

Landau parameter «.

For Type I superconductors :

k < 1//Z, the surface energy is positive, A< & and flux is excluded

from an ideal sample up to Hc‘

For Type I and II superconductors :

When x > 0,417 the surface remains superconducting in fields parallel

to the surface up to Hc3 given by ¢

Heg = 2.4« K

For Type II superconductors :

k > 1//2, the surface energy becomes negative and flux penetrates

below Hc at a field Hc1 given by

whar L (Inc + 0.08) H (x >> 1)
2 K
Flux penetrates in the form of quantized flux Tines and the bulk

material remains superconducting up to a field ch given by

ch = /ZK'HC



3., IRREVERSIBLE PROPERTIES

3.7, Magnetization Curves and Critical Currents

The magnetization curve of a real superconductor will, in general,

be irreversible. The degree of irreversibility will be greater in less

homogeneous materials. This is illustrated by Figure 3.1. which shows
the magnetization curves of two niobium samples : one well-annealed and
polished, and the other cold worked and rough. Some flux remains trapped
even in the annealed sample once the field exceeds Hc]' The reverse
magnetization curve shows that the exit of flux from the sample is impeded.
The magnetization curve of the cold-worked sample is almost completely
irreversible, with 1ittle flux leaving the sample when the field is reduced
to zero. Flux penetration is also impeded in this sample. Large scale
penetration is delayed to over 240 kA m'] (3000 Oe) even though Hc] is
about 110 kA m™! (1400 Oe).

The flux distribution within an irreversible sample is difficult to
examine directly, but considerable understanding has been gained by observa-
tion of the distribution at surfaces perpendicular to the applied fields.
Various techniques have been developed to do this. In the powder pattern
method the surface is either covered with ferromagnetic particies which are
attracted to the normal, flux-carrying regions or superconducting particles
which are repelled from the nofma] areas. Essmann and Trauble (1967) have
developed a sophisticated version of this technique. They decorate the exit
points of flux lines with ferromagnetic particles about 10"nm in diameter,
Produced by evéporating iron over the surface at helium temperatures. The
Particle distribut}on may then be examined by either electron or optical
microscopy using a carbon replica technique. Other methods utilize the
_Change produced by a magnetic field in some physical parameter of a material.
For exarmple, DeSorbo and Healey (1964) observed the rotation of the plane of
Polarization of incident 1ight produced in a sheet of paramagnetic cerium

ph°5Phate layed on the surface of a specimen. _Examination of the reflected

-~
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°



+M

19.
MAGNETIZATION CURVES OF NICBIWM

Annealed Electropolished Sample

(kAm=")
(4~ S0 100 150 200"~ R
’ —— L 1 od - |
300 1000 1300 co00 e @ 3000
QCe)

Rough, Cold Worked Sample

T by | 1 |
2000

S000
©Ce)

Figure 3.1



. Tight via a crossed analyser reveaied dark superconductfng and Tight
normal areas.

Such investigations have shown that initially flux penetrates only
the edges of an irreversible specimen, the depth of penetration increasing
with field, while the centre of the sample remains in the Meissner state.
When the field is reduced to zero flux remains trapped in the centre of the
sample but the edges are relatively flux free.

One of the first attempts to explain the irreversible behaviour of
superconductors was made by Mendelssohn (1935)., ‘His sponge model is based
on the flux trapping property of multiply-connected superconductors. It
was shown in section 2.2 that a perfect conductor will trap flux within it.
Similarly, if a ring of type 1 material becomes superconducting in a magnetic
field flux is trapped within it by persistent currents in the inner surface
of the ring. Mendelssohn suggested that hysteresis and flux trapping in
Superconductors were produced by thin multiply-connected filaments that
remained superconducting at higher fields and temperatures than the bulk
material, These filaments were supposed to form a 'sponge' within the
Superconductor identified with its defect structure., Bean (1962) based his
early critical state model on this picture, and attempted to explain the
behaviour of high-field, alloy superconductors on its predictions. He
Supposed that when flux penetrated the material at HC currents up to a
maximum value J. were induced in successive filamentary circuits. As the
Critical current was reached in each circuit it was penetrated, but reméined

SUberconducting, while flux moved further into the sample.

As was shown in Chapter 2, the recognition of the existence of type
I Superconducting behaviour ﬁrovided the correct explanation for many of
the magnetic properties of alloy superconductors. However, as Mendelssohn
(]954) has pointed 6u£. it is incorrect to regard the sponge and flux line
Models ag competing theories. The division into type I and II superconductors
dEfines iwo d1fferent modes of reversible magnetic behaviour. The sponge

Model is a complication arising from an imperfect crystalline structure
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" which m2y produce irreversible behaviocur in either type.

The realization that flux penetrated a type Il superconductor in the
form of flux lines led a number of authors (see section 3.2.) to suggest
that these small flux units might interact more readily with specimen in-
homogeneities than the large, normal regions of the intermediate state.
Magnetic irreversibility and hysteresis could then be explained by the
‘trapping' of individual flux lines at crystalline defects. A consequence
of this picture is that type Il superconductors should be more sensitive to
structural changes, and show greater irreversibility, than type I materials,
Livingston (1964) confirmed that Pb-Cd alloys showed such an increased
hysteresis when they changed from type I to type II materials at higher
cadmium concentrations. The trapping of individual flux lines is now
usually known as flux pinning to distinguish it from the trapping produced by
multiply-connected circuits.

The concept of flux pinning has been introduced by discussion of the
magnetic behaviour of superconductors. The high current carrying capacity
of the hard, type II superconductors in the mixed state is an equally
important consequence of the same phenomenon. Rose-Innes and Rhoderick (1969)
show that when a transport current flows through an array of straight flux
Vines each line experiences a Lorentz force, FL per unit length, perpendicular

to the current, which is given by

FL = 90 sin 6
Where g 4 the current density, Eo the flux quantum and © is the angle
between the vortex 1ines and the current. Evetts and Cambbe]] (1966) proved

that for 4 general array in three dimensions the force may be written

£L‘= =P, , curl H (B)

where_g is the local flux density and H (B) the external field in equilibrium

wlth.g in a reversibie material. Since the flux lines are stationary the
Lor
€Mtz force must be balanced by a pinning force, F

amongst Others,

T ——

p* Capg and Silvera (i968),

haQe found that when flux lines are freed from the pinning
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forces their motion produces a voltage across the sample. Bardeen and
Stephen (1955) have shown that the flux-flow resistance producing this
voltage arises from viscous drag. Hence, a superconductor in the mixed
state can carry significant lossless currents only if pinning prevents
the motion of flux lines.

Two other irreversible phenomena arise from the pinning of flux,
namely flux creep and flux jumping. Flux creep consists of a slow variation
.in time of the flux distribution in the mixed state in the absence of a
transport current. It was first observed by Kim et al (1962), who noticed
a logarithmic decay in persistent currents and a strong temperature dependence
of the critical current. Anderson (1962) explained their results by supposing
that flux Vines could be freed from their pinning sites by thermal activation.
However, Wade (1969) has presented results which indicate that thermal
activation may not be the cause of flux creep. Flux jumping is the dis-
continuous motion of flux in a superconductor. In changing magnetic fields
flux 1ines become depinned from their pinning sites and these micro flux
Jumps produce lecal heating, Undervcertain circumstances this heating may
produce a sufficient change in local superconducting properties to nucleate
a large flux jump. This in turn may produce a normal region in the super-
conductor which, if an alternative current path is not available, may destroy
the conductor. The experimental work on flux jumping has been reviewed by
Thomas (1969), and the conditions under which large flux jumps may occur are
discussed by Wilson et al (1969).

Considerable efforts haQe been made over the last eight years to
understand the irreversible properties of superconductors. Although this
has occurred partly because of theoretical interest in the interactions
between flux Tines and crystalline defects, the major effort has resulted
from the need to preduce commercial materials with predictable superconducting
Properties, If has been important to improve the flux pinning and hence the
Critical'current while, at the same time, reducing the possibility of flux

Jumps destroying superconducting devices. The work on irreversible behaviour



Eas been reviewed by Thomes (1969). 7The effects of crystalline structure on
the electro-magnetic properties of superconductors has been discussed by
Livingston and Schadler (1964) and van Gurp and van Ooijen (1966).

The a.c. losses exhibited by superconductors at low frequencies are
a result of their irreversible magnetic behaviour. Consequently, 2 knowledge
of flux pinning and its effects on the magnetic properties is required to
understand the Toss mechanisms. The interactions between flux lines and
specimen inhomogeneities are briéfly reviewed in sections 3.2, and 3.3.
Section 3.4. contains a description of some of the models for the irreversible
behaviour and hysteresis which have been developed by various authors. The
way in which these models may be used to calculate a.c. losses is described

both in section 3.4. and section 4.4,

3.2, Flux Pinning

The study of flux pinning mechanisms has proved difficult. Experi-
mentally, the isolation of different defects presents problems, theoretically,
exact calculations are complex., The first estimate of the magnitude of the
Pinning energy was made by Anderson (1962). He showed thal the maximum
free energy barrier, AGmax = (uoHCZIZ)d3
where d3 is the volume of pinned flux. And suggested that the pinning
exerted by a sfng]e dislocation of radius r might be proportional to rzldz.
Friedel et al (1963) and Silcox and Rollins (1963) considered the pinning
force exerted on a flux line by a void in the superconductor, suggesting
that such voids might appear in incompletely sintered Nb3Sn. They showed
that the interaction force is (H 40,1nd/2)/M where d is the distance between
flux 1ines ande-is the number of flux lines pinned at one void. For most
effective pinning‘d should be of the same order as the radius of the void
and M equal to 1, when the pinning force for niobium is of order 10710 y,

It seems unlikely that voids are responsible for pinning in the majority
of Materials, but Livingston (1964) has pointed out that normal, second-phase
Precipitates are rather similar to voids. He measured the magnetization curves

of a ternary Pb=1In=Sn alloy and showed that, for a constant volume fraction of



ﬁrecip%tat&, the hysteresis decreased as the particle size increased. He
interpreted his results in terms of the void model of Fiiedel et al. Canpbell
et al (1968) investigated the effects of normal Bi precipitates in Pb=Bi alloys,
and also observed that irreversibility decreased as the particle size increased.
However, they found that the pinning force was directly proportional to the area

of phase boundary, and used a 'surface barrier' model (Bean and Livingston 1964)

to develop an expression for the pinning force namely

g
i 0 A -4 . =1
Fp o e— M(Rev.) 100" Nm

where M(rev.) is the Abrikosov magnetization of the reversible matrix

at a given induction, B. They showed that this expression accounted for the

dependence of the magnetization and critical current on field in their specimens,

and gave qualitative agreement (within an order of magnitude) with their resuits.
Irreversibility and hysteresis are aiso observed (Livingston 1964,

Narlikar and Dew=-Hughes 1964) in single phase alloys and elements. Pinning in

these materials may be attributed to the effects of point defects (vacancies

and interstitial impurities), dislocations and grain boundaries. A number of

calculations of the pinning force have been made for the ccmparatively simple

case of the interaction between a single dislocation and a flux line. Webb

(1963) calculated the force between a flux line and the stress field produced

by a perpendiculér screw dislocation. He showed that the force was repulsive,

14 m-2

and was maximum for a forest of dislocations at a density of 10 . In

this case the force per unit length is of order 10"6 N m". Kramer and

Bauer (1967) performed a similar calculation for an edge dislocation parallel

to the flux line and showed that, in this case, the force was attractive.

These ca]cu]atioﬁs did not take ‘into account the effect of neighbouring flux
1ines on the 1nteraétion energy between a defect and a flux line. Labusch (1968)
and Miyahara et al (1968) showed that when this effect is included the inter-
action force is considerably reduced. Measurements have been hade by Nembach
(1966) of the pinning forces in a torsion-deformed, niobium single crystal
containing a homogeneous array of screw dislocations perpendicular to the

14 "y 4

flux lines. He foundithat for a dislocation density of about 10 the

e e S



force on a unit Tength of flux line was 10'7 Nmnl. Freyhardt (1969)

repeated these measurements using an improved technique, and showed that

12

the correct pinning force was of order 10" '“ N, i.e. for a dislocation

density of 10'% m™% about 107° N m™}

. This value is ten times larger than
the force calculated by Webb (1963). |

While there is some evidence that isolated peoint defects and dis-
locations can pin flux, many experiments indicate that extended defects play
a more significant role. DeSorbo (1963) found that the magnetization curves
of niobium containing oxygen and carbon were fairly reversible up to the
solubility Timit of these impurities. He concluded that the subsequent
irreversibility was produced by second phase precipitates. Kernohan and
Sekula (1967) found that neutron irradiation only produced iarge irreversibility
at dosages sufficient to create dislecation loops within the sample, Narlikar
and Dew-Hughes (1964 and 1966) measured the zero-field, trapped fiux in their
deformed niobium and niobium alloy samples and found that it increased most
markedly at deformations large enough to produce dislocaticn tangles and
cells., They suggested (Narlikar and Dew-Hughes 1964) that the pinning was
due to Tocal variations in v at the cell walls. However, they have also
suggested (Narlikar and Dew=Hughes 1966) that the pinning is produced in the
cell walls by the same surface barrier proposed by Campbell et al (1968) for
precipitate pinning., Whichever explanation is correct, it seems clear that
a non-uniform distribution of dislocations is a strong source of pinning.

The surface-barrier mode1‘of Bean and Livingston (1964) used by
Campbell et al (1968) to calculate the pinning force exerted by a phase-
boundary was originally formu]atéd as a surface pinning mechanism. The role

of surfaces in pinning, which has been the subject of some controversy, wili

be discussed in the next section.

3.3, Surface Pinning

Bean and Livingston developed their surface barrier model to explain

the hysteresis observed near-HC1 in otherwise reversibie samples. When a




Tiux Tine approaches a surface the shielding currents are distorted so that
the current normal to the surface remains 2t zero. The effects of this

r s
e

distortion may be allowed for by adding an equal image flux Tine of opposi
sign outside the surface. The force between the flux Tline and the surface
then consists of an attraction between the flux line and its image, and a
repulsion between the field of the flux Tine and the external field within
the penetration depth, A similar situation exists for a flux line entering
the superconductor from outside. Bean and Livingston showed that the net

effect of these two terms is a repuisive force near the surface Et fields

above Hc]' For a material with a « of 10 this barrier to penetration exists

up to a field HS equal to twice H ,. There is a barrier to the exit of flux

cl
at ail fields.

Campbell et al (1968) extended the cé]cu]ation to an array of flux
lines near a surface. They showed that this surface pinning could account
for all the hysteresis they observed in a reversible, single phase Pb-Bi
alloy. Lowell (1969) also performed this type of calculation. He measured
the voltage across a semicylindrical sample in which a field was applied
perpendicular to the axis, anu either an electric or thermal current flowed
parallel to the axis. He found that the critical current (i.e. that at which
a voltage first appeared) had a strong maximum where the field was parallel
to the plane surface of the semicylinder, and explained his results 1h terms
of the Bean=Livingston barrier. 

The discovery (Sandiford and Schweitzer 1564) that currents in the
DeGennes surface sheath could pfoduce hysteretic magnetization loops ehove
ch, Ted Fink (1965) and Park (1965) to propose that mixed state hysteresis
could be produced by similar currents flowing below Hepe Both authors showed
that suitable solutions to the Ginzburg-Landau equations existed below Heos
snd they, and earlier Abrikosov (1964), calculated the maximum current the
sheath could cafry. Barnes and Fink (1966) reported that mixed-state hysteresis
was reduced by plating the surface with a normal metal and suggested that this

was best explained in terms of DeGennes currents.



Hart and Swartz {1967) found that the maximum lossless (i.e. critical)
current that thin films could support in the mixed state increased if the
sample surfaces were roughened. They rejected both the Bean-Livingston barrier
and the DeGennes surface current as explanations of their results because these
both predict a decreased critical current (or hysteresis) for a rough surface.
They proposed instead a 'flux-spot' pinning model. In this, they call the
surface exit point of a flux Tine a flux spot, and assume that, because of the
currents circulating around it, there will be a dipo1e moment u associated with
it directed normally to the local surface. A term -u.H then appears in the
free energy of the flux line. For a surface everywhere parallel to an applied
field u.H is zero. For a rough surface u.H will vary along the sample according
to the relative orientation of the local field and surface. Flux Tines will be
pinned where their free energy is minimum, i.e. where |u.H| is maximum, Hence
rough surfaces will provide greater pinning. Hart and Swartz  assume that
the critical current for their films is reached when flux lines begin to move
through the sample. This will not occur until the pinning force has been
exceeded. The critical current below ch will, therefore, be higher in rough
films. Increased critical currents have also been observed in roughened
cylindrical samples by Jones and Rose-Innes (1966). Both Hart and Swartz
(1966) and Lowell (1969) have pointed out that, although the Fink and Park
calculations give the maximum current which can flow before the sheath reverts
to the normal state, the mixed state, surface critical current is probably
reached (i.e. a voltage appears) when f]ux lines begin to cross the surface.

We caﬁ therefore distinguish four sources of currents which may flow
in addition to the Abrikosov magnetization current and will support hysteresis.

These are :

(1) The Bean-Livingston surface barrier
(i1)  The DeGennes surface sheath

(i11) Flux spot pinning

(iv) Defect pinning
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It is interesting to note that Campbell et al (1968) suggested that the
first two of these may be different ways of describing the same phenomenon.
Although defect pinning (iv) is not a specifically surface phenomenon, it
has been included because the high defect densities which can be produced
near the surface of otherwise reversible materials can give rise to large
pseudo surface currents (Kwasnitza and Winkler 1969),

In summary, experimental evidence exists that flux pinning may be
‘produced by a variety of crystalline inhomogeneities. While it is generally
difficult to isolate the roles played by different types of defects, it is
clear that inhomogeneities such as second-phase precipitates, extended defects
and surfaces are most effective in pinning. Because of the complexity of
this type of defect, expressions for the pinning force have been derived only
in isolated cases. Fortunately, satisfactory models of the effects of pinning
on the magnetic properties of superconductors have been developed without
detailed knowledge of the pinning mechanisms. Some of these models will be

described in the next section.

3.4. Models

The work of DeSorbo and Healey (section 3.1.) and others has shown
that the flux distribution in an irreversible superconductor is inhemogeneous
i.e. that flux gradients exist within the superconductor. To satisfy the

Maxwell equation

curlH = J
current must flow wherever there is a gradient, In terms of the slab of
superconductor shown in Figure 3.2.1., the variation in the field Hz as it
penetrates the superconductor in the x direction requires that a current flows

in the y direction whose density Jy is given by

dH,/dx = Jy

If flux penetrates in the form of flux lines the flux gradient must correspond

to a variation in the flux line density, N. There will be a Lorentz force
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acting on each flux line of magnitude F, per unit length given by
L

F =

L 90 p curt H

i.e. (FL)X = Qon

If this Lorentz force is less than the pinning force per unit length, Fp,
no fiux can penetrate, If FL is greater than Fp flux Tines will move until
an equilibriun flux distribution where FL = F_ is reached. Therefore the

P
only possible static conditions are :

(1) FLo< Foo 0 = dijdx = 0
(2) FLo= Fpo o= di/de = J
Where J_ the critical current density, is given by Jp, = F = Fp.

This is the basis of the critical state concept. UWhen the critical current,
Jc' is flowing in a region df a material it is said to be in the critical
state.

Bean (1962) was the first to use the critical current to characterize
the irreversible properties of the high-field, alloy superconductors on the
basis of the Mendelsschn sponge. Andersbn (1962) showad how the pinning of
flux bundles could lead to a critical state, and the critical-state concept
was clarified by Kim et al (1963). Bean {1964) used the concept to determine
the magnetization and a.c. loss of an irreversible superconductor. His
~calculation was based on the sponge_model. but is equally applicable to flux-
line pinnfng. The derivation given below is essential]& Bean's.

Suppose that the only permissible values for the current density in

an irreversible superconductor are zero, + Jc or = J Let us also use the

c*
London (1963) approximation, and suppose that the critical current density
IJCI is independent of the local internal field, Hi. Then, if surface currents
and the lower critical field, Hc?’ are ionored, the current and field distribu-
tions in a slab of the material when a magnetic field, H, is applied will be

those shown in Figure 3.2.2. The flux penetration will generate shielding



currents and field gradients, and a critical state will be produced. The
field in the centre of the sample will remain zero because of the shielding

"~ currents; and the field will penetrate to a depth x given by

0 0

H X
f curl Hy dx = I J.dx

i.e. since we have assumed that constant = JC = dH/dx
3.4.1, H = Jdx

At some field Hp the critical state will extend to the centre of the slah,
which will then be fully penetrated., This is illustrated in Fig. 3.2.3.

Hp is given by

seTelo H =
3.4.2 p Jb

If the field is reversed then the critical state is reversed and currents
flow in the opposite direction, the resulting current and field distributions

are shown in Figure 3.2.4.

The average magnetic induction, B, of the superconductor may be defined

v v
as  u, Jo i, d\/ Jo dv = B

Using this expression in the situation illustrated in Figure 3.2.2., B is

given by

- H x
B = u 79

Using Equations 3.4.1. and 3}4.2., this may be written as

; a 2 |
3.4.3a. B = uoH /2Hp H < Hp
while for H > Hp
3.4,.3b. . B = uo(H - HP/Z)

Once the critical state has been cet up in a region of the superconductor no
changes in field can remove it. Equation 3.4.3. therefore defines the 'virgin®

magnetization. The induction at any subsequent field may be calculated on the
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same principles. Bean (1964) shows that the hysteresis loop followed by a

superconductor between peak appiied fields of th is given by

"

2 2 -y
B o= o, | HH/2H s (KT - WSy | s

there the plus sign refers to fields going from -Hm to Hm and the negative
sign to fields going from Hm to -Hm. The Toss per cycle in tracing this

magnetization loop can be calculated from

wv ¥ M, % H dB
cycle
and Bean shows that for both slabs and cylinders the loss per cycle per unit

surface area is given by
3.4.4, L= 2wl H << H
o m c

The assumption that Jc is independent of Hi corresponds to assuming that the

pinning force, F_, is independent of field, and that the number of pinning

p
centres acting on a single line remains constant. At a given field the

number of flux Tines per unit area, N, is given by

B = N,

If the external field is 2 Tesla then, since f; = 2 x 10718 Weber, N is

equal to 10'° 1ines m-2

.. If each line only occupies one pinning centre a very
high defect density is required to provide sufficient sites. This assumption

also leads to Equation 3.4.3b

B o= w(H- Hp/2)
which shows that the superconductor wii] have a finite magnetization -Hp/2 at
all fields. Clearly the Londen approximation is not valid at all fields, and
Kim et al (1963) preposed that the experimental critical current data was

better fitted by the expression

Jc = af(B + BO)

which is known as the Kim approximation.
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Silcox and Rollins (1963) derived the induction B(x) &t any point
within an irreversible superconductor by using an expression for the
pinning force which allowed for the change of flux Tine density with
field. They assumed that for a material containing n voids per unit
volume the pinning force exerted by each void remained constant, but that
the number of pinning sites associated with a unit length of one flux line,

f, was given by :

f = n/N = n/|pB(x) |

The total pinning exerted on one flux Tline is thus a function of the local
induction., They equated their pinning force to the Friedel et al (1964)

expression for the Lorentz driving force, and obtained the equation
! .
3.4.5. B%(x) = BZ(0) - @x

where B(o) is the induction at the surface of the superconductor in equi-
Tibrium with the external field and g8 is a pinning constant related to n.
If Equation 3.4.5. is differentiated with respect to x, we obtain the

expression
2B =-= = constant

i.e. BJc = constant

which is similar to the Kim approximation.
An equivalent expression to Equation 3.4.5. for the Bean-London model

may be derived from Equation 3.4.1. i.e.

4.6 5 . o Blx) = Blok s I X

Yasukochi et al (1964) assumed a different relationship between the flux
line and defect densities fer the case of a cold-drawn wire in a perpendicular

field, namely :

N O LR
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wheire n, 1s the number of pinning filaments per unit cross section of
wire produced by the cold working. They showed that the corresponding

expression for B(x) is
3.4.7. p3/2 (x) = p3/2 (0) =~ ox

vhere o is another pinning constant. Clearly equations 3.4.5., 3.4.6, and
3.4.7. are different 'one parameter' expressions for B(x), in which the
experimentally determined constants Jc' B and « determine the pinning
strength and the different powers of B correspond to different relations
between the pinning centres and flux Tines.

These critical state models suffer from two difficulties. The first
is that the effects of surface currents and Hcl are not specifically included,
although they can be allowed for by suitable selection of B(o). The second
difficulty is that dynamic effects wh%ch are important when considering
'a.c. losses in low pinning materials are not included. The latter problem
has been overcome by Irie and Yamafuji (1967) who proposed two equations

for the motion of flux in superconductors

fl. + fp + By =0
| and VA(!LAE) = N/at

where._EL is the Lorentz force, fp the pinning force, fy the viscous drag
(Bardeen and Stephen ]965)'~XL the flux 1ine velocity

and N the number density of flux Tines defined by B = N § .

