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Abstract—Transient normal-transitions have been observed stabilizer is relatively long due to its low resistivity. Therefore,
in the superconducting helical coils of LHD. Propagation of within this characteristic time, the longitudinal resistance of the
a normal-zone is analyzed with a numerical simulation code giapilizer remains considerably higher than that in the steady

that deals with magnetic diffusion process in a pure aluminum . . . . :
stabilizer. During excitation tests, a number of spike signals Stat€, which might cause a transient degradation of cryogenic

are observed in the balance voltage of the helical coils, which Stability.
seem to be caused by mechanical disturbances. The spike signals On the other hand, one also needs to pay attention to the

are analyzed by applying pulse height analysis (PHA), and the mechanism that initiates a normal-transition. We consider
mechanical properties of the coil windings are investigated. that mechanical disturbances in the windings play the key
Index Terms—Aluminum stabilizer, dynamic stability, helical  role. During excitation tests, a number of spike signals are
coils, LHD, numerical simulation, pulse height analysis. observed on the balance voltage. By analyzing these signals, it
seems possible to extract useful information to understand the
|. INTRODUCTION mechanical properties of the windings.

URING the last four experimental cycles of the Large He Inthis paper, discussions are given on the analysis of the cryo-

. ) o . jeni ility of the LHD helical coils i ion Il h
lical Device (LHD), which is performing reactor—extrap—genlc stability of the elical coils in Section Il, and the

i | ) tswith a helical confi t echanical properties investigated by the balance voltage spike
olative plasma experiments with a helical confinemen approa%nals are described in Section Il

[1], excitation tests of the superconducting coil system hav
been systematically carried out. It has been observed that the
pool-cooled helical coils (major radius 3.9 m, minor radius
m and toroidal pitch number 10) allow transient normal-transi-
tion at a current and magnetic field slightly lower than the spes: Observation of Normal-Transition Events
ified operation point (current 13 kA, magnetic field 7 T, temper-
ature 4.4 K).

For the helical windings, a composite-type superconducto

Il. ANALYSIS OF CRYOGENIC STABILITY

During the excitation tests conducted up to the fourth cycle
ogeration of LHD, normal transition events have been expe-
ri . : R .

Ir&gnced in the helical coils nine times. Eight of these events

used, which consists of a NbTi/Cu Rutherford cable, a pure a .
. i . ere transient and the generated normal-zone shrank after a few
minum stabilizer, and a copper sheath with electron beam welds . . .
seconds. However, one event, which occurred in 1998, did not

[2]. One of the mostimportant issues to be noted about the SPEC over and an emeraency discharaing program was activated
ifications of this superconductor is that Cu—2%Ni is used as the gency ging prog

. . oo as the quench detectors were triggered. In this event, a large
clad material around the pure aluminum core. This is incorpo- . : .
amount of helium gas was vaporized due to the Joule heating as

rated in order to reduce the Hall current generation in an alu- . . . .
. ; . o ell as AC loss generation during the fast discharge (time con-
minum-copper composite, which significantly degrades the ef- . .
) R . .~ stant of 20 s). It was estimated from the signals of the tempera-
fective magnetoresistivity of the stabilizer and thus deteriorates _ . .
: . Ure sensors distributed on the helical coil cans that the propaga-
cryogenic stability of the conductor [3].

The characteristics of this superconductor have been inté'?—n of the generated normal-zone was finite in the longitudinal

. . . ection, and it seems probable that the final quench was trig-
sively studied by carrying out short sample tests as well as R& S ) -
: . ered by deterioration of the cooling condition due to accumu-
coil tests. It has been confirmed that the conductor beco

) . ation of helium bubbles at one cross-section in the coil blocks.
transiently unstable even when the transport current is lower "
N ” - Eor other normal-transition events, the generated normal-zone

than the steady-state “cold-end” recovery current, and an initi- . .
- asted for a few seconds (0.5 to 4 s) before it naturally disap-

ated normal-zone propagates over a finite length. It should bé

T . ; t%eared and the superconducting state was recovered.
noted that the magnetic diffusion time in the pure aluminu . :
The balance voltage is measured between the corresponding

blocks of the two identical helical coils, H1 and H2. Each helical
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P E 107 coefficient by 70% from the value that has been used for an-
= % 5 . ] ! alyzing short sample tests. Then we observe a normal-transi-
Sg 0 l.m“ﬁi""l';':';”"'ﬁ e tion for about 0.5 to 1 s. The next problem is that the calculated
Eﬂ o= ' e Nl voltage is about twice as high as the measured value. It has been

