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Abstract - In this paper it is shown that non-homogeneities in 
the field sweep rate dB/dt along the length of a Rutherford cable 
provoke a non-homogeneous current distribution during a field 
sweep. This process can be described by means of Super 
Coupling Currents (SCC’s) flowing through the strands over 
lengths far larger than the cable pitch. These SCC’s can be 
characterised by a characteristic length, a characteristic time, 
and a propagation velocity. The dependence of these three 
parameters on the strand resistance and the contact resistance 
between strands will be illustrated. Two longitudinal non- 
homogeneities in dB/dt are considered which are present in 
accelerator magnets. Firstly, an increase in dB/dt from 0 to a 
certain value simulating that part of the cable where the cable 
enters the magnet field. Secondly, a longitudinal decrease in 
dE/dt which occurs mainly in the heads of the magnet. It is 
shown that in accelerator magnets a non-homogeneous current 
distribution induced by the field sweep can not be avoided. 
However, it seem to be very difficult to estimate the amplitude 
of the effect. 

I. INTRODUCTION 

In DC conditions, magnetic measurements on dipole 
accelerator magnets have shown that several harmonic 
components vary along the length of the magnet [1],[2]. As 
these variations have a sinusoidal shape, with a period equal 
to the cable pitch, it is likely that they are caused by a non- 
uniform distribution of the transport current among the 
strands. The currents are assumed to distribute in such a way 
that the voltage over each strand is the same. Several authors 
[3], [4] have presented measurements and calculations of this 
effect for several types of cables showing that mainly 
differences in the end resistances (between the strands and the 
current lead) cause the non-homogeneous distribution. A 
similar effect will also be present in Rutherford type of cables 
but this aspect is not discussed in this paper. 

Recent magnetic measurements on dipole magnets [2],[5] 
show that under AC conditions additional field distortions are 
created. These distortions have a sinusoidal shape with an 
average value and an amplitude which are both linear with 
dB/dt and a period equal to the cable pitch. 

The average field errors (where average indicates the 
mean value along one cable pitch in axial direction) are 
caused by the Inter-Strand Coupling Currents (ISCC’s). This 
current distribution can be regarded as a sinusoidal variation 
of the current (with a minimum on one edge of the cable and a 
maximum on the other edge), superimposed on the transport 
current. The variation is due to currents which flow between 
different strands through cross contact resistances R,, 
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generating the so called inter-strand coupling loss. The 
ISCC’s and the generated power are therefore inversely 
proportional to R,. The integral value of the ISCC along an 
integer times the cable pitch is about 0. The average time 
constant of the ISCC’s for practical Rutherford cables (with 
non-isolated strands) is typically in the range of 0.1-10 s. 

The additional sinusoidally varying field distortions (in 
axial direction) under AC conditions can be explained by 
means of so-called Super Coupling Currents (SCC’s). These 
currents are generated due to longitudinal variations of dB/dt. 
Contrary to the ISCC’s, the SCC’s have characteristic lengths 
5 far larger than the cable pitch Lp so that the integral value of 
the SCC in a strand differs from 0. In other words: the ISCC’s 
and the SCC’s differ mainly in the fact that the SCC’s follow 
the strand over long distances while the ISCC’s do not. The 
fact that the SCC’s stay in the strands implies that they 
generate almost no heat compared to the inter-strand coupling 
power and that their characteristic time T,, is far larger than 
the average time constant of the ISCC’s. 

In section I1 the model that is used to calculate the SCC’s 
is briefly described. Results of numerical simulations are 
presented in section I11 in which mainly the qualitative 
dependencies of 5 and T,,, on the cross contact resistance R, 
and the strand resistivity ps are stressed. 

11. MODEL 

All the calculations are based on numerical simulations in 
which the Rutherford cable is modelled by a 3D-network of 
nodes interconnected by strands or by contact resistances (see 
for a detailed description [6] ) .  
The following assumptions are made: 

All the strands in the cable have the same length. Effects 
due to different self- or mutual inductances between the 
straids are therefore not considered. 
All the strands have the same end resistance, i.e. the 
resistance between the strand and the current lead to the 
power supply. 
All the strands have a similar resistivity pI, which can be 
correlated to saturation effects or a dynamic resistance. 
A non-homogeneous current distribution within the strand 
(due to persistent currents and inter-filament coupling 
currents) is not taken into account. 
Only the field change perpendicular to the wide side of the 
cable is considered; the field components parallel to the 
wide side and parallel to the cable axis turn out to have 
only a minor effect. 
The contact resistance between adjacent strands is larger 
than the contact resistance R, between crossing strands. 
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These assumptions imply that in DC condition the transport 
current tends to be homogeneously distributed. 

