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Sunmary 

Composites containing up to 9000 filaments of 
niobium titanium are now being tested for use in 
pulsed magnets. lt would be advantageous to go to 
still higher numbers but this would increase the 
coupling between filaments and therefore increase 
losses and decrease stability. The paper tries to 
see how this coup] ing wi 11 1 imit N, the number of 
filaments which can usefully be put into a compo
site. Magnetization and self field effects are 
treated separately. A new theory of magnetization 
in three component composites is presented and its 
implications for N are discussed. Self field 
theory is extended and t wo new mechanisms are 
suggested which could, in practice, reduce the 
magnitude of the self field effect. lt is con
cluded that 20 000 filaments are now possible and 
that N could eventually be pushed as high as 10~ 

1. Introduction 

The first filamentary superconducting compo
sites, produced about four years ago, contained 
approximately 50 filaments of niobium titanium. 
Several manufacture rs are now producing compo
sites containing more t han a thousand filaments 
and this trend towards large r numbers of filaments 
seems likely to continue: fig 1 shows a recent 
development containing 9000 filaments. The main 
demand for such composites is coming from the 
builders of pulsed magnets, notably in the accel
erator field. Pulsed magnets require very fine 
filaments in order to keep the hysteresis loss 
down to a reasonable level; for a synchrotron 
accelerator magnet, the filament size should be 
about 5~. At a field of 5 Tesla a single 5~ fila
ment of NbTi will only carry about 30 mA. Typical 
magnet currents are at least 3000 A so that we 
need to connect 105 filaments in parallel. At 
present, the usual practice is to make a cable of 
~ 100 wires each of which contains ~ 1000 fila
ments. Cables of this kind suffer from a rather 
poor packing factor and attempts to improve this 
by compacting the cable usually result in damage 
to the individual composite wires, which have 
diameters of only ~ 0.3 mm and are rather fragile. 
Putting still more filaments into the composite 
should improve this situation by allowing simpler 
cables with fewer strands which are more robust. 
lt may even be possible to make composites con
taining 105 filaments and eliminate the cabling 
problem altogether. 

The purpose of this paper is to assess the 
electrical problems involved in going to larger 
numbers of filaments. Problems of manufacture will 
not be considered except to note that, using a 
'double stack' process, the production of 
50 000 filament composites is now quite feasible. 
The electrical problems arise from the fact that 
the filaments are connected by the normally con-

ducting matrix of the composite and this causes 
them to be coupled together in changing magnetic 
fields. They no longer behave as individual 
filaments. The hysteresis of the composite is 
greater than the sum of the separate filaments, 
losses are increased, and stability against flux 
jumping is reduced. Unfortunately the coupling 
becomes stronger as the number of filaments is 
increased: firstly because it is no longer poss
ible to twist the composite tightly enough and 
secondly because the self field is stronger. lt 
seems almost certain that coupling effects will 
eventually impose an upper 1 imit on N, the number 
of filaments which can usefully be put into the 
composite. This paper attempts to determine what 
that limit is. Examples are worked out for the 
particular case of a synchrotron magnet but the 
treatment is quite general. 

A detailed consideration of magnetization
the coupling with respect to an externally applied 
field- will be given in section 3. lt will be 
shown that 'three component' composites containing 
a mixture of copper and resistive alloy are needed 
if pulse times of a few seconds and N of greater 
than a thousand are to be achieved. The theory 
developed in reference! will be extended to cover 
a range of three component composites. Section 4 
will examine the coupling with respect to the 
self field of the composite. The limitations on 
N imposed by conventional self field theory will 
first be stated. Two effects will then be des
cribed which could in practice reduce the self 
field coupling and hence increase the maximum 
value of N. Before these detailed considerations 
however, a few general observations on the problem 
of coup! ing in connected arrays of filaments will 
be made in section 2. 

Fig. 1. An 8917 filament three component 
composite. (l.M.I.) 

2. Note on Coupling 

The effect of coupling on the hysteresis of 
a connected array of filaments can be seen from 
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from two different viewpoints: 

(a) Induced e.m.f: If there Is a change of flux 
enclosed between the filaments of the array, an 
e.m.f. acts around the circuit and currents are 
induced to flow, These currents produce In
creased hysteresis and Increased loss. 

(b) Motion of flux: If flux moves across a fila
ment there will be flux-flow power dissipation 
within that filament. 

