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Abstract-Two sets of experimental apparatus for measuring the AC losses in 
superconducting strands and Rutherford-type cable conductors have been constructed. 
A few strand samples and a number of compacted cable samples with and without a 
CuMn matrix have been measured. The hysteresis loss, loss from coupling within 
strands and loss from coupling between strands in cables have been distinguished 
from each other. The results show that, even for Rutherford cables without any 
soldering and coating, their AC losses may be quite different from each other due to 
the variation of the interstrand coupling loss. For cables without a CuMn matrix, 
interstrand coupling loss increases nearly according to a geometrical series with an 
increase of curing temperature simulating coil fabrication. However, cables with the 
CuMn matrix show a relatively small curing temperature dependence. For most of 
the samples, losses do not show any evident dependence on the mechanical pressure. 
Interstrand resistances in one of these cables have also been measured; the results 
indicate that the tendency for a decrease in the interstrand resistances is consistent 
with the results of AC loss measurements. 

I. INTRODUCTION 

Dipole magnets for hadron accelerators have shown quite different di/dt 
dependences in quench currents, even though they were made with similar 
Rutherford-type cables [1-2]. It is believed that this is mainly due to a variation of the 
interstrand coupling loss in the cables. The increase of the eddy currents in the cable 
conductors leads to a degradation of the magnet performance and change for the 
worse magnetic field harmonics as well as an increase in the cryogenic heat load [3-5]. 
As the nominal ramp rates of the dipole magnets become higher and higher, this 
problem becomes serious. Although many authors have studied the AC losses of 
Rutherford-type cables having different soldering or coating materials, or different 
surface conditions [6-9], not much attention has been paid to the influence of the 
mechanical pressure and curing conditions of coils. The reason why interstrand 
coupling loss in cabled conductors with bare strands varies over a wide range still 
remains unclear. In order to investigate the factors which affect the interstrand 
coupling loss in more detail, two sets of experimental apparatus have been built not 
only to measure the AC losses in strand conductors from which the cables are made, 
but also to do those in compacted strand cable samples under mechanical pressure 
perpendicular to the wider face of the cable pieces. This paper describes the 
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experimental results of the AC loss as well as the interstrand resistances of these 
cables. 

II. APPARATUS FOR AC LOSS MEASUREMENTS 

One of the well-known methods used to determine the AC loss of a 
superconductor sample is to measure its magnetization loop [10]. Figure 1 is a 
schematic diagram of a magnetization measurement system comprising a bias field 

SHUNT 

Fig. 1 Schematic of a magnetization measurement system. 

magnet, a couple of pick-up and cancel coils, a low drift electronic integrator and an X-
Y recorder. To increase the magnitude of the signal, the sample should have a proper 
volume and the number of turns in the pick-up coil should be sufficient. 

(b) 

(a) (c) 

Fig. 2 Distributed contact resistance model and eddy currents 
in a Rutherford-type superconducting cable. 
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Sample Size 

A distributed contact resistance model showing electrical connections between 
strands in a Rutherford-type superconducting cable is indicated in Fig. 2(a), where R / y 

and Rj. represent the contact resistances between adjacent strands as well as those 
between strands of different layers in the cable, respectively. In this paper Rj_ is called 
the strand crossover resistance. The following analyses are based on the assumption 
of uniformly distributed Rj. and R,/. In weak excitation conditions when currents 
flowing in strands do not exceed a critical level, eddy currents flowing between strands 
in the Rutherford-type cables can be viewed as being a combination of the following 
two independent components: the eddy currents flowing through Rj. and R,, shown 
in Figs. 2(b) and 2(c), respectively. 

Since the cable pieces in a sample are much shorter than conductors in a dipole 
magnet, it affects the flow of eddy currents. We can, of course, eliminate the influence 
of the limited cable length on the eddy current flow through R/; by making the length 
of the cable pieces equal to one cable transposition length. However, we should take 
the length of the cable pieces to be several times of the cable transposition length, if 
the error caused by the limited cable length on the eddy current through R ± is a value 
less than several percent [8]. This means a great increase of the clear bore diameter of a 
bias field magnet. 