The first of these equations éefines a dynamic critical state, and the
second is the COntinujty equation of thé flux 1ines. In the static case,

VL = 0 and choosing axes as before the equations become

34,8, AT (%) = 2(0)82 " V(o) - (2 - y)ax/2

difdt = 0
where A = & depending on the changes of the applied field, and « and y

are constants determined experimentally from a static magnetization loop.
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Equation 3.4.8. is a 'two-parameter' pinning generalization of equations

3.,4,5., 3.4.6, and 3.4.7. Irie and Yamafuji point out that values for y

of 1, %2 and 0 correspond to the Bean-London, Yasukochi et ai and Rollins

and Silcox expressions respectively. Dunn and Hlawiczka (1968) have

derived a generalized critical state model which includes the effects of

surface currents and HC1. This will be discussed further in section 4.4.
These critical state models and others (e.g. Campbell et al 1968)

have been shown to give good agreement with the magnetization curves and

critical current versus field relationships of a wide range of irreversible

type II superconductors. It would be more satisfactory to be able to calculate

the pinning constants directly than to obtain them from magnetization curves.

Nevertheless the basic concepts of flux pinning and the critical state have

proved extremely useful in investigating irreversibility and a.c. losses in

superconductors.
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4, A.C. LOSSES

4,1, Introduction

The importance of the a.c. behaviour of superconductors for their
technical applications has led to a considerable effort over the past few
years in measuring and understanding their a.c. properties. This work
has been reviewed by Goodman (1969) and Wipf (1968) who lists over a
hundred references pertinent to the subject, 44 of which deal explicitly
with a.c. losses.

In discussing the response of superconductors to transient fields
it 1s useful to distincuish between four regions of the peak applied

alternating field, Hm. Wipf (1968) defines these as :

Region 1 : Hm < HCI (or Hc for Type I materials)
Region II HC1 < Hm < Hp
Region III Hp < Hm < HC2

Region IV

ch < Hm (or HC oliat A for Type II materials)

where Hp is the field at which the sample is completely penctrated.

" This chapter contains a discussion of losses in each of these regions.
To avoid duplication of Wipf's review we have concentrated on the measurement
and theory of losses for H, < Heqe Region IT is dealt with less thoroughly,
one section is devoted to tracing the growth in theoretical understanding of
the losses in that régime. Since our results were obtained mainly in Regions
I and IT, Regions IIT and IV are only covered briefly. The chapter is
concluded with a deséription of the specific objects of our research,

The early measufements of losses showed that, at least where Hm < Hp,

the 10$sés‘wére hysteretic in nature depending only on the peak applied field,
and arose mainiy at the surface. It is useful therefore to measure losses in

‘térms of the enérgy loss pér cycle which is indépendent of frequency, and to

express them as loss per unit surface area, which is independent of the size
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and geometry of the sample. The unit of loss used throughout this thesis
is watts per hertz per square metre (‘:;’Hz"1 m'z) equivalent to joules per

cycle per square metre. The term 'dissipation' is used to refer to the

energy i0ss per second, in watts per square metre (Nm'z)

L 2

4,2, Measurements in the Meissner State

In the region below HC1 in a Type II superconductor or HC in a Type I
material no flux penetrates an ideal sample beyond the penetration depth.
Losses due to magnetic hystéresis are therefore zero, Some losses may arise
from the motion of normal electrons produced by the fields required %o
accelerate superconducting electrons within the penetration depth. At low
frequencies the dissipation from this source will be negligible., However,

a number of workers have reported losses in this regime in both Type 1 and
Il materials, Among the first of them were Buchhold and Molenda (1962) who
observed losses in both lead and niobium using an adiabatic calorimeter.

The dissipation at é fixed field varied linearly with frequency between 0
and 500 Hz. They concluded that the losses were of hysteretic origin. They
found that the loss per cycle, L, depended strongly on the peak applied

field, Hm’ and could be expressed as
n
4.2,.10 L = CHm

where C and n were constants for a given material, n varying between 2.5
and 7.0. In a low-loss lead sample the loss depended on the field in which
the sample was cooled, the presence of the earth's field being sufficient
téhincrease it by a factor of three. Buchho]diénd Molenda also noted that
the loss appeared to depend on the surface properties of the sample.

Buchhold (1963) reported new measurements using an electrical
technique (see Chapter 5) which enabled him to observe the flux penetration
waveform and to measure hysteresis loops of the flux, P vs Hm. These showed
that flux penetrated even in tne Meissner state. The waveform was asymmetric
for samples cooled in a magnetic field, and the loss depended on the magnetic

history of the specimens. In this paper Buchhold also presented a model for
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the a.c. Toss mechanism which will be discussed in section 4.3.

Bogner and Heinzel (1963) measured the voltage across ihe ends of
bifilar wound coils of nichium and niobium-zirconium (No-33% Zr) with
alternating currents flowing in them. They confirmed Buchhold and
Molenda's findings that the dissipation varied linearly with frequency
and that the Toss depended strongly on the appliied magnetic field. They

reported that L was proportional to Hm4'4

, and that losses were lower
in niobium than niobium-zirconium wire.

Further measurements were made on bifilar coils by Rhodes et al
(1964), 1In their experiments the loss was determined by noting the
helium boiled off by the coil in a fixed time while a current was flowing.
Once again losses were observed in fields below Hc1 in niobium and below
Hc in lead, which depended strongly on the applied field. Values of n
in Equation 4.2.1. were found to be between 6.5 and 12,5, Of particular
importance was their finding that the loss in an annealed niobium wire at
a given self-field was much higher than in as-drawn wires. The value of
n also appeared to depend on the degree of cold=work.

Rocher and Septfonds (1967) measured the dissipation in niobium
cylinders at peak fields between 0 and 40 kAm'] (500 Oe) for frequencies
between 500 and 10,000 hertz using an adiabatic calorimeter. They observed
nﬁn-linear variations of dissipation with frequency, particularly above
5kHz. These non~linear effects appear to have been more pronounced in
outgassed, electropolished samples. The losses obeyed equation 4.2.1.

‘with values of n between 2.5 and 3.5, Loss at a given field was higher
before a sample was electropolished i.e. smoothed, and increased when it
wés outgassed in ultra=high vacuum or cooled in a non-zero, transverse
fie]d. The high resistance ratio, outgassed samples which trapped little
flux in d.c. measurements were insensitive to the cooling field. The |
authors suggested that the higﬁer 1csses in outgassed samb1es were related
to the decrease in critical current produced by this treatment, and arose

because a field could penetrate further into their surface protrusions.

JEasson and Hlawiczka (1967a, 1967b and 1968) reported that the
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10ss below HC] in niobium samples was below the sensitivity of their
measuring apparatus provided the surface was sutficientiy smooth.

Linford and Rhodes (1968) showed that the nature of the Toss above HC]
depended on the bulk metallurgical properties. Loss increased rapidly

at HC] in a single crystal, but slowly in a polycrystalline sample. The
loss below HC] was Tower in the polycrystalline sample. However, Brankin

' and Rhodes (1969) reported losses in a niobium single crystal with an
extremely good surface finish as lTow as those measured by Easson and
Hlawiczka (1968) in mechanically polished samples. A mechénical]y polished
single crystal with a bright surface but some surface irregularities produced
by the polishing exhibited fairly high losses below HC]’ although the Tosses

1, 1300 Oe) remained Tow up to 145 Khm" ! (1800 Oe).

above Hey (100 kAm~
Both Rocher and Septfonds (1967) and Linford and Rhodes (1958)
concluded that Tosses in niobium below HC]' i.e. in the Meissner state were
highér in samplés with low defect densities. Brankin and Rhodes (1969)
suggested that, provided the samples had similar surface finishes, the
defect density might not be very important. Further doubt has been
thrown on the conclusions of the earlier workers by the work of Beall
and Meyerhoff (1969). They measured 1osses in niobium below HC] both
élécfrica]]y, thermally, and from d.c. magnetization curves. The results
agreed well and showed the losses to be hysteretic, The loss in an ultra-
high vacuum-annealed sample was Tower than in a heavily cold-worked sampie.
Beall and Meyerhoff suggested that this was due to the increased reversibility
of the annealed sample. A1l their results fitted equation 4.2.1., the value
of nkbeing between 2 and 4.
thhho1d and Rhodenizer (1969) have reported that the loss in a
cold=-worked niobium samplé depended on the rate of cooling from room
témpérature. The loss below HC.i was an order of 100 greater in a sample
- cooled overnight to liquid nitrogen temperatures. This effect was

associated with visible surface deformation produced on siow-cooled,

h1gh1y-poi1shed samples.
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Few detailed investigations have been undertaken on the losses
in type I materiais. The majority of the work has been done by Seebold and
Rhodes (1969) whe measured losses below Hc in lead and lead=indium sotid
solutions. They found that for surfaces roughened by spark-machining the
loss depended on the degree of roughness, and was below the sensitivity of
their equipment for smooth, chemically polished surfaces. The loss per
cycle wa§ independént of frequency between 50 and 600 Hz both for pure lead
and the solid solutions. For a given surface the loss was independent of
the normal state resistivity of the sample which was two orders of magnitude
higher in a lead 0.4wt % indium alloy than in pure lead.

Before proceeding to discuss the theories which have been developed
-for the losses in the Meissner state it is useful‘to summarize the
experimental results we have described above. There are five conclusions

that can be drawn, namely :

(1) The loss per cycle is independent of frequency below 500 Hz. It
depends only on the peak value of the applied field and is supposed
to be hysteretic.

~ (i1) | Losses depend strongly on the peak applied field and may be expressed
as
n
L = CH
where n has values between 2 and 12 and C is constant for a given sample.

(iii) The loss can be reduced by smoothing the surface of a samplie, and

{5 extremely low in samples with very smooth surfaces,

(iv)  The losses depend on the metallurgy of both the bulk material and
surface layer of the sample. There is some evidence that high
‘defect densities in cold-worked samples produce iow losses but

the position is not yet clear.

(v) The Toss in & given sample increases when i1t is cooled in a transverse

field. Cooling in the earth's field can increase the losses by tenfold.
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This effect is greater in samples which trap more fiux, and is

mcst pronounced for very low-loss samples.,

4,3, Theories of Loss in the Meissner State

A detailed analysis of the Meissner state losses is extremely
difficult. Not only do they vary non-linearly with magnetic field, but
they also depend on & number of ill-defined material properties. The
first attempt to explain the experimental data was made by Buchhold (1963).
Buchhold and Molenda (1962) drew an analogy between ferromagnetic materials
and superconductors and suggested two sources of loss; eddy currents which
would produce dissipation increasing with the square of the frequency, and
magnetic hysteresis which would give a dissipation proportional to frequency.
Buchhold states that eddy currents will flow in resistive normal regions
produced when Tlux penetrates a superconductor. He shows that the loss
arising from these currents in a sample of conductivity o penetrated to

a depth d by a field of peak value B, and frequency f would be

4.3.1. L = 20f(mB )%d°
Taking B, = 0.1 Tesla, o = 10 mhos m™ and d = 1078
this gives
R -10 -1 =2
L = 10 WHz " m = at a frequency of 50 Hz.

This loss is considerably below the sensitivity of any of the
méasurements discussed in section 4.2. At a fréquency of 5 kHz the loss |
is 1078 sz'1 m 2 which is of the order of those reported by Rocher and
Septfon&s (1967). If eddy currents were the source of thegé losses the
higher, non-linear dissipation they measured in samples with higher
resistance ratios (and therefore higher helium temperature conductivities)
would be explained. This poinf will be discussed again later in this
section, The majority of loss measurements have been made at lower
frequencies and higher loss levels. Buchhold dismisses the possibility

of eddy currents contributing to the losses in these cases.



A second source of loss is magnetic hysteresis. Buchhold considers
this in two parts. First, he develops a microscopic model by assuming
that regions at the surface such as voids, normal inclusions and asperities
can form multiply connected circuits which trap flux. Each circuit is
penetrated once a field large enough to induce a critical current in it
is reached. The circuit then becomes resistive, and losses occur in this
resistance which adjusts its value in fields of different magnitude and
frequency so that the circuit current remains at the critical value. When
the field reverses the circuit becomes superconducting again trapping flux
within it until the critical current is induced in the opposite direction.
Buchhold shows how this variable resistance circuit will produce a hysteresis
loop and Toss per cycie independent of frequency. The model may be
criticised on the grounds that Toss occurs only in fields greater than that
at which the critical current is exceeded. In practice, the loss would
probably occur only at the point where flux penetrated when the critical
current was first exceeded.

In the second part of his consideration of hysteretic losses
Buchhold derives an expression for the losses. This calculation is
1ndépendent of the microscopic model, and only assumes that flux penetrates
the superconductor and is tr#ﬁped giving rise to a hysteretic magnetization
loop. The derivation given Bélow leads to the same result, and gives more
1psight into the mechanisms.involved.

A superconductor which is penetrated at.E field Hc-and traps flux
compieteiy will have a magnetization curve as shown in Fig. 4.1. The
energy Hissipated per unit volume in going once around the Toop from Hc
to -Hc-will‘be equal to the area enclosed by the loop. It can be seen
from Fig. 4.1, that this area is eight times the area under the reversible
magnetization curve, and is equal to 4“0Hc2’ A constant K may be defined
such that the energy dissipatcd by a sample of volume V which does not
trap flux completely when taken through the same field cycie is given

2

by 4uoHc KV. A typical curve is shown in Fig. 4.2. Suppose a cylindrical
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sample of radius r and leagth 1 is penetrated te a depth d by an alternating
field of peak value Hm* the energy dissipated in one cycle will be

£

4 “K 29rld. The dissipation per unit surface area at a freguency f

Mol
will therefore be

4.3.2. o= 4u b Kdf 4 m2)

This equation is identical to Buchhold's when converted to c.g.s. units,
Buchhold called K the hysteresis factor, and d the effective penetration

depth defined by
ﬂm = 21n‘de

where ﬂm is the peak total flux in the sample.
The loss in niobium under typical condition near HcI may be calculated

6 6

as follows. Suppose that H = (1/4x|x 10 A~ (1000 0e), d = 10 °m,

and K = 0,5, then at 50 Hz

W o= 4.x x 107 [(1/74n x 10%]2 . 50 . 1078 . 0.5

e 1 Um 2

therefore L = 2x10°2 yz"! m2

This value is of the same order of magnitude as measured losses
(See Chapter 9 and Wipf (1969) p.540). Buchhold's expression, therefore,
predicts hysteretic losses of the right order. Since it seems likely that
d Q111 depend on the smoothness of a surface, aﬁd that d and K will depend
on material propertiss, the model also accounts quaiitatively for
points (i11) and (iv) in the summary of experimental data in section 4.2.
However, the theory is still inadequate in some respects. The first
is the predicted field dependence. While Beall and Meyerhoff (1969)
~ found losses depending on the square of the field, the majority of workers
cbserved a much stronger dépendence. Buchhold (1963) explains this by
arguing that the field dependence is greater than Hm2 because d is a

function of Hm. ITf the penetration occurs at surface asperities the



penetration is likely to increase with field. Furthénnore, if there is

a distribution of imperfections, each will have a characteristic field

of penetration and, hence, the value of d will be a function of Hm.
Buchhold and Rhodinizer (1969) suppose that the Pippard penetration

depth, A, at a given temperature can be expressed as

A= )\O + aHz * bH4 + ecees

and show that the expression

4
} = Ao + me

gives agreement with their experimental results for niobium. It is not
clear if there are any theoretical grounds for assuming that A varies
with H in the way they assume.

A second inadequacy of Buchhold's theory is that d and K are
defined in terms of measured hysteresis loops, whereas, a satisfactory
model should enable d and K to be predicted from measurable material
parameters. Seebold (1969, pp.123-130) has attempted with some success
to relate the losses to material properties. He develops an expression
for the losses in a similar way to that which was used to obtain 4.3.2.
HoweQer. he assumes that his samples tfap flux completely (i.e. that K

equals one) and defines an 'effective penetration depth', &, as

§ = ﬂmIanHc

arguing that the field within a penetrated regioﬁ will be Hc' The

resuiting expression for the loss is then

4.3.3. [ 4u°ch 5

Séebo]d obfains values of & by dividing measured losses by 4u°Hc2. and,
assuming & to be given by the expression C(Hm/HC)" due to a distribution
.of penetration fields, plots 6 agéinst (Hm/Hc)' The resuits for one
sample at different temperatures (i.e. varying HC) plotted thus lie on
the same curve. Values of & for samples of lead, indium and tin with

similar surface treatments are also in remarkable agreement when plotted



against Hm/Hc' Hence, for a given surface, & appears to be a universal
funciion of Hm/Hc and, at least in type I materials, the loss is related
to only two material parameters § and Hc'

The major differences between this model and Buchhold's is that in
the former Hc is taken to be the penetration field while in Buchhold's
model Hm is used. However, the effective penetration depth will be a

universal function of Hm/HC in both models. Seebold's results show that

L H "
§ = =C( m)
":;"'7?' ™. -
uOC C

Where, for a given surface, the values of C and n are the same for all
materials. This expression may be rewritten as

-2

2 i 2 n 2
L o= duM C(Hm/Hc) = 4 ugH “C(H /H.) (H./H,)

therefore
2 n"'z
4.3.4. L = 4uH C(H,/H.)
If we define an 'effective penetration depth' from Buchhold's

equation (4.3.2.) namely

Aoty

then 4.3.4. shows that if 6 is a universal function of (Hm/Hc) then dK
will be one also., Either model will, therefore, explain the experimental
reéuits. although the field dependence of the 'effective penetratidn depth'
will be.different in the two cases. In practice it is probably impossible
to distinguish between the models. _

Unfortunately, although this approach shows the importance of HC and
- an ‘'effective penetration depth' in determining the losses two problems
remain unsolved. The first is to relate & or dK to measurable properties
of a giveb surface, the secend is to determine the values of C and n in

the expression



K = C{ == )

In fact experiments show that n is not constant and it is better to

write F (Hm/HC). Furthermore, it is not immediately clear if He is the
correct novmalization field to use in the case of type II superconductors,
nor if K can also be assumed to be constant for such materials.

An analysis of the losses in terms of flux trapped at surface
fmperfections is reasonable for samples with rough surfaces, i.e. with
asperities greater than 0.1 wm or in samples known to have chemically
inhomogeneous surfaces or voids below the surface. It is clearly net
applicable where losses are observed in samples with smooth, homogeneous
surfaces which depend on the field in which they are cooled - point (v)
in the summary of section 4.2,

A general qualitative description of the lTosses in such cases has
been given by Rocher and Septfonds (1967). They distinguish two types of
loss. One is hysteretic due to pinning of flux lines, and the other is
associated with motion of the flux Tines. The latter produces dissipation
vwhich is non=linear with frequency. They reject eddy currents as a source
of non-linear dissipaticn becausz comparison of equations 4.3.,1. and 2 show
that they are smaller than hysteretic losses except for very rbugh samples
where the penetration depth is greater than 0.1 mm, or at frequencies

higher than 1010 H

z. Instead they propose that resonant modes of the flux
line system (DeGennes and Métricon. 1964) or viscous damping of the flux
Tine motion (Baixeras and Fournet 1966, Bardeen and Stephen 1965) are
responsible, Both bf these mechanisms produce 10ss proportional to the
square of the frequency. Their observation of larger dissipation, non-
Tinear with‘frequency, in outgassed samples bears out the conclusion that
moving flux Tines are responsible for these losses.

Rocher and Septfonds point out that both hysteretic and viscous
losses may arise either from flux which penetrates tﬁe sampie at surface

1mpérfections. or from flux trapped within the sample - for instance, on

cooling in the earth's field. One would expect a somewhat different field
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dependence of the Tosses to arise from these two sources. For nenetrating
flux the losses should increase more rapidly with the external field as

the penetration increases. Rocher and Septfonds observed no such differences
in the variation of loss with applied field. Since one cannot assume a
constant penetration depth and still explain the observed field dependence,
this is somewhat difficult to understand. One possible solution is to

assume a variety of strengths of pinning centre so that already trapped
flux-1ines contribute to the losses at different fields. Alternatively
Buchhold (1963) suggested that points where flux is already trapped might
provide easy sites for further flux penetration.

Rocher and Septfonds do not suggest how lToss might arise from
trapped flux. Wipf (1968) pointed out, however, that each trapped flux-
Tine will have an entry and exit point at the surface. These 'flux=spots’
will be subject to an alternating Lorentz force in an alternating applied
field, Wipf suggests that the spots and the flux-lines immediately below
the surface will oscillate under the influence of this force. Dissipation
will be produced both on pinning and depinning of the flux-spots, and
whilst they are moving. |

In summary we can say that qualitative explanations are available
for all five points in our summary of the experimental data, and most of
the experimentaT results are understood. Losses arise from motion at the
sample surface of flux which is either trapped in the sample or penetrates
at surface imperfections. At low frequencies the dissipation is hysteretic
arising from flux pinning in type II superconductors or from normal state |
transistions in tybe I materials. At higher frequencies 'viscous' losses
due to movement of the flux lines also produce significant dissipation.
The Amodnt‘of flux which penetrates or is trapped, and hence the loss,
depends on the detailed metallurgy of the sample and the applied magnetic
field.

A quantitative model of dissipation due to flux penetrating the

surface at imperfections has been given. This is in reasonable agreement
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with some of the experimentaliy observed features. The relation of the
losses to material parameters in this model and the field dependence it

predicts are still uncertain.

4.4, Losses Above Hc] - Region II

The a.c. losses in superconductors above Hcl have probably been
studied more closely than in any other field region and a satisfactory
theoretical description of the Toss has been developed. There are a
number of reasons for this. Except at very low fields the commercially
important superconductors cperate in this regime and it is here that
reduction in the a.c. Tosses must be achieved. Theoretically the losses
are easier to understand because they arise in the bulk of the super-
conductor, and are dependent on more easily defined material properties.
Wipf (1968) has given a comprehensive review of the experimental work
in Region II, and it is intended to concentrate in this section on the
theoretical ideas mentioning only selected, confirmatory experiments.

Wipf points out that four equivalent methods are available for

calculating the loss, namely :

(1) - Calculation of the area under the magnetization curve,

(i1) Calculation of the energy put into the sample and the energy taken
out using the Poynting Vector,

(ii1) Calculation of the joule heating,

(iv) Calculation of the prbduct of the pinning forces and the distance

they move.

The first paper containing a caiculation of the a.c. Tosses in
sﬁperconductors was published by London (1963). He used the first method
to obtain the loss. He calculated B using the Bean (1962) critical state
~model assuming a constant critical current density, Jc' in the same way we
have done in section 3.4. The result he obtained was therefore similar to

that derived by Bean (1964) namely :
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London showed that this expression was in agreement with experiments. by
Kamper (1962) in that the frequency dependence was linear and the
results were of the same order of magnitude,

The macroscopic critical current density, JC, was assumed to be
constant in the Bean-London calculations. Losses may also be calculated
using the Kim et al (1963) approximation to the critical current-field

relation namely ¢

(&)

¢ (B, + B)

and the Bean critical state model. Hancox (1966) used both the Kim and
London approximations to calculate the loss for superconductors of a number
of different geometfies. Taylor (1968) analysed his data taken on Nb=25%Zr
wires in terms of a Bean=Kim model and concluded that the agreement was
generally good over a wide range of fields. The Bean model therefore
gives a reasonable description of the high field losses in the hard type 11
superconddctors. The micresceopic origin of the loss is not clear, although
Bean (1964) suggested that they were produced by the local électric fields
which exist during a change of magnetization. The product of these fields
and the local current density gives rise to lecal joule heating.

Irie and Yamafuji (1967) calculated the a.c. loss using their general
equation for the motion of flux described in seétion 3.4. They calculated
the static hysteresis loss from these equations by neglecting the viscous

force, and integrating the product of the pinning force density, F_, and

P
the flux Tine velocity V, over time and distance. For a sTab of thickness

2d they find that the loss per unit volume LP is given by :

. B w -
4.8.1, Lp = 23uy (2= x) iy T YT Y

where HaZ« Y g (2 = y)ed/2 and Ha and y may be found from the static

magnetization Toop. Irie and Yamafuji show that equation 4.4.1. gives



better agreement than the Bean=Kim model to the results of Yasukochi

et al (1964) on Nb=-25%Zr. It also agrees with the measuvements of Pech
et al (1965) on the same material. The microscopic picture of the Tosses
in this case is that dissipation occurs when a flux line is pinned or
depinned at a pinning site.

While equations 3.4.4. and 4.4.1. agree with the experimental data
at high fields the models for the behaviour of superconductors from which
they are derived ignore the effects of Hc1 and surface currents on the flux
penetration. These are of great importance in niobium and at low fields in
hard type Il materials. Since it is found experimentally that the losses
depend only on the peak applied field, Ullmaier (1966) suggested that the
effects could be allowed for by using an effective appi{ed field. If aH
is the field change from which the bulk sample is shielded by surface
currents when the abp]ied field is reversed, a sample in a field alternating
between H and 'Hm will be subject to an effective peak applied field

(Hm - AH/2). The Bean-London equation (3.4.4,) therefore becomes

H X ")
4.4.2, L= & %, - aw2)® w! o
C

AH will, in general, be a function of the applied field, It is equal to
twice the maximqm current the surface can carry at a particular field.