Both viewpoints are equivalent and the choice 
between these Is largely a matter of preference 
although it Is often found that either one or the 
o~her can be more enlightening In a particular 
Situation •. Both state that filaments will not be 
coupled If there is no change in the flux enclosed 
between them. From the first viewpoint, no e.m.f. 
will act and no additional currents will flow· 
from the second, no flux will need to cross the 
filaments, If the starting conditions are the 
usual ones of zero field and current, the criterion 
for no coupling becomes simply: there should be no 
net flux enclosed between any pair of filaments 
in the composite. This criterion will be found 
particularly useful in dealing with self field 
effects in section 4. 

3. Magnetization 

The net flux enclosed between filaments due 
to an externally applied field can on average be 
made zero simply by twi sti ng the composite. Within 
the twist pitch however the flux enclosed is not 
zero and when this flux changes currents wi 11 flow 
between filaments through the matrix. The magnet
Ization of the composite will show Increased 
hysteresis, Increased losses and, in consequence, 
reduced stability, The effect is rate dependent. 

3.1 Simple Theory 
In references! and2 it is shown that the 

magnetization of a twisted filamentary composite, 
exposed to a changing external field may be 
written: 

M=Mo(J+BR,2 _1+ •••• ) 
AJcd Pe 

(I) 

where M0 is the magnetization of the individual 
filaments, B rate of change of field 4~ twist 
pitch, A filling factor, J critlcal'current 
density and d is the filam~nt diameter (S. l.units). 
The effective resistivity Pe Is a function of the 
geometry of the composite. 

For a simple composite with only one metal In 
the matrix and a uniform arrangement of filaments, 
Pe is: 

Pe = 
nwpw 

3d 
(2) 

with w the thickness of normal metal between each 
filament and Pw Its resistivity. 

In order to see how equation (I) affects the 
maximum number of filaments N, we note that the 

minimum practical twist pitch Is approximately 
five times the composite diameter. Below this 
minimum pitch, the wire Is quite likely to break 
during twisting and also the effective current 
carrying capacity in the forward direction is 
reduced by the cosine of the helix angle of the 
filaments. lt Is usual to demand that the rate 
dependent contribution to magnetization In (1) Is 
less than the magnetization of the filaments M0 ; 

otherwise the gains obtained from fine subdivision 
would be thrown away. Let the ratio of the two 
magnetization terms be am, ie M= M0 (J + ~). 
The maximum number of filaments is therefore fixed 
as: 

(3) 

where a Is the composite radius. lt Is Interest
Ing to insert typical figures for an accelerator; 
eg am= 0.5 A a 0.~, J = 1.5 x 109 A M-2, 12 d = 5 X 10-~ M and B = ~ Ts-1. Thus N = 8 X 10 
p • The effective resistivity of copper based 
composites is~ 4 X lo-11 n.m so that N can be 
only~ 30g. With cupro nickel however, Pe Is 
~ 7 x 10- n.m and N can be over 500 000. Clearly 
it Is necessary to use some kind of resistive 
alloy if the number of filaments Is to be 
Increased. Unfortunately composites with resist
Ive alloy matrices do not perform very well in 
magnets even when the filament diameter Is well 
below the maximum size for adiabatic stablllty,l 
The reasons are probably wire movement effects or 
self field Instabilities or both. The fact that 
copper based composites do not suffer so much 
from these effects seems to Indicate that the 
thermal conductivity and magnetic damping (dynamic 
stabillzatlon) provided by the copper plays a very 
useful role. Protection of the magnet Is also 
much easier if copper Is present. One Is there
fore driven to the conclusion that composites 
containing many thousand filaments should be 
'three component' composites In which the matrix 
contains both copper and resistive alloy, usually 
cupro-nicke13. 

3.2 Three Component Composites 
There are two basic ways of arranging a three 

component composite: 

(a) Each filament is surrounded by copper and the 
whole embedded In cupro-nlckel. 

(b) Each fl lament is surrounded by cupro•nlckel 
and the whole Is embedded In copper. 

The composite shown In fig, 2 Is an example of 
type (a). The effective resistivity of such com
posites is expected to be given by (2) where w Is 
the thickness of the cupro-nickel barrier and Pw 
is its resistivity; the resistance of the copper 
is negligible in comparison. Experimental mea· 
surements of rate dependent magnetization confirm 
that this Is Indeed the case. Effective reslstlv· 
!ties of between 1 and 4 x 10-8 n m have been 
measured In such composites and N could therefore 
be very large, Their big disadvantage Is the 
relatively small proportion of copper which can be 
used and the large amount of cupro-nickel needed 
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for processing, This problem becomes particularly 
a~ute in ~dou?le stack' processes where a single 
frlament rs f1rst drawn down to size, many fila
ments are then stacked together and drawn to size 
and, finally, many of the resulting bundles of 
f!laments are re-stacked and drawn down to finished 
w1re, At each stage in the process it is necessary 
to add more normal metal in the form of containers 
fillers etc; in the type (a) arrangement this must 
~lwa~s ?e cupro-nickel. The resulting composite 
IS d1ff1cult to process because it contains a lot 
of cupro-nickel and is unstable in magnets 
because it contains too little copper. 