Boundary conditions are required for the current 
distribution in the ends of the cable. The calculations are 
made assuming that in the ends the current distribution is 
given by the solution for a cable without longitudinal non- 
homogeneities which is subjected to the local magnetic field 
change. Other boundary conditions however, do not influence 
the results from a qualitative point of view. 

111. RESULTS 

The simulations are performed on a flat Rutherford type of 
cable without keystone angle having perfectly round strands 
(see Fig. 1 for the numbering of the strands). The results 
differ only slightly from compressed cables or cables with a 
small keystone angle. 
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Fig. 1. Numbering of the strand positions in the cross section of 

a 16-strand Rutherford type of cable. 

The effect is considered for two different dB/dt distributions 
varying along the length of the cable. Field variations along 
the width of the cable are not considered as they change only 
slightly the distribution of the ISCC’s [6] but they do not 
generate SCC’s. The following distributions are considered: 
- dB/dt which is small over a certain length of the magnet, 

simulating the ends of a dipole magnet, where the cable 
bends over the beam pipe, 

- dB/dt increasing from 0 to a certain value, simulating that 
part of a magnet where the cable enters the magnet. 

The longitudinal position in the cable is denoted by z which is 
scaled to the cable pitch Lp. First of all a 16-strand cable is 
considered (with R,=l pSZ, Lp=lOO mm and a strand diameter 
d,T=1.3 mm) which is subjected to a field change of 0.01 T i ’  
with a cosine shape ‘dip’ of length ldip in the middle, see 
Fig. 2. Fig. 3 pictures the current in the strand at the edge of 
the cable (position 1, see Fig. 1) for stationary conditions i.e. 
dB/df is applied for a time far larger than the time constants of 
the SCC’s. Two curves are shown for two different strand 
resistivities. (N.B.: In all figures in this paper the discreet 
points are interpolated to form a contineous line.) Fig. 3 
shows first of all that the average strand current at the edge is 
about -7 A which corresponds to the ISCC for a cable without 
longitudinal variations. The SCC’s can be seen as a current 
with an amplitude that is maximum close to the dB/dt non- 
homogeneity. A characteristic length 5 of the SCC’s can be 
defined as the length over which the SCC’s decay to l/e of 
their initial value (for a cable length larger than a few times E, 
so that the boundaries do not influence the decay). The decay 
of the SCC’s is strongly affected by pS and R,; a small pS 
value or a large R, value result in a large characteristic length. 
If the length of the cable is smaller than a few times 6 the 
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Fig. 2. Applied transverse field change along the length of the cable. Only a 
small part of the whole cable is shown. The length of the ‘dB/dt-dip’ is 
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Fig. 3. The strand current IS,l at the edge (position 1) of a 16-strand cable as 
a function of the position z along the length of the cable. p ~ l  .4.10-14 (small 

amplitude) and 3.4.10-15 Rm (large amplitude). 

boundaries can also influence the decay. In this case, different 
boundary conditions will give a qualitatively similar 
behaviour but quantitatively different results. 

A regular pattern exists in the amplitude of the 
SCC’s: in each cross section of the cable opposite strands (for 
example 3 and 11 or 7 and 15, see Fig. 1) carry an opposite 
SCC. In addition, strands laying next to each other have only 
slightly different SCC’s (see Fig. 4). This rather regular 
pattern is typical for SCC’s and causes them to generate more 
pronounced field errors than in the case of a random current 
distribution between the strands. The amplitude of the SCC’s 
increases and decreases mainly due to cross-over currents I, 
flowing between layer 1 (position 1 to 8) and layer 2 (position 
9 to 16) through the contact resistances R,. Therefore, the 
currents Z, can be regarded as the slope of the vs. z curve. In 
other words: SCC contributions are created in two opposite 
strands while their amplitudes change along the length as at 
each R, some current flows from one layer to the other. This 
results also in a periodic behaviour of Z, (see also 171) and so 
of the coupling power P, along the length (see Fig. 5). N.B.: 
For constant dB/dt and R, along the length of the magnet 
these cross-over currents are z-independent, resulting in a 
constant power P ,  of about 0.0022 Wm-’. 
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Fig. 4. Illustration of the SCC’s in each strand at a certain z-position. 
The legends indicate the strand position as given in Fig. 1 .  
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Fig. 5. The coupling power P, as a function of the z-position along the 
length of the cable which is subjected to a field change dstribution as 

shown in Fig. 2. 

