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Abstract

At high amplitudes and frequencies of the external magnetic ®eld, the superconducting ®laments in a composite

conductor are fully coupled. This causes a high magnetisation loss. Methods to decouple the ®laments are well known

for the low-Tc superconductors and have recently been applied also to high-Tc composites. In this paper, expressions are

derived for the magnetic-®eld amplitude and frequency where full coupling sets in, as well as for the twist length re-

quired for decoupling the ®laments in a general rectangular composite. A comparison is made with other expressions

found in the literature. The ®laments in a typical Bi-2223/Ag tape in parallel magnetic ®elds are decoupled just by

twisting. In perpendicular ®elds a high transverse resistivity is required to decouple the ®laments and decrease the

magnetisation loss. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 74,25 Ha; 74,72 Hs; 84,25 Kx

Keywords: Coupling currents; AC loss; Bi-2223; Multi-®lament superconductors

1. Introduction

AC loss is a critical issue for the design of
power-engineering devices based on high-Tc su-
perconductors. The alternating magnetic ®eld of
the device causes a magnetisation loss, which
consists of hysteresis and coupling-current losses.
The hysteresis loss is decreased by dividing the
superconductor into many thin ®laments. How-
ever, the ®laments in a composite conductor are
coupled by currents ¯owing across the normal-

conducting matrix. At high frequencies and am-
plitudes of the external magnetic ®eld, the ®la-
ments are fully coupled. The composite conductor
then behaves like a single large ®lament with a
high magnetisation loss. Full coupling is avoided
by twisting the ®laments and increasing the matrix
resistivity. In this paper expressions are derived for
the magnetic-®eld amplitude and frequency where
full coupling sets in, as well as for the twist length
necessary to decouple the ®laments. The expres-
sions are valid for composites with a rectangular
cross-section of arbitrary aspect ratio. The results
are applied to typical multi-®lament Bi-2223 su-
perconducting tapes.

At low amplitudes and frequencies of the ex-
ternal magnetic ®eld B, the coupling currents
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are well described with a model presented by
Campbell [1]. The model is based on the assump-
tion of a uniform magnetic ®eld Bin inside the
composite conductor, averaged over a volume that
contains many ®laments. The time constant s of
the composite is de®ned as

Bÿ Bin � s
dBin

dt
: �1�

The coupling-current loss density (in Joule per
®eld cycle per m3 of composite material) is given
by

Qc � B2
a

l0

pnxs
1� x2s2

; �2�

where x is the angular frequency and Ba is the
amplitude of the sinusoidal external magnetic ®eld.
The factor n depends on the shape of the com-
posite cross-section. The coupling-current loss in a
given magnetic ®eld is reduced by making the
product xs much smaller than 1. The time con-
stant is decreased by twisting the ®laments and
increasing the transverse resistivity of the matrix.

The Campbell coupling-current model is valid if
the longitudinal coupling-currents ¯ow only in the
outer layer of ®laments. For increasing magnetic-
®eld amplitudes and frequencies the outer ®la-
ments become saturated and coupling currents
must ¯ow also in the inner ®laments. There is a
transition from ÔCampbell couplingÕ towards full
coupling, where all ®laments are saturated. No
adequate analytical model has been found to de-
scribe the magnetisation loss in the transition re-
gime. The Campbell model itself is used here to
calculate the magnetic-®eld amplitude and fre-
quency where the transition begins.

2. Magnetic ®eld for the onset of full coupling

Fig. 1 displays the coupling currents in a gen-
eral rectangular composite conductor. The exter-
nal magnetic ®eld is oriented along the y-axis. The
®lamentary region has dimensions 2a in the x-
direction and 2b in the y-direction. Dashed arrows
in the ®gure indicate the coupling currents. They
follow the outer ®laments (marked in grey) for

about one-half twist length. Then they cross over
from top to bottom in the y-direction parallel to
the external magnetic ®eld. Fig. 3 in Ref. [1] con-
tains an expression for the electric ®eld Ey in the y-
direction, in the symmetry plane with y � 0

Ey � Lpa
4�a� b�

dBin

dt
; �3�

where Lp is the twist length: the length of one full
turn of the ®laments around the tape axis. The
transverse current density Jy in the composite is
given by Ey=qeff . Here qeff is the e�ective transverse
resistivity of the inner region, averaged over a
volume containing many ®laments.

