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Abstract- We review a series of interstrand 
resistance measurements performed on two 
Rutherford-type cables made from unplated niobium­
tin strands produced by Alstom: a regular cable and a 
cable with a stainless steel core inserted between 
the two strand layers. The interstrand resistance 
measurements are interpreted in terms of crossover 
and adjacent resistances and are compared to 
published data on similar cables. 

I. INTRODUCTION 

Accelerator magnet coils are wound from flat, two-layer, 
Rutherford-type cables made up of a few tens of strands twisted 
together [1]. Such geometry presents two types of interstrand 
contacts: (1) discrete contacts at the crossovers between strands 
of the two layers and (2) continuous contacts between adjacent 
strands of a same layer. The strand deformations due to cabling 
and the high pre-compressions applied to the coil during 
magnet assembly can result in low contact resistances. When 
the cable is subjected to a transverse. time-varying field, the 
network of interstrand resistances is the seat of current loops. 
which distort field quality [2], [3]. The field distortions are 
very damageable for accelerator operation, even for a slow­
ramping machine, such as the Large Hadron Collider (LHC). 
(The IRC ramp rate is 10 Als, which, for its dipole magnets, 
corresponds to a field ramp rate of about 7.5 mT/s.) 

The effects of interstrand coupling currents can be limited 
by developing large interstrand resistances. However, it is also 
desirable to keep the strands from being electrically insulated 
from each other, to preserve the possibility of interstrand 
current redistribution [4], [5]. A compromise must be found 
between these conflicting demands, and the cables must be 
designed and manufactured so as to ensure a suitable, 
reproducible and uniform level of interstrand resistances in the 
magnet coil assemblies. For LHC cables, the target value of 
crossover resistance is 20 f.1Q ± 10 f.1Q. 

The interstrand resistances have several components which 
are detailed elsewhere [6]. Among them, are the resistances of 
the metallic rings surrounding the multifilamentary areas 
within the cable strands, and the resistances of the oxide layers 
that develop on the strand surfaces. For regular cables, this last 
component is usually the most determinant and the most 
difficult to control. Attempts have also been made to increase 
crossover resistances by inserting a thin, insulating core 
between the two layers of strands [7]. 

In this paper, we compare the results of interstrand 
resistance measurements performed on a regular and on a cored 
Rutherford-type cable made from the same unplated Nb:3Sn 
strands. Strands and cables were produced by Alstom. 

Fig. 1. Rutherford-Type Cable Model [10]. 

II. CABLE MODEL 

Fig: 1 presents the equivalent electrical circuit used to 
represent an N-strand Rutherford-type cable in the steady state 
or subjected to a magnetic field varying at a constant rate. This 
circuit was fIrSt developed for a braided conductor [8] and was 
later extended to Ruthetford-type conductors [9]-[11]. 

In the model of Fig. 1, the strands are represented by 
equipotential lines. Over a twist pitch, each strand crosses two 
times every other strand. The crossings are represented by 
elementary resistances, referred to as crossover resistances, Rc. 
The points where the crossover resistances are connected to the 
lines define the network nodes. Furthermore, the continuous 
contacts between adjacent strands are represented by discrete 
elementary resistances, referred to as adjacent resistances, Ra. 
connected to the network nodes. Over a pitch length, each 
strand encounters (2N-2) crossover resistances and is connected 
to each of its neighbors by (2N) adjacent resistances. In the 
following, Ra and Rc are assumed to be uniform. 

When subjecting the cable of Fig. 1 to an uniform, 
transverse field, Bt, varying at a constant rate, the power per 
unit volume, Pc, dissipated in the crossover resistances is [2] 

N2wLp (dBt)2 (1)Pc :::: 120hR ~ c 
where w is the cable width, h is the average cable thickness 
andLp is the cable pitch length. 

Similarly, the power per unit volume, Pa• dissipated by 
the coupling currents in the adjacent resistances is [9] 

2 
~(dBt) (2)Pa :::: 6hR dt a 



Equations (1) and (2) show that, to obtain similar levels 
of power dissipation, Ra and Rc should be in the ratio 
(20IN2). For our cables, N =36, which implies that Ra must 
be about 65 times smaller than Rc. The interstrand coupling 
currents of regular cables are usually dominated by crossover 
resistances, while adjacent resistances dominate those of cored 
cables [7], [12]. 

