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Abstract
Characterization of disruption phenomenology in support of the ITER design is described.

1. INTRODUCTION

Disruptions terminate tokamak discharges by thermal quench and current quench. Vertical
instability, in-vessel halo currents and conversion of plasma current to runaway electron current
typically follow. In ITER, disruptions and their consequences have implications for the design of the
first wall, divertor targets and torus vacuum vessel. This paper summarizes disruption, halo current
and runaway electron data compiled by the ITER Expert Group on Disruption, Plasma Control and
MHD to support ITER design. Methods for avoiding disruptions or for mitigating their consequences
have also been assessed. There is progress in the characterization and avoidance/effect-mitigation
studies, and disruption avoidance and effect mitigation methods have been demonstrated in present
experiments.

2. THERMAL AND CURRENT QUENCH
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Thermal quenches are often observed tgr take [T

place in two stages (Fig. 1 inset) [1]. Single-stage tﬁenglal .
quenches are also observed, sometimes on slowerstirme-
scale, presumably due to overlap of two stages[2] g nghe
first stage, m=1/n=1 erosion of central temperatur€takes
place, but the plasma outside the g=2 surface still ads & a
thermal barrier, so only a fraction of the total tlermal
energy is lost. In the second stage, the therma Bargier
breaks down and the remaining thermal energy isio% to
the wall. Thermal quench times are plotted agai nstgni"mor
radiusin Fig. 1. Although the data are scattered, thegniial
delay time L, and the fast quench time t incr with
scalings a™
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and a-, respectively. Extrapolation to ITER .
(a=2.8m)yieldst1o » 20msandt, »1ms. 001 "

For current quench, the first design consideration
istherate of current decay, which determines EM loading
by toroidal eddy currents. Current decay rate also enters
into setting the magnitude of halo currents. Slower current
guenches lead to higher halo currents, so estimate of
maximum and minimum decay rate in ITER isrequired.
Current quench data has been obtained from various tokamaks as shown in Fig. 2. Current quench
times Dtcq divided by the plasma cross section Sare plotted as a function of the pre-disruption current
density Joo = I po/S Here Sisthe pre-disruption cross-section area and Dicqis corrected to thg 60%
linear decay time (time for 60% drop in plasma current). Minimum Dt,/S is 0.8 mgm®: this
corresponds to 32 ms for 60% current decay and 53 ms for 100% decay in ITER. The Dte/Sscaling in
Fig. 2 is consistent with impurity radiation cooling. When power bal ance between joule heating and
impurity radiation with coronal equilibrium is assumed, Dteq/Sis afunction of electron temperature Te
and current density Joo. Lines of 2, 5 and 8 eV in Fig. 2 are estimated for 10% carbon impurity and
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FIG. 1. Thermal quench times
for various tokamaks, plotted vs.
plasma minor radius.



plasmainternal inductance lj = 0.7. The lower bound of Dty/S corresponds to an average temperature
Te = 3"'5 eV
Figure 2 shows that Slower decay rates,

¥ JT-60U/max

corresponding to higher T comprise most of the data. The o Tore-Supra/max « TFTR/90-10%
ratio of maximum to minimum rate is about 20. For ITER : JETL00- 0% " DIDR0-10%
the slowest current decay time will be about 1 s, whichis —

longer than the vertical instability growth time (~ 0.5 s). 1000 N

Hence slow current quenches in ITER will produce VDEs Q00 o
with higher halo currents. R
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3. HALO CURRENT
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In-vessel poloidal (halo) currents occur 3n
elongated tokamaks following disruption or loss of
equilibrium control. Figure 3 shows data from variots
tokamaks, where toroidal peaking factors Ty are shown

for maximum halo current Ipmax nNormalized by initial
plasma current | ,o. Higher peaking factors are seen only at
lower Ipmax/lpo- From Fig. 3 Ipmax/lpoE 0.4 (£ 0.25 . T
typical), 1.2 £ Tp£ 4, and (Inmax/lp0)’ Tpr £ 0.75 (050 b1 TR D e O
typical) are recommended as the design basis for ITER.
Structural loadings from this basis can be accommodated
with adegquate engineering margins. Dependence of
Ih,max/lpo @nd Tps on plasma size (R or a) has not been
clarified, but data in JET [4] and JT-60U [5] show
Ih,max/1po £0.25-0.3 and (Ihmax/1po)” Tpt £ 0.52 (Fig. 4).
This suggests larger tokamaks (and ITER) may have lower halo current fraction and Ty, In JT-60U,
(Ih,max/po)” Tprdecreases with the increase in plasma current and plasma stored energy [5].

The cause for halo current asymmetry is not fully understood. The potential for VDE plasmas
to be kink unstable in the final q @L phaseis clear. A model based on non-linear kink instability shows
that Tpr should decrease with increase in In max/lp [6]. The Tyr variationin Fig. 3 isin qualitative
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FIG. 2. Current quench time
normalized by plasma cross
section vs. plasma current
density.
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FIG.3. Toroidal peaking of halo currents vs.

I h,max/1 po Bounds for maximum I, max/l po at dgs =3 FIG.A. Tpr versus Ihmax/ipo in JET and JT-
are also shown 60U. JT-60U data for 1.3 £ ky £1.5.



agreement with this model. Alternately, toroidal asymmetry in JET is correlated with atilted/radially-
displaced plasma column [4] and instability of the halo current stemming from the reshaping of the
current path is also proposed as a mechanism to enhance T [7]. Given these varying interpretations,
projection of I max/lpo and Tyt for ITER remains based on the empirical datain Figs 3 and 4.

