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To prevent disruptions in tokamaks, past stability/control
achievements need to be exploited; research needs to evolve

¢ Multi-faceted research plan includes
¢ Advance/validate theoretical stability understanding
¢ Utilize prediction/control capabilities, develop new systems

¢ Evolve experiments toward focused, integrated prediction/avoidance
research

¢ Pursue/validate comprehensive research on disruption event chains
and related disruption forecasting

¢ These research elements now being brought together as
part of a disruption prediction/avoidance system for NSTX-U

¢ | THIS TALK T two parts

¢ Kinetic RWM stabilization physics - unification between NSTX, DIII-D
¢ Disruption event chain characterization capability started for NSTX-U
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Talk PART 1: Kinetic RWM stabilization physics unification

¢ RWM phenomenology and characteristics in theory and
experiment (DIII-D and NSTX)

¢ RWM kinetic stabilization analysis / proximity of plasmas to
stability boundaries

(portion of S.A. Sabbagh, et al. APS DPP 2014 Invited talk)
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Analysis of DIII-D and NSTX experiments has unified
understanding of resistive wall mode (RWM) stability physics

¢ Importance: Strongly growing RWMs cause disruptions

¢ Also cause large stored energy collapse (minor disruption) with
D%Et ~ 60% (~ 200 MJ in ITER)

or comparison, large ELMs have DWtot ~ 6% (20 MJ in ITER)

¢ RWM is a kink/ballooning mode with growth rate RWM reconstruction
and rotation slowed by conducting wall (~ 1/t,,.;)

CcRWM typically doesnot o
maqdes (TM) appear

ut, what happens when TMs are avoided /
controlled (ITER)?

¢ RWM evolution is also dangerous as it can itself
trigger TMs

AT ¥ (S.A. Sabbagh, et al.,
RWM stability physics must be understood to best assess Nucl Fusion 46

techniques for disruption avoidance (2006) 635)
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A classic, simple RWM model illustrates basic mode

dynamics
. mode ' mode: ¢ Simulation with error field,
. rotating | growth: and increasing mode drive
RWM stable, amplifies 3D field |  RWM unstable _: N
y R e— 22— ——————>— C Stable RWM amplifies

error field (resonant field
amplification (RFA))

¢ When RWM becomes
unstable, it first unlocks,

rotates in co-NBI direction
¢ Amplitude is not strongly
growing during this period

1 t log,,(mode amplitude)

1k

¢ Eventually unstable mode
amplitude increase causes
RWM to re-lock, mode
grows strongly

time (normalized to t,,) ¢ RWM growth rate, rotation
frequency is O(1/t, )

R. Fitzpatrick, Phys. Plasmas 9 (2002) 3459
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DIlI-D and NSTX provide excellent laboratories to study
kinetic RWM stability characteristics

DIII-D High by, g, plasmas
¢ Candidates for steady-state, high by operation

¢ Can have high probability of significant RWM activity with g, > 2

¢ RWMs and TMs cause strong b collapses in 82% of a database of 50 shots
examined, with an average of 3 collapses every 2 shots

¢ RWNMs cause collapse 60% of the time, TMs 40% of the time

¢ Employ high g,,, > 2 to avoid 2/1 TM instability (TM precludes RWM)
¢ Used ECCD control of 3/1 TM to provide further control of strongn =1 TMs

¢ Unique 1 ms resolution of w; and T; measurement captures profile detail
In timescale < RWM growth time

NSTX
¢ Strong RWM drive: Maximum by, > 7, by /l; > 13.5

¢ Strong TMs eliminated by high elongation (> 2.6) or Li wall conditioning
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Kinetic RWM marginal stability boundaries were examined
over a wide range of plasma rotation profiles

Wide range of DIII-D
toroidal plasma
velocity profiles

¢ RWM marginal stability examined
for major and minor disruptions

1. | Found at high by and high rotation

2. | Eound at high by and low rotation
ALOW rotation expected in ITER

3. | At moderate by and high rotation with

Kreased profile peaking -100
iImilar loss of profile broadness 1.7 1.8 19 20 21 22 23
might easily occur in ITER R (m)

Plasma toroidal rotation (km/s)

C In this presentation, variables V; and w; both indicate plasma toroidal rotation
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1. | Comparison of RWM growth and dynamics in high by
shots with high plasma rotation