The length of the cable sample is selected to be one cable transposition length of 
86 mm from an economical point of view. Its influence is discussed later. Each 
sample has been made by stacking 10 cable pieces. The total volume of a sample is 16 
cm 3 . 

The volume of a strand sample is chcsen to be about 12 cm 3 in order to obtain a 
relatively big magnetization signal. In order to obtain a full knowledge concerning 
the hysteresis loss, strand samples were measured in 6.5-tesla bias field cycles. 

For convenience and from an economic reason, two magnets were made; one 
has a smaller clear bore and a higher available central field for the strand 
measurement; the other has a larger clear bore, but a lower field for cable 
measurements. 

Bias Field Magnets 

The parameters of the superconductor used for the bias field magnets were 
determined so as to match with our requirement that is a relatively thin filament and 

Table 1 Parameters of superconductors used in the bias field magnets. 

Cable A Cable B 
00.5 mm(bare) <t»0.5 mm(bare) 

00.54 mm(insulated) 00.54 mm(insulated) 
1.3/1.0/1.0 1.0/1.2/1.0 

3 urn 2.5 urn 
5.5 mm 

163 A 101 A 

Dimension 

Cu/CuNi/NbTi 
Filament dia. 
Twist pitch 
IC(5T, 4.2K) 
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Clear bore diameter (mm) 30.4 
Inner diameter (mm) 38 
Outer diameter (mm) 76.5 
Length (mm) 150.4 
Conductor layers 40 
B 0 / I (T/A) 0.0822* 
Inductance (H) 1.65 

commercially available conductor with a C u / C u N i matrix. Table 1 lists the 
parameters of the superconductors used in the bias field magnets. 

The optimized design of the bias field magnet in the strand measurement system 
was carried out in order to achieve a relatively small superconductor volume by 
taking an overall current density of 250A/mm 2 and a field uniformity better than 95% 
in sample area. In order to enhance the propagation of a normal zone when 
quenching occurs, no additional insulation sheet was placed between each layer of the 
windings. The main parameters of the magnet are shown in Table 2. 

Table 2 Parameters of the bias field magnets. 

Magnet for strand Magnet for cable 
measurement system measurement system 

110 
116 

124.6 
150 
8 

0.0122* 

The length of the bobbin of the pick-up coil for the cable measurement system is 
106 mm so as to be able to use cable samples with one transposition length. Therefore, 
the clear bore of the bias field magnet was chosen to be 110 mm. The inner diameter 
of the winding is 116 mm. Optimization of the design of the bias field magnet was 
also made so as to reduce the volume of superconductors by taking the relatively high 
overall current density of 250A/mm 2 . In order to increase the field uniformity in the 
sample area up to better than 95%, the coil has a notched shape. The main parameters 
of the magnet are shown in Table 2. 

Search Coils 

In order to obtain a high coupling coefficient between the pick-up coils and 
samples, the pick-up coils were wound on bobbins having very thin inner walls. 
Teflon bores were inserted into the bobbins to sustain the force during winding. 
Above the windings of the pick-up coils, epoxy impregnated glass fiber was wound. 
After a heat treatment, the Teflon bores were removed. Table 3 shows the main 
parameters of the pick-up coils. The shapes of the two coils are different: the pick-up 
coil for the strand measurement has a solenoid shape, and the coil for the cable 
measurement has a racetrack shape. 

The cancel coil in the strand measurement apparatus has a solenoid shape like 
the pick-up coil. The sizes of the cancel coil were chosen based on the way that it had 
the same middle diameter as the strand samples in order to reduce the magnetization 
flux leakage of the strand samples through the cancel coil. The positions of the pick
up and cancel coils are shown in Fig. 3. The ratio of the average magnetic field in the 

* measured by Hall probe 
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pick-up coil to that in the cancel coil was calculated to be 1.033. The number of turns 
in the cancel coil is 8811. 

Table 3 Main parameters of the pick-up coils. 