A similar equation has been derived by Dunn and Hlawiczka (1968),
from their generalized, critica]-state model, This incorporates four

material-dependent parameters, Hc]’ AH*, k and n, k and n are defined by

: n . .
Fp = xk|H|" = F, = 8,9, (in the critical state)

'AH* is not identical to the aH defined by Ullmaier. In this case it is
equaT to.half the field change which occurs with no change in internal
flux, and is equivalent to the critical surface current, jc. These four
parameters define a magnetization loop from which Dunn and Hlawiczka

calculate the loss on the assumption that n = 0, and therefore

Jc = k/ﬂo = C (the London approximation)



The loss is then given by
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To compare equations 4.4.2. and 3 with measured losses it is
necessary to know the values of Jc' Hc1‘and AH or aH*, Wipf (1968)
used a value of 4 x 10° Am™% for J.» and Ulimaier and Gauster's (1966)
values of aH for Nb=-25%Zr in equation 4.4.2., and showed that the
majority of the published data on niobium alloys agrees with this
equation. Linford (1968) found that equation 4.4.2, described the
behaviour of annealed polycrystalline niobium above Hc]. He put aH/2
equal to H_; equal to 103.5 KAm™! (1300 Oe). For Nb=Zr, NbTi and rolled
nicbium strip he found that equation 4.4.3. gave better agreenent,
Easson and Hlawiczka (1968) reported good agreement between their results
and equation 4.4.3.. although in that case AH* was taken t¢ be zero.
Little experimental work has been undertaken on very reversible
type I1 superconductors, for example, well annealed niobium or suitable
Nb=Ta and NbMo alloys. For these materials the viscous forces, FV’
neglected in all the calculations mentioned so far, will become significant
énd higher losses, increasing with non-linear frequency depzndence, may
be expected. Irie (1970) has presented calculations of the losses in
weak-pinning superconductors and has shown that at low frequencies the
‘ loss is increased by a term Tinear in frequency. At high frequencies the
hysteretic loss can be neglected, and the losses are inversely propoirtional

'tb the square root of the frequency.

-

4,5, Losses above Hc1 - Regions IIJ and IV

In this region the whole volume of the superconductor has been
penetrated. Wipf (1968) points out that because of this the loss per
unit volume rather than the loss per unit surface area is the correct
unit for comparisons between samples. Few measurements have been

reported in this regime because the losses are so high that the



temperature of the superconductors may rise significantly producing
thermal runaway. The temperature rise will be proportional te the total
heat dissipated divided by the rate of removal of heat. Since the
former will be proportional to the volume of material, and the latter
to the surface area, the temperature rise will be proportional to the
volume to surface-area ratio. Hence thermal runaway will be less likely
to occur for thin sheets or wires.

Region III is of interest becéuse of the potential uses of coils
wound from type II superconductors able to operate in these high a.c.
fields. London (1963) showed that for conductors of normal size the
losses at 50 Hz are so high that operation would be impractical. He
peinted out thaf the losses could be reduced by using smaller conductors
of order 1 um or even 10"2 pym in thickness. Recently coils able to operate
in high, low frequency (0 = 1Hz) magnetic fields have been the subject of
a considerable amount of theoretical and practical work because of their
intended application in high-energy particle accelerators. Composite
conductors have been developed which consist of large numbers (61-1045)
of thin (10-1 um) superconducting filaments of niobium-titanium embedded
in a matrix of copper or cupro-nickel or a combination of these.

The theory and behaviour of such composites has been discussed
by Smith et alv(1970). The initial goal in developing them was to obtain
intrinsically stable conductors in which the microscopic flux jumps, which
occur in changing fields, would not avalanche and quench the superconducting
state, However, the smail sized superconducting filaments used to cbtain
stability also have low losses. If the composites are twisted the losses
| inducedAin the normal matrix by the a.c. currents are also considerably
reddced. Consequently these materials may be used to produce magnetic
fields of the order of 5 Tesla at frequencies of up to 1Hz,

In Region IV the superconductor is normal except for a surface
sheath -during part of the cycle and the losses are so high that it is of

no practical interest. Very little experimental or theoretical work has



been published except tnat Seebold (1969) has reported some measurements
on lead and its alloys with Hy > Hc' In these measurements either eddy
current or hysteretic losses were of greater importance depending on the
resistivity of the sample. We have made no measurements in this regime

and will not discuss it further,

4,6. Aims of Research

Our experiments were aimed at extending the available data on
losses, and verifying some aspects of the theories described earlier in
this chapter. WNiobium was chosen as the material for our investigations
because it was readily available, and because considerable expertise in
its treatment was at our disposal. Moreover, its high value for Hci
makes it a commercially interesting material as was shown earlier.

It is clear from the experimental evidence summarized in section
4,2, that the metallurgical state of the sample, and in particular, the
geometry and physical condition (i.e. chemical composition, defect
density) of its surface have a major effect on the dissipation when a
superconductor is subjected to an alternating field below Hcl' Many of
the .reported investigations were carried out without sufficient attention
being paid to control of these parameters. For instance, many of the
accounts (Easson and Hlawiczka 1967a,Linford 1968) of lower losses in
samples whose surface roughness had been reduced ignored the fact that
the methods of reducing the roughness (chemical. or mechanical polishing)
had probably-altered either the chemical or physical nature of the
surface, Chemical bo]ishing, for example, may increase the dissolved

hydrogen content of a surface, mechanical polishing may introduce high

defect dehsities. In other experiments where the effect of heat-treatments

on the losses was investigated e.g. Beall and Meyerhoff (1969), no attempts

were reported to measure the surtace geomeiry before and after treatment

to ensure that thermal etching or surface diffusion had not altered the

profile. Rocher and Septfonds (1967) annealed their electropolished samples

in ultra-high vacuum and then re-electropolished them: They did not discuss
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the possibiiity that the second electropolish had altered the chomical
compositicn of the surface, nor the possibility that the electropolish had
produced quite different surface profiles in the cold-worked and annealed
materials.,

In our experiments we aimed to measure the effects on the losses in
the Meissner state of the surface geometry, the dissolved gas content, and
the degree of cold~working independently of each other. The model for a.c.
losses in the Meissner state developed by Buchhold (1963) and modified by
Seebold (1969) seemed to provide a satisfactory methed of analysing the
losses. He hoped, therefore, to check these theories by measuring the
variation of losses with frequency, with surface roughness and with the
primary superconducting properties HC and «.

In the discussion of the loss measurements below HC1 (section 4.2.)
it was pointed out that the fields in which the samples were cooled affected
the loss. However, these effects were only noted on very low loss samples,

and, where the cooling field was less than or equal to the earth's field,
1

™

the Tosses in such samples were always lower than 104 watts hertz™! metreZ.
Since, in most cases, this was the lower limit of sensitivity of the technique
uscd for our measurement, no attempt was made initially to study the effects
of a cooling field on the loss or to cool the samples in other than the
earth's field.

Catterall (1968) has pointed out that any method of increasing the
‘ field at which 10$ses in niobium become high-is of interest because it might
enhance the economic viability of a superconducting power cable., Equaticns
4.4.2, and 4.4.3; developed by Ullmaier (1960) and Dunn and Hilawiczka (1968)
indicate a way of a;hieving such an improvement. They predict that there
wi11 be no Toss where the applied field H is less than H_, + aH*, Hence
if aH* can be increased significantly the field at which bulk flux penetration
occurs and losses become large will be raised above Hcl' Linford (1968)
showed that mechanical polishing delayed the onsei of the high=loss regime
in a niobium single crystal to a field of about 160 kAm'] (2000 0e). We

were interested in pursuing this work, and in attempting to increase AH*



by such methods as cold-working, necutron-irradiation and ion-impiantation,
We wished to investigate the effects of these treatmenis on the losses
above Hcl' and, where possible, to relate any changes to the magnetization
curves and critical currents of the treated samples,

The theories fnr losses in fieldsgreater than Hcl (see section 4.4.)
appear to work well for hard type II superconductors. We wished to see
how well these theories described the behaviour of our niobium samples
particularly after they had Been annealed, To do this it was necessary
to obtain values for AH*, Jc and Hc], and measurement of these parameters
were undertaken., The method adopied to measure AH* and Jc (described in
Chapter 5) also enabled us to check the validity of using a critical state
model to describe the behaviour of our samples.

In summary, it was planned to make the following loss measurements :
Reroi iy
As a function of :

(1) frequency
(i1) of surface roughness on materials of similar properties
(iii) dissolved gas content on material with similar surfaces

(iv) cold work on materials with similar surfaces

On samples which had been ¢
(15 cold worked

(i) | neutrdn irradiated
©(i44)  on-implanted

and as a function of :

(1) - annealing treatment

(ii)  surface roughness

In all cases we wished to correlate the losses with other appropriate
measurements of surface profiles, magnetization curves, critical currents

(bulk and surface), dissolved gas content and crystalline structures.
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5. LOSS MEASUREMENT

5.1. Introduction

The experimental programme described in section 4.6. required the
measurement of three superconducting properties: a.c. 10ss, magnetization
and critical current. Techniques and apparatus for making all three types
of measurement were already availabTe at Warwick., These have been described
by Linford (1968), Goodfellow (1969) and Seebold (1969). In deciding which
of the available techniques for making each type of measurement was most
suitable for our purposes, a major consideration was the geometrical form
and size of the samples. )

Short, cylindrical samples were chosen because they could be prepared
from as-received rods and as-grown, single crystals with a minimum of
machining. The field distribution about cylindrical samples in axial fields
is symmetric and, apart from the ends, calculable. For this reason, short
samples were used as opposed to wires because the latter must usually be
wound into a bifilar coil in which the field and current distribution are

uncertain. Short samples «lso have the advantage that they are easier to

prepare than wires. No wire drawing facilities were available and producing

wires with a homogeneous, uniform surface or bulk treatment is difficult.

A further disad?antage of wires is that cold work is often introduced into
high-purity, annealed samplies when they are mounted in experimental apparatus.
éecause of the difficulty 6f fixing current leads on niobium, the choice of
short samples necessitated the use df measuring techniques in which currents
were nduced in the samples by external magnetic fields.

| The apparatus chosen for measuring a.c. loss was originally constructed
by,Lfnford. Attempts were made to improve its accuracy and sensitivity and
these are described in section 5.4. The vibrating sample magnetometer used

by Linford and Seebold was aiso modified, and an integrating magnetometer was
built (Brankin, Eastham and Rhodes 1970). These, together with a new apparatus

for measuring critical current, will be described in Chapter 6.




5.2, Selection of Technique

Seebold (1969 p.23-39) has critically reviewed the techniques used for
loss measurement by different authors. He distinguishes between two distinct
classes of techniques, these are the thermal (calorimetric) and electrical
methods. The thermal calorimeters are either adiabatic or isothermal, In
the adiabatic type the sample is thermally isolated as well as possible,
and an a.c. field applied. The time taken to produce a given temperature
rise at this field is then noted. The dissipation may then be calculated
if the specific heat of the sample is known, However, the calorimeter is
usually calibrated using a known dissipation in a standard resistor. Because
of the need for thermal isolation the technique is not suitable for transport
currents, and the current is inducéd by an external field. The isothermal
calorimeter, on the other hand, is kept at a constant temperature and is
suitable for either fnduced or transport current measurements. In this
method, the helium boiled off in a given time when the field or current is
applied 1s measured or, alternatively, the rate of boil-off is determined.
Both calorimetric techniques have the disadvantage that when induced currents
are used the dissipation in the whole sample is measured. Since the losses
at the ends may be completely different to those in the central region,
measurements are not directly comparable with those taken by other techniques
or using different calorimeters. The problem has been overcome (Buchhold
and Molenda, 1962) by using a profiled magnei producing a field only over
the middie of the specimen. “

 Electrical techniques may be either direct or inductive. In the
former.'the loss is determined directly by measuring the a.c. voltage across
the specimen, Wire specimens dre used to obtain a sufficiently high potentiai
difference at a reasonable current., The voltage is either measured with a
phase=-sensitive detector to extract the non-inductive component, which is
in any case reduced either by a bifilar winding or compensation, or multiplied
by the applied current in a wattmeter. In the inductive technique, a current,

Is. is induced in a sample by an applied alternating field, Hm' A pick=-up
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coil is wound on the sampie and the voltage induced in it by the changing
flux within the sample, dff/dt, is multiplied by a signal propertional to
the field. Since the field is proportional to the current induced in the
sample, and the rate of change of flux is propertional to the voltage
around the sample surface, Vs’ the preoduct Hm g% is proportional to VsIs
the surface dissipation in the sample.

In his review, Seebold (1969) concludes that the thermal techniques
" give greater sensitivity. The adiabatic technique 1is Timited only by the
thermal isolation of the sample and gives the greatest sensitivity of all.,
This was the technique used by Rocher and Septfonds (1967). The lower
sensitivity of the electrical methods is compensated for by their ease of
use, rapid presentation of results and convenience for variable temperature
measurements. The problem concerning the sample ends which arises with
induced current, calorimetric measurements does not arise in the inductive,
electrical technique in which only the loss in the region of the sample
below the pick-up coil is measured,

An electronic wattmeter was available at Warwick. It had a sensitivity

2 at 50 Hz, and, at 80 kA m ! (1000 Qe) it gave

reasonably accurate (:10%) results for losses greater than 1073 Wizt w2,

of about 10°° Watts Hz™! m

It had the advantage of giving quick results, samples could be changed

easily and the cryostat consumed only about 1 litre of helium in a six hour

run. Typically 40 e;perimenta] points were obtained in a run, twice this

number were taken in some céses. This compares with a maximum of about 7 points
in 3 hours using 4 1itres of helium for our isothermal calorimeter. The
acceptable level of a.c. loss for a2 cable conductor has been set at 0.1 wm'2
(1.e. 2 x 107 WHz™ m™?) (Taylor 1969, Goodnan 1969). It was decided,
therefore; that provided the apparatus could be improved to give good results

2

at 10”% wHz™! "% or lower in fields of 80 kA m™) (1000 Oe), this apparatus

would be adequate for our measurements.

e Agéaratus

The apparatus consists of a tailed helium dewar with a copper solenoid
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fitted co~axially with the tail. The solenoid and dewar both fit inside

a nitrogen dewar. The sample, in a nylea holder, is inserted into the
prefilled helium dewar at the end of a thin-walled, stainless-steel tube
which projects from the dewar. The helium dewar is closed at the top

with a vacuum=tight sliding seal between the steel tube and a brass top
plate. This plate is O-ring sealed onto a flanged collar in which the
dewar is fixed with black wax. The sample holder is fitted with spacers
to keep the sample co-axial with the tail of the dewar, and has large
cooling slits along the sample length. To facilitate cooling, the sample
itself is held only at the ends by two thin, nyion rings making a good fit

both on the sample and the holder. A pick-up coil of approximateiy 100

of the sample and held in place with a thin coat of epibond. The leads to
the coil are twisted up to the point they leave the solenoid where they afe
soldered to a terminal block. A second ‘compensation' coil is wound on the
sample holder 30 mm from the sample end and the leads taken to the same
terminal block, Separate screened leads from the coils carry signals out
of the cryostat via the stainless-steel support tube and a vacuum seal.

A block diagram of the electronic measuring apparatus is shown in
Fig. 5.1 Current for the solenoid is supplied either directly from the
50 Hz mains via two Variac's, an isolating transformer and tuning capacitors,
or from a 100 Watt Derritron power amplifier via a matching transformer and
tﬁning capacitors. The tuning capacitors form a series-tuned circuit with
the solenoid s¢ that their effective impedance is only the coil resistance.
The capacitance may be varied to tune at different frequencies. A total of
twe]ve, 300 V A.C. power=factor capacitors are used at low-frequencies, and
various 1, 0.1 and 0,01 wF, 1000 V D.C., paper capacitors for higher
frequencies. The coil is not tuned exactly in fhe 50 Hz mode to reduce
instability in the field, particuiariy at high currents. An 0.1 @ & 0.02%,
AC/DC standard resistor is fitted in the field supply circuit for current

measurement, the voltage across it being measured with a Solartron LM 1219
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AC/DC cenverter and a Solartron LM 1420 digital voltmeter. The accuracy of
the current measurement is Timited by the accuracy of the converter which is
about £0,1%,

The purpese of the compensation coil is to cancel unwanted signals in
the pick-up coil output (see section 5.5). The signal from it goes to a
compensation network which attenuates and phase-shifts it. The output of
the network is amplified differentially with the pick-up coil signal in a
Tektronix 2A61 oscilloscope amplifier and displayed on the oscilloscepe
screen, This compensated, pick-up coil signal is further amplified by a
factor of ten before feeding the input of a Solartron analogue wultiplier.
The other input to the multiplier, which is also displayed on the oscilloscope
befere being amplified by ten, is the phase-shifted and amplified volitage across
the field supply resistor. The multiplier gives an output of one hundredth of
the product of the input signals which,therefore, equals their products before
decade amplification. The output is measured with a Hewlett Packard 419A D.C,
null voltmeter,

The operation of the apparatus is as follows. The increase in magnetic
energy per unit volume, dwv, of a sample in a varying magnetic field, H(t), is

related to the average change in flux density, dB, by

dNV = HdB

The energy dissipated per unit length in a sample of cross-sectional area A in

a time t is given by
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For a‘cylindrical sample of radius r the dissipation per unit surface area W

is therefore

5.3.1 R = T P
edol e T 0 'a',E

In the wattmeter, two signals are fed to the multiplier. One, proportional

to the magnetic field, is given by VH = BRH/K,
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where £ is the ampiification factor of the electronics, K is the solenoid
constant in Am"] per Amp and R is the field supply resistance. The second

signal is the amplified pick-up coil signal, Vs, given by

& df
5.302o VS = o N‘a‘t’

where N is the number of turns on the pick-up coil and o the ampiification.

The product of these voltages, VL' is given by

" aBNR dd
W = v Hg

This 15 measured on a D.C. meter which gives a time averaged value of the

voltage

£
dd
oBNR Jo H g dt
L R rt e
0

|
"

Since the field variation is cyclic with a period of 20 msec or shorter and
the time constant of the meter is about 1 second, the vecltage is averaged
over a cycle and t is equal to 1/f. Using Equation 5.3.1. the meter output

can therefore be written

< _ aBfNR _
VL T 2ar f wcycle or
and i} ] 1 1 Ko ¥, -1 o2
5.3.3. L= T ® of ° 'N' . T . -R , WHz m
vwhere Lo ome wcycle is the loss per cycle.

5.4, . Modificatiéns

The apparatus was modified with two aims in mind, firstly, to increase
the accﬁracy of the loss measurements, and secondly, to decrease the minimum
loss level at which meaningful results could be taken in a given field. It
will be shown in the next section that this minimum loss level, which will be
called the sensitivity of the loss measurement, is limited by the accuracy

with which the compensation can be carried out. Compensation is achieved
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by ecbservation of the pick-up coil waveform on the oscilioscope. It
depends, therefore, on the sensitivity of the pick-up ceil signal
measurement, Sensitivity in this section will be arbitrarily defined as
the input signal Tevel at which the signal to noise ratio is one. The
noise level at the output of the Tektronix amplifier is about 5 wV peak

to peak with the filters set at 0.6 Hz (low-pass) and 6 KHz (high-pass).
The sensitivity is therefore about 5 uV peak to peak, which was usually
found to correspond to a loss of about 5 x 10”% wiz™ w2, The sensitivity
of the wattmeter was much greater than this. Experimentally the noise at

the D.C. meter for a field of 80 kA m~' (1000 Oe) was about 10 mV. If

this figure is substituted in Equation 5.3.3. using typical values of
3

3 x 10° for a, 100 for N, 50 for £, 1.5 x 10™° m for r and 4.5 x 10% for

K/Rg the minimum detectable loss is

L® 3x10° V "a/u8x 1075 ‘'z~ p~2

L

Equation 5.3.2. shows that the sensitivity of the pick-up coil measurement
may be improved by increasing N, or df/dt, i.e. the frequency of the field,
or by increasing a. Increase in any of these must be achieved without
altering the noise level at the output of the Tektronix. Since this is
determined by internal noise, increasing N or f will not affect it. Increases
in a may do so, and in practice before a is increased the signal to noise
ratio must be improved. This latter method was attempted first. T. Pech
k1968) described a loss measgring system based on a P.A.R. Lock-In amplifier,
This is a phase-sensitive detector preceded by a tuned ampiifier. The theory
“of the technique is as follows :

The induction in a sample subjected to a field H = Hm sin wt may be

written

N = o .
By ool H (u.' sinnwt + p. " cos n ut)
B a n n

where uﬁ' and un" are Fourier coefficients.
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Since § is equal to AB where A is the area of the sample this expression for
B may be differentiated and substituted into the expression for W derived in

section 5.3, 1.e.

t
" 1 df
At R Lk A

which gives

nw (un' cos nwt = un" sin nwt)

1
sinet dt

The only term in the integral which gives a non-zero result when it is

integrated over a cycle is

1/f : 1/f
I ) u]" s$in ot sin ot dt = % I w u]" (1 - cos 20)dt = wu]"/2f
0 0

The loss is therefore given by

5.4.1 L = W & e HC g
Tales ~ Tcyzle Zar m Y ¥

The voltage across the ends of a pick-up coil is given by

n = e
T ® X %%- = - NAHm I nw (un' cos nwt = un" sin n wt)
n=20

When detected by a correctly adjusted phase-sensitive detector this signal

will.give an output, Vs given by

VO = CNA me u]'

where C is a constant.
u]“ cén. therefore, be measured and substituted in Equation 5.4.1. to give the
loss. The importance of this analysis is that it demonstrates that only the

component of the pick-up coil signal at the fundamental frequency and in
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quadrature with the inductive signal contributes to the loss voltage, hence
the other harmonics may be filtered out. This result applied equally to the
wattmeter technique in which wide~-band amplifiers had been used previcusly.
However, improving the signal to noise ratio by the use of filters introduces
two problems, The first is that the dj/dt waveform then appears as a sinusoid,
which means that it cannot be used for compensation or interpretation. The A
second problem is that conventional filters introduce large phase~shift$ at
frequencies near the pass~band. Since the phase~sensitive detector depends

on phase coherence between the reference and input signals, the frequency of
the a.c. field must therefore be held constant for overall phase-stability.
Also, as mentioned in section 5.3., the field supply was tuned which meant
that the field frequency and phase was not very stabie. A combined filter

and phase-sensitive detector system was tried to see if the sensitivity of

the wattmeter cou]d be improved. Although this system was much simpler, the
overall sensitivity was no better. When no filters were used problems were
encoﬁntered with the higher harmonics which are measured by the phase-
sensitive detector. For this reason, and because the multiplier automatically
takes the product of the coil signal and the field, the phase-sensitive
detector was abandoned.

Experimgnts were then made using larger pick=up coils. A 1000 turn
coil wound on a nylon former was used in early experiments. This coil not
only produced a larger signal due to flux penetration but also increased
kby a factor of nearly 1000) the signal due to flux linkage with parts ofl
the coil not filled by the sample. Consequently the compensation had to
: be effected more precisely. It was calculated that for a sensitivity of 10'5
Vatts Hz_'l,m"2 compensation to 1 part in 106 was required. A new compensator
was constructed using fixed resistors and helipots for the amplitude voltage
divider and fixed capacitors and helipots for the phase-shifter. Compensation
to the required order of magnitude can be obtained for short periods with
this system, but mechanical and thermal instabilities in the variable

resistors and fixed capacitors make\it difficult to sustain for the duration
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of a measurement, It is thought that. this problem can be overcome, but further
experiments in this direction were halted to investigate the results of some
preliminary measurements with the 1000 turn pick-up coil. Significant losses
were found in a smooth, polished niobium single crystal even below Hc1' To

check this result the losses were remeasured using a 340 turn multilayer coil

and a 68 turn single layer coil both wound directly on the sample. The results

are shown in Figure 5.2. It can be seen that the loss values chtained w{th the
340 and 68 turn coils are considerably different, near Hc]' to those obtained
with the 1000 turn coil. The apparent losses measured below 1073 w1 2

are due to inadequate compensation with the larger coils. Because of this

it is not clear whether the results for the 340 and 68 turn coils also agree

at these Tow-loss levels.

It is thought that the losses observed béiow HC1 using the 1000 turn
pick-up coil arise from premature flux penetration at the sample ends. Because
of the large area of this coil not filled by the sample, measurable voltages
can be induced in it by flux penetrating the ends of the samples. Measurements
on a square ended, 40 mm long by 5 mm diameter single crystal have confirmed
that the losses at a given field are higher at the ends, :ndicatihg earlier
flux penetration. Identical coils were wound on this sampie; one at the centre
and the other 6 mm from one end. Loss measurements made using both coils are
shown in Figure 5.,3. Clearly the losses below HC] are very much higher near
the ends of the sample.

' As a result of these findings, loss measurements have all been made using
pick=-up coils of about 100 turns wound directly on samples 40 mm Tong by 3 mm
diamete¥, with their ends rounded by spark machining (see section 7.3.). Before
further attempts are made to make measurements at sensitivities higher than
10'4YNH2'] m™% at 10° An”', consideration will have to be given to these end
effects, The effort was not wasted as the new compensator proved to be more
efficient with normal coils than the previous one, particularly at high
frequencies. It was also used in the critical current measuring apparatus

described in the next chapter.
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The method Tinally chosen to improve the sensiiivity of the loss
measurement was to make the measurements at higher field frequencies.

This increased the signal in the pick-up coil by the ratio of the frequencies,
thus {mproving the signal to noise ratio. The new compensator enabled
adequate compensation to be obtained in spite of the larger signals. The
sensitiﬁity was thus improved by a factor of five using a frequency of 250 Hz
and losses were measured accurately at 104 wHz™1 W2 in fields of 80 KA m™!
(1000 Ce). Provided the Toss per cycie is independent of frequency, this
method gives results applicable at 50 Hz,

At the beginning of this section a second aim of improving the accuracy
of the loss measurements was mentioned. Previous sources of inaccuracy were
the measurement of the field supply current using an Avometer and the
positioning of the sample in the solenoid. The improved system for current
measurement was described in section 5.2. Because the 1oss changes very
rapidly with field near Hcl in some samples it is important that the field
measurement should be as accurate and repeatable as possible. The positioning
of the sample may give rise to errors if the solenoid is inhomogeneous. ¢
Because of the rapid variation of losses with field even small displacements
in an inhomogenecus sclenoid will be important. The problem was largely
overcome by winding a new solenoid, This has a winding 140 mm long consisting
of 12 layers, eaéh of 144 turns of 20 S.U.G. high conductivity copper wire.
The wire diameter was chosen so that the total resistance of the coil would
match the output impedance'(0.79) of the power ‘amplifier. It is wound on
a tufnol former to prevent eddy currénts. The field is 1% below its maximum
value + 18 mm from the centre of the solenoid. Experimentally it was found
-that movements of the sample by + 1 mm from the central position did not
measﬁrab]y alter the results. Setting the samples to + 1 mm within the
solenoid is relatively simple. A further advantage of the new coil is its
improved stability at high currents which enables measurements to be made
fairly easily in fields of up to 200 kA m'] (2500 0e) at a current of about
12.5 A(RMS).

