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Abstract--Normal transitions and a subsequent quench were
experienced with the pooel-cooled hcelical coils of the Large
Helical Device (LIID) during its excitation test. Although the
initiated normal wmne onee started to recover, a disruptive
transverse propagation followed and triggercd an emergency
discharging program. The ecryngenic stability of the
composite-type superconductor has been studied by sample
experiments as well as by numerical caleakations. Due to the
rather long magnetic diffusion time constant in the pure
aluminnm stabilizer, transicit stability of the conductor scems
to play an important role for driving finite propagation of a
normal mne, The cause of the final quench is alsa discussed
from the viewpeint of cooling deterioration due to a possible
accutnplation of helium bubhles,

[. INTRODUCTION

The construction ofthe Large Helical Device (LHD) has been
successfilly completed with a fully superconducting coil
system [[], and fusionwclevant plasma experiments are
ongoing with a heliotron magnetic configuration that requires
no toroidal plasma current [2]. The one pair of two helical
coils (Il and H2) have a major radius of3.9 m and are pool-
cooled with 4.4 K liquid helium in the present Phase |
condition, In the Phase 1T program of LHD, 1.8 K Heljum 1
will be supplied and the maximum stored magnetic cnergy
will reach up to 1.6 GJ with a toreidal magnetic field of 4 T,

Sach of the two helical coils consists of three independent
blocks, H-I (inner), H-M (middle) and 11O {outer), and the
whole windings are contzined in thick stainless steel coil-
cans. The comresponding blocks of the two coils are connected
in series to three individual DC power supplies through six
superconducting bus-lines. For quench detection, balance
voltages are measured between egch corresponding block, For
example, the H-I balance voltage is given by subtracting the
terminal voltage of the H2-1 block filom that of the H1-1 block
in a quench detection circuit,
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During the excitation tests of LHD aiming at a nominal
toroidal fleld of 3 T at 4.4 K, normal transitions occurred at
the innermost layers of the helical coils, and a coil quench
llowed at the toroidal ficld of 2.75 T. The details of this
entite event including the general excitation characteristics of
the helical coils are described in [3]. In this paper, the
ctyogenic stability of the winding conductor is discussed
based on sample conductor tests and comparisen with
numerical caleulations r investigating the cause of the
normal transition. The final quench event is also cxamined
fom the viewpoint of cooling deterioration, based on the
experiences obtained with R&D coils.

[1. THE NORMAL TRANSITION EVENT

Fig. 1 shows the wavefdrims of the measured balance voltage
signals br the three blocks of the helical coils during the
quench event, A transport cutrent of 11,45 kA was being
supplied to each block before the emergency discharge. As is
infrred fom the positive rise ofthe T1.] balance voltage (at t =
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Fig, | Waveforne olthe balance voltage signals measuted br
thethree blocks althehelical colls, during a quench event at &
taroidal feld of 2,75 F. Magnetic ficld measured by g 11all
probe on the coil-can is also shown,
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2600 5) in Fig. 1, a normal zone was initiated in the H1-I
block. According to the normal conducting resistivity of the
superconductor obtained by previous sample tests, the
initiated normal zone can be estimated to have developed over
approximately 15 m and then it started to shrink (at t = 2607
g). It might be reasonable to consider that a normal zone was
initiated at the innermost layer of HI-I block, where the
magnetic field becomes the highest. According to the spike
signals seen on the balance voltages, the initiation of normal
zoened seemed to be brought on by mechanical disturbances
due Lo the large clectromagnetic bree acting on the windings.

Despite the gradual recovering process of the normal zone,
sudden and simultaneous increases of the balance voltages
occurred for all three blocks (at t = 2621 ), which finally
triggered the quench detectors. Then the emergency
discharging process went into action {at t =~ 2627 s) as it was
programmed te do. Subsequently, the entire superconducting
coil system, including the poloidal coils and bus-lincs, were
safely discharged with a time constant of 20 s, together with
the proper action of the eryogenic system [4],

M. Stasiury CHARACTERISTICS OF THE FIELICAL COLL
SUPERCONNDUCTOR

A, Stability Test Results with Conductor Samples

For the pool-cooled helical coil windings, a NbTI/Cu
composite-type superconductor i used with a high purity
aluminum stabilizer and a copper jacket. One of the key
features of this conductor (size: 12.5 mm x 18§ mm, nominal
current; 13,0 kA at 6.9 T) is that CuNi is used, instead of
conventional copper, as the clad material around the pure
aluminuin core to reduce the parasitic Hall current generation
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Fig.3 Typical waveorms ofthe measured signals on the R&D coil
HELIUT during a stability test. (a) Transport current and heater
power, (b) a lengitudinal voltage at the inncrmost layer wilh a
126 mm tap, and (c) conductor surface temperatures In (b), the
thick solid line is given by numerical simulatian,

(5, 6] that deteriorates the ellactive magnetoresistivity of
aluminum/copper  composites and  hence the cryogenic
stabilily or the recovery current of the conductor.