Pick-up coil for strand 
measurement system 

Pick-up coil for cable 
measurement system 

Shape solenoid racetrack 
Wall thickness 0.13 mm 0.25 mm 
Wire diameter $0.05 mm 00.05 mm 
No. of turns 4988 2010 
Inner dia. (inner width) 024.25 mm 13.2 mm 
Outer dia. (outer width) 025.58 mm 15.7 mm 
Height 39.2 mm 8.9 mm 

The cancel coil of the cable measurement system has a racetrack shape. Its length 
was determined by the available space. The position of the cancel coil was chosen to 
be set as near to the middle plane of the bias field as possible under the condition that 
it does not hinder the exchange of cable samples. We also tried to obtain a good 
cancellation of the hysteresis signal caused by the winding of the bias field magnet. 
The ratio of the average magnetic field between the pick-up coil to that of the cancel 
coil is 1.0083. The number of turns in the cancel coil is 2732. 

\ I 

± 
l\ 
I \ 
I_! 

J2!Ck-tjp 
COi! 

cail 

Fig. 3 Position of the pick-up and cancel coils in the strand measurement system. 

5 



Force Exertion Parts 

By multiplying the width and transposition length of cable samples, we found 
the area of the cable samples to be about 10 cm 2. Therefore, a force of 100 kN is 
necessary to exert 100 MPa of stress on the samples. This force is provided by a 
hydraulic jack installed on the top of a cryostat, and is transmitted through a pair of 
concentric pipes to cable samples. Fig. 4 shows the force exertion structure. To reduce 
the hysteresis signal from the structure materials, sustaining and pressing plates of 20 

Fig. 4 Apparatus for magnetization measurements of cable samples. 

mm in width below and above the sample are made of high-manganese steel which 
has a very low susceptibility. In order to obtain a relatively uniform mechanical 
pressure on samples, two joints are used to render the upper plates free in two 
directions. The lower part of the outer pipe has a thickness of 10 mm and is made of 
stainless steel (SUS316). To reduce the eddy current, slots were made on the pipe and 
other thick metal parts. 

Other Structure Detail 

To reduce heat leakage into the cryostat through the concentric force 
transmission pipes, the inner pipe is made of glass-fiber reinforced epoxy; the upper 
part of the outer pipe is made of a stainless steel pipe having the minimum thickness, 
determined by the mechanical strength. The pipes are cooled by helium gas flowing 
through a space between the inner and outer pipes. Holes are drilled on the lower 
part of the outer pipe for helium gas flow. At the lower part between the inner and 
outer pipes, a guide ring made of glass reinforced epoxy is inserted so as to make the 
maximum eccentric error less than 0.3 mm. 

6 



The inner diameter, outer diameter and length of the inner and outer pipes are 
50, 67, 710 mm and 95.6, 101.6, 628 mm, respectively. Taking the worst situation in 
which the cooling of the pipes by helium gas is neglected, we have the following 
equations [11]: 

r300K 

J XdT = 3060 (W/m) forSUS316 (1) 
JT=4K 

and 
/•300K 

I A.dT=199 (W/m) forSUS316. (2) 
/r=4K 

Heat flow can be calculated from 

kdT, (3) •ti. 
where A and L are the cross section and length of the pipes. Using equation (3), we 
obtain Q = 0.438 W for the inner pipe and Q = 4.53 W for the outer pipe. The actual 
measured evaporation rate (including evaporation from cryostat and current leads) is 
less than 1.5 //hr. Therefore, cooling the helium gas has greatly reduced the heat 
leakage through the pipes. 

III. CALIBRATION OF ON AC LOSS MEASUREMENT APPARATUS 

The losses per cycle are determined by calculating the area of magnetization 
loops. All of the results are converted into joules per conductor volume in cubic 
meter by using 

- ^ 'UcdUs, (4) 
u0T|A.SNR s / ' 

where x is the time constant of the integrator, KB is the ratio of the central field to the 
magri-i current, and R s is the resistance of a current shunt. r| is the coupling 
coefficient between the pick-up coils and samples, k is the fraction of the conductor 
volume including a matrix in the samples, S is the cross section area of the samples, 
and N is the number of turns in the pick-up coils. The integrands U c and U s are the 
output of the integrator and the voltage of the current shunt, respectively. 

