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OUTLINE: 
 

• What is the Neoclassical Tearing Mode 
• Mechanisms providing β -threshold of NTM 
• Cross island heat transport influence on bootstrap drive and magnetic curvature 

effect. 
• Correction to transport threshold due to ion perpendicular viscosity effect on 

the bootstrap drive of NTM  
• Transport modifications to the polarization current effect 
• Summary and discussion  
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WWhhyy  NNTTMMss  aarree  ooff  ccoonncceerrnn    

 

 

 

NTMs are one of principal obstacles in 
attaining reactor relevant regimes 
  

 appear well below ideal limit  idealNNTMN __ ββ <<  

 degrade confinement (soft limit)  

 limit ultimate β            42~ BPfusion β  

(shrink operation domain & rise $, overall     )     

 at worst result in disruption (hard limit) 
 

NTMs should be AVOIDED or SUPPRESSED   
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  EEvvoolluuttiioonn  ooff  tthhee  mmaaggnneettiicc  iissllaanndd  wwiiddtthh  ––  11..  ccllaassssiiccaall  RRuutthheerrffoorrdd  eeqquuaattiioonn 

 

perturbation,             ξψ cos~ ,   tnm ωςθξ −−=  
forms  magnetic island        ( ) 2/1~4 sBRqW os ψ=
 

island flux surface label        ξcos8 22 −=Ω Wx  
inside the island               11 <Ω<−  

Ampere law   ∫ ∫
∞

∞−

=∆′ ξξµψ cos2~
||0 JddxR

Rutherford-1973 :                         

induced current            ( ) ξψ
η

cos
~1

|||| t
JJ

∂
∂

=Ω=  

Island width evolution: (Rutherford equation)        
 

 

       ∆′= 241.0 sr r
dt

dWτ  
 

For fast parallel transport the pressure is flattened inside the island              
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  EEvvoolluuttiioonn  ooff  tthhee  nneeooccllaassssiiccaall  iissllaanndd  ––  22..  mmooddiiffiieedd  RRuutthheerrffoorrdd  eeqquuaattiioonn  
 

Bootstrap is removed from inside the island,
dr
dpJbs ~  whilst remains outside.   

( ) eneBt
J ||||

1cos
~1 π

η
ξψ

η
⋅∇⋅+

∂
∂

=Ω B   =  Inductive +  Bootstrap    
 

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

  ⎟
⎠
⎞

⎜
⎝
⎛ ⋅∇+×⋅∇−

∇×
⋅−∇=∇⋅ πVBBB

dt
d

BB
p

B
J

ρ22
||  

 
 All new contributions are sensitive to transport phenomena: 

 ( ( ) ( ) ( )rrnrT eie V~,~,~
,  to be determined) 

    Curvature  Polarization drift 
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TTeemmppeerraattuurree  ppeerrttuurrbbaattiioonnss  aassssoocciiaatteedd  wwiitthh  mmaaggnneettiicc  iissllaannddss  --11  
 
 

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

Heat balance is  022
|||| =∇+∇=⋅∇ ⊥⊥ TT χχq                       ( ) 4/1

||~ χχ⊥cW  

 
(Fitzpatrick – 95) 

• cWW >>  - temperature is flattened 
( )1=Ω= TT ;     

( ) ( ) νξξδ
ν

ν cos, ∑= xTxT ; 

                                                         
Wbs
1~∆  

• cWW ≤    - there is no flattening,  

    ( ) ξcosxfT = ;                      2~
c

bs W
W

∆  
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TTeemmppeerraattuurree  ppeerrttuurrbbaattiioonnss  aassssoocciiaatteedd  wwiitthh  mmaaggnneettiicc  iissllaannddss  --22  
 
 

 

 

 
 

NTM evolution from ECE measurements in  
JT-60U  (Nagasaki et al. 2004) 

Simulated and ECE detected structure of ( )rTe
~  in 

AUG (Meskat et al 2001) 
Fitzpatrick model vs. experiment:                      1) ⊥χ  should be anomalously high;  

                                              2) heat flux limit  for ( )2,|| 16.31 cieesp LV νχχ +=  
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AAnnoommaalloouuss  ttrraannssppoorrtt  aaffffeeccttss  NNTTMM  tthhrreesshhoolldd    
 

