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Abstract - Stability tests have been carried out on short 
samples of the aluminum/copper stabilized composite-type 
superconductors developed and used for the pool-cooled he- 
lical coils of the Large Helical Device. The waveform of the 
longitudinal voltage initiated by resistive heaters shows a 
short-time rise before reaching a final value, which seems 
to correspond to the diffusion process of transport current 
into the pure aluminum stabilizer. The propagation velo- 
city has a finite value even for the transport current being 
lower than the recovery current, and it differs depending 
on the direction with respect to the transport current. 

I. INTRODUCTION 
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The Large Helical Device (LHD) is a fusion experimental 
device that has been completed with all superconducting 

Fig. 1. Cross-sectional view of the superconductor developed and 
applied to the helical coils of LHD. 

coil systems [l]. The two helical coils have the major ra- 
dius of 3.9 m and the average minor radius of 0.975 m with 
a poloidal pole number of 2 and a toroidal pitch number of 
10. They have been successfully cooled down with liquid 
helium at 4.4 K and excited up to the central toroidal field 
of 1.5 T through the first campaign of LHD plasma expe- 
riments. The toroidal field will be raised up to 3T, in the 
near future, that will correspond to the specified operation 
point in the Phase I condition of LHD. Superfluid helium 
of 1.8K will be later utilized in the Phase TI operations, 
and the central field will reach up to 4 T with a maximum 
stored magnetic energy of 1.6GJ. 

A pool-cooled composite superconductor of NbTi/Cu 
compacted strands with pure aluminum/copper stabilizer 
was selected to be wound up as the helical coils, incor- 
porating the advantages of high cryogenic stability and 
mechanical flexibility at enough strength. The conductor 
size, 12.5mm x 18.0mm, as well as the inner configura- 
tion were carefully chosen, as shown in Fig. 1, through an 
intensive R&D program [2]-[4]. 

One of the main problems we met during the develop- 
ment of this conductor was the finding of unexpectedly low 
recovery current, which was due to the effective magne- 
toresistivity of the copper/aluminum composite stabilizer. 

This phenomenon could be well explained later by the 
so called “Hall current” generation model for metal-metal 
composites with different conductive materials [ 5 , 6 ] .  In or- 
der to reduce the spurious “Hall current” and hence the ef- 
fective magnetoresistivity, a Cu-2%Ni alloy clad (the resis- 
tivity approximates 2.5 x Q . m at  7 T and 4.4 K) was 
installed around the pure (“5,”) aluminum core (Fig. 1). 
Short sample tests have been carried out to investigate the 
characteristics of this conductor. The critical current mea- 
surements and the stability tests were the most important 
items. 

An important peculiarity of superconductors stabilized 
with pure aluminum is regarding dynamic stability which 
is caused by a rather long diffusion time of transport cur- 
rent from superconducting strands into the aluminum be- 
cause of the high electrical conductivity of the latter. For 
example, in the experiments for a SMES conductor, there 
has been observed, as it is called, a traveling normal zone 
[7,8], which showed that the initiated normal zone propa- 
gated forward and recovered a t  the back end with a typical 
time scale corresponding to the current diffusion time in 
the aluminum stabilizer. Appearance of such a traveling 
normal zone should be treated as an important issue not 
only from the view point of cryogenic stability, but also of 
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In this paper, the stability test results of the LHD heli- 
cal coil conductors are described, mainly focusing on the 
transient characteristics of the aluminum stabilizer. 

rI. EXPERIMENT 

A. Experimental Setup 

Stability tests have been carried out for a number of 
short samples of the LHD helical conductors through an 
R&D program as well as in the inspection tests for the fi- 
nal products prior to the coil winding process. They were 
examined in the superconductor test facilities with a 9 T 
split coil, 100 kA current leads and 75 kA DC power sup- 
plies. A short sample consists of two or four conductors, 
each about 2 m long, soldered together in series. The bias 
field is given by the split coil (of outer diameter 907mm) 
which has a 90% flat top field region of about 250 mm [2], 
and the short samples were vertically inserted into the bore 
(100 mm by 550 mm) of this split coil. For some samples, 
the conductors were minutely bent in order to simulate a 
coil lead section and this lengthened the effective field dis- 
tribution (for about 50%) than that for a straight sample. 
A number of voltage taps, thermometers and stainless steel 
resistive heaters were attached onto the conductor surface, 
all imbedded beneath GFRP spacers which defined the ex- 
posure rate of conductors as 50% in the standard configu- 
ration. It is notable that as for the stability test, it was 
possible to examine each conductor individually by plac- 
ing resistive heaters at the sample centers which coincided 
with the geometrical center of the split coil. 

B. The Stability Test Results 

In the set of stability tests for the LHD helical conduc- 
tors, intensive attention was paid mainly to the recovery 
current. Therefore, the stability tests were usually car- 
ried out by supplying the heater energy with low power 
and long duration (up to 1 second). Fig. 2 shows an ob- 
tained example of the required energy for initiating a nor- 
mal zone as a function of the transport current. As may be 
inferred from Fig. 2, the initiated normal zone collapsed, 
and the sample recovered into the superconducting state 
a t  a transport current that was lower than 13.7 kA even if 
a substantial amount of heater energy was supplied. On 
the other hand, the required energy for initiating a nor- 
mal zone approaches to zero when the transport current 
reaches up to the measured critical current of 22 kA under 
the external transverse field of 7T.  