P i oy



5.5. Compensation and Phase Setting

No discussion of the wattmeter technique is complete without a
description of the compensation techniques used. The need to compensate
arises from the presence in the pick-up coil signa]lof a voltage produced
by 'leakage' flux in those regions of the coil and its leads not filled by
the sample. This voltage is kept as small as possible by using fine wire
(0.1 mm diameter = 46 S.W.G.), wound directly on the sample, and by twisting
the leads. A small leakage voltage still appears, however, and determines
the maximum gain at which the amplifiers may be used, and hence the sensitivity
for a given detector system. Thfs problem is overcome by placing a second
(compensation) coil in the same field but well removed from the sample. A
part of the voltage from this coil and the voltage from the pick-up coil are
measured differentially. The signal due to the leakage flux can then, in
thedry, be made as §ma]l as required by adjusting the amplitude of the
compensation voltage. Unfortunately, in practice, it has been found impossiuie
to obtain voltages from the two coils which are exactly in phase. Hence,
when they are subtracted, a voltage almost in quadrature with the inductive
voltage remains. As equation 5.4.1. and the analysis of section 5.4. has
shoﬁn. it 1s the quadrature component of the pick-up coil voltage which
measures the loss. This other quadrature signal therefore appears at the
output of the multiplier as an apparent loss voltage. '

‘ In our experiments this unwanted quadrature signal is in turn removed
by slightly phase shifting the compensaticn co{l signal. This immediately
int%oduceS'a compiication because the setting of the phase-shifter determines
the pofnt at which the Tosses become zero., Unless this is set carefully
incorrect, even 'negative’, Tosses may be observed and, in any case, the
smallest quadrature voltage that can be compensated sets the effective limit
to the lowest Toss measurable. In our measurements this is taken to be about
1 uV peak to peak which, uéing equation 5.3.3. and the typical constants
given in section 5.4, gives a loss of about 5 x 10”7 WHz™! m™2. At higher

frequencies this is, of course, reduced by the ratio of the frequencies.

——————————————————
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Two criteria have been suggested for setting the compensators. Both
of these involve observation of the pick-~up coil signal on an oscilloscope.
Seebold (1969) adjusted the amplitude compensator so that there appeared to
be no signal on the oscilloscope at a field just below that at which a loss
waveform was observed., The phase-shifter was then édjusted. at the same
field, so that the multiplier output was zero. This technique suffers from
two drawbacks. The first is that the point at which losses first appear‘is
not clearly defined, particularly for samples with losses at low field. The
second is that because any uncompensated voltage produces loss increasing
with the square of the applied field, compensation at Tow field is not
sufficiently accurate, A second, alternative, criterion (Easson and
Hiawiczka 1967b) is to adjust the compensators so that d@/dt and d/dt(dg/dt)
are zero ét the turning points of the applied field (i.e. iHm) where dH/dt
is zero. If sheath currents are present then df/dt remains zero over a
field fnterval,and this technique is very satisfactory. However, for some
of our annealed samples this was not the case, and the compensation was
difficult, particularly at low loss levels balow Hc]'

The technique finally adopted will be described with reference to
Fig. 5.4. which shows typical d@/dt waveforms. The field was set to about
400 Qe peak and the amplitude and phase-shift of the compensation signal
adjusted so thatla straight line was present on the oscilloscope screen.

If an obvious loss signal was present the field was reduced and the procedure
répeated. Then the field wés increased until an observable penetration signal
appeared. This is characterized by the "double~Tump* appearence of Fig. 5.4.1.
The fie1d was further»increased unti]_the loss signal was about 40-50 uV peak
fo'peak at the maximum sensitivity of the cscilloscope (1 pV/mm). The loss
sign@f was then, typically, of the form shown in Fig. 5.4.3. The upper trace
in this photograph shows an incorrectly compensated loss signal, and the

lower trace shows the corresponding field signal. Because the two traces are
synchronized an examination of the two signals with respect to each other

reveals which compensator requires adjusting., The inductive pick=-up coil signal

is 90° cut of phase with the field signal, H = Hm, sin wt, producing it. An
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uéccmpamgated inductive component will, therefore, appear as a sinusoid
with maxima where H is zero. On the other hand an uncompensated quadrature
signal will appear as a sinusoid with maxima where H is % Ho+ Hence, the
difference in héigﬁt of the kinks at * Hm in the dﬁ/ét waveform shown in
Fig. 5.4.4, indicates the presence of an uncompensated quadrature signal.
The presence of an uncompensated inductive signal (requiring adjustment of
the amplitude compensator) is revealed by the slope of the df/dt waveform 4
beyond + Hm seen in Fig. 5.4.3. A correctly compensated waveform is shown
in Fig, 5.4.1, After this type of signal was obtained, the compensation was
always checked at higher fields and a typical waveform is shown in Fig. 5.4.2.
After this initial compensator setting the field was again reduced
bé?ow the point at which a loss signal was visible, the flatness of the
d@/dt waveform was checked and the compensators adjusted as necessary. The
‘ wholé procedure was répeat@d until a satisfactory result was obtained,
Compénsation was relatively straightforward with signals of the type shown
in Fig. 5.4.1. = 4, but for a waveform like that of Fig. 5.4.5. it was much
more difficult., Two things were always avoided, firstly, 'negative' losses
at low fields, and secondly, crossing of the axis by the df/dt waveform between
tﬂm. "The latter can occur if the amplit&d@ compensétnr is set incorréct]y.
The above technique has been critized by Campbell (1969) on the grounds
that 'in-phase' or inductive voltage components are present even when surface
currents are shie?ding the sample from flux penetration., Because the preduct
of two similar sinusoids in quadraﬁur&.is zero when integrated over a cycle,
this‘%p—phaﬁa éignal,w%11 not produce a loss voitage. However, its presence
“\mgy account for the diszrepanciés which have been observed by therpv&seﬁt
‘ autﬁor, Linford (1968) énd Dunn (private communication) in the 'correct'
compensator settings at high and low fields.
Besides setting the compensation, the phase relation between the field
signal and the c0mp@asated'pick«up coil signal must be correctly adjusted.
The product of the field signal and a pure inductive signal from the coils

must be zero over a cycle (i.e. as seen on the D.C. meter) because they



should be in quadrature (i.e. at 90‘3)° This‘welat?anship was obtained
exactly by slightly phase shifting the field supply signal to allow for
the effects of phase shifts in the amplifiers. The phase shifter was
adjusted at about 42 KA{RMS) m"‘ (400 Oe peak), so that the product of

the field signal and the compensation coil signal Q&s equal to the product
of the field signal and the grounded-input signal. The compensation coil
signal in these conditions is purely inductive, and (apart from loss |
signals) exactly in phase with the pick-up coil signal., The field and
pick=up coil signal are therefore in quadrature, probably to better than

0.1°,
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6. MAGNETIZATION AND CRITICAL CURRENT MEASUREMENTS

6.1. Vibrating Sample Magnetometer

The magnetization curves of our samples were measured to obtain values

for the critical fields HC1 and ch

zero-field trapped flux and surface sheath currents., A vibrating sample

» and to determine their reversibility,

magnetometer of the type déscribed by Zijlstra (1967) was constructed by ’
Linford (1968), and a modified version of this magnetometer was used for
most of tho measurements presented in this thesis. It is similar to the
magnetometer described by Foner (1959), with the important difference that
the direction of vibration in our instrument is parallel to both the field
and the sample, whereas in the Foner design the motion is perpendicular to
the field. |

A block diagrém of the apparatus is shown in Fig. 6.1. A magnetic
field is applied to the sample by'& superconducting solenoid. This was
éonstructed by Oxford Instruments Ltd., has a bore of 30 mm and produces‘a¢
maximum field of 3 Tesla., Current is supplied by an Oxford Instruments 30A
power supply controlled by a variab?eArate (30 sec. to 30 min. full sweep
timé) sweep qnit. The sample ié vibrated along the axis of the solenoid a£
the end of a thin-walled, stainless-steel tube by a Pye-Ling vibrator and
power amplifier. The oscillating dipole field of the sample induces
vgltages in two identical, picknup coils located at either ehd of the
sample and co-axial with both the sample and the solenoid. These coils
are‘écnnécteé in the same sense to a differential amplifier so that the
voltages induced by the samp!&“are added, but veltages induced by other
a?fernating,fiélds aré cancelled, A phase~sensitive detector méasurés the
output of thekamplifier. This type of detector is fed with a reference
signal, and produces a d.c. output V, given by \

VO = VI cos ©

where VI is the r.m.s. value of the component of the input signal at the
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frequency of the reference, and 8 is the phase angle botween this component
and the reference signal. This detector isv3§pariar to a siupie rectifier
because it can detect a change in sign of the input signal and, therefore,

of the magnetization. To ensure phase coherence between the reference and
input signals to the detector, the input to the vibrator power amplifier and
the reference voltage are both supplied from the same oscillator (V.P.0. 230 -
Feedback Ltd.). The d.c. output of the phase-sensitive detector, which is
pr@partiénal to the magnetization of the sample, is fed to the Y-axis of a
Hewlett«Packard 7000 A X=Y recorder, the X-axis of which is driven by the
voltage ac?ass a resistor in the solencid current supply. Thus, when the
magnet current is swept, the regorder plots out the ﬁagnetization versus
field curve of the sample,

‘Modifications were made to the magnetometer to increase the sensitivity
with which the surface sheath magnetization could be measured, and to improve
the reproducibility and accuracy of the instrument. The sensitivity of the
magnetizatioh measurement is limited by the nbisé input to the phase-sensitive
detector, and noise and drift in the detector output. The latter were reduced
considerably by replacing the Brookdeal PM.322a detector by a Brookdeal 411,
The common-mode noise rejection of the whole system was improved by replacing
a single-ended, earthed amplifier by a differential, low-noise, floating
amplifier (CR4 - Princeton Applied Research Corpn.), and eaéthing the system
only at the oscillator. - The sensitivity\of“the magnetémetev after these |
changes was about 10 Am'] (IauTesla) using an integrating time constant of
100 msec. - | |

Since the output of the pick-up coils is proportional to both the
amplitude and frequency of the sample oscillations, it is important for the
accuracy and reproducibility of the magnetometer that these remain stabia.
Their stébility'can be ensured by using a servo-controlled vibfater, but
this was felt to be aﬁ unnecessary complication for our purposes.. The
st&b{iity‘afﬂthe system was, however, improved by substitatiag ihe V.P.0, 230
| oscill&tnr,'which‘%s‘amp?ituda and frequency stable to 0,1%, for the original ;
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one. The mechanical osciliation was also improved by substituting a P.T.F.E.
sample holder for a tufnol one, and taking care te prevent ice forming on
the sliding surfaces while changing semples.

Another fault of the original instrument is illustrated in Fig. 6.2.
This shows the magnetization curve of an annealed, niobium single crystal
40 mm long. The broken curve was drawn using the original, 5000~turﬁ,
pick-up coils 26 mm apart,and the solid curve using the 3000-turn coils
38 mm apart with which they.were replaced. The apparent increase in
diamagnetism near Hcl on the broken curve brobab}y arises from flux
penetration near the sample ends. Because the ends of a 40 mm samp}e will
project beyond coils separated by 26 mm, the poIarify of the voltage induced
in a coil by the sample ends will be opposite to that induced by the centre,
‘Hencé flux penetration at the ends will produce an apparent increase in
diamagnetism if; as is likely near Hcl' it takes place before penetration
| 0% the centre of the sample. Similar anomalies have‘been observed in the
surface sheath region (between ch and Hc3) when coils separated by 26 mm
were used, The drop in sensitivity which resuited from the use of the 3000-
turn in place of the 5000-turn coils was adequately compensated for by the
* absence of these effects, ‘

Fig. 6.3, shows the magnetization curve of a polycrystalline sample
(8) taken,oé two different occasions at an interval of two months. On the
first occasion the frequency of oscillation was 85 Hz and the time taken to
sweep between zero and maximum field was 10 minutes; on the second, the
”freq&enc} was 63 Hz and the sweab time 5 minutes. The curves -Tor the two
;aseé are practically identical. The small differences in the mixed state
may be sweep rate effects. The results shown in Fig. 6.3. indicate that the
Mﬁagnetometer results are virtually independent of small variations in sweep~
rate, frequency and sample alignment.
- In operation, a sample was placed in the holder and inserted in the
cryostat with no current f1owing in the solenoid. Care was taken to prevent

ice form&tibn. and the ta§ of the cryostat was sealed by an O-ring and
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flexible bellows between the top-nlate and vibrator rod., After insertion,
the magnetic field was increased to a low value and the vibrator was

switched on., The position of the sample relative to the two pick-up coils
was then adjusted over a range of about 5 mm so that the signals from the
two coils after subtraction gave zero output. The position of the vibrator
~vas also adjusted to give the maximum, undistorted output signal, and the
phase of the oscillator supply te the vibrator was set so that the phase-
sensitive dctector gave the maximum output. The magnetometer was calibrated
by slowly sweeping the field up, and adjusting the Y-gain of the X-Y recorder
so that the slope of the diamagnetic curve was 45° (i.e. the gradient was 1).
The accuracy'of this setting was about + 1%. The virgin magnetization curve
was usually repeated after the setting-up procedure., To do this, the sample
was driven normai by passing a current through a small, copper, heating coil
wound on the sample~holder,

In spite of its sensitivity, reproducibility and simplicity, the
vibrating sample magnetometer suffers from a number of disadvantages related
to p@ﬁetratien at the sample endé which make the interpretation of bulk
‘sample properties, especially the value of Hcl’ difficult, To overcome
this prob]emAgnd,to enable consecutive measurement of loss and magnetization

to be made in the same cryostat, an integrating sample magnetometer was built.

This is described in Brankin, Fastham and Rhodes (1970) (see Appendix).

6.2, A,C. Permeability of Superconductors

- Yhen an alternating Tield, h = hm sin wt, is applied to a super—
“conductor in the presence of a steady magnetic field, H, a voltage will be
induced in a pick=up coil wound about the sample. For a coil of N turns

and area A1 surrounding a sample of area A this vo1ta§e will be

V = =NAdb/dt =~ N(A‘ - A) o dh/dt

The induction b in the sample may be written b = (u' + iu")h where u' and



u" are the real and imaginary comporents respectively of the magretic
permeability of the superconducter at the field H., Hence, V will be

given by

6.2.1. Vo= -NAd|(w' + u")h]/dt = N(Ay - A) w dh/dt

Measurement of the amplitude and phase of V will give u' and u". The
induction in the sample may also be expressed as a Fourier series (as in

section 5.4, p.64) in which case the coil voltage may be expressed as

o«

6.2.2. V = '-Nﬂnwhm )X [u Y'cos nwt -

0
n sin nwt |
n=1i

n

where un' and un" are the Fourier components of the real and imaginary
permeabilities and the term N(A] - A) Mo dh/dt produced by the leakage
flux has been omitted. Measurement of the amplitude and phase of the
various frequency components of v will give un' and un“.

Measurement nf V and derivatien of the different components of y
from equations 6,2.1., and 6.,2.2. have been used by Bean (1964), Ullmaier
(1966), Rollins and Silcox (1967), Brankin (1968), Campbell (1969) and
others to obtain information about the flux distribution and critical
currents in superconductors. In general, such measurements are difficult
to interpret. The permeabilities depend not only on the magnitude and
frequency of"the‘a.c. field and the magnitude of the d.c. field, but also
on the metallurgy of the bulk material and the surface of the sample. The
loss measurement*technidues described in sections 5.3. and 5.4, are
examples of permeability measurements, and although only the fundamental
cemgcneﬁt of thé permeabi}%ty,uj",is measured and no steady field is
- present the results are very complex (see chapter 4),

In principle, the surface critical current, j_(H), may be obtained
Qeny easily by permeability measurement. If the applied a.c. field, h,
is less than jc it will not alter the flux within the superconductor, but
only induce an alternating surface current equal ie h. Hence the voltage

in the pick up coil will be zero until h exceeds jc’ vhich can be defined



as the induced surface current at which a voltage is first detected., A
p@rmeabiiity apparatus wes originally built to measure jc in this way.
Unfortunately, as in the case of the loss measurement, the voltage from
the pick-up coil is never zero because of the leakage flux, which induces
a voltage equal to N(A; -A) u, dh/dt (Equation 6.2.1.) in the coil. This
voltage can be reduced by compensation, but it is still difficult to deteét
the point at which the permeability becomes zero (see chapter 105. The
preblem can be overcome by developing a model (e.g. Fink 1967) for the
magnetic behaviour of the superconductor in terms of jc’ and Qsing this to
predict values of un’ and un“ at particular values of jc' This technique
has been used by the author {Brankin 1968) and others (e.g. Rollins and
Silcox 1967), to obtain values of the critical currents in the Saint-
Jamés. DeGennes sheath above Hca.‘

In the mixed state, the magnetic behaviour of the superconductor
élso depends on its bulk properties, and the permeability - can be
calculated from the models developed in section 3.4. Since some of these
models contain both the bulk and surface critical currents as parameters,
values of JC and jc can be derived from measurements of y. This is a
Qa1uab1e method of measuring Jc under a.c, conditions, and it was adopted
for our experiments, Two methods of analysis were employed, The first
used the Uilmafer (1966) expression for the losses in superconductors.

The second method was developed by Campbell (1969). His technique enables
the flux distribution’within the superconductor to be measured directly.

" The bulk and surface critical cérrents can then be obtained from the
flux profile. |

‘U11ma1er‘s (1966) modified version of Bean's (1964) expression for

 the loss is given in equatien 4.4.2. namely

2 Yo oy 3
LEs g e o 7

Equation 5.4.1, shows that the loss is also given by

= A oo 2
L= o ™ by



where for a cylinder A = w?z.

Combining these equations we obtain

| | " 4 uG .
6.2.3. nax -4 u§?§‘;}: .3,;, (hm - 3Jc)

where AF/2 has been taken as being equal to jc.
Hence, values of Jc and jc,may be obtained from measurements of “1? as
a function of hm.

In Campbell's method, the conventional permeability apparatus
described in section 6.3, is used, but a wide~band amplifier preceeds the
phase-sensitive detector in place of the narrow band amplifier employed
when measuring the component permeabilities u]' and u]?. Campbell (1969)
shows that if the detector is of the full-wave type (e.g. the Brookdeal 411),
it can be regarded as a switch which inverts.the sign of the input signal,

V, when the reference signal changes sign. If this occurs at wt = 8, the

output is

p(8) - 8(8 + =)

8 g8+ 7 2w
6.2.4, %; J ydt = I vdt  + I Vdt a%wa

0 8 8+ w

wﬁere ﬁ‘is the flux which’has crossed the specimen boundary, N is the
number of turns on the pick-up coil and o is thé amplification faétor of
the electronics, Hence,if the ‘in-phase' inductive signal is measurgd,
i.e. the reference ié set in quadrature with the field, the output, VO'
is proportional to the flux in the sample at the peaks of the a.c. field.
Khen a small a.c. fiéld,,hha bm si; wt, is applied to an irreversible
'Vsup&rcghductow in the miged state, variations to a depth d will take place
in the critical state in the sample where, on the Bean-lLondon model,
.dsczw th Provi&ed_th& oscillation is small enough for Jc to independent -
- of H over the amplitude of the a.c. field, the ext}a flux introduced into
| ‘the‘samp1a at the peaks of the field when its amplitude hm is increased

by sh. 1s given by |

dﬁ = uo(ﬁ?? - ﬁxz)Shm



where r is the sample radius and x (equals r - d) is the radius to which

the critical state is altered, Hence

2

dz = uc(m" - 'tTXz)

dh

m

and since, from equaticn 6.2.4., the ‘in-phase' voltage VO = 2uNo@/2n then

dv
il i ERTE Y
m m
i.e.
dv
e = C |1- (% )2 |
" \
where C = uoamﬁrz

Therefore the penetration depth d (equals r ~ x) is given by

: av_ 3 av
6.2.5, r|1-(1-% 'Bﬁi Y| s % Hﬁi d<<r

Hence, if VO is measured as a function of hm, the gradient, dvo/dhm, at a

given value of hm gives the depth d to which that field penetrates. A graph

_of hm against d shows the flux prafi]e within the samp}e.
The apparatus built to make these 2.C. p&rme&bility measurements

is dascribed in the next section,

6.3. Aggaratus

A block diagram of the eleéﬁronics used for the permeability
'@measurenants is shown in Figure 6.4. A similar apparatus has'been _
described in deﬁail by the author elsewhere (Brankin 1968 pp.37 - 52).
Rollins and $ilcox (1967) and C&mpba]I (1969) have.described similar
" equipments. Q' V

A d.c, field is applied to the sample by an foo%d Ins%r&m@nts.
3 Tesla, 30 mm bsre; superconducting solencid, driven from a %,Q;C.kﬁsﬁ

';cur§&nt supply which is stable to 0.1% and has a very low ripple content,

e
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An a.c. field of up to IBkA(RMS)m"] is provided by a second solenoid,

This consists of 1400 turns, in a double layer, of 40 S.U.G, enamelled
copper wire, wound on a tufnol coil former to avoid the eddy currents
which arise if a metal is used. The former is a good fit on the super-
magnet bore, and the axes of the two solenoids are parallel to = 0.1%.
Current for the a.c. field is provided by a Derritron 1004 power amplifier.
driven from the variable phase output of a V.P.0. 230 (Feedback Ltd.),
variable-phase oscillator.

The pick=up and compensation coils each consist of YOOOfturﬂs»ef
46 S, UH.G., copper wire wound on a nylon sample holder. The compensation
coil is 40 rmm above the pick-up coil. Sigﬁais from both coils are fed
to the compensator used for the a.c. loss measurements (section 5.4.),
in which the amplitude voltage divider is modified to provide the extra
compensation signal required by the large, poorly-filled, pick-up coil.

The output from the compensator is taken to a Princeton Applied Research

Corpn., CR-4, low=-noise amplifier which has an adjustable bandwidth., The

amplifier output is phase-sensitive detected by a Brookdeal 411, references

for which are supplied from the 0° and 90° outputs (which are in quadrature)
of the variable-phase oscillator, The output of the detector drives the

| Y=-axis of an X-Y recorder, whose X axis is fed from a standard resistor

in the a.c,.solenoid current supply.

In operation, the phase and compensator settings were first checked
at a low field below Hé]. The phase was égt by adjusting the phase of the
6301}1atpr field supply so that the detector gave zero output when the
compensation-coil signal alune was measured using the 0° refefence signal.
Thé field 3nd 0° reference signal phases were then in quadrature within
about 0,2%, The compensators were adjusted at large a.c. field amplitude
"so that the compensated pick;up coil voltage gave zero butput from the
detector usingdeithar reference signal, the ampiitude'compensétdr being
adjusted using the 96° reference and the phase-shift using thewﬂg'reference.
The ;ampensated pick-up coil vaitag§‘cou1d thus be reduced to one part in

105 of the signal from either coil alone.



After these adjustments, the phase setting was rechecked and the

compensated voltage was measured as a function of the a.c, field to
provide a zero line for the measurements at higher fields in the mixed

state, Then the d.c. field was increased to the desired measuring field

and a plot was made of the required component of the compensated pick-up

coil voltage as a function of the a.c¢. solenoid current, The 90°

reference was used to measure the in-phase signal, and the 0% reference to
obtain the quadrature signal., The low-noise amplifier bandwidth was 8djusted
to measure either the fundamental component of the permeability only, or
the wide-~band value, Measurements were taken in progressively increasing
d.c. fields because it was found that the results depended on the way the
field was produced (e.g. either by sweeping up or da@n) and on whether the
sample had be&nmpreviéusly exposed to a higher field. The phase and
compensator settings were checked at low field between the measurements

at each of the high field settings.