4 0 1 2 3 4 & 8 observed in sample experiments that when the transport cur-
Time (s) rent is lower than-12 kA, an initiated normal-zone propagates
only in one direction along the conductor. We cannot explain
Fig. 1. Waveforms of (a) the H-I and H-M balance voltage signals observ&diS mechanism at present, and therefore, the numerical simu-
with a normal-transition in the fourth cycle operation of LHD. The toroidalation simply gives a propagation velocity twice the value that
magnetic field is 2.91 T with the magnetic axis located at the major radig ; i i
of 3.6 m. The corresponding coil current is 10.975 kA. In (b), the resistivlg actually observed in this current region. Thus, here W.e take
component of the H1-I coil voltage is extracted by subtracting the H-M balant@€ half value of the calculated voltage to be compared with the
voltage from the H-I balance voltage. Curves obtained by numerical simulatiofpserved waveform. In this case, the estimated voltage seems
are indicated by dashed lines. fairly close to the measured one in the first 0.3 s of the propaga-
tion although the observed voltage shows a further increase after
4 s in the fourth cycle operation. As is discussed in [4], a resigonce reaches atemporary bump, or the “first stop,” atabout 0.5
tive component can be extracted by subtracting the H-M balarsé/Ve consider that in the actual condition of the helical wind-
voltage from the H-1 balance voltage with an appropriate coeffiRgs, there is a possibility that the cooling condition becomes
cient. Here itis noted that the H-M block serves as a cancellatievien more deteriorated so that a generated normal-zone cannot

coil to cancel out the inductive component. easily recover.
From the measured voltage in a normal-transition, such as
B. Numerical Simulation of Normal-Zone Propagation shownin Fig. 1, itis possible to estimate the normal-zone length

ﬁing the typical longitudinal resistance ofuf2/m. The esti-

ated normal-zone length is plotted in Fig. 2 as a function of
e coil current. Here, the “first stop” corresponds to the voltage
ere atemporary stagnation of the balance voltage is observed
about 0.5 s after the initiation of a normal zone. As is seen
Fig. 2, the numerically calculated normal-zone length agrees
ell with the “first stop” length.

A numerical simulation code has been developed to deal wit
normal-zone propagation in the helical coil conductor [5]. Inth
code, the magnetic diffusion process in the pure aluminum sta
lizer is treated by incorporating the simple one-dimensional dif!
fusion equation. Moreover, the degradation of the effective mag-
netoresistivity of the aluminum-copper stabilizer is included g
adopting an empirical equation for Hall current generation [5].

It had been confirmed in the past that the numerical calcula-
tion well simulates the voltage waveforms which are observedlll. PULSE HEIGHT ANALYSIS ON THE BALANCE VOLTAGE
in short sample tests [5] as well as in small R&D coil tests [6
Thus, we have tried to apply this code to analyze the normé
transition events observed in the helical coils. We have foun
that the present waveform cannot be easily simulated by caldn order to investigate the mechanical properties of the he-
culation. The first problem is that the corresponding current lial coil windings, we take a closer look at the spike signals of
too low to allow a normal-transition under the same conditiorige balance voltage, which are frequently observed during ex-
for short samples. In the actual helical windings, however, tiggation. As is discussed in the next section, we consider that a
heat transfer coefficient from the conductor surface to liquid hepike signal of the balance voltage is observed when there is a
lium might be deteriorated due to the tight cooling channels betechanical displacement in a portion of the coil winding due to
tween the windings. This idea is experimentally supported lgyectromagnetic force, which enhances the coil radius and thus
heat flux measurement in which a heated surface is coveredibgrease the self-inductance of the coil. In this connection, we
an additional plate [7]. Thus, here we decrease the heat transfave applied a so-called pulse height analysis (PHA) method to

. Dependence of the Spike Energy Release on the Magnetic
(i;eld and Excitation History
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% gl ,ﬁl‘ it o at the major radius of 3.75 m) was first achieved in the fourth
b T cycle operation. In Fig. 3, the rate of spike energy release is
; 1I:I1é_ e~ | 'T' ;-*I' 1 shown separately both for the low energy (pulse height lower
ﬂ:rn k i Y ! { than 5 mV) component and for high energyy mV) compo-