In Fig. 2, the ”recovery current” was determined at 
which the initiated normal zone was observed to disap- 
pear as we gradually decreased the transport current after 
having a normal zone stagnation. Fig. 3 shows an example 
of the measured longitudinal resistance of the stagnated 
normal zone using the potential taps distributed along the 
conductor sample. The phenomenon of the normal zone 
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Fig. 2. Dependence of the critical energy of heater on the transport 
current of the superconductor sample. 

stagnation might be brought about by the fact that the 
bias magnetic field has a finite spatial distribution [9]. The 
window of transport current for observing the stagnation is 
typically 2-3 kA depending on the recovery current value 
and the bias field. The recovery current has been mea- 
sured with this procedure for more than 40 samples from 
the view point of quality control, and the results are sum- 
marized in [4]. 

The required heater energy was examined also by vary- 
ing the direction of heat input as well as the duration 
of power. As can be seen in Fig. 4., the required heater 
energy turns out to be almost three times higher when 
the energy was given from the aluminum side than with 
a case from the strand side. This observation can be lex- 
plained by the high longitudinal heat conductivity of the 
pure aluminum stabilizer, which should significantly re- 
duce the heating power density required to increase the 
temperature of the superconducting strands to be higher 
than the critical temperature. The required heater energy 
decreases when the duration of heater pulse is shortened 
both for the aluminum side and strand side. For a pulse 
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Fig. 3. Distribution of the measured longitudinal resistance along the 
conductor sample during a normal zone stagnation. 
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Fig. 4. The critical energy of heater vs heater pulse duration. The 
dashed and dash-dotted curves indicate the obtained dependence of 
the required heater energy on the pulse duration through a similar 
experiment with slightly different conditions. 

duration less than 20 ms, this critical energy becomes al- 
most constant, as was observed in a similar experiment 
for the same type of conductor. The precise value for the 
minimum quench energy is hard to be determined for the 
type of resistive heaters used in the present experiments 
due to their own heat capacity [lo]. 

C. Bansient Behaviour of Normal Zone 

Fig. 5 shows a typical waveform of the longitudinal volt- 
age measured with a pair of potential taps located at  the 
sample center (of distance 47 mm). As can be seen in 
Fig. 5, the voltage shows a peak, nearly 100 ms wide, and 
then it decreases to reach a steady-state value (the nor- 
mal zone stagnation). This peak of the voltage seems to 
correspond to the magnetic diffusion process in the pure 
aluminum core with a characteristic time scale t ,  of 

P o  d2 t ,  = - 2 '  
PA1 

which can be estimated based on a model for one- 
dimensional magnetic diffusion process. Here, d is the 
width of the aluminum core, and PAZ is the aluminum re- 
sistivity. By substituting the parameters of d = 5 mm and 
p ~ l  = 3.8 x R .m (at 4.4 K and 7T)  for our con- 
ductor, t,-value is estimated at 84ms, which seems to be 
fairly close to the time constant value of 97 ms determined 
from the longitudinal voltage measurements. 

The propagation velocity of normal zone is plotted as a 
function of transport current as shown in Fig. 6. As may 
be inferred from Fig. 6, the propagation velocity depends 
on the direction of the propagation, i.e., about twice faster 
in the downstream side of the transport current than that 
in the upstream side. Here it should be noted that this 
effect does not depend on the actual spatial direction of 
the sample, i.e., the direction of gravity, and the reason 
for this observation has not been clarified so far and leaves 
under study. 
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Fig. 5. Typical waveform of the longitudinal voltage in the sample. 

Another important point seen in Fig. 6 is the fact that 
the propagation velocity has a finite value even in some 
range below the recovery current, which suggests there is 
a noticeable discrepancy between the minimum propagat- 
ing current and the recovery current. This can be under- 
stood when considering the characteristics of the pure alu- 
minum/copper composite stabilizer that its cross-section 
cannot be fully used as a current conducting medium dur- 
ing the time period of the order of 100ms necessary for 
the current (electro-magnetic) diffusion process to be com- 
pleted just after the superconducting-normal transition of 
the strands. Thus, the heat generation in the vicinity of a 
normal zone front becomes higher than that in the central 
region, and such a normal zone should once propagate, 
though the transport current is lower than the recovery 
current. Since there have not been enough data below 
the recovery current, it is hard to determine precisely the 
minimum propagating current a t  which the propagation 
velocity must become zero. As was found in [7], there is 
a possibility of observing a traveling normal zone also for 
our conductor in this current range. Probably, this will be 
examined for longer conductor samples, i.e., representative 
coil samples, which will be tested in the nearest future. 

In order to clarify the experimentally observed cha- 
racteristics in the stability test, high-accuracy numerical 
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Fig. 6. The propagation velocity dependence on the transport current 
at bias transverse magnetic field of 7 T maximum. 
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calculations have been conducted, especially focusing on 
the transient current diffusion process in the stabilizer by 
adopting an FEM approach [11]. It enabled to explain, at 
least qualitatively, some of the above-mentioned effects. 
At the same time, the observed difference of the propa- 
gation velocity depending on the direction of transport 
current has not been treated yet in the framework of this 
approach [ 111 leaving under further perfection. 

111. CONCLUSIONS 

The stability characteristics of the aluminum and cop- 
per stabilized superconductors developed and applied to 
the helical coils of LHD have been studied experimentally. 
Transient behaviour of normal zones initiated by resistive 
heaters has been investigated for short samples under the 
specified bias magnetic field. To determine the recovery 
current, a stagnation point of longitudinal voltage has been 
found. A short-time drastic rise (peak) of longitudinal 
voltage has been observed just after the superconducting- 
normal transition. Presumably, it owes to the relatively 
slow diffusion process of the transport current into the 
pure aluminum core. It has been found that the propaga- 
tion velocity depends on the direction of transport current; 
the velocity towards the downstream side of transport cur- 
rent at least doubles that towards upstream side. 
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