EC
pol

mw

mwsbss
ps

s

r

w
C

g
ww
w

w
Cr

ww
w

w
Crr

dt
dw

r
∆+⎥

⎦

⎤
⎢
⎣

⎡
±

+
×+

+
×+∆′= 3

*
2
*

2

2
βτ

 
  

                                             
q

p
mp L

L
W ⋅

∆′
∝ ∗ ε

β χ
arg,  

 
 

                                           2/3
..

arg, ε
ρβ

q

p
pi

currpoll
mp L

L
g∆′−∝  

 

Bootstrap Drive Magnetic curvature Polarization drift Conventional   tearing 

Transport threshold 

Polarization drift

Anomalous transport 
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FFiinniittee  ppaarraalllleell  hheeaatt  ttrraannssppoorrtt  eeffffeecctt  oonn  NNTTMM  eevvoolluuttiioonn  //  ssuupppprreessssiioonn  
  

 
 

Adding non-resonant helical perturbation rise 
effective value of eff⊥χ  (Yu et al 2000): 

xbb rextb _
ˆ +=  
 

x
b rext ∂

∂
+∇⋅=∇ _|| b  

 

θ
χχχχ 2

_|| rext
eff b+=→ ⊥⊥⊥  

 
4

0_ 10−≈BB rext suppress NTM 

Rise of  ∗W  facilitate ECCD suppression Possible way to suppress NTM by externally 
applied nonresonant helical perturbation 
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TTrraannssppoorrtt  tthhrreesshhoolldd  mmooddeell  ooff  NNTTMM  
 

∗∝Wmp
χβ arg, ,     ∗W   depends on the transport model used:               ( ) 4/1

||χχ⊥∗ ∝W   
22/3 BTgB ∝= ⊥⊥ χχ ;  Spitzerχχ =||                                             ∗∗∝ iipimp νρβ χ

arg,  
 

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

 
 
 
  
 
 
 
 

 
 
 

( )TnVc
dt
dTn s

22
||||||||

2

2
3

⊥⊥∇+∇−=∇+ χχρ  

 

02

2

|||| =
∂

∂
−∇ ⊥ x

f
fV χ  

 

Conductivity 

Anomalous 
⊥χ  

Ion inertia 

Rotation 

Convection 
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    VVaarriieettiieess  ooff  tthhee  hheeaatt  ttrraannssppoorrtt  mmeecchhaanniissmmss  
 

Model 
 

 
Basic equations 

 
Characteristic island width 

[Mikhailovskii 2005] 
 

Collisional1  
(Fitzpatrick 95) 

 
0=⋅∇ q ,  ( )Tn ⊥⊥∇+∇−= χχ ||||0 bq  

 

4/1

||
2

2
2/32 ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
= ⊥

χ
χ

y

s
col k

LW  

 
Rotational3  
(Konovalov 2002) 

 
 

⊥⋅∇−= q
3
20

0 dt
Tdn  

 
2/1

3
2128

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ⊥

ω
χ

πrotW  

 
 

Inertial4 
(Mikhailovskii 2003) 

 

⊥⋅∇−=∇ q
3
2

||||
2

0 Vcisρ ,        Tn
dt
Vd

||0
||0

0 ∇−=ρ  

4/1

22

2

3
2128

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= ⊥

isy

s
inert ck

LW χωπ  

 
 

Convective5 
(Mikhailovskii 2003) 

 

0
2
3

2

2

|||| =
∂
∂

−∇ ⊥ x
pq χ     ,        

( ) 05
2
||

2

|| =
∂

∂
−∇ ⊥ x

q
pT

M
χ  

 
 

3/12/112
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= ⊥

ys

s
conv kc

LW χ  
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BBoooottssttrraapp  ddrriivvee  aanndd  ccuurrvvaattuurree  eeffffeecctt  ffoorr  sseerriieess  ooff  hheeaatt  ttrraannssppoorrtt  mmeecchhaanniissmmss  
 

 
1) Partial contributions from temperature and density gradients 

 

∑
= +

=∆
ie TTnA Abs

Absbs WW
Wa

,,
2

,
2,  ,      ∑

= +
=∆

ie TTnA Amw
Amwmw WW

a
,, ,

,
1

.  

 

                                                        (Curvature effect weakening – Lutjens et al 2001) 
2) characteristic island widths AbsW ,  and AmwW ,  are determined by the combination 
of transport mechanisms 
 

∑=
k kAbsAbs WW 2

,,
2

,

11
,                                 ∑=

k kAmwAmw WW ,,,

11
. 