Fig. 2 A 241 filament type (a) composite; each 
filament is surrounded by copper and then 
by cupro-nickel. (I.M.I.) 

In an attempt to increase the proportion of 
copper, we have turned to type (b) composites in 
which all 'structural' metal added during pro
cessing can be copper, Fig. 3 is an example of a 
double stacked type (b) composite. Unfortunately 
this type exhibits much lower values of effective 
resistivity, typical values being of the order 
lo-9 ~ metres. The reason for this decrease is 
that the most widely spaced filaments, which 
enclose a lot of flux (within the twist pitch) are 
effectively joined by a continuous 1web 1 of copper. 
Whereas in type (a) the currents linking such 
widely spaced filaments would have to cross many 
resistive barriers, they now only need to cross 
two. This effect has been seen in many of the 
composites made under the Rutherford Laboratory/ 
Imperial Metal Industries collaboration and has 
been studied in some detai 1. it has also been 
reported by Critchlow.4 

Fig. 3. A 1045 filament type (b) composite; 
each filament is surrounded by cupro
nickel and then by copper. (I.M.I.) 

A theory of rate dependent magnetization in 
three component composites is presented in the 
Appendix. It is assumed that the composite is 
divided into a series of annular rings, radius r, 
each of which contains a single layer of filaments 
and a copper web. The effective resistivity to 
be inserted into (2) is then given by summing all 
the rings In parallel. 

1 6 { Pe = ~L 
rd(d + w) 

wpw 

The effective resistivity of each layer may thus 
be thought of as two resistances in parallel: the 
first term being the direct matrix resistance and 
the second being the copper web resistance. 

The best way of performing the summation 
depends on the composite in question. If the 
filaments and web are fairly uniformly distributed 
and their size is small compared with the overall 
composite diameter, equation (4) may be integrated 
over the radius to give 

Pe 
3 { (d + w) d 
rr (d + 2u + t)wpw 

+ t(l - £tn(l + 1/£nl 
(d+2u+t)pt f 

where £ 
utpu 

2a2pt 

(5) 

Note that in the derivation of (5) from (4) 
it has been assumed that each ring of filaments 
is now in contact with two copper webs, one inside 
and one outside. The appropriate factors of two 
have been inserted where necessary. it is often 
convenient to use a combination of (4) and (5). 
The composite shown in fig. 3 may be treated in 
this way, using the integral relation through the 
main bulk and then adding a contribution from the 
outer copper sheath using the second term in (4). 

Pe 
3{ (d+w)d 
rr (d + 2u + t)wp .+ 

w 

+ 

t[l - dn(l + 1/£)] 
(d+2u+t)pt 

2 } (6) 
(u/a)pu + (a/T)Pt 

where T is the thickness of the outer sheath. 
Applying this relationship to the composite of 
fig. 3 we obtain p = 1.0 x lo-9 ~ .m, which 
compares very wellewith the figure of 1.1 xl0-9~m 
obtained from magnetization measurements. 

it is worth noting 
£, equation (4) becomes 

1 3 { (d + w) d 
Pe = rr (d + 2u + t)wpw 

a 

that, for small values of 
independent of u and Pu: 

+ (d + ~u + t)pt } 

t 
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In the case of the fig. 3 composite, £ is already 
quite small and the limiting value of Pe is calcu
lated as 0.9 x lo-9 n .m. Also the second term in 
t he limit i ng equation usually dominates, ie: 

::: l 
Pe TT 

t 

(d + 2u + t) pt 

So it is not possible to increase Pe by thickening 
the barriers or increasing their resistivity. The 
effective resistivity of such composites is 
essentially det§rmined by the copper and is 
generally ~ 10- n .m. Note however that the 
barriers are s till performing a useful function by 
restricting the main current flow to the web. If 
this were not so, the effective resistivity would 
be given by (2) with Pw = Pt= Pcopper• 

Composites Qf the fig. 3 type are therefore 
limited to ~ 10-~ n .m and for our particular 
example of the synchrotron the maximum number of 
filaments is ~ 8000. To improve on this we must 
change the geometry. Fig. 4 shows a 3025 filament 
composite in which the core matrix is all cupro
nickel and is separated from the outer copper 
sheath by a thick layer of cupro-nickel. lt is 
quite easy to calculate Pe for this arrangement 
using the first and last terms of equation (6), 
which correspond to the core and sheath respect
ively. The calculated value is 12 x lo-9 n .m and 
the measured value is 20 x lo-9 n .m. lt is thus 
possible to imagine composites of this type being 
made w ith ~ 105 filaments and still having 
reasonably low matrix losses . In section 4 however 
it will be argued that copper is needed throughout 
the composite, in reasonably close contact with the 
filaments, in order to damp out self field 
instabilities. The fig. 4 composite is most un
satisfactory in this respect. 