6.4, Measuring Techniques for the Radicactive Sample

Loss and magnetization measurements were made on a single crystal

‘of niobium which had been exposed to a fast neutron flux of 4.6 x 10]7

neutrons m % s\ for 28 days. The total fast neutron dose was 9.7 x 1023 02,

After irradiation its activity was measured at AERE-Harwell as about 120
millicuries. It produced about 1 Rad/hr of ioaizingAradiation at 50 mm
of lead, 500 mRads/hr at 0.3 m in air and Tess than 1 mRad/hr at 3 m in
air. m

~ For safety all the ﬁaasurements on this sample were made at a range

| of greater than 4 m. During the magnetization measurements the vibrator
- power amplifier was left near the cryostat and was féd via a 3 m co-axial
Tead from the variable-phase oscillator, Similarly, the Tow-noise amplifier
was léft close to magnetometer, and its high level (t5V Peak) output

was taken along a second, 3 m, co-axial cable to the detector. This

procedure was not possible in the case of the loss measurements beczuse of



the need to switch ranges on the uscilloscope coil-signal amplifier. The
ccil signals were, therefore, transmitted directly along twin, 3 m, co-
axial links, with the result that these voltages had both a considerably
higher noise level than usual and extra phase shifts. Current was supplied
to the a.c. solenoid for the loss measurement and to the superconducting
solenoid for the magnetometer through four 30 A braids of copper insulated
by P.V.C. piping. |

Extreme care was taken in i@ad?ng the sample into the c¢yostats.
It was handled using 1 m long tongs, and the probes were lowered into the
cryostats from a siéi?ar distance, A1l leads were connected and filling
was completed before the sample was removed from its lead transport flask.
Because of its activity, a coil could not be wound on the sample for loss
measurement. Instead; it was mounted in a thin (0.1 mm) walled, close
fitting, tufnol coil former carrying a 140 turn coil of 46 S.W.G. copper
wife. This coil gave rise to a 100 times larger than‘nerma1 leakage=flux
voltage because of the poor filling factor. As a result of this and the
extra noise in the coil signals mentioned earlier, correct compensation
was more difficﬁlt to achieve. Cansaqqent?y, the Towest level at which

-satisfactory loss measurements were obtained was 1073 wiz™! w2,



7.  SAMPLE PROPERTIES

7.1, Introduction

The following three chapters contain an account of the results obtained
from our experiments, For clarity, all the descriptions of sample preparation
and the-measuremeﬁts of sample properties, such as the magnetization curves
~and surface profiles, have been grouped together in Chapter 7. Chapters 8 and
9 contain discussions of the loss measurements. For convenience, the
descriptions and properties of all the samples are summarized in Tables 7.1.
and 7.2, resp@ctiveiy. | |

The superconducting properties of nichbium may be severely modified by
the presence of interstitial impurities (Desorbo 1963) and cold work (Narlikar
and Dew-tughes 1964)., The published results summarized in Chapter 4 show that
the a.c, losses are particularly affected by the meﬁallurgicai conditions of
the specimen, It is necessary therefore, when making comparisons between
measurements on different samples, to ensure that the initial properties of
the samples are similar, |

To this end, our early measurements were made on riobium single crystals
prepared by electron-beam, zone melting. However, it was found that the
upraperties of .single crystals are also strongly affected by their purity,
orientation and detailed preparation. Because of difficulties in preparing
our own single crystals, their use was abandoned.

R second approach to the problem is to use starting material from a
single source and treat all samg?es'in the same way. Therefore, although
épme results were obtained using single crystals, the majority of our
meaguremaﬂts vere made on samples taken from the same batch of commercial
polycrystaliine nicbium, This latter material was obtained from Murex Ltd.
in rods of 3 mm diameter. The nicbium was electron-beam melted, and then
swaged and centre-less ground to size. The as-received rods were heavily
cold worked, and had fairly smooth (C.L.A. about 1 um - see section 7.3.),

matt éurfacas. Some later measurements were made on a second batch of niobium
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Sample No.

L0 N Y

10
30
1
12
13
14
15
16
17
29
23
24
- 25
26
27
31

T BT(o) is the zero-field trapped flux density.

The Eﬁgures given are those measured after sample treatment.

kAm

105

111
104

110

72

108

H
-1

cl

107

SAMPLE PROPERTIES AT 4.2K

| KQe
1.32

1.41
1.31

1.37

0.90

1.36
1.34

kAm~

290
253
221
273
307
242
233
352

250
292
262
295

- 295

295
235
232
232
232
228
232
239

1

H

c2

KOe

3.65
3.20
2.78
3.45
3.85
3.05
2,95
4.40
3.15
3.67
3.30
3.70
3.70
3.70
2,95
2.90
2.90
2.90
2.86
2.90
3.00

BT(o) Tesla

0.3
0.113
0.044
0.163
0.313
0.117
0.166
0.205
0.177
0.205
0.161

0.290

0.304
0.304
0.194
0.182
0.182
0.152
0.004
0.008
0.060

] CoLvo Um

3.1

0.35
1.1

5.0
3.3
1.45
0.33
0.3
0.3
0.22

CTABLE 7.2,

94.
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manufactured by Murex. Little difference between the two batches was detected
in our measurements, Table 7.1, gives a complete list of the samples used,
their sources, sizes and treatments,

As a further means of ensuring the comparability of our measurements on
different samples, only one parameter, e.g. the surface roughness, was varied
at a time in so far as possible., A group of samples (usually four) was cut
from the same rod of nichium, and each was then given the same treatment, apart
frém that required to change the paramefer under investigation. A different
parameter was varied for each group of samples. The Tollowing sections contain
descriptions of each of these groups, and of some specimens, including the

single crystals given individual treatments.

7.2. Heat-Treated Samples

Three sampies,“Nos. 8 to 10, cut from the same rod of niobium together
with a fourth, No.éo, from the second batch were used to observe the effect of
annealing the celdewarked,material for different tjmes and at various temperatures.
Sample Q;was untreated and’the others were given the heat treatments shown/in
Tanie 7.1. The magnetization curves of the samples are shovn in Fig. 7.1, and
their grain structure in Fig., 7.2. Table 7.3. gives a mass spectrographic
ana}y;is of a section cut from the end of and treated with samples 8 and 10,
and a section from the as-received sample 15 which is similar to 9. ;

The heat treatmenté were carried out in recrystallized-alumina crucibles
in a Metals Research, 2" diameter, 'Vacseal' furnace. This has a 'Mullite'
furnace tube w@ich is silicone rubber-se&led to stainless=-steel end caps,
enab1fng the tube to be easily evacuated. The furnace is pumped by a 2",
*Edwards, hil-diffusion purp with a baffle valve and liquid-nitrogen trap,
fcapable‘of,raducfng the pressure, measured by a Birvac Penning gauge at the
end of'the tube, below 10&5 torr. The furnace tube is cabab1e of operating
at up to ?QOOOC but the 'Kanthal' heater winding is only usable up to 1200°C.
The hot-zone of the furnace is uniform to about + 0.2% over the central
150 mm of the tube.

- Two problems were encountered in the initial operation of this furnace.
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ANALYSIS REPORT FROM UNIVERSITY OF BIRMINGHAM CENTRE FOR MATERIALS SCIENCE

Mass Spectrographic analysis of Nicbium samples 29.10.69.

ELEMENT

Sample 8, 24 hrs,
1100%, <1074 torr

W 1.5

Ta 30

Mo 0.8

Br 0.6%

N1 0,75

Fe 0.3*

Cr 1.2

Ca 1

K 10%

c1 1.3%

S | 2.1%

oS4 n

Na 20*

F - 30%

0 300

N 10

c 1500

B 0.4

w

| Sample 10, 24 hrs,
900%, 10™° torr

1.5
30*
0.8
3
3
0.2*
0.1*

0.2

0.3
0.5

30
50

75

IMPURITY CONCENTRATION (p.p.m. atomic)

Sample 15 (as sample
9) As-Received

1.5
30
0.8
0.6*
0.45%
3*
0.2%
0.5
3*
0.4*
0.3*
31\'
30%
2*
200
5
50
1.2

Only elements with concentrations greater than 1 p.p.m. included
* Denotes impurity distributed inhomogeneously. ,
F is possibly contamination from the etch. Au, P, Be and Li could not
be detected because of interference from other {ons. o

CTABLE 7.3,




(X
et

The first was contamination of specimen surfaces by material from the walls
and the nickel radiation shields; the second was a high concentration of
oxygen and carbon in the annealed samples (e.g. No.8, Table 7.3.). The
contamination was reduced by baking out the furnace in air at 1100% for
24 hours to oxidize any deposits on the walls, and by then repeating the
bake with radiation shields and crucible in place under a vacuum of 10'5 torr.
The vapour pressure of nickel is about 10"5 torr at 1200°C (Smithell 1%67),
so care was taken to ensure that tﬁe radiation shields were outside the
hot zone., At a later sf&ga, the nickel shields were replaced wfth tantalum,
The oxygen and carbeon content of the samples vas found to depend on
the vacuum maintained in the furnace during anﬁea]ing. When the vacuum was
kept low, the. interstitial impurity content was low, Lower annealing vacuums
were achieved by the bake-out already‘degcribed, which was repeated before
each anneal. Hoviever, it was found that the most important requirement
was to keep the Tiquid-nitrogen trap full throughout the anneal. This was
not done in the case of sample 8 and the annealing pressure rose about 1&"5
torr. As a result, the oxvgen and carbon contents (Table 7.3.) are 300 and
500 p.p.m. respectively, and the Heo 9a1ue is 273 KA ! (3450 Oe) as opposed
to that of about 233 kAm™' (2950 Oe) for sample 30 annealed at <1075 torr,

) Annea?ingkproduces two distinct metallurgical changes which have
rather differént effects on the superconducting behaviour of a sample. As
already mentioned, one of these is to alter the concentrations of interstitial
" impurities such as nygeﬁ and hitrogen. De Sorbo (1963) and Tedmon et al
(1964) have measured the effects of these impurities on the superconducting
properties of niébium and, in general, it was shown that an increase in the
dissolved impurity kcncentratieﬂs reduces the electron mean free path. This
préducés én increase in the resistivity, p, and the Ginzburg~Landau parameter,
k. The thermodynamic critical field, Hc, is not, however, greatly affected
&ndlthe effent of the chanées on the magnefizationlcurve is to reduce HC}
and increase ch. If the impurity concentration increases but the impurities

remain in the form of second-phase precipitates, then the vaiue of x may not
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CRAIN STRUCTURE OF ANNEALED SAMPLES

X600 Sample 9 X150 Sample 30

5

As-Received 1 hr., 900°C, <107° torr

X150 Sample 10 X150 Sample 8

[

-f |
' hrs., 990%, 1077 torr 24 hrs., 1100°C, <107" torr

:_IP"h.!‘ 7.2I

99.
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be much affected; but the magnetic irreversibility will be increased by the
presence of the precipitates.

The second of the changes resulting from annealing a cold-worked specimen
is a reduction in the density of dislocations, disiocation tangles and grain
boundaries. This reduction is produced by dislocation interaction, vacancy
diffusion, recrystallization and grain growth. The improved homogeneity in
turn produces two effects, the most important of these is a reduction in the
magnetic irreversibility of the sample, and the other is an increase in the
electron mean free path., The Tatter will produce similar changes in p, x,

Hcl and ch to those arising from dissolved impurities.

Applying this discussion to the effects of annealing in our samples,
it is clear from the magnetization curves (Fig. 7.1.) that the major change is
a reduction in irreversibility. Tﬁis is characterized both by the reduction in
the zero-field trapp@d flux and by the earlier penetration of flux in the mixed
state., The increase in grain size after annealing revealed in the micrographs
of Fig. 7.2., indicates that the reduced irreversibility results from a decrease
in the defect density in the samples.

A second change in the annealed samples is a lowering of the upper
critical field, ch, indicating a decrease in x. This probably results from
the combined effects of the lower defect density and a reduction in the
dissolved gas content., The mass analysis (Table 7.3,) shows that sample 9
has a lower oxygen and carbon content than 8, the higher‘Hcg value of sample
9 must, therefore, be produced by its high defect density. Sample 10 has a
much lower disso?ved impurity caﬁiantwtﬁ&n 8 anﬁ 9, and its ch value is still
1owéﬁ thén that of sgecimenua.ﬁ The complexity of the effects produced by
annealf%g is 11lustrated by the fact that ch appears to be slightly lower for
saﬁp}e 30 than for 13; even though the former is more irreversible and was
annealed for a shorter time. Presumably, because it was‘annealed at a lower

. pressure, the dissolved impurity content of 30 is lower than that éf 5ampfe 10.

7.3, Surface-Treated Samples

 The effects of different surface profiles on samples with similar bulk
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properties were examined in thres grouns of samples. The techniques used

to prepare the surfaces were spark machining, chemical polishing and electro~
polishing., The spark machining was carried out in the lathe of a‘NetaTs
Research 'Servomet'. To produce a uniform finish, the whole length of the
specimen was machined at once, The unmachined piece held in the chuck jaws
was subsequently removed by lowering a V-shaped tool onto the sample. (This
same tool was used to produce ellipsoidal shaped ends on all the poly- -
crystalline samples). .Initiailmachiﬁings almost always took place at spark
energy 3 to produce a true cylinder quickly. When a smoother final finish
was required, éubsequent machining at lower spark energies was continued
until sufficient material had been removed to ensure that the surface profile
preduced by the previous machining was obliterated. In general, about 50 um
of material was removed on energy 5 after machining at 3, and about 25 um on
7 after machining at 5. These numbers refer to the settings of the machine
control which alters the eneégy af.the spark. The Tow numbers ¢orfespnnd to
high spark energies which remove more material and, consequently, producé a
rougher surface,

The chemical and electropolishing procedures were standard treatments
described by ‘Tegart (1959). A mixture 6f 75% fuming nitric acid with 25%
concentrated (60%) hydrofluoric acid was used for chemical polishing. Electro-
polishing was éarrfad;out in a platinum beak&r.used as the cathode., The
electrolyte (90% concentrated sulphuric acid with 102 hydrﬁf?ueric acid) was

stirred magnetical?y, and current densities of about 1000 Am"z

were passed.
It was feqnd that while excellent results could be obtained by chemically
. polishing single &rystals, electro-polishing was preferable for'pnlycrysta11in&
~ samples narticular1y if they were cold worked. This was because the grain
beundarzes in annealed samples were preferentially attacked by the chemical
polish, and because in cold-worked samples a surface structure &f }anﬁituﬁiﬂa}
( ridges appeared. This structure may have been a result of directional
hardening produced by the swaging. In any case, tﬁe finishes produced by

chemically polishing annealed and cold-worked ‘polycrystalline specimens were
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very different. A similar effect, but much reduced, was produced oy an
electropolishy we believe this may explain the different loss measurements
cbtained by Rocher and Septfonds (1967) before and after annealing.

Three of the first group of surface treated samples (Nos. 11 to 14)
were each machined at a different spark energy and the fourth was chemically
polished. To enable the effect of the different surface profiles to be
studied in isolation, the samples were then anncaled for 24 hrs at 1100% to
remove the damage produced by the sbark machining and the original cold
working., Because no sufficiently large crucible was available, samples 12
and 14 were'anneaiéd separately from 11 and 13, The latter pair of samples
became heavily contaminated when air leaked into the furnace during their
heat treatment. A1l four samples were then annealed together for a further
24 hrs in an unsuccessful attempt to produce uniform properties. The
magnetization curVQs of the samples after treatment are shown in Fig. 7.3.
Thefsamples all have different values of ch which, prasumably, result from
differences in impurity concentration. It is intaresting to note that'the
differences in zero-field trapped flux are rather less than those in ch,
indicating that the latter do not arise from differences in defect density.
The second anneal was probably unsuccessful in removing the impurities
because insufficient care was taken to maintain a low vacuum. The results
for these samples have been included because an interesting comparison. is
possible betwe@n this and a second group of surface treated specimens.

This groué, samples 29 and 23 to 26,;ware prepared in a second attempt
to produce specimens having the same properties but with different surface
pkoﬁiles. Samp{@sv23 to 26 were cut from the same rod, 29 came from the
- second batch offmaferial. Their treatments are shown in Tabie 7.1.3
§émp?és 23 to 26 were annealed together and 29 was given a'simiTar, but
separate, heat treatment. The annealing temperature was chosen so as to be |
aﬁévé the recrystallization temp@rat&r@ of nibbium, which Miller (1959) gives
as 1050°C. This 1s confirmed by the micrograph of sample 8 (Fig. 7.2.) which

“shows that the grain size is of order 1 mm after annealing at 1100%C, The



EFFECT CF SLURFACE PROFILE -1.

Polycrystalline Niwobium, Annealed (See Text)
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Figure 7.3.



annealing time (10 hrs) was chosen not only to ensure ccmpieté recrystaliiza=
tion, which takes about 1 hr at this temperzture, but alsc to achieve a
homogeneous distribution of dissclved gas in the specimens. Smithell (1967)

10 2 1 10 12 <=1 for the diffusion

gives values of 1.2 x 10 s ' and 0.2 x 10
constants at 1200°C of 02 and Nz respectively. Therefore, a treatment time
of 10 hrs (3.6 x 104 s) gives a diffusion length of about 2 mm for oxygen
and 0.3 mm for nitrogen.

The effect of these treatments on the sample magnetization curves

(Fig. 7.4) is remarkable. While all the samples have similar values of Hcl

and ch, the degree of irreversibility increases markedly for the roughened
surfaces. in particular, the rate of flux penetration above Hc] decfaases
as the roughness 1néreases. The similarities fn the critical field values |
indicates that the surface and bulk prépérties are the same, as they should
be after the annealing treatment. It must be concluded therefore, that the"
delayéd flux penetration resuits frdm pinning of flux lines §y the~topography N
of the surfacé‘ A possible méchanism is the flux-spot binning proposed 5§. o
Hart and Swartz (1967) and described in sectionWS.S. Doidge and Eastham |
(1970) have suggested that flux first penetrates cylindrical samples in
axial magnetic fields via flux spots which form at the ends of the samples
and, as the flux penetrates furthab, move along the surface towards the
middle. If thé’figx spots are pinned, a lehgitudinai criticé1 staté may'be
set up and figx p&netratian will be delayed'ﬁﬂti? this iserefcome.
‘A third graépféf samples, Nos. 15 to 17, was prepared to observe the
effectuofjdﬁff@kant surface profiles in cuold-worked samples. Sample 15 was
B lightly sp&?k«matgined at energy 7 to remove a 10 um thick surfaée layer but
aveid - QWbSS~damagé; sample 17 was chemicai1y polished to remove a simf!ar;
1ayér;‘§aﬁble-16 was machined a? energy 3 but given anwénergy 7 finish,
?1g,'7.5.kshaws the magnetization curves of these samples, together w%th tﬁ&t'ik
of saéCimen 9 far_camparissn.‘ Although the surface treatments h#«awprgduced e
little effect on the bulk properties of the samples apart from smgggireduct§bﬁs

in ng and the zero-field trapped flux, the surface currents have been naticeabiy




VO,

EFFECT OF SURFACE PROFILE - 2.

Polycrystalline Niobium
Annealed: 10hrs 1100°C <10 >Torr,
- 3 \
t/ \ \
// \\ y
#if \ \
l/ ‘
T 7 '.
/’ : '
e '.‘ AU
// \ \
7/ il o \\ )
// ”»"— h\\ \\ \ \
/ I/”, \\\ \\\ . \\
/”, \\ "
,”jl/ \\\ s\\\ \‘ \
/4’ p [ *\«C/ N
/ s S \
O 97 /‘ 1/ ~‘~‘- -------- ST, :
b / // /-/
1 / o /. - ™
/ 4 gl o
//
* P -
-
P ¢ , e
A
M . ’ Ne. Surface Treatment
// 7 @2 —— Spark Energy 4
7 . £€8,84 . Spérk Energy 3eD
/ b 7 8. . Spark Energy 7
: ¢/ » SF  oesba Electropolished
Pab= . |
‘ Y /4
/ e
/
/
/ (k Am=1)
/
=4} S50 = A 150 200 225
| | | | | | | | |
1 [ [ [ [ 1
) 500 1000 1500 2000 eso0 20008
. (Ce)
e e

Figure 7.4.



1U0.

EBFFECT OF SURFACE PROFILE -3.

Palycrystalline Niebium, No Heat-Treatment.

=
e
; \
e \
7 \
v \
. 4 \\
J ;
v \\ 10 times
// \\ magnification
A\
7 \ &7/
5
/,—;,-i‘; i “'—"— """"
O A e e R
- B e, ’
///,//'/ /
7, /
7% /
.///}/ :/
S SH
P Ve /
P
: /"
‘/////
77
4
% (kAm~1
100 200 300 400
| ] | | | | | ¥
| gk | | | | | | |
1000 2000 3000 4000 5000
Sample No. Surface Treatment (Ce)
. S As Recewved
_ 15 Spark Energy 7
wipey 16 Spark Energy 3,5 and 7.
——— 1% Chemical Polish

5 i pvmes " 2



1U/7.

TALYSWRF PROFILES.

Polycrystalline Niobwum, Annealed.: 10hrs, 1100°C < 107> torr.

Horizontal Scale - 1mm =10um. Vertical Scale:- Tmm=1um.

Sample No. Spark Emergy. C...A. Value.

——— e SRR /‘—\/—_———'__\ ————
) Electropolished. O-30um
ot T & S3pLm
24 s 1-4Sum
e - 33 um

2o 1 5:0um

Fiqure 7.0.



g

reduced. They are a factor of four smaller in sample 16 than 9, and were
still smaller in samples 15 and 17.

To enable the effects of the different surface profiles of our
samples on their éu@@wcmndnctimg properties to be usefully compared, a
'Talysurf' was used to cbtain a quantitative description of the profiles.
The Talysurf consists of a stylus with a 2.5 um diameter tip which is drawn
across the surface of the specimen (parallel to the axis in the case of our

3 N to avoid

cylinders). Movement of the stylus, which is loaded at only 107
damage, is detected by a differential transformer, the signal from which is
amplified and plots a one-dimensional surface profile on a chart recorder.

The size, distribution, shape and uniformity of the surface features can be

obtained from this profile.

- A single parameter description.of the surface roughness was also
required. For this purpose, the centre line average (C.L.A.) height was used,
The C.L.A, value is a standard numerical assessment of the average height of

the irregularities contributing to surface texture, and is defined by :

1 X
CCLOAQ & ")f'(" j ‘yldx
(4]

where x is the distance along the surface, and y the height of the surface

above or below a flat datum line. The Talysurf calculates the C.L.A, value
automatically by integration of the differential transformer signal. The
profiles and C.L.A, values of the second group of surface treated samples

are shown in Fig. 7.6. C.L.A. values of other samples are shown in Table

7.2. Care must be taken in interpreting the one dimensional surface profile

and C.L.A. height for directional finishes such as those of the cold-worked

and some of the electropolished samples.

“7.4.' Other Samples

Measurements were made on a very pure, niobium single crystal, sample

7, prepared by Dr. D.K, Bowen at the Department of Metallurgy, Oxford. This

 was "cut from a single-pass, zone-melted crystal which was centreless ground

to 3 mm diameter, the damaged surface being remavéd‘by‘chemﬁcai polishing,




Kfter annealing at 2500%C in a vacuum of about 2 x 10°10

torr, tha sample
had & véry smooth bright surface and a resistence ratio of about 1000, Its
magnetization curve is shown in Fig. 6.2.

Four other samples were given individual treatments intended to
increase their flux pinning properties, particularly near the surface.

Semple 4 was taken from a niobium single crystal prepared by Dr. D. Jones

. of the Materials Science Centre, Birmingham University. This single-pass,

zone-melted crystal had an orientation near the |110] direction, and an
initial resistance ratio of about 200, The sample was shaped on the spark
machine and after chemical polishing to remove the damaged layer, its sunrface
was smooth, bright and fairly free of etch-pits. The losses and magnetization
of the sample were measured, and it was sent to AERE, Harwell, where it was
neutron irradiated for 28 days in the Dido reactor. To minimize temperature.
rises produced by y-ray absorption, the specimen was immersed in the deuterium
cedfing stream during irradiation, its surface temperature thus being kept at
509C, The total neutron flux was measured at Harwell by analysis of the

induced radicactivity in cobalt and nickel monitors irradiated with the

024 2

neutrons m “,

neutron m-2.

niobium. The thermal neutron dose was given as 1.077 x 1
and the fast (Energy > IMeV) neutron dose as 9.656 x 1023
A second sample, No.6, was cut from the same single crystal as 4.

After being turned to a cylindrical shape on a lathe, it was given a succession

of mechanical pqlisﬁ@s commencing with emery cioth and finishing with 1 um
diamond paste. This treatment left a bright surface with a number of scratches
from the emery cloths.

- Sample 31 was also m&ch&nicai!y polished. This is a polycrystalline

~ sample, which was initially spark machined and electropolished to produce a

(s&oeth surface and then annealed for 4 hrs at 1100°C and less than 1075 torr,

After heat treatment, the sample was rotated at high speed in a Tathe and
carefu?ly polished by holding ‘Metron®' suede cloths impregnated with\diamend
paste and lubricated with 'Dialap' fluid against its surface. .1 and 1/4 um

gr&das of diamond paste were used successively, polishing with each being




continued for about 30 minutes.
ﬁﬂ@ther polycrystalline samplie, No.27, was annealed and given &
smooth bright surface by electropolishing., It was then irradiated with
40 kY niobium fons at the University of Surrey. To obtain a uniform
implantation, the specimen was rotated at about 60 r.p.m. in a niobium
chuckydriven through a rotary vacuum seal by a motor external to the
target chamber., The total sample current during implantation Was about
50 pA, but it was estimated that QO% of this current might be secondary
electron emission. The depth of img?&ntation was calculated to be about
10 nm so that, assuming the ion current was 5 nA, the dosage in the
penctrated layer was at least 3 x 1025 jons mfs.
The magnetization curve of sample 4 is compared with an untreated
speéfman in Fig. 7.7., the curves of samples 6 and 31 are she&n in Fig. 7.8
and that of sample 27 in Fig. 7.10. The zero-field trapped fiux of the
ﬁéutram«irradiatad sample has been greatly increased and there is also a
rise in its ch value. Flux penetration is detectable below 150 kAm‘1
(1885 0e) and the surface currents are not particularly high, being a
factor of ten sma?lar than those in the as-received, cold-worked, poly-
" crystalline sample (No.9) shown in Fig. 7.1. Kernohan and Sekula (1967)
and. Kuhn (1962) have previously repértad measuraéents on irradiated niobium,
The magnetiéation curve éhewn in Fig. 7.7. is similar in shape to that
reported by Kernahan and Sekula for a similar sample after irradiation with
1.7 % 1623 neutrens m“z‘ Héw&ver, the upper critical field of their sample,
" 222 kAn™! (2800 Oe), was little affected by the irradiation.
R ‘These magnetization curves indicate that, although neutron irradiation
proégcés considerable bulk demage, the surface flux pinning is not particu}ar}y
V'affécted, This is to be expected. HNeutron damage~ari§es mainly fra& %ﬁe
fast neutrons, which displace atoms from their lattice sitas;dn collision |
and produce vacancies, interstitials andvclusters of these point defects.
5 Because of their long range, the defects produéed by fast neutrons are

:unifawmiy”distribut&d in the sample (Harwood et al 1958), ‘This has been
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confirmed by Tucker and Ohr (1967) who examined niobium irradiated with

ez neutrens m"2 with an electron microscope. They observed a

2 x 10
homogeneous array of dislecation loops. Thus, although neutrons can be

used to produce controlied damage it is not particularly confined to the
surface,

In contrast, the damage produced by mechanical polishing is cenaentraﬁéd
almost entirely at the surface. ‘Beiiby (1921) supposed that the polished
rmaterial was covered with a smooth layer of practically amorphous mat@riaf.
Samuels (1967) suggests that the amorphous layer is very thin, but that the
surface is heavily plastically deformed to a depth which depends on the size
of the polishing particles. This accounts for the observed increase (by a
factor of one hundred) ¢f the surface currents above ch in the polished
specimens (Fig. 7.8), and the delayed flux peﬁatration. The increase in
zero~field trapped flux is relatively small, particularly in sample 31. The
ma@nftude of the diamagnetic psﬁtieﬁs of mixed-state hysteresis loops in this
sample Suggests that the flux trapping is produced almost entirely by surface
currents. This, together with the very small change in ch, indicates that
| the bulk material is unaffected by the careful polishing.