The critical change rate of the bias magnetic field which causes eddy currents at 
the cable edges to rise to the critical level (Lj) is given by 

LJ I =12JcRx ( 5 ) 
1 d HLN ' 
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where I c represents the critical current of one strand; H and L are the width and half 
transposition length of cable conductors, respectively. All of the loss measurements 
are carried out with a bias field ramp rate lower than the relevant critical change rate. 

Coupling Coefficient Between Pick-up Coil and Sample 

As mentioned before, the strand samples have a long solenoid shape. The ratio 
of the length to middle diameter of the sample solenoid is 2.95. The ratio of the 
length of the sample solenoid to that of the pick-up coil is 1.43. Therefore, the 
reduction in the coupling coefficient caused by magnetization flux leakage must be 
taken into account. For simplification, by assuming that M«B0, the real distribution of 
magnetization flux from a strand sample can be represented by a magnetic field 
induced by uniform, but opposite current sheets, circulating around the inner and 
outer surfaces of the strand sample solenoid. We found the coupling coefficient to be 
0.93 by calculating the magnetization flux passing through the pick-up coil. 

In the cable measurement system, the ratio of the height to width of a cable 
sample is 1.33, and the ratio of the height of a cable sample to the pick-up coil is 1.85. 
Therefore, the magnetization flux is quite non-uniform. Moreover, the 
magnetization component caused by interstrand coupling is intrinsically non
uniform. Since it is very complicated to deal with this intrinsic problem, we ignored 
this intrinsic non-uniformity and assumed that the magnetization of a cable sample 
can be represented with a magnetic field induced by a current sheet circulating around 
the periphery of the cable sample. Using simulation coils, we obtained a coupling 
coefficient of 0.60 between the pick-up coil and the cable sample. 

Signal from Background 

The AC loss measurement systems were tested without a sample in the pick-up 
coil in order to check the cancellation effect of the background signal. The results are 
shown in Fig. 5, with the vertical axis being the magnetization in a dummy sample 

i : >. - IT • 0 D - i ) " T ' S : i M 0-02- ;4I -0 . iW'I'./r.b 

t- ! / 

= ; / 

L / 

BiT; 

(a) (b) 
Fig. 5 Loss signals from background for the strand measurement system (a) 

and the cable measurement system (b). 
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which will induce the same magnitude of AC loss signal as that measured in the pick
up coil. As it can be seen, the un-canceled background signal in the strand 
measurement system is much larger than that in cable measurement system. There 
are mainly two reasons which may explain this difference: first, the thickness of the 
bias field winding in the strand measurement apparatus is about 6 times of that in the 
cable measurement apparatus; secondly, the pick-up coil, the cancel coil and the bias 
field winding in the strand measurement apparatus are not as properly positioned as 
those in the cable measurement apparatus. To prove this, we calculated the 
percentage of un-canceled magnetization signals induced by the bias field windings 
while making some simplifications. The results are 21% for the strand measurement 
system and 3% for the cable measurement system. 

By further analyses, the following improvements should be made in order to 
reduce the un-canceled background signal in the strand measurement apparatus: 
(1) reduce the outer diameter of the cancel coil to less than the inner diameter of the 

strand sample solenoid so that it can be put into the sample holder, or 
(2) increase the length of the bias field coil so that the pick-up and the cancel coils can 

be arranged symmetrically in the bias field magnet without diminution of field 
uniformity in the sample space. 

IV. RESULTS OF AC LOSS MEASUREMENTS 

AC Losses of Strand Samples 

Strand samples were wound on a small sample holder having an inner diameter 
of 15.5 mm and a length of 56.25 mm. After four layers ( about 56 turns per layer ) 
were wound, the outer diameter was about 22.6 mm. Three kinds of strand samples 
were measured, as shown in Table 4. 

Table 4 Specifications of strand samples. 