III. SAMPLE PREPARATION 

Two different cables were investigated: (1) a cable made 
from unplated Nb:3Sn strands, referred to as ALSI and (2) a 
cable made from the same strands but with a 13 mm x 
0.025 mm stainless steel (316L) core, referred to as ALS2. 

The strands were manufactured according to the internal-tin 
process [13]. Their diameter is 0.78 mm. They are made up of 
seven subelements surrounded by two barriers (an inner one in 
tantalum and an outer one in niobium) and a copper outer 
sheath. The copper-to-non-copper ratio is 1.2 to 1. The sub­
elements include 408 niobium-7.5wt% tantalum filaments 
arranged in three concentric circles in a copper matrix around a 
tin pool. The Nb.3Sn compound formation requires a heat 
treatment, during which tin diffuses through the copper matrix 
and reacts with the Nb filaments. The barriers prevent tin 
pollution in the Cu outer sheath and preserve its resistivity. 

The two cables have the same parameters: 36 strands, a 
pitch length of 73 mm, a width of 14.85 mm, and an inner 
(resp., outer) edge thickness of 1.286 mm (resp., 1.518 mm). 

The cable samples were neither insulated nor vacuum­
impregnated with resin. They were placed in 100-mm-Iong, 
stainless steel (316L) sample holders, made up of a V-shape 
base covered by aT-shape top. Two rows of four screws were 
located on each side of the top upper part. The screws could be 
tightened to predetermined torque values with a dynamometric 
wrench so as to apply a known perpendicular pressure to the 
cable broad face. The cable samples were cut at one end and 
were untwisted at the other end. Six of the untwisted strands 
were soldered to current leads and up to 15 strands were 
equipped with voltage taps. The taps were soldered as close as 
possible to the pressed length. The samples were prepared with 
great care to avoid any interstrand contact outside the sample 
holder. The samples and their holders were mounted, each at a 
time, on an insert. The insert was shoved into the bore of a 
superconducting dipole magnet and cooled down to 4.2 K. 

The cable samples were heat treated in their sample 
holders prior to being mounted on the insert. The nominal 

o 
heat treatment parameters were: up-ramp at 6 C per hour to 
660 0 C, plateau at 660 0 C for 240 hours, free down-ramp. 
ALSI was heat treated at CEA/Saclay in Argon atmosphere, 
while ALS2 was heat treated at Alstom in a vacuum. The tops 
of the sample holders were put in place prior to heat treatment 
and were never removed. After heat treatment, it was 
determined that the screws of ALS 1 were tightened to a torque 
corresponding to about 20 :MPa on the cable while those of 
ALS2 were found to be more or less loose and were tightened 
to obtain 10 MPa. 

Fig. 2. Cable Sample Instrumentation. 

IV. 	 INTERSTRAND RESISTANCE MEASUREMENTS 

The measurement procedure was as follows. The screws of 
the sample holders were tightened to a given torque. The insert 
was shoved into the vertical dewar and cooled down to 4.2 K. 
The background dipole magnet was ramped up to a given field. 
Two current leads were selected, and the voltage tap on the 
strand connected to the negative lead was chosen as potential 
reference (see Fig. 2). A current I was supplied to the leads, 
which was varied from 0 to lmax to 0 at a constant rate, and 
the voltages, V, between the instrumented strands and the 
reference were measured. The test was repeated for all available 
pairs of current leads. Once a series of measurements at a 
given field and a given pressure was completed, the 
background field was changed, or the insert was taken out, 
warmed up and the applied pressure was modified. 

Fig. 3(a) presents a typical V=f(l) plot measured on ALSI 
at 20 MPa and 0 T, while Fig. 3(b) presents a similar plot at 
0.4 T. The data presented here correspond to a case where two 
diametrically opposite strands (strands 1 and 19 of Fig. 2) 
supply the current and V is the voltage across the two strands. 