The magnetization curves of samples 4, 6‘and‘31 are comparéd in
Fig. 7.9, It is clear, from the relative values of ch and the zero-field
trapped flux, that the bulk properties of the neutron-irradiated sample
have been more affected than.those of the mechanically-polished specimens.

On the other hénd, the surface currents are much larger in the polished
 sampies. ‘Thé obj&ct qf implanting nicbium ions in sample 27 was to produce
“controlled daméga ke that r&&u?ting from neutron irradiation in a thin
s&rface_layer on a smooth, bright, chemically pure specimen. Although the

fon &Géage (3 x iOZS m“z) should have produced a high defect density in a
10 nm 3ayer, tha tr@atment‘éreduced no significant chahges in the magnetization

curve (Fig. 7.10).
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8, _ LOSSES BELOM H

8.1. Introduction

Measurements of the loss as a function of peak, applied, magnetic
field have been made on the samples described in Chapter 7, All th@ge
experiments were carried out at the temperature of free-boiling helium
f.e. 4.21 £ 0,02 K, Losses were measured éﬁ various frequencies and in
samples with different surface profiles. The effect of each of these
parameters is discussed in secti&ﬁa 8.2. and 8.3. The different effects
df two metallurgical treatments on the superconducting properties of

niobium were discussed 1in section 7.2, i.e.

'(i)‘ Changes in iwpurity concentration affecting «, Hc1 and ch
but not the reversibility. |

(i1) Changes in d@?@ct'cancentration produced by cold=work and
second-phase precipitation which affect the reversibility

and to a lesser extent «.

The discussion of section 3.3. indicates that a third treatment should

be added to these, namely :

(ii1)  Changes in or near the surface which produce greater irreversi-

bility.

It is difficult to produce each of these changes in isolation, but
Mtﬁeir effects on the losses w111ﬂbé discusgéd senarately in sections 8.4., 8.5.,
and 8.6. respedﬁively.‘ Section 8.7. is devoted to the derivation of a modified
form of Buchhold's expression, and a discussipn.o% the results in terms of
this model, It was found that the losses in some of our samples changed when
‘they had been completely penetrated by an a.c, field, These results are .

presented in section 8.8. and discussed in section 8.9.

8.2, Effect of Frequency

The frequency dependence of the loss was measured firstly, to determine
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whether the loss arose Trom hysteresis or from eddy currents and secondly,
to enable losses measured with high sensitivity at 238 Hz to be extra-
polated to 50 Hz for cmmpa?issﬂ with other measurements,

The dissipation in the cold-worked, smooth-surfaced sample 15 at

frequencies covering almost an order of magnitude is shown in Fig. 8.1,

Although there is some scatter in the points the dissipation can be clearly -

seen to vary linearly with fr@qu@ﬁgy, in confirmation of the findings of
other workers (see section 4.2.). Buchhold's equations 4.3.1. and 4.3.2.
show that the ratio of the eddy current loss, LE‘ to h}gteratic‘logs. LH’
is given by :
LE - 32 My ‘dzf
Ty 2K

where f is the frequency of th@.app}ied field, and d is the penetration
deﬁth, K the hysteresis factor and o the conductivity of the sample. Hence,
eddy current losses will be larger in annealed rougﬁ samples. The loss per
cycle and dissipation in such a sample (No.11) are shown in Figs. 8.2, and
8.3. respectively, Over the frequency range covered (36 - 216 Hz) the
“dissipation is again linear with frequéncy and the loss independent of
frequency, indigating that eddy current effects are negligible even in this
specimen, M

M@asure@eﬂts wvere made at both 238 and 50 Hz in the majority of
samples, in order to obtain accurate measurements at low loss levels (see
’ section”5.4.)z‘ In all these measurements the loss was found to be
Miﬁdapendent of frequency. For some smooth samples, i.e. thosé described in
section 8.6,, maasufements at 238 Hz were not possiblé, and these may show
'ka different frequency dependence, Since all the measurements indicate that
the dissipation varies linearly with frequency, it may1be cagcluéed that {

‘thé‘majcr loss mechanism is hysteretic,

8.3. Surface Roughness

| The losses in samples 23 to 26 and 29 which were prepared with
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different surface profiies are shown in ?ig. 8.4, It was argued in
s&ction}7.2 that, on the evidence of the magnetization curves, these
samples have practically identical bulk properties as a result of their
heat treatment. Consequently, the difference in the measured losses are
produced entirely by the differences in surface profile., Fig. 8.4. shows
that the loss near Hd increases progressively with surface roughness in
all the samples and, with the exception of 24, the Toss is higher at .all
fiéids in the rougher samples, The high Toss at low fields in 24 can be
explained by examination of its Talysurf profile (Fig. 7.6.), which shows
that the spark energy 5 surface consists of small, fairly sharp spikes.
These are probably almost completely penetrated atycomparative?y low fields
which would account for the untypical variation of Toss with field observed.
An increase in loss with %ncreésing roughness’may be'caused either
by an increase in irreversibility in the samples with roughness (affecting
Kﬁin equation 4.3.2.), er'by an.increaae in penetration (affecting d). The
first possibility can probably be eliminated for thése specimens by the
evidence of the magnetization curves. These curves are practically identical
for samples 23 and 24 although the losses are very different, while thek
© magnetization curves for samples 25 and 26 are different but the losses
| are very similgr. Therefore, é?though the irreversibility does increase
with raughnéss. there ié very poor correlation between irreversibility and
loss. It must be concluded that the variation of loss with profile
results from deeper pénetratian of the surface asperities at a given field

* in the rougher samples.

8.4, Dissolved Impurity Content

*Tﬁe effect of changing the impurity concentration on the losses can

" be seen by comparing the measurements on samples 11 and 23, These were both
~annealed and bath have spark energy 3 surfaces with simiiar C.L.A. values of
3.1 um and 3.3 um respectively, As a result of its heat treatment, sample 11

ha§ a much higher value for ch and a lower value for Hc1 than sample 23
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(Table 7.2). Calculation of their Ginzbyrg-Landau parameters from the ratio

Hc?/Hc} using Harden and Arp's (1963) data gives a value for k of about 2

for sample 11 and 1.1 for 23. The zero-field trapped flux in a sample may
be taken as a measure of its irreversibility. Table 7.2. shows that the
samples are fairly similar in this respect, which is reasonable because we
have shown (section 7.3,) that the irreversibility in annealed samples arises
mainly from the surface profilé, The major di?ference between these samples
is therefore in their « and critical field values.

The losses in 11 and 23 together with estimates of their impurity
concentrations obtained by comparison with tho;e of sampies 8 and 10 are
shown in Fig. 8.5. The major effect of the higher impurity concentration
and lower HC] value in 11 has been to increase the losses. This result is
praﬁictab?e if it is assumed that penetration occurs where demagnetization
effects produce local fields exceeding Hc1‘ Clearly, at a given field,
hore asperities of a pafticulér surface pvofileywi]l be penetrated in 2

sample with a lower Hcl’

8,5. Heat Treatment

The effect on the losses of altering the defect density of the
material was observed by comparing the results for the cold-worked sample ©
and the annealed samples 10 and 30, Considerable differences in their
reversibility are shown in their magnetization curves (Fig. 7.1.), and the
zero=field tr&pped flux is 0,313 Tesia. 0,166 T and 0.1T7 T for sample 9,
30, and 10 respectively. Th@”dffferenaés in the reversibilities of the
spetimens have been ascribed (section 7.2.) to the changes in defect

.density produced by'thé heat=treatment.

vIn,spite of the marked changes 1in reversibility, there is little

difference in the losses in these samples shown in Fig., §.6. These results
~ “contradict the observations of both Rocher and Septfonds (1967) who found
higherylssses in annealed niobium, and Beall and Meyerhoff (1969) who

}apertad Tower losses. It has already been mentioned (seciidns 4.6, and




—

CEPENDENCE ON MEAT - TREATMENT

g o
't E
lq)v .
by - Polyerystalline Niwobium
()}
,_E S As Recewed Surfaces
]
N
P E HEAT - TREATMENTS SAMPLE No.
([}
I — .
3 & - As Recelved )
)
o ® - 1Hr, 900°C,<107°Torr 30 °
2 a1l ® - 24 Hrs,200°C, 10 5Torr 10
c 4.2K,50 ard. 238 Mz
i
(0]
a @
QI
o .’
Q = ’
9 b o’
g 2
! 67" "3
(/] / 7/
. ¥ (0] 1‘.
% I G/ /.
0 / /. HC1
d Q
- b /% A
-
10—3'— /o A‘
@ 1) /
2 A
2 Oa
/
/ :
ﬁ/ kA (RMS) m-"*
20 /® 40 co 80
o4 1 | / | | | |
W e e R T e A I e <
o) 500 1000 1500
Applied field — Qe (Peak)

Figure 8.6.



JoFY
)
<y

7.3.) that this apparent contradiction may be due to insufficient attention
having been paid to the effects of surface roughness on the losses, The
surface profiles of our samples were measured after annealing, and their
C.L.A. values are all very similar (Table 7.2.).

The heat treatment has not only increased the reversibilities of
samples 10 and 30, but has also decﬁeased their ch values. It is not
possible to obtain precise values for Hc] in these samples but for 10 and
30 they appear to be very similar at about 110 kA m’l (1370 Ce). The &c]
value for sample 15 obtained from loss measurements (see'Fig.'8.1}.) seems to
be fairly close to this value, ’This sample is identical to 9 ekcept that W.
a thin surface layer has been removed., Thus, the Hc] values of all three
samples appear to be very similar and the losses will not have been affected
by changes in this parameter. Hence, it can be concluded that the bulk

defect density of a material has little effect on the losses.

8.6. Surface Treatment

The surface of sample 9 has been severely démaged by surface grinding
and it will be shown in section 9.3, that it is capable of carrying high
surface currents. This is also irndicated by the large surface sheath
magnetization shown in Fig. 7.5. In contrast, the sheath magnetization is small
in sample 10 which has a much lower defect density as a result of’its heat
treatment, In spite of this difference in their surfaces, the losses shown
in Fig., 8.6, are very similar, This was not the case for all our samples.

Fig. 8.7. sho@s the losses in the-bright annealed sample 27 after
dfffegent'treatments; The losses before and after ion'impWantation with
%iobium were little different, but a subsequent chemical poiish drastically
reduced them. This reduction in losses cannot be due to a change 1in surface
profile since the C.L.A. value before and after polishing remained unchanged
at 0.3 ym. | | |

The losses in another bright ahnealed sample (ﬁo.Bl) are also shown
in Fig. 8.7. for comparison. The sample wasﬂmechanically po1§shed after

~ annealing and has a C.L,A, value of 0.2 ym, The losses after this treatment |
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are also very low. No measurements at 238 Hz were possible after polishing
in samples 27 and 31 because, at the maximum field the power amplifier was
capable of producing,70 kA (RMS) ! (1200 0e Peak), there was insufficient
flux penctration to enable the compensation adjustments to be carried out
correctly. Because of this, it is not certaiﬁ how low the losses are. The
very low losses exhibited by these samples at fields vwhere measurements were
possible are difficult to explain. The effect,which was only observed in
bright samples, is presumably associated with the high defect density in

the polished sample and, pessibly, with dissolved gas (e.g. hydrogen) in

the chemically polished sample.

8.7. Discussion

A model for the loss mechanism in rough samples similar to that

given in section 4.3, will be presented. This model leads to the Buchho?d
expression b&f has the advantage that it is anplicable to type II super-
rconductors. If it is supposed that demagﬁetizatiah effects produce local
field enhancement at surface asperities, flux will begin to penetrate the
asperities when the local field exceeds }%1. The total penetrated volume
of a superconducting sample, V, will increase with the peak applied field
Hy for two reasons; firstly because more of a given asperity will be
penetrated and secondly because, if they differ in shape, more asperities
will be penetrated. The volume V will therefore depend on the ratio

H/Hgys and an average depth of penetration, d, may be defined by :

d = VA = F(H/H,)

where A is theﬁsurface area of the sample.

‘ ; The average field within a penetrated region may be assumed to
| ‘be equal to Hyo On field reversal, flux Wil be trapped and, if complete
- trapping occurs, the fiux in a given asperity will remain constant until
the field - Wn is reached., The magne{izatiaa curve of such an asperity
| will be Tike that shown in Fig. 4.1., and'thé energy loss per cycle in

traversfhg the magnetization loop will be 4 “onz Va, where Va is the

Ry
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penetrated volume of the asperity.
In practice, some flux will leave the asperity on field reversal and
the flux trapping will be incomplete. The real magnetization curve will be

like that shown in Fig. 4.2., and the energy dissipation may be written as

2
4‘u0Hm

real and ideal magnetization curves.

vaxa where Ka is a constant equal to the ratio of the areas of the

The total loss per cycle in the sample will equal 4 “onz VK, where
K is an average of the Ka‘s, and'tha loss per cycle per unit surface area

will be given by

2V 2
8.7.1. L o= 4uM®xK = &uHF (H/MH,) K

Three of the predicticns of this expression are confirmed by our
measurements, namely
(i) The loss per cycle is independent of frequency (section 8.2.)
(1) The dissipation is larger in samples with a larger volume of
surface asperities i.e. rougher surfaces (section 8.3.)

(i11) The losses are higher in a sample with a lower Het (section 8.4.)

These predictions may be put on a more quantative basis by defining
an effective dapth of penetration dK (= KF(Hm/HC1). Values of dK may be
\\\ obtained from the experimental measurements of L by using Equation 8.7.1.
which shows tﬁaf.dK = L/4 uon?. The expression also predicts thaﬁ,far
a given surface, dK wiil have the same vaiue for ail sampies at a particular
. _“'maluéfof Hmlgﬁl' i.e. that dK is a universal function of Hmlﬁcl‘, This will
also be true for type I superconductors if He is used in place of Heye
'Fig. 8.8. shows L/4 uonzvplotted against H /H_, for the two niobium
samples (Nos. 11 and 23) with differing Hcl values described in section 8.4.
‘AS’predicteé, the dK values are in good agreement. Seeba}d;(1969) has
observed a similar result in type I materia?s”by‘p1ctting L/é “och agaihst

ﬂn/Hc. As shown in section 4.3., these two relationships are equivalent.
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The results for type I materials have been replotted using L/4 pOHmZ and
are campéred with the results for the niobium samples in Fig. 8.9,

In order to obtain a quantitative comparison between the results on
samples with different surface profile, the surface‘roughﬁ@ss must be related
to the effective depth of penetration. This can be done using the C.L.A,
height. HNear Hcl all the asperities should be fully penetrated, and the
depth of penetration d will be equal to the total volume of the asperities,
VT’ divided by the sample surface area, A. Ideally, the surface may be
assumad’to be covered by N identical, c]osempacked, hemispherical asperities
of height h., The volume of each asperity will then be equal to i. 14/3]wh3
and the total volume, VT. will be(2/3!wh3N. ‘Since each asperity will occupy
an area 2/3h? (for close packed hemispheres), N will be equal to A/(2 /§h2)
and Vo to («/3/3)}hA. Therefore, d wi}f be given by (n/3V3)h.

For a real surface, the asperities will be neither uniform nor close
packed., However, pravideé‘the C.L.A. values along any axial direction are
the same, the definition of the C.L.A, height Shows}that the total volume

of asperity must be related to the C,L.A, value, D, by :

VT = D x Length ¢f Sample x Circumference of Sample = DA

Hence, at Hc] the C.L.A., value and the depth of pénetration should be equal,
It was found ﬁhat the C.L.A. values of our surfaces were similar along

any axial direction, so D and d may be equated at H.p and the term F(H /H ) =
d in Equation 8.7.1. may be rep?acgd by f(@m/Hc])D. Therefore, experimental
’,va2ues of L/4 pOHmZD (= dK/G)“shauld be independent of the sample roughness
at H_y. Fig. 8.10. shows the effective depth of penetration dK divided by

D and plotted against Hm/Hci for three, rough, niobium samples and one of
Seebold's lead specimens for which the C.L.A. vaXueAwas given, It can be
seen that the values of dK/D”are very similar at Hcl (Hc for the lead sample)
and, apart fré% sample 24, the curves are in reasonable agree&eﬁt over their
whole range. This quantitative agreement provides convincing evfdenca of

~ the relationship between the losses and the roughness of a samﬁie surface.
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Two further points Tor discussion are the field dependence of the
losses and the parameter K. Equation 8.7.1. predicts that the losses will
vary as Hmzf(Hm/Hci),th@ function f(Hm/Hcl) depending on the type of asperity.
Clé&v1y, the volume of an asperity penetrated will depend on Hm/Hcl’ so the
field dependence will be at Teast Hm3. If there is a distribution of
asperities of different shapes, the number penetrated will also depend on

Hm and a variation of L as Hm4

may be expected. Such a dependence has been
reported by many workers (sectioﬁ 4,2,), and is roughly in agreement with
our results. |

For an ideal samp?g, K equals one and no flux enters or leaves the
sample between % Hm. For a real sample, the parameter K is a measure of
the amount of flux which leaves and enters the penetrated volume between
the\peaks of the a.c., field. The results for the heat-treated samples
presented in séction 8.5, shcw‘that the loss, and hence K, is not greatly
éffacted by changes in défact density and bulk irreversibility. The
relative fndepandencé of K from the bulk sample préperti&s is further
confirmed by the similarity in the value of dK/D at Hcl for nicbium (0.17)
and at HC for Tead (0.15) shown in Fig. 8.10.

The loss measurements on smooth specimens (C.L.A. values g 0.33 um)
cannot be so gasily accounted for. The values of dK/D at Hc! for samples
25 and 26 (not shown in ?ig. 8.10.) are similar, being about 0.36. This
indicates that their K values are about twice those of the rougher specimens
and, thereforé, that the exit of flux is delayed in the smooth samples. A
possible mechanism for the delayed flux exit is the Bean-Livingston surface
 barrier. Boéh theory and experiment show that the surface Earrier is more
effective in préventing fiux exit than penetration. However, similar results
| weée riot obtained for all the smooth spacimens. The losses below Hcl in
‘samp}es 25, 27, 9 and 15 are plotted in Fig. 8.11. Tﬁé results for 25 ané
.27; which have C,L.A. values of 0.33 um and 0.3 um respectively, are very

similar but the losses are lower in both S&mpfe 9 (C.L.A. value 1 ym) and

15 which has a similar surface finish and C.L.A. value to sample 25,  tYhy
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the Bean-Livingston barrier should be less effective for 15 than for 25 is not
understood, An alternative explanation for the results is that a second
loss mechanism is operative in samples 25 and 27. A further problem is
presented by the results of section 8.6., which show that the loss in bright
smooth samples has been greatly reduced by surface treatments. In this case,
the results cannot be explained by changes in K because the df/dt waveforms .
showed that very Tittle flux panétrated these samples,i.e. that d was small.
This suggests that some type of critical state may be set up as a result of
their high surface defect densities. Why this should only occur in bright
smooth samples is not known. |

In summary, our model for the loss mechanism in rough samples provides
an explanation for many of the observed features of loss measurements. The
médified Buchhold expression gives good quantitative agraement with the
dependence of the losses on the frequency of the applied field, the surface
roughness of the sample and its lower critical field. This critical field, HCL'
is HC for type I materials and Hcl for type II specimens. The losses in
type Il materials can thus be related to both Hc and the Ginzbuyrg-lLandau
parameter « by means of Equation 2.4.1. It has also been shown that the
_dependence of the losses on Hm4 observed'by ourselves and other workers can
be.explained using the model, The importance of hysﬁeretic loss in penetrated
asperities has, therefore, heen adequately confirmed,

| For our rougher samples, the losses near Hcl can bé calculated from

the Buchhold expression using the C.L.A. v§1ue. D, of the surface and a value
for K of about 0,17. The losses at all fields may be represented approximately

by_the expression

8.7.2. L = #u Mm%

“where K has been taken to equal 0.125. This expression is compared with the
results for a wide range of samples in Fig. 8.12, in which L/% uoﬂmgﬁ is
p]otted against Hm/HcL' None of the experimental results differ from this

exp%essioﬁ»by more than a factor of two,
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For smooth semples somewhat highar losses are oégerved in annealed
specimens than is predicted by Equatioa‘8.7.2. These may result either
from a second loss mechanism, or frém greater flux trapﬁing in smooth
samples.

Our measurements show that for technological applications a material
should satisfy three criteria :

(1)  The H.y value should be as high as possible i.e, about 110 KA

(1400 0e) | | |

(2) The surface should be as smooth as possible, though improvement
beyond a C.L.A, value of 0.3 um is probably not sohimportant
as 3).

(3) The surface should have a high defect or impurity concentration

produced by mechanical or chemical treatments respectively.

8.8, Losses in Penetrated Samples

S?// : Samphﬁls. 16 and 17 weré prepared to observe the effect on the
dissipation of changing the surface profiles on cold-worked specimens. The
measurements indicated that the penstration of surface asperities was not
always raspoh&ible for the losses in these samples. It was found that, at

.a peak field of about 200 k&m"1 (2500 Ce), there was a sudden large increase
in the penetrated flux waveform to about 1 Volt Peak to Peak, This’was,
undoubted?y;‘thé result of a flux jump causing complete penetration of the
sample, On #apidly reducing the field to zero after penetration, it was
found that the losses were 1ncraased and that the dff/dt waveform was asymmetric
.about dp/dt = 0, It can be seenin Fig. 8.13. that the losses before and

. after benetratfen;in sample 15(spark energy 7 surface) differ'by a factor of
about thirty, The Tosses were measured at five different frequencies, and
it is eVident that the loss per cycle is independent'of frequency even after

vamuﬁﬁom | | | W
. A similar increase in losses (Fig. 8.14.) was obS@rvediin both sample

16, which has a rougher surface than 15 (see Table 7.2.), and 17 with a

chemically polished surface, Although the losses below Hc1 in samples 15
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and 16 are very different before penetration, they are in close agreement
after penetration. The results for sample 17 also agree with those for 15
and 16 after penetration,

An increase in dissipation after penetration was also observed in
other samples. The losses in the annealed sample 10 which has an as-received
surface are shown in Fig. 8.15, ‘In this case,’the losses before and after
penetration only differ by a factor of three. However, in the as-received

sample 9 no significant difference in losses could be detected.
8.9. Discussion

Since the increase in loss occurs after penetration of a magnetic
field into the sample, it seems natural to suppose that trapped flux is
responsible, A similar explanation was offefed by Buchhold (1963) who
‘reported that the losses depended on the magnetic history of the samples
and that the df/dt waveforms were asymmetric when a.c, measurements were
made in a superimposed d.c. field., Both Buchhold and Molenda (1962) and
Rocher and Septfonds (1967) found that the losses increased when flux was
trapped within a sample by cooling it in a transverse magnetic field, although
‘the latter authors reported that flux trapped parallel to the axis produced
little effect. Male (1970) reported increased loss in samples which had
been exposed to transient magnetic fields and high a.c. fields. He found
evidence that the transverse component of the trapped field at the samé?e
~ surface was responsible for the effects. ) ;

The role of trapped flux is‘fhdicated“by thf;a of the experimental
ébservatiéns reported in section 8.8., namely

) (1) The effect only occurs after flux penetration, the losses being
‘ | highef after penetration.
(11) The losses in samples 15, 16 and 17 are\in agreement after
penetration but not before, and the zero-field trapped flux
obtained from magnetization curves (Table 7.2.) is similar in

'all three specimens,
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(i11) The loscses in sample 10 which has & much Tower zero-field

trapped flux are not so greatly increased after penetration,

Although this is cénviﬁcing evidence that the change in losses results
from flux trapping, it is diff{cult to understand how flux becomes trapped in
a sample exposed to an a.c. field. For instance, for a ferromagnetic in a .
slowly reducing a.c, field the area of the hysteresis loops diminishes and the
- remanent flux is small, Equally, for a superconductor exposed to successive
peak Tields of opposite sign and decreasing magnitude, the critical state
model shows that the overall trapped fiux will be small, even though a
criﬁical state will remain everywhere in the sample.