Serial No. F-1 F-2 H 
Diameter (mm) 0.81 0.81 0.81 
Filament dia. (mm) 6 6 2.65 
No of filaments 7,200 7,200 199x1 
Twist pitch (mm) 12.7 12.7 13.5 
Matrix Cu Cu Cu, Cu-0.5\ 
Matrix/SC 1.5 1.5 1.46 
RRR 37 126 122 
I c (A) @ 5 T, 4.2K 595 602 543 

The results measured in 0 - IT - 0 cycles under different field ramp rates are 
shown in Fig. 6. From the figure we can see that the losses increase linearly with the 
field ramp rates. The slopes of samples F-1, F-2 and H, which are proportional to their 
eddy current losses, are 1.04, 2.00 and 1.54 kJ-s/m3-T, respectively. From the results we 
can see that the increase of RRR from 37 to 126 makes the coupling losses in the 
strands about double; the addition of CuMn to the Cu matrix almost does not affect 
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the coupling losses in the strands. The tendency of the slopes measured in 0 - 6T - 0 
cycles are the same as that in the 0 - IT - 0 cycles as plotted in Fig. 7. 

J 2 

.3 » 

• 1 1 1 1 1 1 1 1 1 1 ) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

\ B: 0 - IT - a 
o F-l(6(i RRR = 37) j 

x F-2(6(l RRR = 126) j 

• H(2.5(i) 

i i i I i i • i I i i i i I • • • • I • • • • < • • • • ' 

0.1 0.2 

dB/dt (T/s) 
0.3 

Fig. 6 AC losses vs. field ramp rate of strand samples in IT cycles. 

0.1 0.2 0.3 

dB/dt (T/s) 

Fig. 7 AC losses vs. field ramp rate of strand samples in 6T cycles. 
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Preparation of Cable Samples 

To prepare cable samples, a cable conductor was cut into 10 short pieces. The 
short pieces were piled up with their thick and thin edges alternately on the two sides, 
and then inserted into the curing instrument shown in Fig. 8. The cable pieces were 
heated up to certain temperature for an appropriate time; meanwhile, a certain 
mechanical pressure was applied on the cable pieces. Fig. 9 represents the temperature 
diagram of the heat treatment cycles. Before the temperature increased up to 100 °C, 
the mechanical pressure was kept at Pi (Pi^P2 and P]=2.5 kg/mm 2) for all of the 
samples. One exception is a sample made without any mechanical pressure in the 
curing processes. At over 100 °C, the mechanical pressure was increased up to the 
final curing pressure (P2). After curing, the compacted samples by curing were cut 
down to one cable transposition length; the two ends were polished with fine sand 
paper. 

: 4 
Fig. 8 Curing instrument 

Five kinds of cable conductors have been investigated in order to determine their 
AC loss behavior. The specifications of these conductors are shown in Table 5. 
Conductors F, HI and O have nearly the same filament diameter in a copper matrix. 
Conductors H2 and S have filament diameters of 2.65 and 4.5 nm in a Cu-Cu0.5%Mn 

Table 5 Specifications of cable conductors. 

Cable ID F HI H2 O S 
No. of strands 30 30 30 30 30 
Strand dia. (mm) 0.808 0.808 0.808 0.808 0.648 
Fil. dia. (|im) 6 6.2 2.65 6 4.3 
Matrix Cu Cu Cu/CuMn Cu Cu/CuMn 
Cable width (mm) 12.125 12.125 12.125 12.34 9.728 
Mean thick, (mm) 1.458 1.458 1.458 1.458 1.166 
Trans, length (mm) 86 86 86 86 73.5 
RRR 140 70 120 
Insul. thick. (|im) 100 100 100 150 100 

250 

20 
J • ' ' • • 

40 60 80 100 120 
Time (min) 

Fig. 9 Temperature diagram of curing cycle. 
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Table 6 "Curing cycle ID" matrix. 

Pressure (MPa) 
Temp. Time 0 25 50 
90 °C 15 hr A2 

120 °C 5hr B2 
150 °C 5hr CI C2 
180 °C 30 min. D2a 
180 °C 50 min. D2b 
200 °C 30 min. E2 
230 °C 10 min. F0 F2 

matrix, respectively. Only conductor S has a different strand diameter from the 
others. 

In order to investigate the influence of the curing conditions on the AC losses, 
various curing cycles with different curing temperatures and pressures were tried. Six 
curing temperatures and four curing pressures have been selected to make a number 

Table 7 Preparation conditions of samples. 

