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A Continuum Model for Current Distribution in 
Rutherford Cables 

Alexander Akhmetov, Luca Bottura, Marco Breschi 

Abstrucf- An analysis of eddy currents induced in flat 
Rutherford-type cables by external time dependent magnetic 
fields has been performed. The induced currents generate in turn 
a secondary magnetic field which has a longitudinal periodicity 
(periodic pattern). The dependence of the amplitude of  the 
pattern on the history of the cable excitation has been 
investigated. The study has been carried on with two different 
models for the simulation of current distribution in Rutherford 
cables, namely a network model, based on a lumped parameters 
circuit, and a ((continuum)) model, based on a distributed 
parameters circuit. W e  show the results of  simulations of the 
current distribution in the inner cable of a short LHC dipole 
model in different powering conditions and compare them to 
experimental data. 

Index Terms-Current distribution, Magnetic field pattern, 
Rutherford cables 

I. INTRODUCTION 

UTHERFORD cables used to wind superconducting 
magnets for particle accelerators are made of a number 
of non-insulated strands. These strands are twisted and 

compressed to form a two-layer cable with nearly rectangular 
cross-section. The time dependent magnetic field that is 
generated during current ramps can cause long range eddy 
currents in the superconducting cable, leading to a non 
uniform current distribution among the strands. In turn, a non- 
uniformity in the current distribution can cause the premature 
quench of the magnet resulting in a so-called ramp rate 
limitation [ 11. The study of current distribution can therefore 
be useful for stability considerations. 

Moreover, a ‘secondary’ magnetic field varying in time and 
space is associated with the eddy currents. This field 
component can affect the magnetic field in the dipole bore 
both directly and indirectly via the magnetization of the 
superconducting filaments in the strands [2]. 

In order to investigate these phenomena, an extensive 
measurement of the dependence of the amplitude of the 
magnetic field pattern on the powering history of the magnet 
has been performed in the short LHC dipole model 
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MBSMT1. The experimental details and main results are 
reported in [3]. In this paper we perform a qualitative analysis 
of the experimental results using two different models to 
study the current distribution in Rutherford cables. 

11. 
We postulate that the periodic magnetic field pattern is due 

to long current loops circulating in the cable [4,5]. There are 
at least five reasons for the origination of these currents: non- 
homogeneous strand critical properties [4], differences in 
splice resistances [6] or in the interstrand resistance within the 
cable [7], strand transposition errors with respect to the 
background magnetic field, and non-uniform magnetic flux 
changes along the cable. 

In this study we consider a single cable subjected to both a 
current increase and, proportional to it, a non uniform time 
dependent magnetic field. The iron saturation at high 
magnetic fields is neglected. The strands of the cable are 
assumed to be identical, ideally transposed, and soldered to 
current leads via electrical resistances which are much lower 
than the contact resistances of the cable. Finally, the latter are 
assumed to be equal, and uniform along the cable length. 

Hence the only source of long range current loops that we 
consider here is the field variation along the cable length. 

In this study we use two different models. The first one is 
based on a network approach which approximates the cable as 
a lumped parameters circuit. The network model is described 
in detail in [SI. The strands of the upper face are assumed to 
have contacts with the strands of the lower face but not 
between themselves. Elementary loops composed of two 
adjacent strands of the upper face crossing two adjacent 
strands of the lower face are the main elements of the model. 
The cable response on the time dependent magnetic flux 
density B can be studied applying Faraday’s and Kirchoff‘s 
equations to all loops. 

The second model is based on a continuum representation 
of the cable using a distributed parameters circuit. The model 
assumes that the current transfer between different strands 
happens along the length of the cable in a continuous manner 
and that the voltages induced in the loops of the strands by the 
variations of the external field are also smeared along the 
cable length. These driving voltages are proportional to the 
area enclosed between the strand and the cable center line and 
to the local value of dBldt directed perpendicular to the cable. 
A more detailed description of the continuum model is given 
in [9] and [lo]. 

DESCRIPTION OF THE MODELS AND BASIC ASSUMPTIONS 
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Fig. 1 Cross section of one aperture of the double aperture dipole model 
MBSMTl used in the experiments. 
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Fig. 2. Magnetic flux density perpendicular to the broad face of the inner 
cable of a Im long LHC dipole magnet. The reported field is the average 
field across the cable width calculated with ROXIE, at a total current of 
11500 A. 