DIII-D (b, = 3.5) NSTX (b, =4.4)
G Elements rotation growth rotation growth

o .40
. — 80r 7
¢ RWM rotation and T amplitude 130 amplitude
£ 60 :
mode growth @ 40 .20
observed _ 28 v
) : ; g ‘
O 200 ase 3000 phase ]
¢ No strong NTM S loo WA N I\ l\ o P N\~
. . EQ 0 r g
aCtIVIty 8 100 w\l W \J \J 100" 7
C Some_weak bursting & ig R T i28 hhhhh T ————
MHD in DIII-D > 10 5 ool tor0|dal magnencs
plasma % i ¥ | e —
Of.. ' B . '. 8| ] Oi _ ‘ ) - - =
AAIters RWM phase i £ 5 1 slp b\
3 Da o4 e *
¢ NoburstingMHD in € I3 ]
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Modification of Ideal Stability by Kinetic theory (MISK code) is
used to determine proximity of plasmas to stability boundary

¢ Initially used for NSTX since simple critical scalar w; threshold stability
models did not describe RWM stability Sontag, et al., Nucl. Fusion 47 (2007) 1005

¢ Kinetic modification to ideal MHD growth rate aW, +
¢ Trapped / circulating ions, trapped electrons, etc. 9= W
waII
¢ Energetic particle (EP) stabilization Hu and Betti, Phys. Rev. Lett 93 (2004)

¢ Stability depends on 105002

¢ Integrated w; profile: resonances in dW, (e.g. ion precession drift)
w; profile (enters through ExB frequency)

¢ Particle collisionality, EP fraction

Some NSTX / MISK
analysis references

eVV*N +( _ /2),/,/*1_ + W - W- |g c J. Berkery et al., PRL 104, 035003 (2010)
LEe dé S. Sabbagh, et al., NF 50, 025020 (2010)

@W + | V,/b _ |/7 + W - W- |gu J. Berkery et al., PRL 106, 075004 (2011)
J. Berkery et al., PoP 21, 056112 (2014)

J. Berkery et al., PoP 21, 052505 (2014)
(benchmarking paper)

Trapped ion component of WV, (plasma integral over energy)

precessmn drift bounce collisionality
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Evolution of plasma rotation profile leads to linear kinetic
RWM instability as disruption is approached

DIII-D (minor disruption)

NSTX (major disruption)
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Full current quench disruption occurs as RWM grows
following mode rotation at high by and low V;

¢ RWM evolution (by=3.3) n = 1 RWM rotation

¢ Non =1 rotating TM
esent

—1

= 2 mode stabilizes 6 A% BSOBDA 158007 S0f cer rot. tangZ:Z (km/s t-cent) - 158007
Al 0D, 40, Plasma V;
¢ RWM grows to large 4 éi; 0 30;
: 3A% 0! 20
amplitude (21 G) > R g 18?
1A%

¢ RWM then rotates,

increasing rotation
X,ied at later times
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- amplitude
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3.| Minor disruption occurs as RWM grows at moderate by
correlated with profile peaking

¢ RWM evolution
¢ n=1rotating TM
decays / stabilizes

¢ Injected NBI power
drops (by by control)

cFrequency 0 fg

decreases, b, rises

¢ n =1 locked mode
(RWM) increases

¢ RWM then grows
strongly (G > 3)

¢ TM triggered after
RWM evolution
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Rotation profile evolves toward a more peaked profile, T,
pedestal lost as minor disruption is approached

Plasma toroidal rotation (km/s)
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¢ Loss of pedestal causes profile peaking, correlates with RWM growth
¢ Example of transport phenomena that can lead to instability and

minor disruption, but can also be used as an indicator for disruption

avoidance

:
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3.| Periods of RWM growth and decay leading to minor

disruption correlate with bursting MHD events

¢ First bursting MHD
event causes small w;
drop

¢ RWM rotation starts,
small V; drop and
partial recovery

¢ Strong RWM growth
after second bursting
event, strong V; drop

¢ RWM amplitude drops
after 3" bursting event

¢ RWM grows strongly
again without an
obvious trigger
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The earliest potential indication of a locking island (from
CER) comes after the n =1 RWM has fully grown

¢ 1msCER
Indicates that an
Island may be

RWM form_lng and

growth locking by 1.510s

starts =>» ¢ Magnetics show
thatn =1 RWM

RWM  reaches full
growth  amplitude by

ends 1 509s
:I ¢ Conclude that this

dynamic is not
caused by an
island-induced
loss of torque
balance

Earliest indication of iSIand w3
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