Fig. 2 displays the lower plane y � ÿb of the
composite conductor. Inclined lines represent the
outer ®laments. These ®laments collect the trans-
verse current and then carry it upward along the
sides of the composite. The grey area with length
Lp and width a is traversed exactly one time by
each of the outer ®laments. Therefore the total
current coming down in the grey area must at no
time exceed the total critical current of all the
outer ®laments. From Eq. (1) the amplitude Ba;in of
the internal magnetic ®eld is found

Ba;in � Ba������������������
1� x2s2
p : �4�

Fig. 1. Coupling currents between the ®laments in a composite

conductor with a rectangular cross-section. The outer layer of

®laments is marked in grey. Dashed arrows indicate the cou-

pling currents. They follow the outer ®laments for about one-

half twist length, then cross the matrix in a direction parallel to

the magnetic ®eld.
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The amplitude Ia;coup of the coupling current
coming down in the grey area is

Ia;coup � aLp

qeff

Ey �
a2L2

p

4�a� b�qeff

xBa;in

� a2L2
p

4�a� b�qeff

xBa������������������
1� x2s2
p : �5�

This result has been published earlier in Ref. [2].
The coupling-current amplitude should be lower

than the total critical current Ic;out of the outer ®l-
aments. This requirement leads to

xBa������������������
1� x2s2
p 6 4�a� b�qeff Ic;out

a2L2
p

�6�

which gives the maximum value of xBa where the
Campbell model is still valid, for any rectangular
composite geometry. In order to decrease the
coupling-current loss, xs must be much smaller

than 1. In that case Eq. (6) can be simpli®ed by
omitting the square-root term.

Kwasnitza gives a criterion for the onset of full
coupling in tapes oriented perpendicularly to the
magnetic ®eld. The criterion is listed as Eq. (12) in
Ref. [3]

xBa6 48
Jcqeffdfilb

L2
pa

1��������������������������
1� �4a=Lp�2

q ; �7�

where Jc is the critical-current density in the ®la-
ments and dfil is the ®lament thickness. This cri-
terion is compared to Eq. (6). When the outer
®laments are rectangular and close together, their
total critical current Ic;out is approximately given by
4adfilJc if the tape is oriented perpendicularly to the
magnetic ®eld. Then Eq. (7) can be rewritten as

xBa6
4�a� b�qeff;?Ic;out

a2L2
p

� 1��������������������������
1� �4a=Lp�2

q 3b
a� b

: �8�

The ®rst term of Eq. (8) is equal to Eq. (6). The
square-root term is 1 for long twist lengths and
decreases to 1=

���
2
p

for a twist length equal to 4a.
Then the outer ®laments are twisted at an angle of
45° to the tape axis (see Fig. 2) and shorter twist
lengths are impractical. Therefore the di�erence
between Eqs. (6) and (7) is mainly determined by
the geometrical factor 3b=�a� b�. The factor is
about 0.15 for typical Bi-2223 tapes in a perpen-
dicular magnetic ®eld. There are three possible
causes for the di�erence:

1. Eq. (7) is based on a model used to describe a
superconducting cable, comprising two layers
of strands separated by an insulating ceramic
barrier [4]. Due to the barrier, the coupling cur-
rents cannot cross over between the strands in
the direction of the magnetic ®eld, as displayed
in Fig. 1. Instead they must follow a longer path
from strand to strand along the sides of the ca-
ble.