Fig. 4. A 3025 filament composite; the central 
matrix is all cupro-nickel and is 
surrounded by a copper sheath. (I .M.I.) 

Our latest composite, shown in fig. 1, is an 
amalgamation of all the ideas so far discussed. 
Each filament is surrounded by copper and then by 
cupro- nickel. Clusters of 241 filaments are 
surrounded by more cupro-nickel and then embedded 
in a matrix of copper. The thickness of cupro
nickel around each cluster is now large enough to 
significantly reduce the current flowing in the 
copper web; the copper next to the filaments has 
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a stabilizing effect. The calculated and measured 
resi s tivities for this composite are 1.9 xlo-9n.m 
and 2.5 x lo-9 n.m respectively. In the example 
given, this would allow N to be between 15 000 
and 20 000. The factor of two has been hard to 
get and the composite contains about twice as much 
cupro-nickel as the simpler type in fig. 3. 

What is really needed is a way of breaking 
up the whol e of the copper matrix, by the 
insertion of resistive barriers, so that there 
are no clear current paths across the composite. 
In this way the cupro nickel would be used much 
more e fficiently. The effective resistivity 
would be approximately the cupro-nickel resist
ivity multiplied by the ratio of the path length 
through cupro-nickel to the total path length. 
This ratio could easily be 5%; p could thus be 
~ 20 X Jo-9 n .m amd N ~ 160 ooo.e A very recent 
attempt to make composites of this kind is 
described inlO. 

4. Self Field 

A transport current flowing in a circular 
wire produces self field lines in the form of 
concentric circles. There is always a self field 
flux enclosed between the outer filaments of the 
wire and those near the centre. lt is not 
possible to reduce this flux by twisting and the 
self field behaviour of a twisted filamentary 
composite is, to a first approximation, the same 
as that of a solid wire. The effect could be 
removed if it were possible to fully transpose 
the filaments so that inner and outer filaments 
change places along the length of the composite -
but this seems unlike ly in any practical 
composite. 

In the next two sections the 1 conventional 1 

self f ield theory will be reviewed and extended 
to see how it affects N. The following two 
sections will then go on to discuss two mechanisms 
which may in practice invalidate the simple theory. 

4.1 Self Field StabilitT 
The simple adiabat c stability criterion] 

demands that the maximum self field of the wire 
should be less than BFJ the minimum flux jump 
field. For niobium titanium this is ::: 0.15T. 
Thus: 

8000 for the typical accel
erator magnet parameters listed in 3.1. This 
figure is pessimistic for two reasons. Firstly, 
it is the minimum field for initiation of a flux 
jump. If however the wire is carrying a current 
somewhat below critical, the flux jump need not 
necessarily cause a quenchl and stable operation 
is possible up to higher values of self field. 
Secondly, the adiabatic stability criterion is 
only really valid if the magnetic diffusion time 
of the composite is much less than its thermal 
diffusion time. This is true in cupro-nickel 
based composites and we have observed degradation 
in these materials which can almost certainly be 
ascribed to self field Instability. In copper 



based composites however the effect Is not seen, 
The copper provides magnetic damping and good 
thermal conductivity which combine together to 
provide dynamic stability5 •• At present there Is, 
to the author's knowledge, no theoretical treat
ment of self field effects in dynamically 
stabilized composites. it seems likely that there 
will be some upper limit to the self field and 
hence the overall diameter of the composite but it 
Is not clear what that limit is, The best we can 
do at the moment is to note that composites of up 
to 2 mm In diameter seem to be quite stable In 
practice so that at least 80 000 filaments should 
be possible, 

4.2 Self Field Losses 
If the current in a wire is Increased from 

zero to I, the self field hysteresis loss per unit 
vo 1 ume, Qs, i s given by: 

2 2 2 
n11 0 l /811 a (7) 

where n is a numerical factor determined by the 
size of the current and the past history of the 
sample, Fig, 5 illustrates four possibilities 

B 

Fig. 5. 