Let us first comment on Fig. 3(b). The voltage appears to 
vary linearly as a function of current, but there is a large 
hysteresis between the up- and down-ramps. It was verified 
that the amplitude of the hysteresis was proportional to the 
current ramp rate (which was kept constant throughout the 
test). Hence, it is likely that the hysteresis is due to inductive 
voltages picked up by instrumentation wires. If the ramp rate 
is constant, the inductive voltages are constant, and the slopes 
of the V =f(1) curves are not affected. 

Let us now go back to Fig. 3(a). Once again, there is a 
large hysteresis between the up and down-ramps, but there also 
appears to be a break for a current, lb, of about 172 A. For 
currents less than Ib, the curves are almost flat, while for 
currents greater than Ib, the curves vary linearly as a function 
of I, as observed in Fig. 3(b). When repeating the 
measurement in a small background field, Ba, the same 
phenomenon is observed, but the break takes place at a lower 
current. Plotting lb as a function of Ba, shows that lb 
decreases linearly and becomes nil for Ba ::::: 0.28 T. For fields 
above 0.28 T, the voltage curves are similar to Fig. 3(b). 

The break observed in Fig. 3(a) can be interpreted as 
follows. The Nb:3Sn strands manufactured by Alstom include 
seven sublelements surrounded by a tentalum inner barrier and 
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Fig. 3. Examples of V =f(l) curves on ALSI: (a) at 20 MPa and 0 T and (b) at 20 MPa and 0.4 T. 
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a niobium outer barrier. It turns out that niobium is a type-II 
superconductor, with an upper critical field of 0.268 T at 
4.2 K. When performing measurements in a background field 
lower than 0.268 T, the niobium barrier is initially in the 
superconducting state and transports all the current. Then, the 
interstrand resistances are mainly determined by the resistances 
of the copper sheath and of the surface oxide. However, as the 
supplied current is ramped up, the self-field effects increase and 
the critical current density of niobium decreases, until the 
barrier switches to the normal resistive state. Then, the current 
is redistributed towards the superconducting Nb:3Sn filaments 
inside the subelements and the interstrand resistances now 
encompass the resistances of the two barriers (Plus that of a 
thin layer of bronze between the outermost filaments of the 
subelements and the inner barrier). Hence, the break seen in the 
curves of Fig. 3(a) is likely due to transitions of the niobum 
barriers. This hypothesis is confirmed by the fact that, when 
the background field is greater than the upper critical field of 
niobium, no breaks are observed. 

In the following, we only consider data for a background 
field of 0.4 T (the largest one used during the tests). 
Furthermore, we determine the slopes of the V = f(J) curves by 
fitting the up- and the down-branches by fIrst order 
polynomials and by taking the average of the linear 
coefficients. These slopes have the dimension of resistances 
and are refferred to as effective interstrand resistances. They are 
characteristic of a given pair of current leads. 

v. INTERPRETATION OF INTERSTRAND 
RESISTANCE MEASUREMENTS 

Let us consider a cable sample prepared and instrumented 
as described above and let i (resp., J) designate the strand 
number corresponding to the negative (resp., positive) current 
leads. Furthermore, let us assume that the crossover resistances 
dominate the sample interstrand resistances. 

Over a pitch length, each strand crosses two times every 
other strand. The resistances of the two crossings are in 
parallel, and the overall crossover resistance per pitch length, 
rc, is 

Rc 
(3)rc = 2 

Let k designate a strand number different from i and j. To 
go from strand ito strandj, the current has the choice between 
two types of parallel paths [14]: (1) a direct path through the rc 
resistance connecting strand i to strand j or (2) indirect paths 
such as the one through the rc resistance connecting strand i to 
strand k and that connecting strand k to strandj. When looking 
at the voltage, (Vj -Vi), where Vi and Vj are the potentials of 
the taps connected to strands i and j, the direct path resistance 
is rc, while that of an indirect path is (2rc). In an N-strand 
cable, there are (N-2) such indirect parallel paths. It follows 
that (Vj -Vi) can be estimated as 

2rc 
(Vj -Vi) :::: Ii I (4) 

where I is the supplied current. 
Furthermore, if rc is uniform, the currents circulating in 

the (N-2) indirect parallel paths are identical. Let Ik designate 
this common current value. We simply have 

(5) 

By combining (4) and (5), it follows that. for the chosen 
pair of current leads and for k, k::t: i and k ::t: j 

(6) 

Equation (6) shows that, when plotting (Vk -Vi) as a 
function of k, the voltage is constant, except for k =i, where it 
is nil, and for k =j. where it peaks at 2 times the constant. 