The coryogenic stability of this superconductor has been
intensively studied by preparing a number of short samples
[7] as well as R&D coils {8]. A short sample consists of two
or fur straight conductors, each 2 m long and soldered
together in series. Fig. 2 illustrates one of the R&D coils,
named HELTUT, which has double pancake windings (inner
radius: 134 mm, outer radius: 227 mm), each 5 turns, and a
total conductor length of 13 m. Both shert samples and coil
samples have been tested in a superconductor test ficility with
a9 T split-coil, 100 kA current leads, and 75 kA DC power
supplies. The sample conducters were directly cooled by 4.4
K liquid helium and stability tests were perfmned using tiny
reststive heaters installed on the conductor surfice to initiate a
notmal zone. The recovery cumrents and stability margins
were measured by changing the bias magnetic ficld.

Fig. 3 shows a typical example of the waveforms of a
longitudinal voltage signal as well as temperature signals
measured ©Or the R&D coil TELIUT. In this case, the
maximum field on the innermost conductor was 6.8 T by
adding the selffleld generated by the sample coil current of
12.5 kA to the bias field of 6.4 T. As is seen in Fig. 3{b),
affer the Initiation of a normal zone by the heater power, a
lengitudinal voltage develops with a short-time excess rise at
the beginning of the propagation. This peak voltage seems fo
be brought on by the magnetic diffusion process in the pure
aluminum core. A simple one-dimensional analysis gives a
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time constant of 84 ms which is fairly close to the measuied
valug of 97 ms determined from the voltage signal,

Fig. 4 shows the dependence of the measured propagation
velocity of notmal zones on the transport current, Data are
taken from some of the short sample tests as well as the
HELIUT coil with the magnetic tield of 7 T, One important
point Bund in Fig. 4 is that we obscrve finite propagation of
a normal zone even with a transport current lower than the
‘cold-end’ recovery current. In this region, an initiated
notmal zone develops over a few meters length within a fw
seconds time and then it ceases to propagate Ruther and
shrinks back to the superconducting state,

B. Comparivon with Numerical Analysis

Numerical calculations with sophisticated computer codes
have been conducted [9] for solving clectromagnetic and
thermal processes inside of the present conductor. In the
culeulation, degradation of the eflective resistivity of
aluminum/copper composites due o Hall curent generation
ix taken into account with a simple model, and the dynamic
current diffision process inio the aluminum core is properly
treated. In Fig. 3(b), the longitudinal voltage obtained by the
calculation is shown, which gives firly good agreement with
the meassured wavebrm at the initial phase. Based on this
good agreement between the two, it was confirmed that the
peak voltage can be explained by a current diffision process
into the aluminum core, which transiently reduces the
cryogenic  stability and hence permits normal  zone
propagation, ¢ven though the transport current is lower than
the steady-state “cold-end’ recavery current. This seems to be
a similar phenomenon to that observed for the aluminum
stabilized conductor developed for a SMES project [13. The
propagation velocity evaluated by the caleulation is indicated
in Fig. 4, For the measurement dats, we see a considerable
diference in the propagation velocity depending eon the
propagation dircction defined as the up- or downstream side of
the transport curreni. This seems to be related to the Hall
voltage generalion, however, a satisfictory explanation has
not yet been made. The caleulated propagation velocity lies
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Fig. 4 Propagation velocily of normual zones as a fanction of
transport current, measured e shoit sanples and a eoil sample,
The dashed line is given by numerical analysis.

between the two measured lines. The numerical cslculation
confirms that a finite propagation is possible even at @
transport curcent of 9 kA,

IV, DISCUSSION

During the LHD excitation tests, normal transitiens in the H-
I blocks have been cobserved five times, including the most
severe one shown in Fig. 1. In other cases, the initiated
normal zones lasted only fra Bw scconds and recovered, and
thus there has been no other quench. The important point is
that gven for the quench case, the normal zone initially
showed a tecovering process, These observations seem to be
exactly consistent with our understanding of transient
instability, which was confirmed with sample tests.

