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OUTLINE:

e \What is the Neoclassical Tearing Mode
e Mechanisms providing g-threshold of NTM

e Cross island heat transport influence on bootstrap drive and magnetic curvature
effect.

e Correction to transport threshold due to ion perpendicular viscosity effect on
the bootstrap drive of NTM

e Transport modifications to the polarization current effect
e Summary and discussion
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Why NTMs are of concern

NTMs are one of principal obstacles in
attaining reactor relevant regimes

»appear well below ideal limit By_ym << By _idea
»degrade confinement (soft limit)

> limit ultimate 4 ™= P, ~ 3B

Normalized height (Z/Rs)

(shrink operation domain & rise $, overall 1)

»at worst result in disruption (hard limit)

Normalized radius (RIRo) NTMs should be AVOIDED or SUPPRESSED
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\ Evolution of the magnetic island width — 1. classical Rutherford equation

perturbation, wCcosé, E=mb—n¢— ot
forms magnetic island W = 4(‘]SR W/BOS)UZ

island flux surface label Q = 8x2/W2 —C0Ss¢&
inside the island -1<Q«<1

Ampere law A'w =2u,R jdxj? d&J cosg

Separatrix

Rutherford-1973 :

Induced current J|| :JII(Q)ZEG—W<COS§> g - % —
n ot

Island width evolution: (Rutherford equation)

For fast parallel transport the pressure is flattened inside the island
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Evolution of the neoclassical island — 2. modified Rutherford equation

dp

Bootstrap is removed from inside the island,J,, ~ o whilst remains outside.
r
1oy _ -
J,(Q)==""(cos &) + (B-V-7,) = Inductive + Bootstrap
n ot 1mmeB

Particle drift across the magnetic surfaces provides
curvature and polarization drift contributions into NTM dynamics

7 Curvature Pcilgarizatiocr}‘cfirift
By B g By )
B B B dt

All new contributions are sensitive to transport phenomena:
( 7,,(r), 7n,(r) V(r)tobe determined)
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Temperature perturbations associated with magnetic islands -1

First analysis for finite parallel thermal conductivity Fitzpatrick-1995 (MHD-Braginskii) and
Gorelenkov et al -1996 (Drift kinetic)

Heat balance is V -q = ;(”V”T + ;{LV 7'=0 W, ~ (;(L/;(”)lm
| T o W >> W, -temperature is flattened
5t, 0.1} // ‘{’1\ . _ ( )
fral ( §)=2.T, (x)cosw¢:
0.0—--«-*"—“:&*-%_:%- P'__lsh b - %
: /* 1
hh““x // . _J Abs W
-0 \\\' f,
I e W <W,. -thereis no flattening,
-0.5 0.0 0.5 W
x/W—>
(Fitzpatrick — 95) I'= f(x)COSé‘, Aps ~ W—

32" EPS Conference on Plasma Physics, Tarragona - 2005 14.004 6




RUSSIAN RESEARCH CENTRE I'll

KURCHATOV INSTITUTE Qﬂ

Temperature perturbations associated with magnetic islands -2
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NTM evolution from ECE measurements in
JT-60U (Nagasaki et al. 2004)

Simulated and ECE detected structure of T, (r) in
AUG (Meskat et al 2001)

Fitzpatrick model vs. experiment:

2) heat flux limit for z, = 7, /\/1+(3.16%, v, L. )
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Anomalous transport affects NTM threshold

i 2
7. dw r.C w r.C w
—r—ZI’SA’-Fﬂp s 7bs 5 2—|—S MW
v, dt W W+ wo oWt W,
Conventional tearing Bootstrap Drive Magnetic curvature
Ar L d_wl
Transport threshold X oV — L dt

p.marg 1

Ve L,

Polarization drift

Anomalous transport \
L

C

pol
tg— +A e
w

Polarization drift

NO THRESHOLD

POLARIZATION

TRANSPORT

poll.curr. ' p
ﬂp marg —A ppi \/g
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Finite parallel heat transport effect on NTM evolution / suppression

dw A Adding non-resonant helical perturbation rise
dt effective value of ¥ Leff (Yu et al 2000):
b=b+ b /X
V” b-V+b

ext roA~

228 = a0k ),

W/ Wsat

Bext_r/BO ~10™* suppress NTM

Rise of W, facilitate ECCD suppression Possible way to suppress NTM by externally
applied nonresonant helical perturbation
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£ marg < W, W, depends on the transport model used: W, o (Z L/ Z||)U )
3/2 2 * s
X1 :ng_B oc T /B : Z” :ZSpitzer ]i{,marg Ocppi\/7ﬁ