2. Eq. (7) is derived for a cable with a relatively
small number of strands. This expression is
therefore expected to describe the onset of full
coupling in Bi-2223 tapes with a low number

Fig. 2. Lower plane at y � ÿb of the composite conductor

displayed in Fig. 1. The outer ®laments are displayed here as

inclined lines. They collect the coupling currents coming down

into the plane of the drawing. The grey area is traversed exactly

one time by each of the outer ®laments. The Campbell coupling

model is valid if the amplitude of the coupling currents coming

down in the grey area is lower than the total critical current of

the outer ®laments.
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of ®laments, especially when there are two ®la-
ment layers separated by a ceramic barrier as
described in Ref. [5]. However, a signi®cant de-
crease in magnetisation loss requires a large
number of decoupled ®laments. A large number
of ®laments is assumed in the Campbell model,
which is used to derive Eq. (6). For typical
Bi-2223 tapes with 50±150 ®laments Eq. (6) is
therefore expected to describe well the onset of
full coupling.

3. In several of the equations in Ref. [3] the symbol
qe is used for the mean transverse resistivity be-
tween two crossing outer ®laments. This resis-
tivity may be di�erent from qeff used in the
Campbell model, which would make the com-
parison in Eq. (8) invalid. The parameter qeff

can be calculated using materials properties
and the shape and structure of the inner ®la-
ments [6,7]. It is not made clear in Ref. [3]
how qe can be quantitatively calculated.

For these three reasons Eq. (6) is expected to
describe the onset of full coupling in typical Bi-
2223 tapes in a perpendicular magnetic ®eld more
accurately than Eq. (7). Furthermore Eq. (6) is
valid for composite conductors with an arbitrary
rectangular cross-section. It can be applied also to
a tape whose wide side is oriented parallel to the
magnetic ®eld.

Eq. (6) is used to calculate the magnetic-®eld
amplitude where the transition to full coupling
begins

Ba;tfc � a� b
a2

4qeff Ic;out

xL2
p

: �9�

This result has been published earlier in Ref. [8].
At the magnetic-®eld amplitude Ba;tfc the coupling
currents become too large for the outer ring of
®laments. The Campbell model then becomes in-
valid but the ®laments are not yet fully coupled.
The transition amplitude Ba;tfc is increased most
e�ectively by decreasing the twist length Lp and
the dimension a of the composite conductor per-
pendicular to the magnetic ®eld. A higher critical
current and a higher transverse resistivity also in-
crease Ba;tfc.

The transition amplitude is calculated for a
typical Bi-2223 tape, assuming a critical current

Ic;out � Ic=4 � 10 A in the outer ®laments. The
twist length is 10 mm and the transverse resistivity
has the value 0.27 lX cm for silver at 77 K. A 50
Hz magnetic ®eld is oriented parallel to the wide
dimension of the tape. The ®lamentary region has
dimensions 2a � 0:2 mm and 2b � 3:0 mm. Then
Eq. (9) gives a transition amplitude Ba;tfc � 0:55 T.
In parallel magnetic ®elds at power frequencies,
full coupling can be avoided up to relatively high
®eld amplitudes. In perpendicular ®elds the di-
mensions are 2a � 3:0 mm and 2b � 0:2 mm which
gives Ba;tfc � 2:4 mT. The ®laments are fully cou-
pled already at low magnetic-®eld amplitudes.
In reality the inner ®laments make the e�ective
transverse resistivity lower than the resistivity of
silver [6,7]. The Campbell model including Eq. (5)
with a lower qeff agrees with measurement results
obtained in a parallel magnetic ®eld [9].

3. Twist length for decoupling the ®laments

For a given amplitude and frequency of the
magnetic ®eld, ®laments with a large twist length
are fully coupled while tightly twisted ®laments
may be decoupled. The onset of full coupling oc-
curs at twist lengths larger than the critical twist
length Lp;c. From Eq. (9) one obtains

Lp;c � 2

a

������������������������������
�a� b�qeff Ic;out

xBa

s
: �10�

At a twist length of Lp;c the outer ring of ®laments
is just saturated by coupling currents; the ®laments
are not fully coupled.

