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Abstract. Neoclassical tearing mode islands are one of the main causes of reduced performance at high g in
standard EL My sawtoothing H-mode. The leading candidate for the threshold is the helical polarization/inertial
current which arises from mode propagation at frequency w in the E,=0 guiding center frame of plasma flow. A
threshold island width wpo] is predicted, which is proportional to the ion banana width £VY2pg; and also depends
on w. The polarization current is predicted to be stabilizing only for 0 < w < wj+, the ion diamagnetic drift
frequency, and yields a minimum (g (below which the helically perturbed bootstrap current is too small to excite
NTMs) that gives critical By scaling linearly with pj«. A database compiled from the tokamaks ASDEX Upgrade
(AUG), DIII-D and JET shows such a Bngitl@ i+ isindeed observed for the m/n=3/2 NTM induced by a sawtooth
crash. Typically, unstable seed island widths that grow are observed to be of the order wpg|. Detailed
measurements of mode propagation in the E,=0 frame are a so consistent with a polarization current threshold.

1. Introduction

Neoclassical tearing mode (NTM) islands
are one of the main causes of reduced
performance at high (g in both standard
ELMy sawtoothing H-mode and in
advanced tokamaks. Tokamak plasmas
are metastable to neoclassical tearing
modes in that the plasma must be
perturbed beyond a threshold so that the
helically perturbed bootstrap current can
cause the mode to grow. A typical
example from JET is shown in Fig. 1 in
which a sub-threshold discharge remains
metastable but a similar discharge with ol
more power and higher betais sufficiently 0.6F :
disturbed by a g=1 “sawtooth” to induce 0.4f EVen Mirnov

#43947, #43945
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| NBI power

Watt x107

"'w-‘MlM"
an m/n = 3/2 NTM which reduces ~ 0ok i ‘
confinement by 20% [1-3]. Similar 0:01 : . ' ;

effects are observed on ASDEX Upgrade

and DIII-D [4,5]. See Ref. [2] for > %8 % s
definitions used in Eq. (1) and eisewhere. satooth o onee
Induces3/2 NTM

The leading candidate for the threshold
mechanism [6-8] is the helical polariza-
tion/inertial current which arises from
mode propagation at frequency w in the
Er=0 guiding center frame of plasma
flow. A threshold island width wpo is
predicted (Fig. 2), which is proportional
to the ion banana width £1/2pg; with a
coefficient that increases several times if
the ion collision frequency vi/e exceeds

FIG. 1. JET: Neutral beam injected (NBI)
power, By, odd and even toroidal mode number
Mirnov (dB/dt) for two discharges, (1) solid line
has no final step up in power and despite
periodic sawteeth (jumps on odd Mirnov)
remains stable to 3/2 NTM, (2) dashed line has
extra step up in power, initially higher By but
3/2 NTM excited on sawtooth reduces By almost
down to that of the discharge with lower power.
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FIG. 2. Helically perturbed bootstrap current can excite neoclassical tearing mode. Unstable
region is bounded by dw/dt = 0 from the modified Rutherford eguation shown on the |eft.

w, and which also depends on w. For example, the threshold is zero for w=0 (thus no polar-
ization current) or for w=wj«, the ion diamagnetic drift frequency. The origina theory predicted
propagation in the electron drift direction which would be stabilizing, i.e., a threshold island
width would exist for w<0. However, reappraisal of the theory in a sheared slab geometry
identified an additional contribution to the perturbed polarization/inertial current which reverses
its overall effect on island stability leading to a threshold for O<w<wy.. Other theoretical work
has also questioned the polarization current as a threshold for NTMs [9,10]. However,
numerous experiments have found the polarization threshold model as superior in scaling and
magnitude of critical beta as compared to the incomplete pressure flattening threshold model
[11]; COMPASS-D [12], DIII-D [5], JET [1], ASDEX Upgrade [3,13], JT-60U [14], and
TEXTOR [15]. Confirmation of the polarization threshold is akey issue for extrapolation to the
betalimit of reactor-grade tokamaks.