In an attempt to cbtain further evidence of the role of trapped flux,
losses were measured in sample 15 after cooling in d.c. magnetic fields
parallel to its axis and up to 160 kAm™ ! (2000 Oe) in magnitude. To do this,
the sample was héat&d above its transition temperature by passing current
through a small coil wound on the sample holder. To check that the sample
was normal, a small a.c. field was passed through the copper solenoid, and
it was observed that this penetrated the sample. Then a large d.c. current
was passed into the solenoid, and the heating current was removed., No
"significant difference in loss was detected after cooling the sample in this
way. The reason for this is not clear. Possibly this sample trapped little
flux on cooling or the amount of trapped flux must be very near the makimum
for the effect to be observed. It would have been extremely informative to
be able to measure the amount of flﬁx trappéd within the sample after
henetﬁat{bh. An integrating magnetometer (Brankin et al 1970) was built
for this purpose but, unfoftunately, there was insufficient tima tb make
the necasséry modifications to the apparatus.

In spite of the negative result cbtained from'the'measurements on a
sample cooled in d.c. fields, the other evidence indicates that flux trapping
is in some way responsible for the increase in losses. It was éuggested
(Brankin anq Rhodes 1970) that a possible mechanism was motion of the surface

exit-points of trapped flux lines (Wipf 1968). This model of flux-spot
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motion is described in section 4.3. and would explain three of the
experimental observations, i.e. _

(i) The loss is similar in samp!aslls, 16 and 17 with similar
values of zero-field trapped flux, i.e. similar numbers of
flux spots,

(i1) The Iéss is Tower in sample 10 which has a Tower trapped flux
i.e. less flux spots.
(111) There 1s 1ittle change in losses in sample 9 which exhibits

strong surface pinning.

It is more difficult to understand why the waveforms are asymmetiric
and why the increase in loss is s0 large when the flux spots might be
expected to be concentrated at the sample ends.. The distance that the
trappéd flux must move can be approximately estimated as follows :

The loss per cycle, L, is given by Equation 5.3.1.

1/f

dd
1/2nr [o b9 oa

Lcyc1e

Assuming that under the influence of an a.c, field, the trapped flux

B, moves singsoid&11y over a distance d then :

1/f 5
1/ 2xr (Zwrd)_f Hy By sin“wt dt
0

Lcycle

= qH BTd
Yalues of d calculated from the losses after penetration in sample 15 assuming
a value of 0,1 fesla for BT are shown in Fig., 8.16. These distances seem
unreasonably large to result solely from f]uxﬁspét motion.,

- Th&reforé, although the Wipf mechanism may be responsible for the loss
- produced by small; transverse, trapped fields, a more likely explanation
(Buchﬁo]ﬁ 1963) of the present effect is that the presence of the trapped
f}ax provides 'weak spots' at which flux can penetrate more easily. The
1093 mechanism is then the same as for raugh samp!es. and the effective

depth of penetration (equal to L/4 uﬂi 2) is shown in Fig. 8.16, This

explanation also enables the asymmetry of the dp@/dt waveforms to be under-
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steod, since penetration will be casier when the applied field is in the
same direction as the lecal trapped field. A large trepped field might
not be required, it being sufficient that a Yocal critical state has been
set up. |

In summary, we have observed that after a sample has been penetrated
by a large a.c. fié?d the Tosses are increased by an amount which depends
on both the zero-field trapped flux and the surface pinning of the sample.
The d@/dt waveforms after penetration are asymmetric. Two possible
explanations are motion of the surface exit-points of trapped flux lines,
and enhanced penetration due to the presence of trapped flux. Measurement

of the amount of flux trapped concurrently with the loss in penetrated

semples should help to distinguish between these two mechanisms.
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9. LOSSES ARDVE HC?

g,1. Introduction

This chapter contains the results and analysis of the loss measurements
above HC}'in some niobium samples. The primary object of these experiments
was to investigate the effects of various surface treatments on the loss.
These treatments were intended to enhance the surface currents which, according
to theory, will reduce the 1as§es.AlA secondary goal was the investigation of
Josses in annealed samples and a comparison of the results with the theoretical
expressions described in section 4.4. using measured critical current values.
The next three sections of the chapter are devoted to the surface-treated
samples, section 9.4, containing a summary of this work. The loss measure=
ments on annealed samples are presented in section 9.5., and this is followed
by an account of critical current measurements made on samples 10 and 11, In
theifinal section (9.7.) the results for the annaa]ed‘sameés are compared

with the theories.

9.2, Effect of Meutron Irradiation

Neutron irradiation is known (Kernohan and Sekula 1967) to produce
éxtrame irreversibility in niobium, and it was thought that the surface
currents in irradiated material might be very high. Consequently,the |
losses in a niobium single crystal, sample 4,were measured Eefora and after
~jrradiation with a dose of about 1024 fast neutrons m'z. The results

{Fig.v9.1,) show that the losses abéve Hc? have been reduced by this
treatment, but the rapid rise in losses at about 73 KA(RMS Ja™ ! (1300 Oe)
‘indiéat@s that the surface currents have not been greatly increased, A
similar conclusion was reached in the discussion of the magnetization
measurements (Fig. 7.7.) in section 7.4, Although noc loss measurements

T2 for the reasons discussed in section

were made below 3 x 1072 Wiz™
6.4., there is apparent?y‘a small increase in the losses below 73 kA(RMS)m“1

after irrédiation which is due to an increase in x and a reduction in Hcl‘

e
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This will arice from a decrease in the electron mean free path resulting
from damage to the crystalline lattice by the fast neutrons.
The losses can be analysed in terms of the modified form of the

Bean expression suggested by Ulimaier (1966), namely :
& b3 - 3
4.4.2, L= 2/3 g (H, - aW2)°/d,

where J. is the bulk critical current and ol is twice the field change.
from which the bulk of the sample is shielded by surface currents on field
reversal. Fic, 9.2. shows L'V3 plotted against Hm' The intercept on the
x=axis of the line drawn through the high-field points is equal to AH/2
and Jc can be found from the slope. The value of aH/2 is found to be
98KA m™1(1230 Oe), and that of J_ to be 1 x 10% au"2, The solid Tine in
Fig. 9.1, was calculated by substituting these values into Equation
4,4,2, It can be-seen that the experimental points and the theoretical
curve are in agreement between BOland 110 kA(RMS)m"1 (1400-2000 Oe-Peak).
At Tower fields the experimental results lie above the predicted values,
possibly because of the surface Tosses below Hcl or, more likely, because
of losses at the ends of this square-ended sample (see section 5.4.).

The use of 98 kAm"‘ for al/2 is reasonable since the surface currents
are small and AH/2 will be &qual‘to HC]. The value of Hcl after irradiation
cannot be ebtéinéd from the magnetization curve because of the small initial
penetration but, before irradiatiqp, Hc] was equal to 103.5 kAm"]. The
- reduction from 103.5 kﬁm’] to 98 kAm'1 is produced by the change in «
mentioned-above. |

Bécause the losses in a sample are inversely proportiona} to the
“critical current, a comparison of the losses at 90 kA(RMS)m'] (1600 Qe)
before and after irradiation suggests that the criticai current density
ﬁas been increased by & factgé of 100, This is a somewhat smaller change
thén’might be expected for this heavily damaged material. Linéord (1968)
: found“thaf the current densities in cold-worked niobium were as high as

2.5 x 10° Am’g, and Autler et al (1962) and Chizhov (1967) have reported
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currents of order 1&9 Am © in deformad polycrystalline samples at similar
fields, Sekula (1970) has also studied the effects of neutron irradiation
on the Tosses in niobium. He obtained values ?or J from 1oss measurements
fn d.c. fields in the mixed state, By analysing these in terms of the

Bean expression (Equation 3.4.4.) he obtains values of 1 x 10“ Am'z for
the critical current at 130 kAm™ ! (1600 0e) in a sample exposed to a dose

~of 6 x 1073 neutrons m-2.

2 obtained

In order to check the critical current value of 1 x 108 Am
from the loss measurement, we have compared the initial magnetization curve

of the sample (Fig. 7.7.) with Equation 3.4.3., i.e.
B acv u Ha/ZH H << H
o P P
since B = “a(H + M) we can rewrite this equation as
; 2
~ = H - H"/2H
/2 p

where Hp = JCD and for a cylindrical sample D is equal to the radius, r,
Substituting the values for sample 4 of 1 x 108 an2 tor J. and 2.5 x 1073
for r into this expression, we obtain

M o= H- HY5 x 10°

e -
so that,at a field of 250 kAn™), -M equals 125 kAm ' |

The actual value of -# at H = 250 kAm™' (from Fig. 7.7.) is 230 kAm™),

-2 -1

corresponding to a‘JC of 6.25 x 168 Am “ while at 200 kAm'l, - = 195 kAm

giving a Je of about 1;5 X 109 Amfz.
A.JC vaiue inay g?so be obtained from the zero-field trapped flux

‘density, BT(G): Assuming .that on reducing the field from above H o @

critical state is induced in the sample until, at H c1® no further flux

is expe11gd the trappad flux will be equal to the flux in the sample at

| ch, j.e. “”ZUQ”CQ m1nu$ the flux which leaves the Spec1men when the field

decreases ‘r‘rcm{!‘ic?w to HC}. The Tatter will be equal to the fiux, #, which

penetrates a superconductor when exposed to a field H equal to;H02 - Hc}

~and, according to Bean (1964), for a cylinder of radius r this is given

by



2 2 3,, 2 :
g = arc (/3 e = H/3(3.r)%) H<dor

where the cubic term appears in the expression because of the cylindrical

(as opposed to slab) geometry, Hence for this specimen

‘ o 2 3 2
Br(o) = uOlHCZ = (Hep = H)/3cr + (Hp = H 4l /3(d.r) |

provided ch - HC7.< Jcr
Substituting into this équaiian Hc2 = 282 kAm'}, Hci = 08 kAm'}, r=2.5% 10'3m
and J_ = 10% An™? we obtain
BT(o) = 0.23 Tesla
2

On the other hand, using J_ = 6.25 X 108 Am”™
BT(o) = (.33 Tesla

The value obtained from the magnetization curve (Table 7.2.) is 0.3 Tesla,
Since the actua1 trapped flux will be reduced both by the drop in critical
current near ch and the Abrikosov shielding currents in the mixed state,

there is reasonable agreement between the experimental and theoretical values

of the trapped flux usiﬁg Jo = 6425 X 108 Am~2-

Since at the field of the loss measurements (140 kAm']) JC will be higher

than both this value and that obtained from the initial magnetization curve at

1

-M = 195 kAm ', it can be concluded that the a.c. critical current obtained

by fitting the loss measurements to the expression L = 2/3 “O(Hm - HC])E/JC is

at least an order of magﬂitude 1pwér than %hat obtained from the magnetization

curve, The a.e, critical current is also lower than that cbtained for a

similar sample from loss measurements in the mixed state (Sekula 1970).

9,3, Effect of Mechanical Surface Treatment

The effect on the losses of polishing the surface of the annealed
sample 31 with diamond paste is chown in Fig. 9.3. The decrease in the
Tosses below H_y has already been discussed in éecticn 8.6. The reduction

above Hc] is even more marked, At 90 kA(RMS)m“} (1600 0e) the losses in
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the palished sample are a factor of 1000 Tower than those in the untreated
spacimen; The behaviour of the loss curve in this case is different to
that of the neutron 1rr§d%ated sample. Here, the losses remain Tow up to
95 kA(RMS)m”] (1700 Oe) where there is a steep increase until, near

110 kA(RMS)m']. they are very similar te those in the untreated sample,
This effect is ﬁro&uced by the high surface currents revealed by the
maghetization m@asgréments (section 7.4.,‘Fig. 7.8.2.). For bulk flux

penetration to be delsyed up to a field H, equal to ch + jc’ of 135 kAm"1

(1700 Oe), the surface current density, jcg nust be of order 30 kAm']. If
the current is assumed to be confined to the damaged layer which, according

to Samuels (1967), is of order 1 um thick for a surface polished with 1 um
diamond pasie, the critical current density in this layer must be of order

3 X 1010 Am'z. It is interesting to note that assuming a depth of penetration
of 1 wn and a value for K of 0,125 (as in section 8.,7,), the Buchhold (1963)

-2 at 135 KAm™)

expression predicts a surface Ibss of about 1072 WHz™ ! m
(1700 Oe) which is only slightly less than the measﬁred loss at that field.
Similar Tow losses and delayed flux penetration have been observed in

single crystal specimens by Linford (1968) and Brankin and Rhodes (1969)

. (see Appendix). Linford found that after polishing with 6 um diamond paste

the losses remained low up to 107 kA(RMS)m'] (1900 Qe - see Fig. 9.4.). and

Brankin and”thdes found that machining delayed the rapid onset of losses

to @ simi?ar field, The higher field for which bulk penetration occurs in

these single cﬁystal samples than that for. the polycrystalline sample 31

. must arise from a higher shielding current in the damaged layer. In the

‘case of the ma%hined sample, this probably results from a siﬁ§1ar current
density flowing in the thicker damaged layer produced by thé machining.
Howévaé, for the polished singie crystal the losses ére as low at 107 kA(RMS)m“}

| as at 95 kA(RﬁS)m'] in the polycrystalline sample, 1nd§cating that the depéh

bf’penatration is similar in the two cases. Hence, the current density in

10 2

the deformed layer on the single crystal must be higher than 3 x 10°° Am -,

The losses in the cold~worked, as-received sample 9 are shown in




Fig. 9.5, The onset of high Tosses in this specimen is dejayed to over

120 kA(P?S)m (2100 Oe), which implies that the surface grinding has
preduced an even higher defect density and current carrying capacity in

the surface layer. The losses in this sample are higher below 110 kA(RﬁS)m"}
(2000 Ce) because it has a rougher surface than the polished specimens.
Applying the Been-Ullmaier equation 4.4.2. (see Fig. 9.11 ), to the

Tosses in sample 9, the critical current density is found to be 3.1 x 109
Am'2 and the penetration depth at 150 KAm~] (2150 0e) about 20 ym. However,
the losses (Fig. 9.5.) are much higher at this field in sample 15. This is
a similar as-received specimen to 9 but it has had a surface layer 10 um

in thickness removed by spark machining.‘ The higher losses in sample 15
suggest that the observed delayed fiux penetration in 9 results from a
higher current density flowing in a thinner layer than predicted by
equatwen 4.4,2, The critica] current is grobab}y of the same order as that

010 -2

| for sample 31, i.e. 3 x 1 , and flows iﬁ a surface layer a few

micremetres thick,
9.4, Discussion

Three methods of producing higher surface currents and hence Tower
1osses in niobium samples were investigated, These were : neutron-
irradiation, fon-implantation and mechanical treatment.

The ion-implantation produced no significant changes in eithér the
a.c. losses or the magnetizatien curve (sectxon 8.4.) of sample 27. Since
' a significant ien current was monitored at the sample, some damage must have
been ‘produced although no analytical check was made that niobium fons were
being implanted. Whilst aligning the beam some copper ions were implanted.
- The effect of p1a?ing the surface of a superconductor with a normal metal
" is to reduce the irreversibility (Barnes and Fink 1966, Kwasnitza and
‘ w{hkier 1969), but 1t seems unlikely that the implanted copper could have
exactly cancelled any effects produced by damage. Little work on ion-
i%piantatian in superconductarsrhas been reported'by other workers, except

that Chang and Rose-Innes (1970) found a significant change in the surface
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critical currents of Nb-Mo samples whose surface compesﬁtiom had been altered
by the implantation of Mo iens. Herép a significant concentration chance
was produced to a depth of order 25 nm in an alloy with a coherence length
of order 15 rm. In our experiment, the depth of implantation was of order
10 nm and the coherence lenath approximately 40 nm. The absence of any
measurable effect was therefore probably due to an insufficient depth of
implantation,

0f the other two technigques, nautran-irradiation produced a significant
increase in the bulk critical current but no similar change in the surface
currents, Suitable mechanical treatment enhances both the bulk and surface
critical currents and,when a surface is mechanically polished, the losses

remain below 10'2

wHz™! w2 to fields of order 95 KA(RMS)m™! (1700 Oe). A
comparisoﬁ of the losses in a variety of treatea single=crystal and poly~
crystalline samples is shown in Fig. 9.4. It is very clear that polycrystalline
material with a mechanically-worked, smooth surface is capable of giving an
excellent loss performance. We have shown that surface current densities

2 are obtainable by mechanigal polishing, and there appears

of order 1010 An”
no reason why this might not be further increased by suitaule treatments.

The results for the mechanically-polished single-crystal and cold-worked

polycrystalline sample suggest that niobium with Tosses below 2 x 1073 w2

m™2 (the economic Tevel) up to 90 KA(RMS)m™! (1600 Oe - Peak) and below

2 x 1071 wiz™! m? at up to 130 kA(RMS)m’I could be produced commercially.
Our purpose in investigating the effg;ts of neutron and ion bombardment

on the losses was to induce high defect densities, similar to those produced
by cold erking,‘in a«céntrpl1cé manner without simuitaneousiy éltering the
"surééce profile. Neutron irradiation has been shown to be a useful way of
producing high uniform damage densities in bulk matetial. We believe that
further experiments with 10n-€mplantatian are desirable using either more
energetic niobium ions or lighter ions (e.g. protons) to produce deeper
penetration, and that these will Show that this technique is equally effectivé

for p;oduting controlled surface damage.
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9,5. Heat-Treated Samples

The losses in the as-received sample 9 are compared in Fig. 9.5. with
those in three other samples, i.e. No.15 which has a 10 um surface layer
removed by spark machining, No.30 annealed for 1 hr at 900°C and No.10
anncaled for 24 hrs at 900°C. There is a progressive increase in losses in
the four specimens. It has been argued in section 9.3. that the change from
sample 9 to 15 results from the removal of the heavily damaged surface layer
which is capable of carrying high sﬁieléing currents. The increase in samples
30 and 10 are due to the decrease in defect density brought about by their
heat treatment, which reduces the pinning and produces greater flux penetration
at a given field, This increased flux penetration is reflected in their
magnetization curves (Fig. 7.1.).

VThe josses are also affected by the value of the Tower critical field,
Hcl‘ ahd the surface profile of the specimen. This is demonstrated in Fig. 9.6,
in which are cémpar@é the losses in samples 11 and 29 which both have rough
(spark energy 3 and 1) surfaces and Heop values of 71.6 kAm™! and 108.2 kAm™'
respectively, and 26 which has an electropolished surface and an H_, value of
108.2 kAﬁ']. The losses are lower in sample 29 than in 11 which has the
Tower H_;. Although the losses in the smooth sample 26 are lower than in 29
at Tow fields, they increase rapidly above Hc? and are higher at fields above
80 kA(RMS)m;]w(}43O Oe). Qoth effects are related to greater flux penctration
in the specimen exhibiting higher loss. The Tow loss in sample 29 must be
4 related to the greater i?rev&rsibiiity ?n.tﬁh magnetization curve which, it
vas shown in section 7.3., prﬁhabiy results from the surface pinning of flux
Spots. ﬂ "

It is clear from these results that any theory of the losses must
| aliow for variations in at least three sample parameters, namely :
(1) The lower critical field, H,
(i1) The bulk critical current, éc

(111)  The surface pinning and the surface critical current,§ .
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9.6. Critical Currents

The lower critical fields of the samples were obtained fran their
magnetization curves, The critical currents of samples 10 and 11 were
obtained from measurements of their a.c. permeability using the methods and

apparatus described 4in sections 6.2, and 6.3,

161.

The fundamental quadrature component, VO’ of the pick-up coil signal:

for sample 10 is shown in Fig. 9.7. plotted as a function of the app?iéd
a.c, field, h . Thié diagram also shows the square root of VQ p)otted
against hm’ and Fig., 9.8, shovs VQ% versus hm at a number of different d.c.
fields in the mixed state. Although the points Tie on a curve, they can be
fitted reasonably well at high values of VQé by the straight lines drawn on
the diagrams, Ullmajer's expression for the loss in a superconductor

(Equation 4.4.2,) may be written
u, ‘
L= £2h - aw2)®
c
Sekula and Barrett (1970) have revised Ullmaier's calculation and shown that
the loss is given by
L= 2o 2)% (n H
= g (h, = s/2)7 (b, + aH)
c
which 4s similar in form to Equation 4.4.3. derived by Dunn and Hlawiczka

(1968). For the purposes of this analysis it is convenient to assume that

. these equations may be approximated by

. o £ Yo - £
gfﬁ.l. _ ‘ L ?3:‘”’:11 - AH/2) hy

since this leads to a dependence of VQ on (h_ =~ AH/Z)Z.Equation 6.2.2.

m
shovs that lVQ! is given by :

9.6.2. - Vgl = NAewyhy

and combining equations 9.6.1., 9.6.2. and 5.4.1, we obtain

9.6.3, }vQ[% = (& gﬁ 2irw)? (h - aw2)
¢ .
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Hence, the intercepts at VQ% equals zero of the lines drawn in Figs. 9.7. and
9.8. are equal to the AW/2 values, and the gradients of these lines are

]. and

proportional to Jc. By substituting N = 1000, w = 27.31.7 rad s
r=1.5x 10"3 m into Equation 9.6.3., JC can be shown to be related to the

gradients by

Jo = 500/(Gradient)?  (6rd in wi/anh

Values of J and aH/2 (equals jc) obtained from the lines on Fig. 9.8. are
shown in Fig. 9,10, The J, va]ues‘have'been plotted against the étatic field,
Hd.c.’ but, because aH is defined as the field change from which the bulk
sample is shielded on field reversal (which in this experiment occurs at
Hd.c. f hm), the aH/2 values have been plotted against Hd.c. + h..

The difficulty of obtaining a value for the hysteretic shielding
current jc (or Al/2 Am"l) is illustrated by the results at a d.c. field of
105.5 kAm™! shown in Fig. 8.7. The lovest a.c. field at which data has been

ohtained from the experimental curve is 8.5 Kem™ 1

» this corresponds to a
voltage of about 1wV which is close the the limit of sensitivity of the
apparatus. Hence, if the critical éurrent is defined as the induced current
at which a voltage first appears, jc is equal to 8.5 kAm"x. Campbell (1969)
has suggested that the critical current may be defined as that at which the
depth of penetéatian of the a.c., field exceeds the penetration depth, A,
wvhich for niobium at 4.2°K is about 50 nm.  Since, from the Bean-Ullmaier
. AH/2)/JC and (at 105.5
kAm"]) Jc.éQua1s 6.6 x 108 am~2 (Fié. 9.10), equation 9.6.3. shows that a

 penetration of 50 nm (5 x 10"%m) corresponds to

’theory, the depth of penetration, d, equals (h

VQ% = (500 9% x 5x 10 « 0.03 w2

The first detectable vo}tage_sovrespends te_va% = 0.8 uV% $0 thi; criterion
alsd givas 2 jc of 8.5 kAm'}. These 'first penetration' criteria do not

allow for veltages arising from penctrated surfacevasperities, and a third

méthed of defining jc as equal to the intercept of the straight line at \IQ";5

equals zerp gives a higher va]ue\of 10,7 kAm']‘ In general these two methods
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of defining jc give values which may differ by a factor of two. In plotting
tH/2 in Fig. 9.10., the values given by the intercepts of the straight line
at VQé = 0 have been used to give consistent results,

Campbell's method of analysis was used for the permeability measure=-
ments on sample 11, The in-phase, wideband, pick-up coil voltage, Vge was
measured at a nambef of fields and the gradient dVO/dhm of these curves is
plotted against hm in Fig, 9.9. In this case the curves show the flux
profile within the sample, The advantage of Campbell's technique is
illustrated by the calculation given above of the depth of penetration at
a particular value of VQ%, in which the bulk value of the c¢critical éurrent,
Jc, was substituted into Equation 9.6,3. The flux profiles show that JC
is higher near the surface and this calculation is incorrect. Using

Campbell's expression (Equation 6.2.5.) which may be rewritten as

9.6.4. dVy/dhy = 2u aulr d

the’depth'of penetration, d, may be found without assuming a value for Jc.
A similar expression to Equation 9.6.4. may be obtained by differentiating
Equation 9.6.3. By substituting d for (h, = &l/2)/J, into the resulting
expression we obtain for Vé (= mVQ) the éignal measured at the phase~

sensitive detector
. ” ’ ' '
9.6.5, dVQ/dhm = 8/3 ucamNr d

- Equations 9.6.4. ‘and 9.6.5, differ only by the constant 4/3. Hence, similar
fiux prof1las may be obtained from measurements of either dV /dh or dVQ/dh .
The analys1s in terms of VQ% has the advantage of simplicity and leads to the
. same values for Jc;on the Tinear portions of the curve as those obtained from
the flux profiles. |

| The flux profwles for s@mp]e 11 shown in Fig. 9,-; conf1rm that a
critica? state exists within this annealed sample and that, except near the‘
surface, the London approximation JC = dB/dx = cdﬁstént is obeyed for

penetration of up to 100 um, At larger penetrations where the internal

IR ST,
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CRITICAL CURRENTS.
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field is significantly reduced, dB/dx rises because of the higher local-
current density. The va?g&s for Jc obtained from these}profiiﬁs are plotted
in Fig. 9.10. together with jc values obtained from profiles at Tower
penetration depths up to 10 um,

The bulk critical current values of samples 10 and 11 shown in
Fig. 9.10 are useful in comparing the loss measurements with the theoretical
. expressions. lHowever, it will be seen in the next section that the surface
currents significantly affect the iosses only near HC] where they are of the
same order of magnitude as the peak applied field, Hm' No surface current
measurements were possible in this regime because, in the a.c. permeability
technique, the alternating field must induce currents exceeding the surface
critical current for a voltage to appear. The a.c, field amplitude was
1imitéd to about 20 kAm“l (Peak) so that measurable surface currents were an

order of magnitude smaller than Heq (= 100 kAm’]).

