
The application of joints which can be disassembled is studied within the 
framework of the development of high currant (25 kA), high power (0.5 kW) 
cryogenic currant supplies (flux pumps). 1,2 The behaviour of a scale model with 
currants up to 5 kA will be presented here. 

Several means of diminishing the joint resistance have been researched 
with special attention being paid to detection methods to measure the 
resistance, and their accuracies, 

The role of the solder has been investigated. A simple model gives good 
qualitative understanding of the matter. 

The presence of ac currants in a cryogenic currant supply causes 
considerably higher losses in the joint because of the non-homogeneous 
distribution of the current A good impression of this distribution can be obtained 
by measuring the held along the joint The measured results are in good 
agreement with calculated one~ A useful length of the joint under ac conditions 
can be defined and is helpful for design purposes. 
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A superconducting connection between high- 
current cables is hardly possible because of  their 
complicated geometry. Most cables consist of many 
wires, whilst these wires consist in turn of many 
filaments. A restriction of a connection between a 
current supply and its load is the requirement of 
dismountability. A scale model has been built to 
investigate the loss behaviour of such joints. Three 
ways of connecting the cable coupling sockets were 
tried out. First the connection was performed by 
applying pressure only. next by introducing a layer of 
indium between the sockets and finally by soldering 
the sockets together using Wood's metal 
(13.3 Sn26.7Pb50Bi10Cd). 

After a description of the joint and the used 
superconducting cable the dc resistances of these 
connections are shown. Four different methods and 
their results give rise to some interesting features. The 
reliability of the methods will be discussed. 

The ac behaviour can be described with a model 
based on the diffusion equation. Results with a ramp 
and sinusoidal current have also been measured and 
calculated. 

In conclusion the required length of the joint will 
be derived for ac applications. 

Description of the joint 
In order to obtain a high current the joint is 

included in a closed secondary loop of a transformer 
(see Fig. 1). Every cable coupling socket consists of  a 
pair of annealed copper blocks soldered to the cable 
with Pb3Ag. The cable consists of 81 wires in a Litz 
geometry (3 × 3 × 3 × 3). The cable is filled with 
Pb40Sn solder to stiffen it. The strands consist of 114 
filaments of NbTi in a Cu30Ni matrix (see Fig. 2). The 
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diameter of the wires and the filaments are 204 and 
12.7 #m respectively. The matrix to superconductor 
ratio is 1.25. 

Some remarks in respect to this construction 
should be made. The high conductivity of the copper 
sockets 60 -- 3.10 -~° rim) and of Pb3Ag (p -~ 1.10 "~ r im) 
reduces the resistance as much as possible. The highly 
resistive Cu30Ni matrix material (0 ~ 3.8 10 -7 Nm) 
increases the resistance considerably. However, in a 
superconducting rectifier flux pump NbTi/CuNi wires 
are used in the thermally activated superconducting 
switches. A CuNi matrix is preferable in order to 
obtain a sufficient off-resistance of the switch. 

The maximum current 
The maximum obtainable current in the cable in 

the actual configuration as function of the frequency 
has been determined using low frequency sinusoidal 
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Fig. 1 Configuration of the test  set-up. 1 - -  cable coupling sockets of the 
jo int ;  2 - -  superconducting cable (3 x 3 x 3 x 3 strands); 3 - -  primary 
coil; 4 - -  location of the fixed Hall probe; 5 - -  support  for  a Hall probe, 
movable in the x-direct ion;  6 ~ Rogowski  pick-up coil; 7 - -  heater 
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Fig .2 Cro~mc'tion of the NbT'v'CuNi wire of the MCA, 114 filament& 
diameter 0 .204  ram, filament diameter 12.7/Am. CuNi: ac ,,  1.25:1 
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currents. We find currents up to about 4800 A at 0.1 Hz 
(see Fig. 3). 

In the absence of an external field and when the 
matrix consists of low conductive material the 
maximum current will not be equal to the critical 
current because of instabilities. At higher frequencies a 
decrease is observed, possibly due to internal heating 
during ac operation which lowers the critical current 
density and affects the stability of  the wire. These 
results have been frequently observed in our laboratory 
in the case of  NbTi/CuNi wires. 

The dc resistance 
Methods to determine the dc resistances~ Four 

methods will be described. Three of them are based on 
the decay of the current which has been induced in the 
secondary circuit. Another method is based on the 
measurement of the voltage across the joint. I f  the 
latter becomes more inaccurate in the case of low 
resistances the current decay technique is preferable. 

The current is determined by a fixed Hall probe 
as shown in Fig. 1. The calibration of the Hall probe is 
performed by the use of a Rogowski pick-up coil. This 
can also be used to determine the current directly. A 
disadvantage of this method is the requirement of  large 
current rates to obtain sufficient accuracy. 