The cause of triggering the final disruptive transverse
propagation that led to the quench of the H1 coil could be
explained by possible deterioration of cooling conditions due
to an accumulation ofhelium bubbles. As ts described in [3],
from the temperature data of the stainless steel coil-cans, it is
inferved that the quenching precess started at one cross-section
ofthe H1 ceil, where it is located below the equatarial plane
of the torus. Af this location, the generated helium bubbles
may have accomulated around the innermost layer of the
windings where they aee positiotied at the top roaf section in
the coil-can, It was estimated that the cooling rate should
deteriorate drastically within a fow seconds in the tight
channels formed by windings and spacers,

This scenaric seems to be supported by the experimental
observation of a similar quench cvent that we had already
experienced with a model superconducting helical coi! named
TOKI-HB [}1] which was tested through the R&D programs
before constructing LD, TOKI-HB had one helical coil
(major radius: 0,8 m) with a helical pitch number of 3, which
was aboul 1/5 the size of the LIID helical coils, Tho
composite-type NbTi superconductor (gsize: 8 mm X 16 mm,
nominal current: 8.93 kA at 3.0 T) used r the windings had
a similar internal structure to that wsed for the LHD helical
coils, but with a conventional copper-clad  aluminum
stabilizer, A resistive heater of 0.9 m long was installed
inside of the conductor along the aluminum stabilizer at the
innermost layer of the windings. A number of voltage tups
were attached on the conductor surfice to pick up a normal
zone development areund the heater area. Fig, 5 shows the
stability test results obtained at a transport current of9.0 kA.
As is seen in Fig, 5(a), fr the case with an input energy of
280 W x 1 s, the initiated normal zone completely recovered
in zbout 6 = afier the termination of the heater encrgy. On the
other hand, when the energy input was increaged to 280 W x
2 g (Fig. 5(b)), the initiated normal zone could not recover
and about 9 s affer the heater termination, the neighboring
conductors tumed into normal conducting. The impoitant
point is that the recovery current of the conducter should bhe
still higher than this transport cument as we see no
longitudinal propagation of the initiated nomal zone beyond
the heater installed region. However, whal had bllowed was a
transverse (turn-to-turn and layer-to-layer) propagation of the
normal zone, as is seen by the voltzge development on the
neighboring tums, This might be explained when we take
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deterioration of the eooling condition info acconnt, Since the
winding structure of the TOKI-HB helical coil was basically
similer to that applied for the LHD helical coils,
acenmuiation of helium bubbles in the interior of the ceil-can
could also be possible, especially at the position where the
helical coil is lecated below the equaterial plane,

Another example fr supporting the scenario of cooling
deterioration iy und in the test results of the double pancake
R&D coil, HELIUT. Fig 3(c) shows the temperature
development of the Innermast conductor of this coil during a
stability test. Cernox sensors were attached on the conductor
surfaice; T1 and T2 were located above the cquatorial plane,
whereas T3 wero at below the equatorial plane. As is seen in
Fig. 3{c), although T1 and T2 showed tempotary decreases,
T3 continuously increased, which might have led to the full
guench of the coil 4t the end. This phenomenon might also
be expleined by the deterioration of cooling conditions,
especially at the lower part of the cail where it should have an
casicr condition for accumulating helium bubbles between
tight cooling channels in a stainless steel coil-can. On the
contrary, another R&ID) coil without a coil-can showed
significantly higher recovery currents [8].
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Fig. 5 Vollage signals measured in ithe R&D helical coil TOKI-
HB. (8) A recovery case ol a normal vone and {(b) a quench case.
The veltage tap ¥27-26 covers the heater installed region al the
innermost layer of the winding and V25-24 is the neighboring
tap on the same turn. Other taps ace on diiferent turns; V23-22 is
on the next turn in the same layer and V40-41 on the nexl layer.
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V. CONCLUSION

Normal transitions and a subsequent quench were expericneed
by the pool-cooled helical coils of LIID. Stability tests with
short samples and R&D coils confitmed that the conductor
could become transiently unstable even though the transport
current  is  lower than the “cold-end” recovery current.
Numerical calculations cxplained that this is due to the
relatively long diffusion time constant in the aluminum core,
Although the initiated normal zone started to recover, a
disruptive transverse propagation scemed to be friggered for
all the blocks of the helical coil, which might be caused by
the deterioration of cooling condition with an accumulation of
helium bubbles. This scenaric could be supported by the
experimental results obtained with an R&D helical coil as
well as by a double pancake coil, both with stainless steel
coil-cans. At present, the helical coils steadily supply a
toroidal magnetic ficld of up to 275 T Br confining high
temperature plasmas in LIID.
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