111. RESULTS AND DlSCUSSION 

A schematic view of the coil cross section of one aperture 
of the LHC dipole model MBSMTl is shown in Fig. 1. The 
coil has two poles (upper and lower) assembled from an inner 
and an outer layer. The inner layer of a single pole is wound 
from 15 turns arranged into 3 blocks, while the outer layer has 
26 turns arranged in 2 blocks corresponding to different 
angular positions. We have numbered turns and blocks as 
shown in Fig. 1. 

The layers in a pole are wound individually, and the cable 
ends are either soldered together at the interconnection 
between layers and poles or connected through splices to the 
current leads. Because of the assumption of low splice 
resistance compared to the interstrand resistance in the cable, 
we can identify a cable unit length in a single layer (i.e. 
between two splices) as the shortest length to be used for 
analysis purposes. 

In order to simulate the experimental results on the 
amplitude of the magnetic field pattern reported in [3], we 
assume that the longitudinal oscillations of the secondary 
field (the periodic pattern) are only due to the current 
distribution in the inner cable of the magnet. This assumption 
is motivated by the fact that the periodicity of the measured 

oscillations of the secondary magnetic field is equal to the 
inner cable twist pitch [3,11]. 

A unit length of the inner layer cable is made of 28 strands, 
with a total length L of 27.8 m, a twist pitch of 115 mm., and 
a thickness of 1.88 mm. 

As we stated previously, we take spatial variations of the 
magnetic flux as the only source of long range current loops. 
The distribution of the magnetic flux density perpendicular to 
the broad face of the cable calculated with the computer 
program ROXIE [12] is shown in Fig. 2. We recognize two 
types of variations of the perpendicular field along the cable 
length. Sharp, short range variations of the field are due to the 
cable bending over the magnet bore, while step changes in the 
value of the field along the straight part of the cable 
correspond to the transition from block to block. 

We have performed two sets of simulations using either the 
network or the continuum model, in order to imitate the cable 
excitation with current cycles made of a linear ramp up 
followed by a current plateau as were performed in the 
experiments reported in [3]. 

Simulations with the network model are aimed to look at 
the fine details of the origination of the short and long range 
eddy currents. The size of the network model grows quickly 
with the length of cable analyzed. For this reason we limited 
the simulations to a short length of cable to explore general 
features of the transient response of the long range current 
loops to field changes. 

We have then performed simulations of the whole cable 
response to current steps with the continuum model. The 
continuum model does not reproduce accurately the details, 
but is suitable for the simulation of a full cable length in a 
magnet. 

In both sets of simulations we have varied parametrically 
the flat top current ( Z F I )  and the ramp rate (RR), in order to 
study their influence on the current distribution. 

A. Network model 
The simulations using the network model have been 

focussed at an ideal cable close to the coil midplane. In order 
to minimize the computation time, a four strand cable has 
been considered. The cable length L is equal to approximately 
23 twist pitches. We have assumed a symmetric magnetic 
field distribution along half of the cable length, shown in Fig. 
3. The magnetic field is zero at the cable ends and at its 
center. In between, there are regions of uniform magnetic 
field. The magnetic field is twice as high at the inner edge of 
the cable as at the outer one. This geometry imitates a 
complete turn in a dipole magnet, where the uniform field 
regions represent the straight length of the magnet included 
between the low field regions in the magnet ends. 

The model neglects mutual inductances of the strands. The 
self inductance of the strand on a length equal to its diameter 
is Li. The results obtained scale then with LiIR,, where R, is 
the contact resistance. 

Let us consider elemental current cycles made of a ramp up 
followed by a current plateau. Let also the plateau current be 
much less than the critical current. The results of simulations 
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Fig 3 Magnetic flux density perpendicular to the broad face of the ideal 
cable considered for the simulations performed with the network model. 
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Fig. 4. Development of magnetic field pattern in the uniform field region 
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Fig. 5 Dependence of the amplitude of the magnetic field pattern on the flat 
top current at the end of the ramp. 

show that soon after the beginning of the cycle eddy currents 
associated with the local value of dBldt appear. These eddy 
currents produce a uniform field in the neighborhood of the 
cable, without any periodic oscillation. 

Gradually, however, the strand currents become different in 
the ends of the cable, where the magnetic field has a 
longitudinal gradient, thus originating current loops. 

As time advances, the current in these loops diffuses from 
the cable ends regions into the center. The time t, needed to 
complete this process is much higher than the time of 
development of uniform eddy currents. 

The buildup and following decay of a periodic magnetic 
field pattern is shown in Fig. 4. The amplitude of the pattern 
increases at t < tp and decreases afterwards. 

Calculations show that if the time of the ramp is short 
compared to t,, the amplitude of the periodic magnetic field 
pattern on the plateau at a certain moment, t>t, does not 
depend on the ramp rate, while it is linearly dependent on the 
flat top current (see Fig. 5) .  

