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Outline

• Magnetic islands

• Classical tearing mode: Rutherford equation

• Neoclassical tearing mode: Modified Rutherford Equation 

(MRE)

• Physics of NTM

• Control of NTM

• Conclusions
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from this book 

V. Igochine, “Active Control of 

Magneto-hydrodynamic 

Instabilities in Hot Plasmas”, 

Springer Series on Atomic, 

Optical, and Plasma Physics, Vol. 

83, 2015 (Chapter 2)
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plus Maxwell‘s equations for E und B

The one fluid MHD equations

=0 if =0 

=> frozen-in B lines
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Consider equilibrium Ohm's law...

...and analyse how magnetic field can change:
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Typical time scale of resistive MHD:

2

0 LR  

Since  is large for a hot plasma, R is slow (~ sec for 0.5 m) – irrelevant?

MHD: consequences of Ohm's law

magnetic 

diffusion

(changes 

topology)

Advection  (flux is 

frosen into 

magnetic field, no 

topological 

changes)
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Reconnection in a hot fusion plasma

A change of magnetic topology is only possible through reconnection

• opposing field lines reconnect and form new topological objects

• requires finite resistivity in the reconnection region

Due to high electrical conductivity, magnetic flux is frozen into plasma

 magnetic field lines and plasma move together
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Reconnection on ‘rational’ magnetic surfaces

Helical field (i.e. ‚poloidal‘ field relative 

to resonant surface) changes sign:

• reconnection of helical flux can form 

new topological objects - islands

Typical q-profile

Corresponding Bhel

Bhel = Bpol(1-q/qres)

Corresponding Bpol

position of q=2
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Reconnection on ‘rational’ magnetic surfaces

Torus has double periodicity (toroidal + poloidal directions)

• instabilities with poloidal and toroidal 'quantum numbers'

m = 1

m = 2

m = 3

‚Resonant surfaces‘ prone to instabilites with q = m/n
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MHD description of tearing mode formation

Deformation of flux surfaces opens up island of width W

• Tearing Mode equation (p = j x B) singular at resonant surface:

implies kink in magnetic flux , jump in B

 current sheet on the resonant surface

(r): helical magnetic flux

j(r): current profile

q(r): safety factor profile

m,n: mode numbers 

(r): helical magnetic flux

j(r): current profile

q(r): safety factor profile

m,n: mode numbers 

 ~ w2

from force balance                           using high aspect ratio approximation 

tearing mode equation 

(for outer region)

j B p  
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MHD description of "classical" tearing mode formation

Solution of tearing mode equation can be made continuous, but has a kink

• implied surface current will grow or decay depending on equilibrium j(r)

• the parameter defining stability is ‘ = ((d/dr)right – (d/dr)left) / 

• if ‘ > 0, tearing mode is linearly unstable – this is related to jresonant surface

"resistive"

layer

"outer"

layer

"outer"

layer

Classical 

tearing 

mode is a 

current 

driven 

instability
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MHD description of "classical" tearing mode formation

W

time

Linear phase, 
Furth, 1963, 1973, Phys. Fluid
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Rutherford, 1973, Phys. Fluid
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The island size has 

saturated value at

 s sW W 

Rutherford equation

Saturation (experimentaly relevant) 

0 
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MHD description of "classical" tearing mode formation

W

time

Linear phase, 
Furth, 1963, 1973, Phys. Fluid

1W cm

 
2 5

4 5

2 5 3 5

0.55

A R

a aq
n a

R q


 

 
  

 

Nonlinear phase, 
Rutherford, 1973, Phys. Fluid

Aprox. 70ms for typical parameters
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The island size has 

saturated value at

 s sW W 

Rutherford equation

Unfortunately, other effects play important 

roles and this equation should be extended

Saturation (experimentaly relevant) 

0 
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Two fluid 3D nonlinear MHD equations

+Maxwell equations

Ohm's law, neglecting inertia: + helic. Flux surf aver

Modif. Rutherford equ.

MRE' 'bsdw/dt



BINP/ Feb 2016 / Lecture for Ph.D. Students Valentin Igochine14

...leads to the so-called Modified Rutherford Equation (MRE)
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Consider various helical currents on resonant surface...