 
 

3) “Effective” critical island width is determined by the fastest of parallel transports 
 

.   
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PPeerrttuurrbbeedd  TTee  aanndd  TTii  aarree  ffoorrmmeedd  dduuee  ttoo  ddiiffffeerreenntt  ttrraannssppoorrtt  mmeecchhaanniissmmss  
 

 

Electrons 
 

 

Ions 
 

Convective 
 

 

Collisional 
 

Inertial 
 

rotational 

 
Convection is dominant  
                                       31

⊥∗ ∝ χW  
 
Collisional 
(heat flux limit for ||χ  ) 
                                       41

⊥∗ ∝ χW  

Ion transport mechanisms  are 
frequency dependent 
 

For ∗≈ ωω , and orbitW ∆≈min  
Inertial for 2/1

min
−> εWW .  

                                       ( ) 4/1
⊥∗ ∝ ωχW  

Rotational for  2/1
min1 −<< εWW . 

                                     ( ) 21ωχ⊥∗ ∝W  
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TTaakkiinngg  iinnttoo  aaccccoouunntt  ppaarrttiiaall  ccoonnttrriibbuuttiioonnss  ffrroomm  eelleeccttrroonn  aanndd  iioonn  tteemmppeerraattuurreess  
 

Bootstrap drive     (high aspect ratio limit, neglecting n∇  effect) 

( ) ( )⎥⎦
⎤

⎢
⎣

⎡

+
⋅⋅−

+
⋅⋅=∆ 2

,
22

,
2

2/1
17.040.089.3

icritTi

pi

ecritTe

pes
bs WW

W
LWW

W
Ls

r ββε
 

Magnetic well (curvature) effect  

( ) ( )⎥⎦
⎤

⎢
⎣

⎡
+

+
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−=∆

imwTi

pi

emwTe

pes
mw WWLWWLqs

r

,,
22

2 1116.3
ββε

 

 

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

bs∆ is weakened ( iT∇  effect) and drops faster at critWW ≤ ,  
                                                                          thus ( ) bsmw ∆>∆−  gives NTM suppression   
 
For collisional mechanism NTM suppressed at               col

comp WWW 2/329ε≈< .   
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GGeenneerraalliizzeedd  ttrraannssppoorrtt  tthhrreesshhoolldd  mmooddeell    
 
 
 

 The relative role of MW effect rises at 
small island limit. (Full suppression instead 
of reduction at *WW ≈ ) 

 
 Compound = Bootstrap+MW+transport
gives more favorable predictions for NTM 
stability  

 
 Scaling for arg,mpβ should be modified : 

( ) ( )L,,, ,arg,,arg,arg, ωχβνρββ eimpiiipmpmp ⊥
∗∗ ⇒≠

 
 

 
 
 
 

 

Bootstrap only

compound 

W&
 

W  
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PPeerrppeennddiiccuullaarr  iioonn  vviissccoossiittyy  eeffffeecctt  oonn  tthhee  bboooottssttrraapp  ddrriivvee  ooff  NNTTMM  
 

In the presence of ion perpendicular viscosity [Konovalov 2002] E
bs

i
bs

e
bsbs JJJJ ~~~~ ++=  

 

Electron part        e
bsJ~      does not change, 

 

Ion contribution  i
bsJ~  is reduced by   ( )222

µWWW + ,   where   ( ) 2/12/1
iiW νεµµ ⊥=  

 
New component due to perturbed electrical field appears:  
 

22

2
0

2/1 ~46.2~
µ

µ

θ

ε
WW

W
B

EcenJ xE
bs +

⋅−=       ( )
ee pp

pes
Ebs WW

W
LsW

r
ω
ωβε

µ

µ
22

22/1

, 79.3
+

−=∆  

 
For islands, rotating in the ion diamagnetic drift direction viscousity can cancel 
threshold 



                                                                                                                                                                                                                                                                       

32nd EPS Conference on Plasma Physics, Tarragona - 2005       I4.004 17

  
SSiimmppllee  eessttiimmaattiioonnss  ooff  tthhee  vviissccoossiittyy  eeffffeecctt  oonn  bboooottssttrraapp  ddrriivvee  

 