· Let us no~ consider the case of a cable sample where the 
mterstrand res1stances are dominated by the adjacent resistances 
and let us assume thatj > i. Over a pitch length, each strand is 
connected to each of its neighbors by (2N) adjacent resistances 
in parallel. 1bis corresponds to an overall adjacent resistance 
per pitch length, ra, estimated as 

Ra 
ra = 2N (7) 

When supplying a current to strands i and j, the current 
has, in first approximation, the choice between two parallel 
paths [14]: (1) to go step by step, through the ra resistances 
connecting strand i to strand (i+l), strand (i+l) to strand 
(i+2),... and strand (i-I) to strand j, or (2) to go step by step, 
the other way around, through the ra resistances connecting 
strand i to strand (i-I),... strand 1 to strand N, strand N to 
strand (N-1),... and strand (i+ 1) to strand j. When looking at 
the voltage difference, (Vj -Yo, the first path corresponds to 
(i-i) resistances ra in series, while the second path corresponds 
to (N-j+i) resistances ra in series. It follows that, in this case, 
(Vj -Vj), can be estimated as 

(V, V,) (i-iXN-j+i)ra
J - 1::::: N I (8) 

Let 11 (resp., 12) designate the current in the first (resp., 
second) parallel path described above. We have 

(Vj -Vi) ::::: (i-i)ra 11 ::::: (N-j+i)ra 12 (9) 

By combining (8) and (9), it follows that, when supplying 
current by strands i andj 

(V V,) _ (i-kXj-i)ra
k- 1 - N I for k, 1 ~ k ~ i (lOa) 

(V V,) (k-iXN-j+i)ra
k - 1 ::::: I for k, i ~ k ~j (lOb)

N 
and 

(Vk -Vi) ::::: (N-k+iX;-i)ra I for k,j ~ k ~ N (tOc)
N 

Equations (10) show that (Vk -Vi) increases linearly 
between k =i, where it is nil, and k =j, where it is maximum, 
and then decreases linearly fromj to N and from 1 to i. 

The potential distributions determined in the two extreme 
cases considered above are consistent with those derived from 
more sophisticated computations [12]. They are very different 
from each other and may offer a way of discriminating the 
prevailing type of interstrand resistances. 

VI. DISCUSSION 

Fig. 4 presents a plot of effective interstrand resistances as 
a function of strand number for two series of measurements 
performed on ALS1 and ALS2 at 100 MPa and for a 0.4 T 
background field. The two series correspond to a case where 
two diametrically opposite strands (strands 1 and 19 of Fig. 2) 
supply the current and the plotted data are normalized to the 
maximum effective interstrand resistance. 

t 1 

eu= 
1;; 0.8.­
rI.! 
41


CI:: 0.6 


"'0 
~ 0.4 

-.­eu
9°.2 

"" 
Z 
Q 

° 

° 5 10 15 20 25 30 35 40 


Strand Number 

Fig. 4. Normalized effective resistance as a function of strand 
number for a regular and a cored ~Sn cable at 100 MPa and 0.4 T 

The data for ALSI exhibit a more or less stable plateau 
with a peak corresponding to the strand connected to the 
positive lead. The average plateau value is 0.49. This behavior 
is consistent with that of a cable dominated by crossover 
resistances. The data for ALS2 increase linearly as a function 
of strand number between strands 1 and 19 and decrease, again 
more or less linearly, between strands 19 and 36. This behavior 
is consistent with what can be expected from a cored cable 
dominated by adjacent resistances. 

Let us now try to estimate the actual values of Ra and Rc. 
For this, we developed a computer code, based on the 
equivalent electrical circuit of Fig. 1 applied to a cable pitch 
length. The code inputs are: number of cable strands, values of 
Ra and Rc, numbers of the strands connected to the current 
leads, and supplied current value. The main code routine 
computes the potentials at the network nodes, including those 
at the cable end where the voltage taps are located. Next, the 
code carries out an optimization and iteratively determines the 
values of Ra and Rc that minimize the root mean square of the 
difference between computed potentials and measured Voltages. 