Fig. 5 shows clearly that a variation of dB/dt does not 
influence the average coupling power in the whole cable but 
does affect the distribution of the local power. Similar 
simulations show that the amplitude of these fluctuations 
depends on the length of the ‘dB/dr-dip’; the amplitude 
becomes small if the length equals k.Lp with k=O, 1,2, ... 

In Fig. 6 the result is given of the current distribution for a 
cosine shaped step increase in dB/dt from 0 to 0.01 Ts-’ over 
a length of 1.5Lp. A similar distribution is generated as for a 
‘dB/dt-dip’. The step in the average of the current 
corresponds to the ISCC which is 0 A for dB/dr=O and about 
-7 A for dB/dt=O.Ol Ti’ .  The amplitude of these fluctuations 
depends on the length of the dB/& transition and becomes 
small if the length equals k.Lp with k=l,  2, 3, ... A step in 
dB/dt (so the transition length is 0) always induces large 
SCC’s. 

By introducing self- and mutual inductances between the 
strands, time dependent effects of the SCC’s can be 
investigated. As an example the decay of the SCC’s in an 8- 
strand cable (with ds=l mm and Lp=lOO mm) is calculated 
after a step in dB/dt from the distribution as shown in Fig. 2 to 
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Fig. 6. The strand current & I  at the edge of the cable (position 1) as a 
function of the z-position along the length of the cable. The field change 

distribution is shown in the same figure. 

0. Fig. 7 shows the decay of the SCC’s (scaled to the value at 
t=O s) at several distances z1 from the centre of the ‘dB/dt - 
dip’ (located at z=18.7Lp). It is clear that the currents at 
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Fig. 7. The decay of the SCC’s as a function of the time at several distances 
zI from the dB/dt non-homogeneity (zI=LP, ~ L P ,  1 SLP and 28Lp 

respectively). The SCC’s are scaled to their initial value at k 0  s. 

large z1 start to decay later than those.at small zl. It turns out 
that the SCC’s can be well represented by the following 
formula, that analytically describes the outcomes of the 
numerical simulations: 

where A, 5, t p  and n depend on the cable geometry, R,, R, and 
ps. In addition, tp and n are also a function of the zl-position. 
A propagation velocity can now be defined as: 

which is determined to be linearly proportional to R,. 
Also a characteristic time 2, can be defined as the time for 
which the SCC’s close to the dWdf non-uniformity (so tp+O) 
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decay to l/e of their initial value. The currents tend to stay in IV. CABLE WITH LONGITUDINALLY VARYING R, 
the strands over longer distances if ps is small or R, is large, 
which leads to a large {-value as illustrated in Figs. 8 and 9 
(the calculations are based on an 8-strand cable with dp l  mm 
and L ~ 1 0 0  mm). It is clear that €, strongly depends on 
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Fig. 8. The characteristic length 6 and the time constant T , ~ ~ ~  as a 
function of the contact resistance Rc. 
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Fig. 9. The characteristic length 6 and the time constant T,, as a function of 
the strand resistivity ps 

In accelerator magnets the R,-value is likely to change 
along the wide side of the cable due to the keystone angle. 
This variation however does not generate SCC’s as long as 
the variation is constant along the cable length. In addition, a 
longitudinal R,-variation can easily occur as R, depends on 
the transverse prestress onto the cable which varies 
considerably over the cross section of the magnet and 
especially in the heads of the magnet and in the soldered 
connections between different cables in the magnet. Each 
longitudinal variation in R, generates SCC’s whose amplitude 
is in general inversely proportional to the local R,. A detailed 
analysis of this effect is described in [7],[8]. 

VI. CONCLUSIONS 

So called Super Coupling Currents (SCC’s) are generated 
in (Rutherford type of) cables which are subjected to a 
changing magnetic field that varies along the length of the 
cable. These SCC’s differ from the ‘normal’ inter-strand 
coupling currents in the fact that they stay in the strands over 
long distances and therefore do not exhibit a significant loss. 
The decay of the SCC’s along the length can be characterised 
by a length €, which is of the order of 102-104 times the cable 
pitch for practical cables. The amplitude depends besides 
geometrical parameters also on the shape and length of the 
dB/df non-homogeneity. The SCC’s propagate through the 
cable with a certain velocity which is in first approximation 
inversely proportional to R,. The characteristic time T~~ of the 
SCC’s in practical cables can attain large values (102-105 s) 
and is therefore several orders of magnitude larger than the 
time constant of the inter-strand coupling currents. In dipole 
magnets these currents result in sinusoidally varying field 
distortions along the magnet axis with a large characteristic 
time, an amplitude linear to dB/df, and a period equal to the 
cable pitch. 
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