2. Comparison of Experiment With Theory

A. Scaling of critical beta AUG @

Threshold scaling data is consistent with predictions of the 01 2
polarization current theory which (Fig. 2) yields a minimum

critical Bg below which the helically perturbed bootstrap

current is too small to excite NTMs (assuming that w/wj«

yields a stabilizing threshold). This would give a linear i

scaling of critical BN (B g) with pj« ([p je/a@) in the low

collisionality regime. A database was compiled from the

tokamaks ASDEX Upgrade (AUG), DIII-D and JET in JET

lower single-null divertor configuration (Fig. 3) with qos 2

3. Such a Bncritlp i+ isindeed observed experimentally in 012 3 4
tokamaks for the m/n=3/2 NTM induced by a sawtooth crash R (m)

as shown in Fig. 4. The different scaling in collisionality FIG. 3. Separatrix as well
between tokamaks is discussed in Ref. [2] and may result as =1 and q=3/2 surfaces
from the different seed island scaling in larger devices with for ASDEX Upgrade,
higher magnetic Reynolds number [16] which could obviate DIII-D, and JET, showing
the By O pi» scaling. relative sizes.

B. Unstable seed islands

One expects, that depending on Bg, the NTM grows when Wseeg/Wpol > 1 with the “seed”
branch (Fig. 2) having V3 > Wseed/Wpol > 1. Here the island width is determined from the Mirnov
data, with correction using electron cyclotron emission (ECE) measurements [2,17]. A toroidal
array of Mirnov probes on the outboard midplane is used to measure dBg/dt. The
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FIG. 4. Critical By corrected by each best fit
function of collisionality v vs. pjx. Note that
f(v) is different for each device. m JET,
® ASDEX Upgrade, a DIII-D.

integrated Bg amplitude for the n=2 signal
IS shown versustimein Fig. 5. The value of
Bg that grows is the “seed level” and
converted into seed island width by

" ~El6rR‘I§r‘Dv2
=" 3By
~ 4 ~
with [B[=> 25 el @

This width is compared to the low
collisionality [(vi/€)/we, < 0.3] predicted
polarization threshold wpo = 1.641/2
(Lgq/Lp)1/2 €12 pg; assuming mode
propagation is stabilizing. The estimated
unstable seed islands that must exceed the
threshold are found to be of order of the
predicted low collisionality regime
polarization threshold isand (Fig. 6).

C. Island propagation

A hidden variableis the relative propagation
frequency w of anidand at small amplitude,
i.e. upon initiation, with respect to the guid-
ing center frame in which the local radial
electric field E;=0. When the idand streams
through the plasma in this frame (w # 0)
(Fig. 7), polarization drift occurs dueto ion
inertia and quasi-neutrality gives rise to a
return polarization current. The helical
polarization current contribution to dw/dt in

L 60
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R.J. La Haye, et al.
ELM IiLM ELM] N

(i \Y"
] Seed level

2000 2100 2200 2300 2400 2500
Time (ms)

0.0

FIG. 5. n=2 Mirnov amplitude B, versus time
in DIIN-D. Peaks for sawteeth ( and ELMs
are noted as well as “seed level” after the ST
that induces a growing m/n = 3/2 NTM.
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FIG. 6. Comparison of measured unstable 3/2
seed island width (estimated from Mirnov seed
level and calibrated to ECE radiometer mea-
surements of width of large, saturated island) to
V3 the predicted polarization threshold island
from the low collisionality regime (assuming
stabilizing mode propagation).

FIG. 7. Schematic of an island propagating
at V through a plasma along with the assumed
very different radial profiles of perturbed flow
at the island O and X—points.