In our experiments, the data analysis is complicated by the 
fact that the sample length, Ls =100 mm, is somewhat longer 
than the cable pitch length, Lp =73 mm. If Ls is equal to an 
integer number of times L p, the total number of crossings 
between any two strands is (2Lsl Lp) and the total number of 
adjacent resistances between two neighboring strands is 
(2NLsiLp). It follows that the overall crossover and adjacent 
resistances per sample length, l and l, can be estimated as c a 

s _ Rc* s Ra* 
rc and (11)r =2N2 a 

where 
L L 

Rc* = Rc~ and Ra* = Ra~ (12)
Ls Ls 



It seems reasonable to assume that (11) and (12) remain 
valid even when Ls is not equal to an integer number of times 
Lp. Then, we can use our measurement results and the 
computer code described previously to determine the optimum 
Rc*and Ra*and we can use (12) to estimate the actual values 
of Rc and Ra in our cable samples. 

The optimization results for the measurements performed 
on ALS 1 and ALS2 at 0.4 T are summarized in Table 1. ALS 1 
was tested at 5 successive pressures: 20 MPa, 10 MPa, 
50 MPa, 100 MPa and 10 MPa, while ALS2 was tested at 4 
successive pressures: 10 MPa, 50 MPa, 100 MPa and 
10 MPa. For AlSI, we only retain the experimental data 
corresponding to current lead pairs where the normalized 
plateau value is between 0.4 and 0.6, while for ALS2, we only 
retain the data for which the variations as a function of strand 
number are more or less linear. The discarded proftles may be 
due to irregularities in the interstrand resistance distributions. 

Table 1 shows that ALS 1 is dominated by Rc. The Rc­
values of ALS 1 are about one order of magnitude smaller than 
Ra but are below the target of 20 f.lQ set for LHC. Hence, this 
cable is probably not suited for accelerator magnets. Intro­
ducing a stainless steel core increases Rc by more than 2 orders 
of magnitude and ALS2 is dominated by Ra. The Ra-values of 
ALS2 are somewhat smaller than those of ALS 1. Two reasons 
can explain this decrease: (1) the larger compaction of the cored 
cable, which may result in more strand deformations and larger 
contact surfaces and (2) the fact that ALS2 was heat treated in 
a vacuum where there is less risks of pollution or oxidation. 
The resistances of ALS 1show little evolution as a function of 
pressure, while those of ALS2 seem to increase slightly as a 
function of pressure and temperature cycles. 

The Table 1 data can be compared to the interstrand 

resistances determined in [15] from calorimetric AC loss 

measurements on similar Nh3Sn cables. Reference [15] uses an 


effective crossover resistance, Rc,eff, defined as 

1 1 20 (13)----+-­
Rc,eff - Rc N2R a 

FALSI at 100 1v1Pa: Rc,eff ~ Rc ~ 1.1 f.l Q, and for 
or al' good agreement 

ALS2' R eff ~ 80 f.lQ. These v ues are III 
. . c, ted' [15] However, Reference [15]

with the ones quo III . : . red cables 
concludes that the power disslpau~n of the co . s is not 

mains dominated by crossover coupbng currents: Tbi all 
re re R is more than 100 Umes sm er 
the case for ALS2, whe . 1 a than P There is no obvious 
than R , and thereby, Pais arger c·. 

c hy the cables of [15] would behave differently. 
reason w 

VII. CONCLUSION 

cables with unplated Nb.3Sn 
Two types of Rutherford-type bl d (2) a cored 

. . ted· (1) a regular ca e an 
strands were mvesuga .' minated by crossover resistances. 
cable. The regular cable 18 do bl' ot suited for accelerator 
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These are v~ry .ow anTh cored cable satisfies the reqmrement 

magnet applicauons. e b t't remains to be seen how r g currents, u 1don interstran coup m. d current redistribution. 

it behaves in terms ofmterstran 


Table 1. Estimated values of crossover and adjacent resistances 
(in a 0.4 T background field). 

Pressure ALSI ALS2 
(MPa) 

10 1.4 5.6 150 l.5 
50 1.1 20 180 l.8 
100 l.1 11 275 1.7 
10 1.1 11 240 1.9 
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