(a) (b) 

(c) 

The variation of self field with radius 
in a round wire. The four cases show: 
firstly a virgin sample (a) with I = le 
and (b) with I < le: secondly a sample 
which has already been cycled to I and 
back to zero (c) with I = le and (d) with 
I < le• The shaded areas show changes 
in flux. 

In the simplest case, shown in 5(a), na = 1. 
If, as In 5(b), the total wire current I Is less 
than the critical current le and 1/lc = f : 

2 2(1-f) 
nb = T - 1 + f2 

.P.n (1 - f) 

If the current has already been cycled to I and 
back to zero, there will be trapped self field . 
flux and the losses on the second current rlse w1ll 
be less. This only applies if the second current 
pulse is in the same direction as the first-fig.5(c). 

ne = 3/2 - 2R.n2 0.114 

If, as In 5(d), the second current pulse is again 
less than le and 1/lc = f, n is reduced further. 

2 1 2 (~) .P.n (1 - f/2) 
nd T - 2 + f2 

The two functions nb and nd are plotted In fig. 6, 
When f = 1 we obtain the two extreme cases na 
and ne· 

0-5 

0·2 

'1 0·1 

Ftg. 6. 

0{)5 

0{)2 

The self fteld loss factors Ob and nd 
corresponding to figs, 5(b) and 5(d). 

In the low field regions of a magnet the 
critical current density will be large and f will 
be small. To calculate the self field loss of the 
magnet we must find some kind of average f. This 
depends on magnet shape and superconductor 
properties; a typical figure Is f " 0.5. For 
repetitive unidirectional pulsing we therefore 
have n " 0.05. This Is a much lower figure than 
the 0.~9 quoted lnl which was for a virgin sample 
or for alternate positive and negative pulsing -
the two are equivalent. it is also In much better 
agreement with the self field losses which have 
been observed experimentally for unidirectional 
pulslng6, Formulae which are similar to the above 
have also been derived by Reiss7, 

To see how this loss affects N, we may again 
demand that the self field loss should be some 
fraction as of the magnetization loss In the 
filaments Urn which is approximately AJcB d/4. 
This may be related to (7) via as to give the 
composite radius and hence N: 

N = (8asB)/(n)J 0 Jd) 

For as= 0.5, n = 0.05, and the 3.1 values of 
Jc, B and d, we find N " 40 000, 

The theory outlined so far has taken no 
account of the filamentary nature of the composite; 
it is treated as a solid wire. To a first order 
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this is a good approximation provided the length of 
the composite Is greater than the critical length 
for diffusion of self field through the matrixl -
and this is almost always the case, There may 
however be second order effects and two possibilities 
will now be suggested, 

4.3 External Field Effects 
The filament decoupling condition defined In 

section 2 requires no net flux between filaments, 
We normally assume that twisting reduces the mean 
enclosed external flux to zero and then go on to 
treat the self field separately, it Is clear that 
the external flux enclosed between twisted fila
ments in acyl indrical shell is zero. it may also 
be shown that the external flux enclosed between 
shells is zero (consider the mutual inductance 
between any shell and some external current loop). 
But this is only so if the shells are concentric. 
If the shells are shifted relative to each other, 
external flux will be enclosed between them, and 
this could under certain conditions cancel out thf 
self field flux. There would then be no self 
field loss or instability. lt is possible that an 
effective shift of this kind could come from the 
movement of the electric centres within the 
filaments. The electric centre is the line along 
which th~ magnetization currents within a filament 
reverse.~ No flux crosses this line and the 
condition stated in section 2 should strictly 
speaking require no net flux between electric 
centre lines. Fig. 7 shows how the electric 
centre can move with increasing transport current 
in the filament. 

I 
I 

. I 
I 
I 

:-8--l 

Fig. 7, Movement of the Electric Centre Line 

We therefore postulate a distribution of 
transport current density in the composite which 
shifts the electric centre of each filament by just 
the amount needed to make zero the enclosed com
bination of self and external flux. If such a 
distribution exists, it is reasonable to assume 
that it will be set up automatically when current 
and field are Increased together. Any tendency to 
depart from it will be opposed by induced e.m.f,s. 
The model is shown in fig, 8. lt is assumed that 
twisting ensures that each filament within a 
cylindrical shell carries the same current and 
therefore experiences the same shift of electric 
centre. The external field, which Induces 
magnetization currents in the filaments, is usually 
much stronger than the self field. We may there
fore also assume that the direction of the dis
placement is determined only by the external field 
and Is always at right angles to it, The electric 

centres of filaments in a cylindrical shell there
fore lie on another cylinder of the same diameter 
but displaced sideways by a distance o, 