Sample ID Cable ID Curing Thickness after 
cycle ID curing (mm) 

1 F A2 17.1 
2 F A2 17.0 
3 F B2 15.7 
4 F B3 16.5 
5 F CI 16.7 
6 F C2 16.7 
7 F C3 
8 F D2a 16.5 
9 F E2 16.4 
10 F F0 17.1 
11 F F2 
12 F F2 16.2 
13 F F3 16.0 
14 HI C2 16.6 
15 HI D2b 16.4 
16 HI F2 16.2 
17 O C3 
18 H2 B2 16.7 
19 H2 C3 
20 H2 D2a 16.5 
21 H2 F2 16-1 
22 H2 F2 16.1 
23 S B2 
24 S D2a 
25 S F2 
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of combinations. The curing times were chosen according to the curing temperatures 
for the resin. The temperature rising speed was limited by the heating power to be 
about 10 °C/min. Table 6 shows the curing conditions of all the curing cycles that we 
have used, with the "curing cycle ID" being the matrix cells in the table. 

In total, 25 compacted cable samples were prepared. Among them, 3 couples 
were prepared with the same conductors and the same curing cycles to check the 
reproducibility. Table 7 is a list of the sample preparation information. One can find 
which conductor was used for preparing any one of the samples in the following way: 
first, select the "Cable ID" in Table 7; then look for a conductor in Table 5. Similarly, 
one can find which curing cycle was used for them by first getting the "Curing cycle 
ID" in Table 7 and then looking for it in Table 6. 

AC Losses of Cable Samples 

A. Results for Different Conductors 

All of the cable samples were measured in a 0 - IT - 0 cycle at various field ramp 
rates. Figure 10 shows the relationship between AC losses and the field ramp rate for 
samples 7, 14, 17 and 19, which were prepared with the same curing cycle, but with 
different conductors. It can be seen that the slopes of the four lines, which 

0 0.1 0.2 0.3 
dB/dt (T/s) 

Fig. 10 AC losses vs. field ramp rate. 

are proportional to eddy current losses in the samples, are quite different from each 
other. Sample 7 (sample 19) has the steepest (smallest) slope. The slopes show AC 
losses caused by interstrand eddy currents as well as eddy currents in strands. In order 
to distinguish the interstrand coupling loss from other eddy current losses, samples 7 
and 19 were measured with the bias field parallel to the wide face of the cable pieces. 
The hysteresis losses in B,, cases are 12% less than that in B x cases. To make 
coincidence of the hysteresis losses, all of the data in B„ cases are multiplied by a factor 
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of 1.136. The results are shown by the dotted lines in Fig. 10. Because the interstrand 
coupling loss in the Y>,, cases is negligible in comparison with that in the Bj. cases, the 
slopes in the B,, cases are caused by the other eddy current losses in the strands. Then, 
the differences between the solid and the dotted lines correspond to the interstrand 
coupling losses in the samples. Therefore, we can see that samples made from 
different conductors may have quite different interstrand coupling losses. 

Interstrand coupling loss is influenced by the sample length. The coefficient is a 
complicate function of the sample length, cable transposition length and other 
parameters. Polak et al. have studied this problem with their samples [8], This 
coefficient is 0.61 for their cable conductors when the lengths of samples equal the 
cable transposition lengths. Because we have not studied this problem for the tested 
cable conductors, this coefficient has not been taken into account in this paper. 

B. Influences of Mechanical Pressure on AC Losses 

The influences of the mechanical pressure perpendicular to the cable wide face 
on AC losses have been investigated. The results are shown in Fig. 11. It can be seen 
that, for most of the samples, the variation of AC losses with mechanical pressure is 
very small. The exception is sample 7 for which losses tend to have decreased as the 
pressure increased and did not return to the former values when the pressure was 
reduced. 

40 60 80 
Pressure (MPa) 

120 

Fig. 11 Influence of mechanical pressure on AC losses. 

C. Influences of Curing Conditions on Interstrand Coupling Loss 

Among the samples measured, since some had very long eddy current time 
constants, we could only measure their losses at very low bias field ramp rates. The 
total eddy current losses were calculated from the slopes of the Q - dB/dt curves. For 
samples which have very long time constants, losses at dB/dt=0.1 T/s were calculated 
by extrapolation of the low ramp rate results. Interstrand coupling loss were obtained 
by subtracting the eddy current losses in strands from the total eddy current losses 
(though all of the samples have not been measured in B„ cases, it is believed that eddy 
current losses in strands do not change very much from sample to sample). The 
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results are shown in Figs. 12 and 13 with the curing temperatures on the horizontal 
axis. The numbers in the figures correspond to the sample ID in Table 7. 