“:"'l':l ; e T e B nent. As is indicated by the distribution functions, the high en-

ergy component is seen dominantly in the ramp-up phase. As is
also seen in Fig. 3, the rate of spike energy release with the low
energy component shows a significant increase from the mag-
Fig. 3. Rate of the spike energy release as a function of the magnetic figletic field (on the helical coil can) of about 2.2 T during the
(measured by a Hall probe attached to the surface of the helical coil can) dur@np_up phase, and it continuously increases as the magnetic
(a) ramp-up phase and (b) ramp-down phase. Low energy component and l%i%h . ’ .

energy component are separately shown. 1eld increases. The high energy component appears When the
magnetic field reaches at about 3.6 T, and it also continues to

] ] ] o _increase in the high field region. It should be noted that the rate
the spike signals [8] in order to extract quantitative informatiog; spike energy release increases up to more than four orders

about the mechanical disturbances in the windings. A distribyf magnitude during the excitation. As is discussed in the next
tion function can be obtained by counting the number of Spike8ction, we consider that thermal energy is actually released
in a certain range of voltage. It has been confirmed that the QRyring mechanical displacements through friction between the
tained distribution functions can be well fitted by exponentiglynqyctor surfaces and insulating spacers. Thus, if the heat re-
functions, which typically have two (low and high energy) oMy se hecomes frequent, the cooling condition might be deteri-
ponents during aramp-up phase and only one (low energy) cofpated due to possible accumulation of helium bubbles. There-
ponent during a ramp-down phase [8]. fore, during real excitations, the temporal ramp-up rate is signif-

If a spike voltage is multiplied by the magnetic field at thecantly lowered when we increase the current above the toroidal
instant of the spike event, the product is a quantity that has uritsid of 2.6 T. On the other hand, for the ramp-down phase, the
of power, as is further discussed in the next section. When thiie of spike energy release (with the low energy component)
power is integrated in time, it gives a cumulative spike ener@écomes maximum at about the magnetic field of 3.5 T. This
during excitation. This quantity is plotted as a function of thgoint should be determined by the force balance between the
magnetic field in [8], and it was confirmed that the general trenglectromagnetic force, spring force, and frictional force [10].
seems very similar to that observed by acoustic emission (AE)As is reported in [8]. the cumulative spike energy, or simply
measurementin some superconducting magnets [9], [10]. Mofie total intensity of spike signals, drastically decreases from the
over, the cumulative spike energy shows a drastic decrease frgg8ond run up to the same excitation point. This indicates a clear
the second excitation (with a same operation condition), whigfyn of training effect. It should be noted here that the training
is also similar to many AE measurement results in other CO"%ﬁ’ect seems to be par'[ia”y lost by experiencing awarm-up and

When the obtained cumulative spike energy is differentiatedol-down of the coils, as is seen in Fig. 4. On the other hand,
by the magnetic field, it gives a rate of spike energy release fghe intensity is almost kept at constant after the second run up
unit change of the magnetic field. An example is shown in Fig.t8 the final excitation in one cycle.

Magnatic Field (@ Caoil-can) (T)
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B. Discussion on Winding Motion, Balance \&gje, and while it is moving. When the winding stops to move, the energy
Conversion of Magnetic Energy is then converted to the elastic energy of the winding. It should

Here we discuss the mechanism of spike signals observe@|fi® Pe noted that during this process, a fraction of the kinetic
the balance voltage and the related energy release during FIRErAY is dissipated into thermal energy due to the friction be-

chanical disturbances. We consider a simplified model with tWy€€n & conductor and insulation materials. This is a very im-

identical coils, #1 and #2, which are connected by a supercd)r?-rtant issue to be considered from the viewpoint of cryogenic

ducting bus-line. An external power supply is connected in sei@Pility of the windings.
ries to the end terminals of both coils. We consider that there is a
mechanical displacement only in coil #1, which gives a change IV. SUMMARY

of the self-inductance of this coil. If this change is assumed to Normal-transition events have been observed in the
be sufficiently smaller than the original inductance, the balangg|-cooled helical coils of LHD. A numerical analysis indi-
signal between the two coil voltages can be easily derived agates that the generated normal-zone transiently propagates
dL only in one direction of the conductor. Pulse height analysis
V=1 P (1) has been successfully applied to extract useful information
regarding the mechanical properties of the windings. The rate

where! denotes the original coil current before experiencing@ magnetic energy release is increased more than four orders
mechanical disturbance, ads the self-inductance of coil #1. of magnitude during excitation.

It is noted that if we multiply the balance voltage by the coil
current, it gives a power, which is expressed as
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