To overcome this problem, the detection of the 
current level at a certain time can be found by 

changing the state of the superconductor to normal by 
means of a heater. A typical voltage curve from the 
pick-up coil as a result of this action is shown in 
Fig. 4. The integral of  this voltage is a measure for the 
current level. 

The method with the Hall probe and the 
technique with the Rogowski coil yield a decay time 
coefficient r. Knowledge of the self-inductance L of the 
secondary loop is necessary in order to obtain the 
resistance R. Both the self-inductance and the 
resistance depend on the current: 
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Fig. 4 Rogowski pick-up voltage versus time when the conductor 
changes into the normal state 
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Fig. 5 Joint resistance against current for the various joint 
configurations. 1 - -  copper-copper pressure contact; 2 ~ copper-indium- 
copper pressure contact; 3 - -  copper-Wood's solder-copper contact 
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Another technique to obtain the joint resistance is 
closely related to the time decay method. During the 
,decay, flux leaves the loop but by means of the 
primary coil this flux can be pumped into the loop to 
restore a constant current level (flux pump method). 
The resistance (3) can be deduced from the transformer 
equation (2): 

M/p = 1;/, +m,  (2) 

R _M/p (3) I, 
The mutual inductance (M) is now a necessary para- 
meter to find the resistance. 

The technical performance is achieved by a feed- 
back system using the Hall voltage whereby the 
transformer is turned into a current source in this way. 
This technique is also useful during the direct voltage 
measurement~ A complication that is easy to overcome, 
is the influence of  the stray field of the primary coil. A 
good orientation of the Hall probe and compensation 
diminish this influence in a convenient way. 

Results of the different joint configurations In Fig. 5 
the results concerning the dc resistance of the copper- 
copper joint, the copper-indium-copper joint and the 
copper-Wood's solder-copper joint are shown. This 
figure is obtained by the Rogowski decay time method. 
It is clearly shown that a decrease in resistivity takes 
place in the sequence mentioned of joints. 

Adopting a suggestion of  Suenaga 3 an explana- 
tion of the decrease using indium is an increase of 
contact area due to its high ductility compared to 
copper while Wood's solder guarantees an even larger 
contact area. As oxide layers are also absent now the 
solder liquid could affect the resistance in a positive 
way. 

A remarkable feature is the increasing resistance 
with increasing current. As the cable is transposed 
completely a current sharing between the wires cannot 
explain this phenomenon here. Also the current 
sharing between the filaments in one wire gives no 
satisfactory explanation. A suggestion, based on the 
transition of the Pb3Ag solder from the super- 
conducting to the normal state, is as follows. Taking 
into account the joinfs  configuration the magnetic 
field value decreases along the x-axis of the joint. At a 
certain position about half way in the joint the upper 
critical field exists. The joint can be roughly divided 
into two parts with different resistivities. One part has a 
low conductivity because the solder is normal while the 
other part has a high conductivity because the solder is 
superconductive. The value of the current determines 
the length of each part. It has been possible to deduce 
a conductivity ratio of 0.37 between the two parts of 
the joint. A similar influence can be observed if 
magneto resistance effects play a role. 

Comparison of the four measuring techniques The 
results, given in Fig. 6, of the direct voltage 
measurement and the Hall probe decay method agree 
well, taking into account the accuracy of the deter- 
mination of the self-inductance being dependent on the 
current level. The flux pump method systematically 
gives too high values but for all methods, however, the 
results are in the same order of magnitude. The 
Rogowski pick-up coil method gives the least reliable 
results. In the latter case a discrepancy arises taking 
into account the initial current level which is included 
in the figure being caused by the way in which the 
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Fig. 6 Joint resistance versus current for various measuring methods. 
I ~ Rogowski pick-up coil decay method, initial current:, upper: I kA, 
lower: 4 kA; 2 - -  f lux pump method; 3 - -  Hall probe decay method; 
4 - -  voltage measurement 

current is induced. In fact the dc current distribution in 
the joint is not established fast enough. The section on 
the ac behaviour will clarify this. 

The ac resistance 

Experiments have been performed with ramp as 
well as sinusoidal currents. First a simple one- 
dimensional model will be deduced that covers both 
cases. The results and the discussion will be treated 
separately. 

Model for the current distribution in the joinL In 
order to illustrate the phenomena that occur during ac 
operation, knowledge of the current distribution along 
the joint is required. It is assumed, for simplicity, that 
the cabl(es have the same geometry as the joint 
coupling sockets in the x-z plane (see Fig. 1, for the 
choice of the axis). The problem is treated one- 
dimensionally and end effects are neglected. The 
length (L) of the joint has to be introduced for ramp 
currents while for sinusoidal currents this length may 
be taken to be infinite as will be seen later. From 
Ampere's circuital law we can deduce: 

Bz(x, t) = #o Ix(x, t) (4) 

The current occurs as a current per unit of length. Due 
to the assumptions made earlier the current crosses the 
joint in the y-direction only. Therefore the following 
holds: 

~Ex 
- 0 (5) ay 
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(4), (5) combined with Faraday's law give: 

aEy - al x 
aX - tao at (6) 

The conservation of the current is expressed by: 

a/x 
- -/y = - o E y  (7 )  

A combination of (6) and (7) gives: 

a21x(X, t) aIx(x, t) 
- uo o (8 )  

~x2 at 

This well-known diffusion equation with constant 
D = U/z0o can be solved using Laplace or Finite 
Fourier transforms. 