Fig, 8 Composite with displaced electric centres 

We consider the flux enclosed between two 
shells of radius Rk and Rk+l• with centres dis
placed ok . and Ok+l, carrying a transport current 
density Jk and Jk+l(averaged over the filament). 
From fig. 7 it may be seen that ok a dJk/2Jc• 
If the external field is Be, the external flux 
linked between the two cylinders will be 

The self field flux is the sum of contributions 
from all shells within Rk. 

k 2 2 
<Ps 0,5\JoR.n(Rk+l/Rk) I: (Rh- Rh-l)).Jh 

1 
We now demand that these two fluxes should be 
equal (and opposite), let (Rk+l - Rk)-+ O, replace 
the summation by an Integral, and finally 
differentiate to obtain. 

0 

This is a Bessel equation whose solution Is 

J 
J 

c 

where 

y 

fl = 

r/a 

(8) 

(9) 

and, as before, f = lflc for the entire composite, 
The functions 10 and I1 are modified Bessel 
functions of order 0 and 1. F lg. 9 shows a plot 
of I 0 (By) against (f3y). 
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0 

Fig. 9. 

0 

The Function I 
0 

The current density thus rises very steeply 
with increasing Sy and at some point it will 
reach the critical current density. This is also 
the point at which the electric centre line 
reaches the edge of the filament. The whole 
mechanism therefore breaks down at J = Jc and 
after this the penetration of the self field 
flux proceeds normally. The flux then crosses the 
outer filaments and self field hysteresis, loss 
and potential instability once more occur, Using 
equation (8) we may calculate the value of f at 
which J = Jc in the outermost ring of filaments, 
ie y = I. Up to this value off one would expect 
to see no .self field effects. Fig. 10 shows f as 
a function of S. We may loosely call this f the 
loss free current fraction. 

f 

0·2 

0 4 

Fig. 10. Loss free current fraction f. 

From equation 9 we obtain: 

N = (2S 2 Be)/(~0Jcd) 

Assuming the example pulsed magnet parameters we 
find N ~ J03s 2• A composite containing 1000 fila
ments would therefore be expected to show hardly 
any self field effects in an external field of ST 
(f = 0.89). And a 10 000 filament composite should 
still be loss free up to half its critical current. 
These values of f gives some Indication of the 
reduction in self field loss. But they are really 
only upper limits because, even at currents above 
f, some of the transport current (near the centre 
of the composite) will still be loss free. Quite 
substantial reductions In self field loss can 
therefore be expected, 

4.4 Spiral Field Effects 
So far the argument has only been conducted 

in two dimensions. But the spiral currents 
flowing in the filaments of a tightly twisted 
composite will produce a field which also has a 
longitudinal component. Once again we note that 
the section 2 criterion refers to total flux and 
enquire therefore if it is possible for the 
longitudinal and circumferential fields to combine 
in such a way as to give no net flux enclosed. 
This requirement is very similar to the 1 force 
free 1 condition in magnet design, In fact it 
turns out that the no flux enclosed condition Is, 
in this case, equivalent to demanding that the 
resultant self field should lie everywhere 
parallel to the filaments. 

We again divide the composite into annular 
shells of radius Rh•k and carrying an averaged 
transport current density Jh k• The circumferen
tial flux enclosed between R~ and Rk+J is 

k 

<P c = (4R- (Rk+l - Rk)llo/ 2Rk) L Jh (R~+I- Rh
2

) 
I 

where 4R- Is again the twist pitch. The longitudinal 
flux may be similarly found by summing the con
tributions from she lls outside k. 

Letting the shell thickness tend to zero we obtain 

R J J(r)rdr 
0 

where y 2 

(I 0) 

There is no realistic solution to this 
equation; it demands an infinite J in the outer
most shell. Physically this means that there must 
be a longitudinal field at the outside for our 
criterion to be satisfied. If there is no 
external longitudinal field the 1 no flux linked' 
condition breaks down and transport current 
penetrates from the outside In the usual way. This 
current will now produce a longitudinal field 
within the composite and give the required boundary 
condition for loss free currents flowing in the 
centre. We thus arrive at the picture of an outer 
sheath, flowing at critical density with self 
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field loss etc., and an Inner current, below Jc 
with no flux enclosed between filaments and no loss. 
The outer sheath gives an additional longitudinal 
field term to be Included In (10) 

R 

JJ (r)dr 

0 

where 9 Is the spir~l angle of the filament and 
cose = 1/(1 + y2r2)~ ; b Is the Inner radius of 
the critical current sheath. The solution of 
this equation is: 

J (r) 
J;""= 

2 (/b2 + 1) { (Y2a2 + 1) L 
(Y2r2 + 1)2 

2 2 ) ~} 
(Y b + 1 ( ll) 

for r < b (J "" J for r > b) 
c 

A similar result has also been obtained by 
Pouillange.9 Fig. 11 shows J/Jc as a function of 
radius for u2a2 = u2/25, ie the previously 
assumed minimum twist pitch of five times the 
diameter. Three cases are shown, corresponding 
to three different total currents and hence three 
different penetration depths of the outer (critical 
current density) sheath. 