4. DISRUPTION FREQUENCY
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Causes of disruptions are i) occurrence of plasma MHD  as
instabilities, ii) operational problems with the plasma control g ot _
system or human mistakes, and iii) intentional plasma shutdown §
for machine protection (8]. Disruption ‘prediction’ systems can & oz
minimize disruptions caused by i), and fast plasma shutdown g azllm T
methods are proposed to mitigate the effects of disruptions in & ~ ||U L 1L
genera and to make category iii) disruptions acceptable. For o 1 H“Lu_ﬂ_"[r’_‘_ ﬂLL
categoriesi) and ii), low disruption frequency (~ 1%) is possible il
with reliable hardware and well-developed discharges, including 2 34 s & 7 8 8 4
‘high-performance’  discharges. However, higher disruption W
frequency occurs during development campaigns when plasma F|G.5. Disruption frequency
parameters are close to operation limits. Figure 5 shows data for versus Qe in JT-60U[9)].

per-pulse disruption frequency in JT-60U during operation with a

variety of experimental objectives and discharge parameters [9]. Here gess is ~ 1.25qgs5, Disruption
frequency for current flattop is 9.6% (average for 7039 shots). Frequency versus ges rises slowly to
15% with decrease in geff from 5 to 3 (qgs = 4 to 2.4) Disruptivitiy versus ggs evaluated on a per-
second basisin Alcator C-Mod and TCV show a similar slowly-rising frequency [10],[11]. Disruption
frequency specified for ITER is 10% overall and 30% during plasma development periods.

5. AVOIDANCE OF DISRUPTION

Operation limits obtained from experiments (e.g., lj limit [12], density limit [13], beta limits
[14]) provide ameasure of proximity to disruption. For reversed magnetic shear discharges, high
pressure gradient at the internal transport barrier (1TB) causes disruption [15], [16]. In JT-60U the ITB
pressure gradient has been controlled by toroidal rotation control using co- and ctr-NBI. Temporary
degradation of the I'TB without reduction of the stored energy is possible: the ITB is then reestablished
[17]. This avoids disruptions caused by pressure gradient. When a stable operation region is needed to
avoid disruption, a navigator system (a state-cognizant/rule-based control system) is useful where
many operation limits are present. Prediction systems are also beneficial to quantify operational limits
and the possibility of impending disruption. Neural network ‘disruption indicators have been
demonstrated in DIII-D [18] for b-limit disruption and in ASDEX-Upgrade [19] for density-limit

disruption.
6. FAST PLASMA SHUTDOWN

Fast plasma shutdown (in £ 1 sin ITER) is needed for reasons that range from mitigation of
halo currents during disruptions and VDEs to thermal protection of actively-cooled divertor targetsin
an ex-vessel loss-of-coolant event. Methods applicable for fast plasma shutdown and/or disruption
effect mitigation in ITER have been tested in present tokamaks. However there are significant issues
as to how well these methods extrapolate to an I TER/reactor scale plasma.

Reduction of Thermal Quench Heat Flux. Heat flux on ITER divertor targets during thermal
guench will be mitigated by the effects of plasmalvapor shielding at the target surface, which will act
to redistribute incident energy over the divertor channel surface area (~ 400 m2). However means to
instead deposit the thermal energy (1 GJ) on the 2000 m? first-wall surface are desirable. Impurity
pellet injection in many tokamaks [20-24] and massive helium gas puffing in DIII-D [25] have
demonstrated fast radiation-produced dissipation of the plasmathermal energy with reduced heat flux
in the divertor. MHD instabilities characteristic of adisruption are absent in pellet and gas shutdown.

Avoidance of VDE at Current Quench. The radiative plasma cooling produced by impurity
pellet injection typically also reduces Ihmax/lpp and Tpr relative to values obtained following an
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equivalent disruption [3]. In certain situations (e.g., following injection or intense gas puffing in
JT-60U) a VDE and halo currents can be avoided [5] by positioning the plasma close to the neutral
point stability point where toroidal eddy current forces on the after-injection plasma balance [26], [27].
Inward shift of the plasma at thermal quench degrades vertical stability, but this degradation can be
reduced by design of the passive structure [28]. However, it is not clear how well neutral-point
stability and after-disruption vertical control can be maintained in ITER.

Avoidance and Suppression of Runaway Electrons. In present tokamaks runaway electrons are
sometimes produced following disruption or fast shutdown. In ITER, major conversion of plasma
current to runaway current by the knock-on avalanche processis projected to occur. However, the
effect of MHD fluctuations and/or resistive dissipation of runaway energy by high-density background
plasma or neutral gas [29] may offset what could otherwise be a potentially serious problem (surface
damage to in-vessel components). Fast shutdown in ITER without runaways by liquid deuterium jet
that greatly increases the electron density has been proposed [29], and massive helium gas injection
that models this approach has demonstrated in DII1-D [25]. Non-axisymmetric magnetic perturbations
can degrade the confinement of relativistic electrons,and thus suppress runaway conversion [30]. In
JT-60U, magnetic perturbations enhanced by external helical magnetic fields inhibit runaway electrons
during current quench [31]. Even without external helical field, enhancement of magnetic
perturbations induced by the impurity pellet injection [24] or due to the decrease in qgs below 2 (e.g.,

VDE) [32] can avoid runaway generation. Slow termination of runaway current is obtained in JT-60U
[32], where the toroidal electric field E is positive and possibly lower than the critical field E¢ for the

avalanche process[33].

These methods hold promise for fast shutdownin ITER plasmas. However, uncertainties,
especially the effect of magnetic fluctuations on runaway confinement and the ability to obtain very
high plasma densities following disruption or injection (and thus mitigate runaways) make definition
of fast but benign plasma shutdown and disruption effect mitigation means for ITER a still-open R&D
subject.
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