It can be seen that for the cable conductors F and HI the interstrand coupling 
losses increase nearly according to a geometrical series with an increase in the curing 
temperature. On the contrary, for cable conductors H2 and S, which have filament 
diameters of 2.65 and 4.3 (im with the Cu-CuMn matrix, the interstrand coupling 
losses do not increase very much. We would note that the reproducibility of these 
results is quite good. 

Sample 10, cured without any mechanical pressure, shows a very small and 
almost the same interstrand loss as those samples cured at around 150 °C. 
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Fig. 12 Interstrand coupling loss vs. curing temperature of cable conductors F and HI. 
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Fig. 13 Interstrand coupling loss vs. curing temperature of cable conductor H2. 
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V. RESULTS OF STRAND CROSSOVER RESISTANCE MEASUREMENTS 

Strand Crossover Resistances in Cable 

The relationship between the interstrand coupling loss, the strand crossover 
resistance (Rx) and the contact resistance of adjacent strands (R//) in Rutherford-type 
cables have been well studied under the assumption of a uniformly distributed Ri and 
R// [6, 8]. Fig. 2 is a model showing the distributed contact resistances (Rj_ and R//) in 
this kind of conductor. Under weak excitation conditions, when currents flowing in 
strands do not exceed the critical currents and supposing R„=Rx, the interstrand 
coupling loss can be expressed as 

P = _J jd l_L Mi LdiJ 
3R± 20 + 1 (6) 

where P is the loss in watts per unit length of the cable, H and L are the width and half 
transposition length of the cable, respectively. N is the number of strands in the cable. 
The two items in the latter parenthesis represent the loss from Rj. and R/ / # 

respectively. It can be seen that when N » l , the latter item can be omitted and 
equation (6) is simplified as 

dE.) 2 

N 2 H 2 L d E 
Ldi 

60 R, (7) 

which was provided by Morgan [6]. 

Measurement of Average Strand Crossover Resistance 

It can be seen from equation (7) that the power loss (P) is inversely proportional 
to Ri.. Therefore, another way to investigate the interstrand coupling loss is to 
measure Ri directly. It is almost impossible to separate a single crossover from a cable 
without affecting the contact resistance. Figure 14 shows one of the methods and 
sample shapes that we have used for measuring Rx [6]. In this method, the cable is cut 

Fig. 14 Method and sample shape for measuring Rx-
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into a half cable transposition length with the outermost pair of strands reserved for 
attaching measurement wires. The resistance between the outermost pair of strands 
can be measured using the 4-wire method. Let this resistance be Rb- When the 
number of strands (N) » 1 , the relationship between Rb and Rj_ simplifies to 

R b = - ^ . (8) 

Five of the samples listed in Table 5 were cut into the shape illustrated in Fig. 14 
for the resistance measurement after being used in the AC loss measurement. 
According to our experiences, the contact resistance is affected very easily by forces 
during sample preparation. Therefore, careful cutting is necessary; it is recommended 
to use a stack sample instead of a single piece sample, because a single piece sample is 
very easy to become bent. 

Table 8 shows both the crossover resistances (Rx) calculated from the interstrand 
coupling loss using equation (7) and that calculated from the resistance measurements 
using equation (8). The coincidence of the results is relatively good. 

Table 8 Comparison of Rj. calculated from the loss and measured directly. 

Sample Interstrand loss at R x calculated R x measured 
No 0.1 T/s (kj/m3) f r o m l o s s ( a Q ) ( u Q ) 

9 245 4.5 <7.5 
13 6660 0.15 <7.5 
14 5.9 180 360 
18 1.22 885 3000 
22 5.6 195 390 

Measurement of Rx Distribution 

Another method that we have used in measuring the contact resistances between 
strands is shown in Fig. 15. A cable piece was pressed only on a length of 6 mm. Out 
of this length the strands were bent so as to separate from each other. Measurement 
wires were attached before curing in order to reduce the possibility of a contact 
resistance variation. The pressure applied on the cable was about 50 MPa using 
springs. 