1·0 

0·8 

0·4 

0·2 

0 

r---------·r-- -,·-·-· 
I ! 
I ! 
I ! 
I ! 
I ! 
I I 
I ! 
I I ---------1 I i 

-=-=~---_J I 
-·-·-·-. j" 

0·2 

-·-·-·-· 
0·4 0·6 

r/a 
0·8 1·0 

Fig. 11. Spiral Hodel: Variation of transport 
current density with radius. 

We may integrate equation (11) to find the 
total inner current lb; the loss free component. 
The total sheath current la may also be found by 
Integrating Jccos9 and the fraction of current 
which Is loss free may then be written 

also 

(l+y2b2) { (l+y2a 2 )~ - (l+y 2 b2)~ } 

(l+ia2H - 1 

where f Is, as usual, the ratio of the actual 
composite current to Its critical current. These 
two equations are combined in fig. 12. 

0 

+ 
.D 

Fig. 12 Spiral Hodel : fraction of current which 
is loss free versus f (the ratio of 
actual current to critical current). 

The loss free fraction is thus smaller than 
that predicted for the external field effect and 
it may not be significant in practice. Unlike 
the external field effect however, the spiral 
effect does not decrease with increasing N; it 
depends only on the twist pitch/diameter ratio. 
If the twist pitch could be reduced the loss free 
component would be increased. For example, at 
half the above twist pitch, ie 2~ x diameter, the 
maximum va~ue of lb/(lb + la) would be 0.6. The 
superposlt1on of longitudinal fields on the com
posite could also bring about a large Increase In 
the loss free component. 

4. 5 Experiments 
Both the above effects are at present purely 

hypothetical; they have not been seen experi
menta 11 y. Indeed the re have been, to the authors 
knowledge, no self field loss measurements which 
would be accurate enough to detect them. 

One would expect the transport current 
distribution in a simple twisted (not transposed) 
cable to be similar to that in a large twisted 
composite. We have measured the current distri
bution in a seven strand cable wound into a 
pulsed magnet, using low resistance shunts. The 
result was that the current in each of the outer 
strands was the same but that the current in 
centre was less - and was going backwards! The 
validity of this measurement was confirmed by a 
D.C. measurement made after a time which was 
longer than the time constant corresponding to 
shunt resistance and self field cable Inductance. 
it was then found that all strands were carrying 
equal currents in the same direction. The reverse 
current is at variance with any of the theories 
outlined here. However arguments of the kind used 
in section 4.3 may be employed to show that a 
relatively small ("-' 101!) mechanical displacement 
of the centre strand relative to the outer strands 
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could account for the effect. lt Is not difficult 
to imagine a systematic displacement of this kind 
occurring during coil winding and the result casts 
doubt on the usefulness of any non transposed 
cable In a pulsed magnet. 

An experimental approach which could potentially 
yield more useful information Is the coaxial search 
coil shown in fig. 13. 

~ll ) ) ) ) ) ) ) ) ) ) ) I:) ) ) )) 
Fig. 13. The coaxial search coil. 

The search coil consists of a tube which f!ts 
closely around the composite but is insulated from 
it. One end of the tube is connected to the 
composite and leads are taken from the other end 
and from the composite. This arrangement should 
measure the self field flux crossing the outer 
shells of the composite. Alternatively, it may 
be thought of as measuring the flux flow resist
ance in those outer layers; both ways of thinking 
are equivalent. Using this arrangement we have 
made some preliminary measurements which seem to 
indicate a reduction in self field flux with an 
external field present. But the quality of these 
measurements was not good and more accurate 
measurements must await the availability of a 
noise free power supply. 

Conclusions 

The ultimate size of composites which can be 
used in pulsed magnets is going to be limited by 
filament coupling effects. Hysteresis losses from 
magnetization coupling can be troublesome because 
it Is not possible to twist the composite tightly 
enough. Self field coupling effects can give 
rise to further loss and also impair stability. 
The presence of copper in the matrix is essential 
to damp out self field instabilities and wire move
ment effects. lt is also necessary to provide 
resistive barriers to reduce matrix magnetization 
loss. Three component composites, fulfil! ing 
both these requirements, are now being manufactured 
with up to 9000 filaments. They have the 
advantages of mechanical robustness and a reasonable 
current carrying capacity, even when the filament 
diameter is only 5~. 