9.7. Discussion

The results described in sect?sn 9.5. show ﬁhat the magnitude of tﬁa
Tosses in niocbium at high fields depends on the bulk defect density, the
mva1ue of the lower critical field, Hc]’ and the surface shielding currents.
The Bean (1964) and Irie and Yamafuji (1967) expressions are not applicable
to these measurements since they specifically exclude surface effects.
Instead, the losses must be analysed in terms of either Equation 4.4.3.
derived by Dunn and Hlawiczka (1968) which jncludes the parameters Hcl and
,AH*' or Equation 4.4.2. suggﬁsted,5y~U11maier (1966) which includes the

parameter AH (see section 4.4.). Since Ultmaier's expression predicts

~ that L will vary as (H_ a/2)3, the cube root of the loss is plotted
against ‘H_ in Fig. 9.11. Straight lines have been drawn through the points
‘assuming that the intercept at L equals zero (aH/2) is equal to Hc~l

V. 1360 Oe) for all sampies with the exception of No.1l for

(108 kAn™
which aH/2 has to be taken to be 72 kAm™' (900 Oe). The values of J

'lcalculat&d from the gradients of these lines using the expression

TS '
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are marked on the diagram. The experimental results lie on the lines for
all samplies except Nos., 9 and 11 although there are some deviations at high
fields. The losses in sample 9 arise almost entirely from the surface and
the dotted line was drawn to calculate the values of critical current and
penetration depth quoted in section 9.3,

There is a marked difference %n behaviour between the rough samples
11 and 29 and the smooth specimens 30 and 19, For the latter, the losses
1ie above the straight lines at higher fields indicating a dependence of
the 1oss on a higher power of Hm than 3. The critical current in sample
10 decreases with field (Fig. 9.10.), so that the Kim approximation
(J, = q/H) should be used in the loss expression and a variation of loss
as qu is expected. The critical current also decreases with field in
sample 11 but, for both this specimen and sample 29, the Iossés lie below
the theoretical Tine indicating a field dependence of less than Hma. This
is probably a result of their rough surfaces inhibiting flux penetration.
Tﬁe magnetizatfon curves of both samples have essentially flat regions about
160 kAm“‘ (2000 Qe) indicating a constant depth of penetration, for which
the losses will ingrease only as Hmz.

The Bean-Ulimaier expression fits the loss results for the highly
irreversible samples 15 (Fig. 9.11) and 4 (Figs. 9.1. and 9.2.) very well
and is reasonably satisfactory for the more reversible samples 10 and 30
(Fig. 9.11) except at higher tields. However, comparison of the critical
current for sample 4 obtained by fitting the theoretical expression to the
" loss measurements (Fig. 9.1.) with the value obtained from the magnetization
cur?e sﬁ&ws that the latter is about an order of magnitude larger. Similarly,
the critical current obtained frem a.c. permeability measurements on sample
10 (?fg. 9,10,) is two orders‘ef magnitude larger at similar fields than
that ohtained from the loss measurements (Fig. 9’11).

Linford (1968) observed a similar lack of agreement between the
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measured and theoretical 1&35@3 in polycrystalline ﬂisbéum when a ciitical
current value obtained from other scurces was substituted into an expression,
- similar to Dunn and Hlawiczka's (1968), which assumed a constant shielding
current equal to HCT‘ He found that at high fields the losses were of the
order predicted by the Bean (1964) theory. Applying this theory to our

resuits also leads to some agreement at high fields. Substituting the JC

value of 1.5 x 107 An"2 obtained from the magnetization curve of samp]é 4
into |
. 2 3
L = ‘g vo Pim /JC
gives a loss of 2.3 NHZ-] m"’2 at 160 kAm"1 (2000 0e) which is reasonably

close to the (extrapolated) experimental value of 2.0 wiz™! ™2, The Toss

in sample 10 at 130 k™! (1640 0e) is 5.6 wiz™! m™2,  substitution of the
J. value at this field given in Fig. 9.10. (3 x 108 An"%) into the Bean
expression gives a loss of 6.2 WHz™! m™2, |

This agreement between the experimental and theoretical losses using
the Bean equation implies that at high fields the shielding currents are
negligible in comparison with Hm‘ This is confirmed by the AH/Z values for
sample 10‘shawn in Fig. 9.10. Linford arrivéd at the same conclusion by
examining the d3/dt waveforms of his polycrystalline samples in a.c. fields
greater than,Hei. ‘He faund that dff/dt was always non~zero for "Hcl < H <

a'c'

H These results imply that the assumption made by Dunn and Hlawiczka (1968)

cl®

that provided AH* {is negiiﬁib]e df/ dt equals Zero for —-Hc1 < Ha < Hcl does

not apply to thesggniobium samples,'so that a constant value for AH/2 (equal
to ﬁcf) should not be used in the Ullmaier expression.

Wipf (1968) has shown that for NbZr the Ullmaier theory agrees well
with'megsured lTosses when the values for aH in Nb-Zr obtained by Ullmaier
and Gauster (1966) are used. No similar comparison can be made for our
results on sample 10 because, as was explained in the last section, no

measurements of the shielding currents were obtained in the region near Hc1

where they are significant. It seems possible however that the theory will
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fit the results for niobium equally vell, provided experimental values of
Jc and AH are obitained from other measurements,

In summary, we have shown that the losses in niobium samples above
Hcl depend on the bulk defect density, the lower critical field, Hc?’ and
the surface shielding currents. Only Ullmaier's (1966) expression correctly
describes the form of these losses. A critical state has been shown to
exist in annealed specimens,and the loss measurements for both irreversible

and annealed samples fit the equatioﬁ
(JC = Constant)

However, the critical current values then obtained are at least an order of
magnitude Tower than those given by other measurement, At fields well above
Hc]’ the losses are in reasonable agreement with those predicted by the

Bean (1964) equation using experimental values for Jc' It has been shown that
this agreement with the Bean theory arises because the‘shieldfng currents are
negligible at higherbfields. It has been suggested that the correct Ullmaier

axpression
2 3
L = -g'uo (Hm - AH/Z)/\]C

may be a good fit to the measured losses in niobium if experimental values
for both Jc and AH are employed, but it has not been possible to verify

this.
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Magnetization and Tow~freguency a.c. loss measurements have been made
at 4.2 K on a range of nichium single crystal and polycrystalline specimens.
We have found that the losses above and below Hc1 depend on different material

parameters and our results from these two regimes show that :
. T
Below hd

The losses in samples with rough surfaces (C.L.A. > 0.33 um) cooled
in the earth's field, arise from penetration of surface asperities by the
applied a.c., field. A modified version of Buchhold's equation has been

developed to analyse the results, namely :
L o= 4w H2F (H/H.) KD
0 '% m’CL

where Hey o the Tower critical field, is equal to li_; for type II and H
for type 1 superconductérs and D is the centre Iiné~&véragé,value of the
surface profile. It has been shown that this expression agrees well with
the experimental dependence of the Tosses on the frequency of the applied
field, on the surface roughness and on the lower critical field of both

type I and Il superconductors. The expression
: - 2 2
L = 172 ¥, Koy (Hm/HCL) D

agrees within a factor of two with the measured losses in cold-vorked

‘ and annealed niobium Sambles having C.L.A. values between 0.33 and 5.0 um
and the results 9btainedwby Seeboi& (1969) for lead, indium and.tin samples
with-C.L.A, values of 7.6 and 20 ym.

The }osses in annealed, smooth specimens are somewhat higher than
prédicted by the above expression. It has been suggested that this is
because either the exit of flux from the sample is delayed by the Bean-
Livingston surface barrier or a second loss mechanism is operative.

In smooth samples having bright, polished surfaﬁes the losses are

strongly depeﬁdent on the surface treatment, a high defect density reducing
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the losses by over an order of magnitude.

It has been found that the losses in specimens having a large, zerc-
field, trapped flux may be increased by up to thirty times after exposure
to a.c, fields large enough to produce complete penetration. However, there
was little change in the lesses in a sample having a high surface defect
density. It is thought that the increased losses result from flux trapped
within the sample, although it is not clear whether these losses arise from
the motion of the surface exit-points of trapped flux lines or from increased
penetration of the applied field at 'weak-spots' produced by the presence of

a local critical state.‘
Above H.,

Measurements on samples in which hfgh bulk or surface defect densities
have been induced Sy neutron irradiation or mechanical treatment have shown
that the critical currents are increased and the losses decreased by these
treatments. High surface currents are particularly effective in reducing
the losses in such damaged spuecimens. Neutron irradiation does not appear
to be a satisfactory method for producing large surface currents, but
mechanical treatment, e.g. grinding or polishing, is effective. Implantation
of niobium ianswinto the surface of a niobium sample in an attempt to produce
damage proved to have no méasurable effect. However, it is thought that.the
depth of penetration (abeuﬁ ]O'nm) of ﬁhe‘ions was insufficient and that
%urther axperiments using more powethI or 1i§hter jons should be attempted.

1‘ %e'havé shown that the losses above HC1 depend on the bulk defect
. density, the lower critical f%eld, HC1, and the surface shielding cu#rents.
In annealed samples, the Tosses are significantly affected by the surface
roughness., A rough surface reduces the losses, and this has been related to
the delayed flux penetration and hysteresis revealed by the magnetization |
curvas. This hysteresis can only be attributed to the rough surface profile,
and it is thought that a longitudinal critical state may be produéed by the

pinning of flux spots on the surface profile.
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The measured losses in both irreversible and anncaled samples fit

the expression

]

B _ 3
L= gl Hep) /e (e

constant)

but the critical current density, Jc, obtained is at least an order of
magnitude Tower than the value obtained from other measurements. It has
been shown that this is because the shielding field, al/2, is not constant .

and for our samples is practically negligible except near Hcl‘

Technolonical Aspects

Some of our conclusions are of more technical interest, namely :
(1) Since the losses below the lower critical field, Hc1 or Hc' are

intrinsically low, the niobium for an a.c, conductor should have

as high a value for H.y as possible, i.e. should be chemically pure.

(2) For low losses below Heq @n a.c. conductor should have :
(a) A smooth bright surface, although asperities with a C.L.A. value
of less than about 0.3 um may not be significant.
(b) A high surface defect density produced, for exaﬁple, by mechanical

polishing, rolling (of sheet) or drawing (of wires).

(3) For low Tosses above H01 a conductor sheuld have :
(a) A high surface defect density
(b) A high bulk defect density

A roughened surface reduces the losses in annealed samples but this

effect was not found to be important in cold-worked materials.

(4) If f?ﬁx becomes trapped within a superconductor the subsequeét losses
may be greatly increased. Since flux may be trapped in an a.c. conductor
“during overload conditions and can only be removed by warming above the
- transition temperature, devices should be designed to minimize the effect.
- This might be done, for example, by employing a suitable conductor geometry
hu§ a more satisfactory solution would be to use a conductor with a high
surface defect density., The increase in losses iﬁ such materials appears

to be practically negligible.
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(S)V Our results indicate that it is possible to preduce a conductor with
losses at 50 Hz below 0.1 K m™2 (2 x 1073 ! m'z) at currents of

up to 80 KA(RNS)m™T,

Further Hork

It has been shown that the losses in nichium below Hc? can be made small
enough for technical requirements. The greatest interest lies in producing
materials with Tow losses at hicher fields.

A considerable amount of work remains to be dene on determining the
relative effectiveness of surface treatments, particularly mechanical ones,
in increasing the bulk and surface critical current densities. We believe
that ianmimplantation will prove to be a valuable means of producing
controlled surface damage if the implantation depth is increased by using
higher energy niobium ions or lighter ions such as protoﬁs. The latter
alternative has the advantage that changes of the surface profile by
sputtering should be minimized,

Hork is also required on methods of producing niobium in suitable form
for a conductor, e.q. by vapour deposition or electroplating onto hard
type II superconductors or coppar‘substrat&s.

Other topics‘of more academic interest arising directly out of this
vork are investigations of the mechanism producing losses in samples

“containing trappeé flux and of the mechanism by which losses below HC1 are
reduced in-mechanically and chemically polished samples. An adeguate
investigation of'these effects would require a more sensitive iogs measuring
apparatus than that used in our experiments., Because of the difficulties
of'comhemgation in the e]ectriga? method, an absolute calorimetric technique
might be more satisfactory for this purpose. |

| Finally, the losses above Hcl in annealed niobium require further
investigation. The surface shielding currents sho&]d be measured near Hcl

and used together with measurements of the bulk critical current to test
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Ultmaier's expression., The a.c, permeability technique is a useful method
for measuring the flux profiles and bulk critical currents in superconductors
under a.c. conditions. It could alsc be used for measuring the shielding
currents near Hcl if the a,c, field amplitude is increased. The magnitude
of the shielding currents can also be obtained from d.c. magnetization
measurements, and comparison of the results from the two techniques would

be of interest. Little work has been undertaken on the lésses in Tow
pinning materials, Such measurements should give considerable insight into

the dynamics of flux motion in the mixed state.
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A.C. losses in niobium single crystals in the
Meissner state

P. R. BRANKIN and R. G. RHODES

School of Engineering Science, University of Warwick, Coventry
MS. received 6th August 1969, in revised form 11th September 1969

Abstract. Losses at 50 Hz as a function of magnetic field and surface profile have
been investigated in single crystal samples of niobium at 4-2°k using an electronic
wattmeter. The Jlosses in samples with smooth surfaces were less than
5x104wHz1m? at 1x105am (1250 Oe). A sample with a cold-worked
surface showed higher losses both before and after the surface was polished. It is
concluded that the surface finish is of major 1mportance in determmmg the magnitude
of losses below the lower critical field.

1. Introduction

The subject of a.c. losses in superconductors is of considerable interest because of the
potential application of these materials in a.c. devices. Buchhold and Molenda (1962)
have shown that losses occur in superconductors subject to low-frequency magnetic fields
or currents. - Even when the superconductor exhibits perfect macroscopic diamagnetism in
the Meissner state, where a d.c. current is carried without loss, some a.c. losses are detected.

Buchhold (1963) suggested that these losses were, in the main, due to local, hysteretic
penetration of the a.c. field at surface imperfections. He proposed that the surface loss
L(w m~2) was related to the frequency f (Hz) and magnitude Hm (A m~2) of the applied field,
the average depth d (m) of penetration of the field and the hysteresis factor K, by the relation

L=4pof Hn2dK.

K is a dimensionless constant related to the hysteresis associated with a given field pene-

tration. . This formula only applies in the Meissner state, and does not differentiate between

type I and II superconductors. The terms d and K in this formula are both affected by

sample properties. Buchhold (1963), Rocher and Septfonds (1967), Easson and Hlawiczka

(1968) and Linford (1968) observed that the losses at a fixed field increased as the surface

roughness increased. This they interpreted as an increase of the field penetration depth d

with increasing surface roughness. On the other hand, one would expect d to decrease with
an increase in flux-pinning. Above the lower critical field H¢y of niobium (a type II

superconductor) the losses are found to decrease as the flux-pinning increases (e.g. Linford

1968). By analogy one would ‘expect similar behaviour below Hei.

Rocher and Septfonds (1967) have measured losses at frequencies between 1 and 50 kHz
in polycrystalline niobium samples for fields up to 4x 104 Am~1 (500 Oe). They found
that the.losses depended on a number of factors, i.e. the frequency, the applied field, the.
field in which the sample was cooled, the surface finish and the resistance ratio of the
materials: As a result of increasing the resistance ratio by outgassing the samples at
2100°c in a vacuum of apprommate]y 107 torr, the losses also increased, and this was
explained by the lower flux-pinning in the outgassed samples. However, Seebold (to be
published) has reported that, for pure lead samples in the Meissner state, no change in the

~ losses occurred when their resistivity ratios differed by two orders of magnitude.

Linford and Rhodes (1968) have published results comparing the losses below Hg; in

" polycrystalline and single-crystal niobium samples. The losses in the polycrystal were

found to be lower, presumably because of the greater amount of flux-pinning. Measure-

- ments on machined polycrystalline niobium by Easson and Hlawiczka (1968) showed that,
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bglow Hei, losses at a given field decrease sharply as the surface finish improves, and that
losses in a very well polished sample are extremely low up to about 1500 Oe.

The purpose of the present experiments was to investigate the a.c. losses in niobium below
its lower critical field Hei, or, in the case of some samples, below the field of first flux
penetration Hyp, i.e. in the Meissner state. To avoid any complicating effects of grain
size and grain boundaries on the surface structure, single-crystal specimens were studied.

2. Measurements

Three samples of niobium single crystal, grown by electron-beam zone melting and
having orientations near the [110] direction, have been measured. The samples were pre-
pared in the form of solid cylinders 40 mm long and 3-5 mm in diameter. An alternating
magnetic field was applied axially to the samples and losses were measured using an electronic
wattmeter technique (Easson and Hlawiczka 1967, Linford 1968). Critical field values

were

obtained using a vibrating sample magnetometer,

Sample 1 was centreless ground to 3 mm diameter, chemically polished and finally
outgassed near the melting point at a pressure of 10-10 torr. Its resistance ratio was 1040.
The losses in this sample, as a function of the peak field, are shown in figure 1. The results

from

a low-loss polycrystalline sample, medsured by Easson and Hlawiczka (1968), have

also been plotted for comparison.

Figure 1 also shows the losses measured in sample 2 for two different surface treatments.
The first measurements were made after spark-eroding the crystal to a cylindrical form.
Final shaping to a diameter of 5 mm was carried out at spark energy 7. The losses were

then

remeasured after chemical polishing.

Sample 3 was cut from the same as-grown crystal as sample 2. It was machined to a
cylinder of 5 mm diameter on an ordinary lathe. The losses measured after this treatment
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are shown in figure 2. The sample was then mechanically polished with emery cloth and
diamond paste to a 1 um finish and the losses were remeasured. It can be seen in figure 2
that this mechanical polish has produced little effect. The results for sample 2 after
spark-erosion are also shown for comparison.

Talysurf profiles of sample 3, taken after machining and after polishing, showed that the
major surface features left by machining had been removed by polishing. However, some
irregularities remained and the profile was very similar to that obtained from sample 2 after
spark-erosion. chroscopxc examination revealed these irregularities to be scratches from
the emery cloths. .

3. Discussion

From the measurements on samples 1 and 2 (figure 1) it is clear that, even for pure
samples with low bulk flux-pinning, the losses below Hei are very small if the surface finish
is good. It is interesting to note that above He; the losses in the polycrystalline material
are much lower than those in the single crystal, but below Hcy the losses are comparable.
These measurements also show that the transition between high- and low-loss régimes
occurs very close to Hci. Chemical polishing of sample 2 has decreased the losses below
Hcy, and the transition appears sharper.

The losses measured below Hgi on these two samples are lower than those reported by
Linford and Rhodes (1968) for a niobium single crystal. This is possibly because of a
better surface finish on the present samples, which had smooth bright etch-pit free surfaces
after chemical polishing.

The results obtained on sample 3 (figure 2)-are somiewhat different. The losses do not -
undergo a transition to a high-loss régime until fields approaching 15 x 105 A m~? (1900 Qe).
In general it has been found that single-crystal samples with worked surfaces behave in this
manner. Magnetization measurements indicate that large-scale flux penetration is delayed
to fields well above Hei. It is thought that this effect is produced by defect stabilized
surface currents shielding the interior of the sample. This hypothesis is confirmed by
surface current measurements (to be published) in the mixed state which show a large
increase as a result of surface treatment, The currents measured in sample 3 were of the
correct order of magnitude to provide shielding up to 1-6 x 105 A m~1 (2000 Oe).

A feature of the results for sample 3 which is more difficult to interpret is the small
change’in losses between the polished and unpolished surfaces. Moreover, although the
surface profile of sample 3 after polishing was similar to that of sample 2 after spark
machining, the losses were considerably higher (see figure 2). The heavily worked surface
of sample 3 might be expected to prov:de strong flux-pinning and hence smaller losses.
The reason that this was not observed is possibly that the surface layers were severely
damaged by the machining and subsequent mechanical polishing.

4. Conclusions

These results confirm the conclusions of other workers that, to achieve minimum losses,
it is of primary importance to use material with a smooth surface. Our measurements
indicate that provided the surface is sufficiently smooth the bulk flux-pinning of the sample
is not so important in losses below Hoi. The measurements also demonstrate that
mechanical "polishing may not always be a satisfactory way of achieving a smooth surface.
Since losses increase sharply at Hcy or Hyp it is necessary to use a material treated so as
to make this field as high as possible.

The results-also indicate that the effect of the metallurgy of the surface layers on losses
below Hgi requires further investigation. It is intended to measure losses in polycrystalline
" niobium samples as a function of their annealing treatment. Measurements will also be
made on material with different surface finishes to obtain more quantxtatlve data on the
effect of surface finish.
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Notes on experimental technique and apparatus

A simple integrating magnetometer

P R Brankin, A R Eastham and R G Rhodes

. School of Engineering Science, University of Warwick,
Coventry, Warwicks.
Ms received 2 December 1969

Abstract Some problems with the vibrating sample
technique for obtaining magnetization curves of
superconducting samples are discussed. The construction and
performance of a simple integrating magnetometer which
overcomes some of these difficulties is described.

1 Introduction

This note describes a simple integrating magnetometer designed
to obtain magnetization curves of superconducting samples.
Hitherto, we have used a vibrating sample magnetometer of
the type described by Zijlstra (1967) to carry out these
measurements. However, it has been reported (Love et al.
1952, Finnemore et al. 1966, Campbell er al. 1968) that
vibration or motion of a superconducting sample in a magnetic
field may affect the penetration or expulsion of flux. Also, in
conditions in which bulk flux changes are inhibited by surface
flux-spot pinning (Hart and Swartz 1967), it has been shown
that the magnetization near the sample ends differs from that
of the central region (P R Doidge and A R Eastham to be
published). With the vibrating sample magnetometer, the
relative positions of the sample and pick-up coils are very
critical and, in practice, anomalies in the shape of the magneti-
zation curves obtained with this instrument are often observed.
To overcome these difficulties, and because it was desired to
make magnetization and ac measurements without disturbing
a sample in the helium bath, it was decided to construct an
integrating magnetometer.

2 Apparatus

A schematic diagram of the integrating magnetometer is
shown in figure 1. The sample is placed in the centre of a
coaxial pair of search coils which have an approximately equal
number of area turns, and are connected in series opposition.

Compensation coil

Keithley 148
nonovoltmeter )

Pick-up coils

devices

o l230J |
| I I S
fStandard } XY
l Izesustor [ recorder
W
Mognet - Magnet
supply

Figure 1 Schematic diagram of magnetometer

With the sample in the normal state, the coil system is made
noninductive by ‘adjusting the position of a small compen-
sating. coil. In a swept magnetic field H parallel to the axis of

the sample, the voltage ¥ across the coils is given by
, dMdH
V=—(u-nm) A T

"Here A is the cross-sectional area of the sample, and dM/dH
is the slope of the magnetization curve. In one experimental

312

arrangement the search coils are 5 mm long. The inmer coil
has a mean diameter of 3-5 mm and n; = 2100 turns, while the
outer coil has a mean diameter of 7-2 mm and nz= 500 turns.

After amplification by a Keithley nanovoltmeter, which has
a very low drift (10 nV per day), the signal from the search
coils is integrated to produce a voltage proportional to
magnetization. The integrator is designed to have a stability
of 0-19%; over periods of up to 30 minutes. It consists of an
input resistor and an operational amplifier with capacitive
feedback. The output of the integrator may be set to zero by
switching a 1 M{Q resistor in place of the feedback capacitor.
A second switch enables the output to be held constant by
connecting a 1 MQ resistor between earth and the amplifier
input. The input offset voltage of the amplifier may be reduced
to zero by using the trimming facilities in the circuit and an
external 10-turn 100 kQ Helipot.

‘The chopper-stabilized amplifier is an Analogue Devices’
type 230J. This has an input bias current drift of 1 pA degC-!
and an input offset voltage drift of 0-5 wV degC-t. Two
0-5 uF (+49%) film capacitors (Salford Electrical Industries
Ltd), having a temperature coefficient of — 150+ 80 p.p.m. and
a leakage resistance of 5x 1011 Q are used for the feedback
capacitors. The 1 MQ (+1%) input resistor (Paignton Ltd)
is a metal oxide film type with a temperature coefficient of
+25 p.p.m. To minimize thermal voltages in the integrator
“all internal connections are made with untinned Cu wire and
CdSn solder. Glass fibre insulation board is used wherever
necessary to minimize leakage currents, and Radiospares
Maka-Switch units, having a high leakage resistance ( > 101! Q)

- and low thermal emfs, are used for switching.

Before sweeping the magnetic field the gain of the nano-

~ voltmeter is adjusted to keep the integrator input signal within

the range 0-1V .to avoid saturation of the operational
amplifier. The integrated voltage is fed to the Y axis of an
XY recorder, while a signal proportional to the magnetic
field is fed to the X axis,

3 Conclusions

The integrating magnetometer has provided a convenient and
accurate method of obtaining the magnetization curves of
cylindrical superconducting samples with diameters in the
range 1-5mm, at field sweep rates down to 103 Am~1g-1
(about 10 Oes-1). The construction of the magnetometer
presented no great difficulties, and it became operational in
a very short time.

A comparison of the magnetization measurements on
various samples using both the vibrating sample and inte-
grating methods will be published shortly.
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