Tearing Modes – nonlinear growth

inductive

pressure driven

externI externally driven
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Interpretation of the different terms

Tearing Modes – nonlinear growth

3D MHD simulations show that full non-linear NTM is more complicated

"Inner" layer much larger than expected

Outer and inner layers cannot be realy separated

Analysing 3D MHD saturated mode and MRE can lead to large differences

for small p, current gradient 

(   ) dominates  'classical 

Tearing Mode', current driven
(most of the time stable except 

if q profile is "tweaked", which 

is why resistive MHD was 

never a big thing up to end 

1990s for tokamak 

interpretation)

for larger p, pressure 

gradient dominates:

 'neoclassical Tearing 

Mode', pressure driven

adding an 

externally driven 

helical current can 

stabilise


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Modified Rutherford Equation (MRE)

Many terms can contribute to total // current within island

Main terms discussed and compared with experiment on 1st line

"classical" + bootstrap + curvature + polarisation + (EC)CD
Glasser-Greene-Johnson

wall and mode coupling can also be important

in particular, efficient locking of 2/1 mode
Despite limits of MRE, method/coeff. described in Sauter et al PoP 1997 and PPCF 

2002 + Ramponi PoP 1999 for 'wall describes essentially all exp. Results+prediction
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Unlocking and locking of NTM in ASDEX Upgrade
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TM or NTM?

Drives:     

TM (current driven)

NTM (pressure driven) 

Power ramp down 

experiments help to 

distinguish NTM from 

TM.

NTM does not grow 

below marginal β value 

independent of its size

marginal β value

NTM
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Onset of NTM

Typically triggers come from other events. Examples are from ASDEX Upgrade

NTM

SXR

NBI

ICRH

sawteeth

Fishbones

Sawtooth

Fishbones NTM

Triggers on NSTX tokamak: fast particle modes and ELMs
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Onset of NTM

But there are also cases when the mode grows almost from noise! 

Gude, NF, 1999
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NTM control



BINP/ Feb 2016 / Lecture for Ph.D. Students Valentin Igochine22

Magnetic islands deteriorate performances

Local transport stays same outside island

But "short-circuit" across island

Influence of different NTMs on 

plasma confinement

(3,2) NTM loss up to 20%

(2,1) NTM loss up to 30-40%

(ultimately could lead to 

disruption)

This situation is unacceptable.

We can not live with big NTMs!
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What to do with NTM? Possible strategies.

Main problem:Neoclassical Tearing Mode flattens pressure and 

temperature profile → smaller     (Fusion power ~        )
N 2

N

~bj p

No bootstap current in 

the island

↓

Current hole in the island

↓

Mode grows

Possible approaches:

• keep the mode at small level 

(small influence on the plasma confinement) 

• replace the missing bootstrap current in the island

• modify density and(or) temperature profile, 

reduce the probability of the NTM excitation

• avoid triggers for NTMs

• completely avoid dangerous resonant surfaces

(3,2) and (2,1)
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Frequently interrupted regime of 

neoclassical tearing mode (FIR-NTM)

[T. Hender et. al. NF, 2007]

A new regime was discovered in 

ASDEX Upgrade in 2001. The 

confinement degradation is strongly 

reduced in this regime. [A. Gude et. 

al., NF, 2001, S.Günter et. al. PRL, 2001]

Neoclassical tearing mode never 

reach its saturated size in this 

regime. Fast drops of NTM 

amplitudes appear periodically.

Could we live with NTM in principle?

confinement 

reduction 10%

FIR-NTM

im
p
ro

v
e
m

e
n
t
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Frequently interrupted regime of 

neoclassical tearing mode (FIR-NTM)

[T. Hender et. al. NF, 2007]

A new regime was discovered in 

ASDEX Upgrade in 2001. The 

confinement degradation is strongly 

reduced in this regime. [A. Gude et. 

al., NF, 2001, S.Günter et. al. PRL, 2001]

Neoclassical tearing mode never 

reach its saturated size in this 

regime. Fast drops of NTM 

amplitudes appear periodically.

Transition to this regime may be an 

option for ITER.

Could we live with NTM in principle?

ITER
confinement 

reduction 10%

FIR-NTM

im
p
ro

v
e
m

e
n
t
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Frequently interrupted regime of neoclassical tearing mode

It was found that the reason for this fast periodic drop is interaction of the (3,2) 

neoclassical tearing mode with (1,1) and (4,3) ideal modes. Such interaction 

leads to stochastization of the outer island region and reduces its size. (The 

field lines are stochastic only during the drop phase.) 

(3,2) only (3,2) + (1,1) + (4,3)

[V. Igochine et. al. NF, 2006]
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Could we go to this FIR-NTM regime?

Yes, we can if we act on the (4,3) resonant surface with current drive (ECCD) 

Normal NTM

FIR-NTM

triggering of ideal pressure driven (4/3) mode by q-flattening with ECCD
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Principle scheme of the NTM stabilization with ECCD

Aim: fill the current hole 

in the island

Rem.: deposition 

outside the island give 

negative effect.