As an example, the limiting number of filaments 
N corresponding to each coupling effect has been 
calculated using typical accelerator magnet 
parameters. The results are summarized as: 

Matrix magnetization (all copper matrix) 300 
Adiabatic self field stability (all 

cupro-nickel matrix) 8000 

Matrix magnetization (present 
three component) 

Self field loss 
8000-20 000 

40 000 
Dynamic self field stability 

(three component) 80 000(?) 
Matrix magnetization 

(improved three component) 160 000 

The present limit therefore seems to be about 
20 000 and is Imposed &y matrix losses In three 
component composites. If these losses can be 
reduced by a more effective arrangement of resist
Ive barriers, it should be possible to Increase N 
to the self field limits. The self field loss 
limit, as calculated from simple theory, Is 
40 000 but the spiral and external field effects 
could easily Increase thts to 105. The self field 
stability limit in three component composites Is 
much more difficult to estimate. At present we can 
only call on practical experience to say that 
composites containing an appreciable proportion 
of copper should be alright up to about 2mm dla, 
le~ 80 000 filaments at 5~. ThS upper limit 
might therefore be as high as 10 filaments at 5~ 
diameter. Magnets could then be wound from a 
single solid composite, the cabling problem would 
be eliminated and both the overall current 
density and the strength of the winding would be 
Increased. 
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Appendix: Magnetization in Three Component Composites 
The composite is divided into a number of dis~ 

crete annuli comprising a continuous copper web of 
thickness t and a single layer of filaments separ
ated from each other by a resistive barrier thick~ 
ness wand from the copper by a barrier of thick
ness u. To simplify the calculation, the filaments 
are assumed to be approximately square, of side d. 

Fig. Al. Nomenclature 

Magnetization currents are considered to flow along 
the superconducting filaments and at right angles 
to them through the normal matrix. To determine 
the matrix current density Jw flowing directly between 
adjacent filaments, we equate the flux linked by the 
loop 0 AB A' O' with r e s i s tive voltage around that 
loop. 

(lA) 
d + w 

The current density in the copper web Jt may 
similarly be obtained from a consideration of the 
potential drop around the loop 0 A CD BA' 0'. 

J 2 B Sin~ r3 tP tr " ----=-----

~Jt (~+M)tupu 

rM 

(as ~ t+-0) 

The solution which fulfil Is the required boundary 
conditions of ± ~ symmetry is: 

Sin~ .Br3 (2A) 
Sine (tupu + Ptr 2) 

The rate dependent magnetization of the composite 
is generated by the total longitudinal current, ie 
the longitudinal components of the two matrix 
currents and the currents in the superconducting 
filaments. We define a linear current density j 
(A/M of circumference) of the longitudinal current 
flowing in the annulus. This linear current density 
may be obtained by equating the currents flowing 
into and out of the volume element shown in fig.A2. 

Fig. A2. Continuity of current components. 

Jwxd + Jtxt + jro~ 

(JW + oJW)xd + (Jt + oJt)xt + (j-~j)ro~ 

re-arranging and dividing by r~~o~ 

oJW.xd oJt Xt ~j 
---+-- ----
0~ r~~ o ~ r~~ ~~ 

thus dJ d dJt t dj 
~ ---+-----= 
d~ Sin~ d~ SinS d~ 

Symmetry arguments may again be used to show that 

J = (dJw + tJt)/Sine 

The magnetic moment of currents between ~ and 
4>+ ~~ Is: ~m= lloJrMrSin~ 

Substituting from (lA) and (2A) we obtain an 
expression for ~m which may then be integrated 
with respect to~ to give the magnetic moment of 
the complete annulus m. 

m= 4ll0 Bi rd(d+w) + • 2 { r2 } 
1r wpw (u/r)pu +(r/t)pt 

(where 7rr/21 has been substituted for Sine and 
4t =twist pitch). The rate dependent magnetiza
tion is the total magnetic moment per unit 
volume; it may now be found by summing over all 
annuli and dividing by 1ra2 where a is the outer 
radius of the composite. The total magnetization 
is the sum of the magnetization of the individual 
filaments M0 = 2ll 0 AJcd/3 1f and the rate depend
ent term. Thus 

( st 2 
, ) 

M = Mo l + AJcd ~ 

where 

6 L { rd (d+w) 
2 r } + 

Pe 1fa2 WPw (u/ r )p u +(r/t)pt 

This is the result used in section 3.2. 
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