The coefficient between the measured resistances and the strand cross over 
resistances can be obtained by circuit simulation under the assumptions of Rx=R// 
and uniformly distributed Rx and R/f. These coefficients were used in calculating 
the contact resistance (Rx) from the measured resistances. 

Two of the conductors, namely F and H2, were measured using this method. 
Conductor F was measured before curing, and after that, curing at 180 "C and 210 °C 
using the same sample by a re-curing method. Conductor H2 has only been measured 
before curing. The results are shown in Fig. 16. From the figure we can see that, for 
both the two conductors, the tendency of the contact resistance distributions along the 
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Fig. 15 Curing instrument for resistance distribution measurements. 

cable width direction is the same, i.e., lower in the thin edge and higher in the thick 
edge. The average contact resistances of cable F before and after curing at 180 "C and 
210 °C are 120, 12 and 6.4 u£2, respectively. This means that by curing at higher 
temperature the average contact resistance is reduced by less than one order of 
magnitude. 

/•-— _ 

I 

Cable F Cable F Cable H2 

Fig. 16 Results of contact resistance distribution. 
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V. DISCUSSION 

As shown in Fig. 12, the interstrand coupling losses of cables F and HI strongly 
depend on the curing temperature. The samples cured at a temperature of 230 "C 
show quite large interstrand coupling losses. Despite data scatter, we can see that the 
tendency of a loss increase according to the curing temperature is concave, even 
though the vertical axis is logarithmic. One can also see that in the lower curing 
temperature region, the loss increases by nearly one order of magnitude as the curing 
temperature increases by 60 °C; in the higher curing temperature region, the increase 
is two orders of magnitude. 

Although samples 3 and 4, samples 5, 6 and 7, samples 12 and 13 are of the same 
cable and were cured with the same temperature, respectively, different curing 
pressures were used. Their results do not differ so much. On the other hand, sample 
10, which is the same cable as the above-mentioned samples, and was cured without 
pressure, exhibits a very small interstrand coupling loss, compared with others cured 
at the same temperature, but under mechanical pressure. This may provide very 
important information about the coil curing conditions which could lead to a 
reduction of the interstrand coupling loss. This is consistent with the observation 
that the SSC collider prototype magnets cured at 220 °C with and without pressure 
show different di/dt dependences [12]. 

The reason why interstrand coupling loss of cables F and HI varies by several 
orders of magnitude is still not quite clear. The contrary results concerning cables H2 
and S suggest that the Cu/CuMn matrix plays an important role in preventing an 
abrupt increase of the loss. The tendency of the contact resistance distributions shown 
in Fig. 16 indicates that the contact resistance may be related to the size of the contact 
surface. It has been reported that the tensile strength of oxygen-free copper decreases 
quickly at temperatures over about 180 "C [13]. This is, to some extent, identical with 
the results shown in Fig. 12, and suggests that some kind of sintering of copper, and 
then breakage of copper oxide, may also be one of the main factors affecting the 
interstrand coupling loss. The examination of strand surfaces at the cross points of 
cables using an optical microscope gives us patterns which may suggest such kind of 
breakage. Further studies are necessary on the surfaces and bulk resistances of strands. 

VI. CONCLUSIONS 

1. For most of the samples, mechanical pressure perpendicular to the wide face of 
cable pieces does not affect their AC losses very much. 

2. Interstrand coupling losses of cables having only a Cu matrix, strongly depend on 
the curing temperature when they are cured under mechanical pressure. For cables 
with Cu/CuMn matrix, however, the influence of the curing temperature is much 
smaller. Therefore, the CuMn matrix may play an important role in reducing the 
interstrand coupling loss. 

3. When cables are cured without mechanical pressure even though they have a Cu 
matrix, the curing temperature has only a small influence on the interstrand 
coupling loss. 
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4. Reducing curing temperature and curing without mechanical pressure at the peak 
temperature are very favourable for reducing the interstrand coupling loss. 
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