Changes up and down 

along the resonance is 

possible with mirror

Changes of the 

resonant layer 

position with Btor



BINP/ Feb 2016 / Lecture for Ph.D. Students Valentin Igochine29

First stabilization of NTM

Gantenbein, PRL, 2000 & Zohm NF, 1999

NTM was stabilized for the first time in ASDEX Upgrade

Scan of the resonance position was done by changing Btor

Reduction of the mode
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Problem with deposition width of the ECCD

Early experiments,

narrow deposition,

Almost all current 

is inside the island 

ITER case

broad deposition due 

to geometry of the 

heating system. 

A lot of current 

outside the island 

(destabilizing effect)
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Modulated stabilization of NTM

Maraschek, PRL, 2007

Modulated ECCD is 

more effective 

compare to constant 

ECCD in case of broad 

deposition.

…but we loose the half 

of the power from 

gyrotrons…
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ECRH / ECCD following spatially the O-point (future)
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• As discussed in ST session, crashes 

after long sawtooth period can trigger 

several modes

• Modes can lock rapidly (within 0.4s in 

this JET case)

2/1

3/2
4/

3

JET 

#58884

0.4s

Modes locks

(no disruption)

Control of a locked NTMs

In this case O/point of the island 

could be inaccessible for ECCD!

Additional actions are required!
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Rotation of the mode with externally applied perturbations

Volpe, MHD workshop, 2010
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In line ECE for island control in case of locked mode
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Realtime-loop for (N)TM- control at ASDEX Upgrade



BINP/ Feb 2016 / Lecture for Ph.D. Students Valentin Igochine37

Conclusions

• Basic physics of NTMs well understood

• Modified Rutherford Equation allows us to understand main physics 

mechanisms

• Detailed "first principles" calculations should not rely on MRE but on 

3D MHD codes coupled to kinetic codes

• Nevertheless "fitted" MRE can be used for fast predictive calculations

• In burning plasmas, performance will decide best strategy for NTM 

control. Note small modes can have large effect on neutron rate.

• Best strategy depends on scenario, mode onset and available 

actuators

• 2/1 mode is clearly main mode to avoid/control

• Apart from 2/1 locking, one has time to control NTMs

• Sawtooth control for standard scenario and preemptive ECCD for 

hybrid and advanced scenarios seem best at present
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Backup slides (for these who are interested in the details )
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Typical behaviour of an NTM

1: onset at p,onset > p,crit, + seed-island

2: saturated size  Wsat ~ p,sat  FIR-NTM 

 ECCD stabilization requirement

3: reduction of p (PNBI ramp) until p,crit is reached

4: p  p,crit, mode decouples from 
p

5: p < p,crit for all times  mode decays away

Wsat ~ p

<W(FIR)>    <  Wsat

Wsat(ECCD) << Wsat

Pfusion ~ 2

st 2nd phaseNTMs are 

metastable: require 

seed island
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Other current drive techniques for NTM control

ICRH: current deposition is 

too broad → not possible to 

control NTM

…but this system 

can be used for profiles 

control and avoidance 

LHCD: Stabilization is 

possible … but due to local 

changes in current profile 

and further reduction of the 

classical TM term

Warrick C.D.et al 2001 Phys. Rev. Lett. 85574 COMPASS-D

JET: no success

JT-60: possible 
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Avoidance of the excitation of NTMs

1) Preemptive ECCD at resonant surface

DIII-D, LaHaye, NF, 2005

With early ECCD (before the onset of the modes) the saturated island size never becomes 

as large as in the late ECCD case. (JT-60U, Nagasaki K.et al 2003 Nucl. Fusion43L7)
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Avoidance of the excitation of NTMs

2) Profile tailoring with wave heating (reduction of the pressure gradient→ 

small bootstrap current → small changes in MRE)

Maraschek, 

NF, 2012
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Avoidance of the resonant surface

3) Change of the current profile with LHCD to remove resonant surface

Suzuki, NF, 2008

and (2,1) mode 

disappears

min 2q 
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Avoidance of NTM triggering MHD

Different schemes to avoid: 

• Sawteeth, 

• Fishbones, 

• ELMs, 

• strong fast particle modes

It is important to remember that:

       onset onset onset onsetSawtooth fishbone ELM trigger less      

Gude, NF, 99

Thus, some triggers are more dangerous then the others!
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Good review about NTM control

Substantial amount of the material for this lecture was taken from the talk given by 

O.Sauter on 480th Wilhelm and Else Heraeus Seminar on „Active Control of Instabilities 

in Hot Plasmas” (16-18 June, Bad Honnef, 2011)