Anomalous cross-island heat transport competes with series of parallel
transport mechanisms in forming perturbed temperature profile:

3 dT 2 2 2
Anomal loninertia  |H— 1 +pc;ViV=-nly Vi + 2. VLT
noz;l ous — 2" PCs VI (Z” | TAL J_)
[ Rotation | o f
Convection | SOLE
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Varieties of the heat transport mechanisms

Model Basic equations Characteristic island width
[Mikhailovskii 2005]
1/4
Collisional' Ly
(Fitzpatrick 95) Vq=0,  q=-nmlypVy+ VI W, =2%F 5L
ky 2
1/2
Rotational’ d,7 2 W - 12842 y,
(Konovalov 2002) o=~ =75V AL | T3r
1/4
Inertial’® 5 2 do| W - 128V27 o’y
(Mikhailovskii 2003) AoV ==V au po—m=mViT  Wien =) =577 55
h% Cis
5 \V/ 3 82p _ O /2 1/3
Convective =5 2 =5 e 212y L,
(Mikhailovskii 2003) 5 azq conv ck
—Vn(PT)—ZL—g”—O ’
M Ox
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Bootstrap drive and curvature effect for series of heat transport mechanisms

1) Partial contributions from temperature and density gradients

Abs = Z d o Amw — Z Ay, A .

bs, A ’ ,
A=n,T,,T; ) W2 +Wb§,A A=n,T,,T; W+meA
(Curvature effect weakening — Lutjens et al 2001)
2) characteristic island widths W, , and W,  , are determined by the combination
of transport mechanisms

1 1
DT =2

Wbs,A k Wbs,A,k me,A k mw Ak

3) “Effective” critical island width is determined by the fastest of parallel transports
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Perturbed T, and T; are formed due to different transport mechanisms

Electrons

Convective Collisional

Convection is dominant
W, o y7°

Collisional
(heat flux limit for z, )

W, oc gt
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Ions

Inertial rotational

Ion transport mechanisms  are
frequency dependent

Foro~w,and W_. =A_,.
Inertial for W/w__ > g%,

W, o (wy, )"
Rotational for 1<W/W_ <&,

W, o« ()ﬁ/w)m
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Taking into account partial contributions from electron and ion temperatures

Bootstrap drive (high aspect ratio limit, neglecting Vn effect)

1/2 .
A, =389° s 040 Pre. W : YT :
S LT@ (W + Wcm‘ e) LTi (W + Wcrzt i )
Magnetic well (curvature) effect
A _ 2 1_ 1 ﬂpe n ﬂpi
S qz L (W+mee) L (W+WI’HWZ)

Relative role of the magnetic well effect rises at small island limit:

A, is weakened (VT effect) and drops fasterat W < W

crit?

thus (— A mw) > A, gives NTM suppression

For collisional mechanism NTM suppressed at W < W™ ~ 292w

col’
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Generalized transport threshold model
» The relative role of MW effect rises at
small |slc_and limit. (Full suppression instead Bootstrap only
of reduction at w ~w.)
» Compound = Bootstrap+MW-+transport W

gives more favorable predictions for NTM

VN

stability

» Scaling for g, should be modified : -

,marg

IBp,marg # p,marg (p;,i ! V;' ):> pr,marg (ZJ_,ei y (0, )

32" EPS Conference on Plasma Physics, Tarragona - 2005

I ——

compound

<

14.004 15




RUSSIAN RESEARCH CENTRE |"|
KURCHATOV INSTITUTE Q&

Perpendicular ion viscosity effect on the bootstrap drive of NTM

In the presence of ion perpendicular viscosity [Konovalov 2002] J by = J e J zis +J bb;

Electron part J;.  does not change,

S

~ /2
Ion contribution J,_ is reduced by WZ/(W2 + Wj ) where W, = (,uﬂ/é‘llzvi)l

New component due to perturbed electrical field appears:

FE_ 2.465" “cenyE | W A —_379 &% B Wi w
bs — 2 2 bs,E - 2 2
B, W2+ W sw L, W?+w?)e

For _islands, rotating in the ion diamagnetic drift direction viscousity can cancel
threshold
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Simple estimations of the viscosity effect on bootstrap drive

Typical initial island W, = p, <W,

2
® UL R XL R Xig—Bohm = Pi VTi/qR

Then W, ~ p?/&?v;"'?, where v} = v,gR/&*?V;; <1 (in banana regime)

oW, /pb ~ (953/2‘/;1/2)_1 >>1

Perpendicular viscosity is a priory important
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12 —
| Transport threshold for
0 different W/ W
g — n
4 —]
< <
z g
° 0
| ITER
) ko
-8
4L 13 W /W 7513 For island rotating with frequency of @ = w.,
~ 1™ : ~ . . eye e ’
W, = Vo k HIF viscous bootstrap is stabilizing
Te™y
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Standard polarization current threshold model can not give quantitative
predictions of NTM stability

Drawbacks:
e A, changes sign with change of the

Island rotation direction, but always
referred as stabilizing [Mikhailovskii
review 2003]

o Amplitude depends on the perturbed
flow velocity profile [Connor et al 2001]
It drastically decreases when realistic
perturbed velocity profile IS considered

[Konovalov 2001] A Adnalytic

pol pol ’
a,, <0.1
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Perpendicular viscosity modifies (removes!) collisionality dependence of
the polarization threshold

1.0
e Low collisionality limit gives smallness g 1 Low viscosity
0.8
3/2 4
—> &
& 0.6 -
Amplitude and collisionality: o
| High viscosit
. analytic analytic
A, =ga, AN —0.01A77 0.2
00+ 711 71 7
Standard polarization current effect is 2 1 ? 1 2 3
. g(v/ew)
important at extremely small (hardly
detectable) island width. Function g for different ratios of W, [ W
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Summary

What we know (what can be used in NTM simulations)

» Partial contributions from electrons are of principal importance
e they enter in a different way into modified Rutherfor equation

e perturbed electron and ion temperature profiles are determined by
the different transport mechanisms.

» Dominant mechanisms competitive to the cross-island heat
e parallel heat convection for electrons,
e parallel plasma inertia for ions

> In the small island limit A, =~ A generalized transport threshold model

e gives more favorable predictions for NTM stability
e modifies scaling law for fonset.
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Discussion - 1

What we understand (what to be included in the next step NTM modeling)

» Equation for island rotation frequency is necessary

> lon transport and perpendicular viscosity provide § (p* : v) — Boset (,0* V.. )

» Viscous contribution to bootstrap drive in the small island limit
e Can be of the order of “standard” bootstrap drive A,  » ~ A,

e destabilizing for the island rotating in the ion diamagnetic drift direction
e can cancel out transport threshold of the NTM onset.

» Polarization current effect seems to be too weak, but we still need it or an alternative effects
(Smolyakov-Lazzaro 2004) to compensate viscous bootstrap
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Discussion - 2

On the standard transport threshold model:
Electrons: Establishment of 7, (r) and J,, , contribution to the NTM evolution are more or

less understood

banana

Ions: Finite orbit width effect [Poli et al 2002] Jps: —>0 for > A

Density: W, , ~4W, , [Fitzpatrick - 95], i.e A, is strongly suppressed.

Further analysis is necessary: particle transport should be considered with strict
requirement of quasineutrality, sound wave dominated parallel transport etc..

Local values of y, , 1, . Selfconsistent modification of

e heat transport [Connor 2001, Zabiego 2002],
e viscosity and island rotation [Shaing — 2004]
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Conclusions

» Theory needs further development

There must be much more to the theoretical understanding of the NTM onset and evolution,
where transport phenomena play the key role.

» Experimental study is far ahead at the present

e NTM avoidance by plasma current profile (JT-60U, JET, AUG, DIII-D, ...) and seed
Island size (JET, AUG, ...) controls

e Suppression (JT-60U, JET, AUG, DIII-D, ...) or avoidance with use of preventive
ECCD (JT-60U)

e High performance regimes with moderate NTM (FIR regime in AUG)

Overall, experiments guided by semi-qualitative theory show optimistic perspectives for
reactor relevant plasmas.
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