In a simple model with two non-twisted slab-
like ®laments separated by a normal-conducting
material [10], full coupling also occurs at a critical
length

Lc � 4
��������������������������������
qmJc;fildfil=2xBa

q
; �11�

where qm is the resistivity of the normal-conduct-
ing material. Eq. (11) is commonly used also for
twisted round wires, where the critical twist length
for full coupling of the ®laments is approximately
equal to 2Lc. Eq. (11) is compared to Eq. (10),
which describes the onset of full coupling in a

90 M.P. Oomen et al. / Physica C 340 (2000) 87±92



rectangular composite. In the two-®lament model
both ®laments are placed on the outside, at x � �a
in Fig. 1. They are fully coupled when the cou-
pling-current amplitude is equal to their combined
critical current Ic;out. In this case Ic;out is equal to
4bdfilJc which gives

Lp;c � 1

a

���������������������������
qeff

qm

2b�a� b�
r

4

���������������
qmJcdfil

2xBa

s

�
�������
qeff

qm

r ������������������
2b
a
� 2b2

a2

r
Lc: �12�

Assuming qeff is equal to qm and setting a � b for a
square wire, one obtains Lp;c � 2Lc which is similar
to the well-known result for a round wire. The
®lamentary region of a typical Bi-2223 tape has an
aspect ratio of 15. In that case one ®nds
Lp;c � 21:9Lc in a parallel magnetic ®eld and
Lp;c � 0:377Lc in a perpendicular ®eld. This ex-
plains why the authors of Refs. [11,12] found de-
coupled ®laments also for twist lengths longer than
Lc in parallel magnetic ®elds, and full coupling for
twist lengths shorter than Lc in perpendicular
®elds.

Using the same tape parameters as before, with
a magnetic-®eld amplitude of 0.1 T parallel to the
tape, Eq. (10) yields Lp;c � 23 mm. At this twist
length the coupling currents are con®ned to the
outer ring of ®laments. Then the Campbell model
is valid and Eq. (2) may be used to estimate the
magnitude of the coupling loss. A twist length of
23 mm is technically quite possible and is also
short enough to make xs lower than 1. Therefore
if the magnetic ®eld is oriented parallel to the
wide side of the tape, full coupling can be avoided
by twisting the ®laments. The coupling-current
loss can then be reduced even if the matrix is pure
silver.

The tapes in devices are usually arranged in
such a way that the magnetic-®eld components
perpendicular to the tape are minimised. However,
even for a magnetic-®eld amplitude of 0.01 T
perpendicular to the tape, Eq. (10) gives a critical
twist length Lp;c � 5 mm. Even shorter twist
lengths are required in that case to make xs
smaller than 1, which is necessary to signi®cantly
decrease the coupling-current loss. In tapes of a

few mm wide, twist lengths shorter than 5 mm are
di�cult to achieve without a serious decrease of
the critical current. The present tapes have a high
aspect ratio due to the necessity of texturing the
Bi-2223 material. Therefore an e�ective transverse
resistivity about 10 times the resistivity of silver
is required in order to decrease the AC loss be-
low the full-coupling level in a perpendicular
magnetic ®eld [2,8]. Inserting ceramic barriers
between the ®laments increases the e�ective resis-
tivity [3,5,8].

4. Conclusions

We have derived an expression for the mag-
netic-®eld amplitude where the transition to full
coupling begins. This amplitude is e�ectively in-
creased by decreasing the twist length and the di-
mension of the composite perpendicular to the
magnetic ®eld. The twist length necessary for de-
coupling the ®laments is di�erent from the com-
monly used critical coupling length, which is based
on a model with non-twisted ®laments. When a
typical Bi-2223 tape is oriented with its wide
side parallel to the external magnetic ®eld, the
®laments are decoupled at rather high magnetic-
®eld amplitudes just by twisting. In perpendicular
magnetic ®elds an e�ective transverse resistivity
much higher than that of silver is required to de-
couple the ®laments and decrease the magnetisa-
tion loss.
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