This result is in agreement with the scaling found on the 
experimental data reported in [3]. 

B. Continuum model 
We have performed calculations with the continuum model 

for a cable made of 28 strands, as in reality, and with a cable 
composed of 8 equivalent strands. The equivalent strands are 
defined so that the total strand length and cross section is the 
same as for the 28 strands cable. 

In accordance with measured value in the dipole model 
MBSMT1, we have taken a contact resistances between 
strands in the range 10 to 20 pQ. The cable model includes 
strand self inductance as well as mutual inductances between 
neighboring sectors of the strands. For details on the 
homogeneised interstrand conductivity and on the inductance 
calculation see [lo]. 

We have used the magnetic field map shown in Fig. 2 as an 
input for the calculation, scaling the field proportionally to 
the current in the magnet. In the simulations performed with 
the continuum model we have neglected the field variations 
across the cable width. This, as demonstrated in the detailed 
analysis discussed in the previous section, is inessential for 
the development of long range current loops. 

As we have postulated that the magnetic field pattern is due 
to long current loops circulating in the cable, it is reasonable 
to assume that its amplitude is proportional to the difference 
between the currents flowing in the strands. In particular we 
have taken the values of the maximum difference between the 
strand currents in the middle of the uniform field regions, 
AI,,,m, as the reference quantity for a qualitative comparison 
with the amplitude of the magnetic field pattern measured 
outside the cable and next to these positions. 

As an example we compare in Fig. 6 the amplitude of the 
total magnetic field pattern at position A (r = 17 mm and 0 = 
35") to the parameter AZ,,,, calculated for turn 7-a which faces 
the point selected. The amplitude of the total field pattern has 
been reconstructed at point A from the data presented in [3], 
obtained with the rotating coils placed in the middle of the 
straight length of the magnet. The comparison is shown for a 
step response measurement with I,, = 2000A and RR = 50 
Ns. We have performed the simulations with the complete 28 
strands cable, for different values of the cross contact 
resistances (10 and 20 pa). 

After few seconds from the ramp start strong differences 
between the strand currents start propagating from the regions 
of non-uniform field towards the straight parts of the cable, 
thus creating the periodic oscillations of the magnetic field 
outside the cable. During the flat top both field oscillations 
and non homogeneities of current distribution start to decay. 
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IV. CONCLUSIONS 
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Fig. 6 Time evolution of the amplitude of the periodic pattern in the middle 
of the uniform field region and of parameter Nma calculated at turn 7-a 
(step response with Im= 2000A, RR= 50 Ns). Time t is set to zero at the 
beginning of the current ramp. 
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Fig. 7. Dependence of parameter AImox on the final flat top current in 
different cable turns (RR=450 Ns). 

The value of AI,,,, at the end of the ramp calculated in four 
consecutive straight parts of the cable (turns 7-8, see Fig. 1) is 
shown in Fig. 7 for the case of RR = 450 Ah. These 
simulations have been performed with the equivalent, 8 
strands cable for the whole set of ramp rates and flat top 
currents considered in the experiments, and the results 
confirm that the amplitude of AZ,,,u at the end of the ramp is 
proportional to the flat top current and approximately 
independent on the ramp rate, as obtained from the network 
model and in the experiments [3]. 

Calculations also reveal that during the ramp the current 
distribution in consecutive turns of the cable is quite similar. 
In this phase the sharp, short range variations of the magnetic 
field in the ends induce large current peaks with a periodic 
structure, and a period equal to half a turn. 

At longer times these peaks diffuse and a coherent current 
difference builds-up in the cable over the complete length. 
We attribute these residual and large long range currents to 
the field variations associated to the transition from block to 
block. 

Long range eddy current loops generated by a non-uniform 
and time dependent magnetic field cause a periodic variation 
of the field in accelerator magnets wound from Rutherford 
cables. We have used two different models of current 
distribution in Rutherford cables to analyze the dependence of 
these eddy currents on the powering history of the cable. 

The two models have a different range of application. The 
network model gives fine details on the cable currents, but is 
limited by a rapidly growing computational size. On the other 
hand the continuum model does not focus on fine details, but 
allows to study real cables made of some tens of strands along 
the whole cable length. 

Both models confirm that the amplitude of the magnetic 
field periodic pattern at the end of the ramp of a simple 
current cycle made of a ramp-up followed by a plateau is 
proportional to the plateau current and, for short ramps, 
independent on the ramp rate. This result is in good 
agreement with the experimental findings reported in [3]. 
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