Trapezoidal ramp current (see Fi~ 7). A direct 
measurement of this current distribution is very 
difficult. Voltage terminals along the joint are 
inconvenient because the equipotential planes are not 
known sufficiently well. A straight-forward method is 
to measure the magnetic field at a fLxed distance along 
the joint. The field in the x- andy-direction is 
measured by a movable Hall probe (see Fig. 1). The 
field pattern can be calculated from the model calcula- 
tions and a comparison can be made. 

The solution of (7) and (8) is given by: 

fort  >_ a 

t) = r +2  .= ,  [ 

( - I )  n exp(--nZfl t)cos mr(L - x)] 
L / 

f o r 0 < t < a  

jy(x, t) = -£- +2 [ n-~a 
n = l  

(-1)  ° exp(-n2~ t) cos mr(LL- x) ] 

with 

n2D 

f l -  L ~ 

(9) 

In Fig, 8 the calculated current distribution is shown. It 
takes nearly 20 s to reach a uniform current distribu- 
tion in the joint and this time should be considered if 
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Fig. 8a The calculated current density in the joint when a ramp current is 
applied with a ,, 1 e and I 0 ,, 1000 A for vadoua positions 
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Fig. 8b The calculated current in the cable of the joint versus position for 
various times according to (7) _ 
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Fig. 9 Calculated parallel field along the joint for a == 1 s and 
I 0 = 2400  A for various positions 

a decay experiment to determine the dc resistance is 
performed. 

Measured and calculated results of the magnetic 
field parallel to the joint are given in Figs 9 and 10. 
The shape of these curves are in good agreement. A 
difference of a factor of two to obtain quantitative 
agreement as well, is a consequence of the assump- 
tions in the model. The transition of the solder from 
the superconductive state to the normal state is of less 
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Fig. 10 Measured parallel field along the joint for a == 8 s,/0 =, 2400 A for various positions. The ramp current starts at 10 " - 2 4 0 0  A 

interest in ac applications because the part where most 
of the current crosses from the cable to the other is in 
the normal state. When a final distribution is reached 
it is still not homogeneous as can be seen in Fig. 11. 
The effect of the transition and of the resulting 
difference in resistivity is the main cause. 

Sinusoidal currents. For these currents a periodical 
solution of (8) is: 

I(x, t) = I o exp(-ax) cos (wt - ax) 

with a = (oo/2D) ~n, Io the current amplitude, to the 
angular frequency and D the constant of diffusity. 

(10) 
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ac resistance of the joint for sinusoidal currents versus frequency 

The current in the loop is: 

I(0, t) = Io cos cot (11) 

The mean power loss is given by: 

~ _ lo2 h (l~oco ) q2 
2 b  \ 2 0  

with h the height and b the width of the joint. 
A sort of penetration depth (p) can be deduced 

from (10) and (12), which gives information on the 
required length of the joint. 

I/2 

For a frequency of 50 Hz and a conductivity of 3.109 
(Elm) -~ the penetration depth is only 1.3 mm. 

In Fig. 11 the ac resistance versus frequency is 
shown for a current amplitude of  100 A, The voltage 
has been measured in this case with a lock-in 
amplifier. 

(12) 

(13) 
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Conclusions 
The resistance between disassemblable cable 

coupling sockets can be reduced by increasing the 
contact area by means of applying indium or Wood's 
solder. An increase of the resistance with increasing 
current has been observe& An appropriate explanation 
for this is the coexistence of superconducting and 
normal parts in the joint sockets at various fields and 
currents. 

A decay-time technique to obtain the resistance 
has a good accuracy if notice is taken of the inhomo- 
genity of  the current distribution in the joint after the 
current has been induced. The dependence of the self- 
inductance and the mutual inductance of the trans- 
former on the current should also be taken into 
account. 

In the case of ac applications, the resistance 
increases considerably with the square root of the 
frequency. The magnetic field penetration in the longi- 
tudinal direction of the joint determines a useful length 
of the joint. The construction of an ac joint should be 
so designed that the occurrence of the diffusion pattern 
is prevented. The sizes of  the joint make it possible to 
improve the ac resistance, ie the width can be 
increased instead of the length. 

In the case of  ramp currents the current distribu- 
tion is complicated. A measurement technique using a 
Hall probe that is movable along the joint, can be of 
great help. 
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