 
Typical initial island µρ WW bseed <≈  :  
 
• qRVTiiBohmg

2ρχχµ ≈≈≈ −⊥⊥⊥  
 
Then 2/122 ∗≈ iiW νερµ ,    where 12/3 <≡∗

Tiii VqR ενν  (in banana regime) 
 
• ( ) 1

12/12/3 >>≈
−∗

ib qW νερµ  
 
Perpendicular viscosity is a priory important 
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RReellaattiivvee  rroollee  ooff  vviissccoouuss  eeffffeecctt  rriisseess  wwiitthh  ppllaassmmaa  tteemmppeerraattuurree  
 

 
 

0.0 0.2 0.4 0.6 0.8 1.0

-4

0

4

8

12

16

dW
/d

t

0

0.1 1 10

3/1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≈ ⊥

∗
yTe

s

kV
LW χ ,             3/5~ TWW ∗µ  

w

-8

-4

0

4

8

12

dw
/d

t

0

0.1

1.0

10.

Transport threshold for
different Wµ  / W*

 
 

        For island rotating with frequency of e*,ωω =  
        viscous bootstrap is stabilizing 

Now

ITER 
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SSttaannddaarrdd  ppoollaarriizzaattiioonn  ccuurrrreenntt  tthhrreesshhoolldd  mmooddeell    ccaann  nnoott  ggiivvee  qquuaannttiittaattiivvee  
pprreeddiiccttiioonnss  ooff  NNTTMM  ssttaabbiilliittyy                                        

   

Drawbacks: 
• p∆  changes sign with change of the 

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

 
• Amplitude depends on the perturbed 

flow velocity profile [Connor et al 2001] 
It drastically decreases  when realistic 
perturbed velocity profile is considered 
[Konovalov 2001] analytic

polpolp ∆=∆ α ,    
1.0≤polα  
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 Perpendicular viscosity modifies (removes!) collisionality dependence of 
the polarization threshold 

 
 
• Low collisionality limit gives smallness  
                         

2/3ε→g  
 
Amplitude and collisionality: 
 

analytic
pol

analytic
polpolp g ∆→∆=∆ 01.0α  

 
 
Standard polarization current effect is 
important at extremely small (hardly 
detectable) island width. 

 

-2 -1 0 1 2 3
lg(ν/εω)

0.0

0.2

0.4

0.6

0.8

1.0

g

2

1

0.5

0.1

 
 

Function g for different ratios of WW /µ  

Low viscosity   

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

 Partial contributions from electrons are of principal importance 
•  they enter in a different way into modified Rutherfor equation  
• perturbed electron and ion temperature profiles are determined by  
    the different transport mechanisms.  

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

 In the small island limit mwbs ∆≈∆  generalized transport threshold model  
• gives more favorable predictions for NTM stability 
• modifies scaling law for βonset.    
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DDiissccuussssiioonn  --  11  
 
What we understand  (what to be included in the next step NTM modeling) 
 

 Equation for island rotation frequency is necessary 
 

 Ion transport and perpendicular viscosity provide ( ) ( )K,,,, ωνρβνρβ ∗∗ → onsetonset  
 

 Viscous contribution to bootstrap drive in the small island limit 
• Can be of the order of  “standard” bootstrap drive bsEbs ∆≈∆ ,  
• destabilizing for the island rotating in the ion diamagnetic drift direction 
• 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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DDiissccuussssiioonn  --  22  

 
On the standard transport threshold model: 
Electrons: Establishment of ( )rTe

~  and ebsJ ,
~   contribution to the NTM evolution are more or 

less understood 
 

Ions:  Finite orbit width effect [Poli et al 2002]                        0~
, →ibsJ   for bananaW ∆≥  

 
Density:  ednd WW ,, 4~  [Fitzpatrick – 95], i.e nbs,∆  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 ⊥χ  , ⊥µ .  Selfconsistent modification of   
• heat transport [Connor 2001, Zabiego 2002],  
• viscosity and island rotation [Shaing – 2004] 
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CCoonncclluussiioonnss  
 

 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 
 

• NTM avoidance by plasma current profile (JT-60U, JET, AUG, DIII-D, …) and seed 
island size (JET, AUG, …) controls 

 
• Suppression (JT-60U, JET, AUG, DIII-D, …) or  avoidance with use of preventive 

ECCD (JT-60U) 
 

• 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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