Eq. (1a) characterized by wpo thus depends on propagation of theisland at frequency w with
respect to the ion drift wi, [8] with wpg asin Eq. (1c) O fl2(w) = [(ww. —wz)/oog*]l/z. The
predicted stabilizing regionisfor 0 < w < wj, asshownin Fig. 8.
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Detailed measurementsin DII1-D of mode propagation in the E,=0 frame are consistent with a
polarization current threshold. Great care is made to precisely define and measure: (1) the
Mirnov frequency of the island in the laboratory frame, wWwmirnov, (2) Er a the island rationa
surface and thus the frequency of the frame in which E=0

WE, =0 _ nE, _ —NVg, .\ nve(B(p/Be) N ntp; (3a)
2m 2TRBy 2R 2 R 2 7 n,RBy

and the local ion and el ectron diamagnetic drift frequencies

0% _ m (Ti/Lpi) + n (Ti/Lpi) Wex _ -m (Te/Lpe) _n (Te/Lpe) (3b)

2m 2m B, 2R By = 2m 2w B, 2R By

with @ = Wmirnov — WEg,=0. The geometry isshownin Fig. 9.

The key theoretical parameter at issue of 0.3+

w/wj, 1s measured for m/n = 5/4, 4/3, ]

and 3/2 tearing modes after a sawtooth 0.2 ,ﬁm\\

crash which acts as the seed for the ] selEr \ (J;t?g'ﬁscancd ons
g;]zserzthg;edf gg?tﬂalsg E]??)rvlvr:%gnt]giefmﬁgﬁ 0'1: / DIRECTION \¢polarization current
larger amplitude. The 5/4 mode had g 00- STABILIZING \/

originally been excited two sawteeth 1 MNNowio

earlier at lower beta. In a second, other- o1l ! no polarization cutrent

wise identical DIII-D discharge, later 1)

additional heating power and higher ool !

beta also produced an m/n = 2/1 mode 1T etectron arift

just after a later sawtooth crash during sl waves excited

the large saturated 3/2 mode. Analysis '

is done at 6t+1 ms post crash for the 02 000 025 0% 07 10012

m/n = 5/4, 4/3, and 3/2 modes, i.e. when wo,

the 4/3 and 3/2 islands are still small _ _ _
and at 9+5 ms post crash for the m/n = FIG. 8. f(w) characterizes the sign and magnitude

2/1 mode before it has grown to large of the polarization current contribution to A".
amplitude. The relative propagation is

in

e [
shown in Fig. 10. z  gq=mhnsurface B,  out
All of these modes have w/wij., Vpig, Bg down

consistent with a stabilizing polarization By —dpi/dR out
threshold according to the most recent
theory [8].

lon drift frequency

wix =kevpj =kg Vpig + K VDig
Ro = (Rout + Rin)/2
Experimental data from NTMs in the r = (Rout —Rin)/2

tokamaks ASDEX Upgrade, DIII-D, Rout ke =m/r,kg=n/R

and JET were compared to predictions . _

of the latest polarization threshold the- FIG. 9. Geometry defining the propagation
ory. Thereis consistency in that: (1) a directions.

nearly linear critical beta with normal-

ized ion Larmor radiusis found (particularly worrisome for future devices but aso dependent on
seed idand scaling), (2) the best measured estimates of seed islands which grow are of the order
predicted by the polarization threshold and (3) island propagation (upon initiation) in the
guiding center frame where E; = O is at afraction of the ion diamagnetic drift consistent with a
predicted stabilizing sign of polarization current. A key unresolved theoretical problem isto

3. Conclusions
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FIG. 10. (a) Propagation of islands, just after initiation. The Mirnov frequency in the lab frame,
in all cases is just greater than the frequency of a frame in which E; = 0, and in all casesisin the
ion drift direction. (b) The relative island propagation is at a fraction of the ion drift and
decreases at larger minor radius.

predict this propagation and how it scales, particularly in rf-heated discharges rather than the co-
injected beam-heated discharges reported on here.
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