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Motivation

uNTM is driven by the perturbed helical bootstrap current due to the pressure 
flattening across the island.

uTo achieve high confinement and steady state plasma         long sustained plasma 
current (non-inductive current): bootstrap current and auxiliary driven current (i.e. 
ECCD, LHCD )

uTo reduce the cost, high fraction (>50%) bootstrap current is needed.
uBootstrap current would cause NTM.
uThe damage of NTM
ØThe formation of island, increase local radial transport
ØLimit the long pulse tokamak maximum beta
Ø Island overlap, lead to disruption
   (about 50% tokamak disruption)

uMust control NTM
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Limit the long pulse tokamak maximum beta



Island overlap, lead to disruption

R. S.  Granetz, Ncul. Fusion 2017
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History

uMHD including bootstrap current contribution:
Ø W. X Qu, J. D. Callen, Nonlinear Growth of a Single Neoclassical MHD Tearing Mode in a 

Tokamak. UWPR855 Report of University of Wisconsin (1985)
Ø J. D. Callen, et al, Plasma Physics and Controlled Nuclear Fusion Research, vol. 2 (Vienna: IAEA) 

p.157 (1987)
u Drift kinetic theory:

Ø Carrera, R., Hazeltine, R.D., Kotschenreuther, M., Phys. Fluids, 29, 899(1986).
u NTM first observed in the TFTR experiment: Z. Chang, et al, Phys. Rev. Lett., 74, 4663(1995)
u Polarization current model: A. I. Smolyakov, Sov. J. Plasma Phys., 15, 667 (1989), Plasma 

Phys. Control. Fusion, 35, 657 (1993) 
u Transport threshold model: Fitzpatrick, R., Phys. Plasmas, 2, 825 (1995) 
u Neoclassical polarization current threshold model: A.I. Smolyakov, et al, Phys. Plasmas, 2, 

1581 (1995); H.R. Wilson, et al, Phys. Plasmas, 3, 248 (1996)
uMagnetic well effect 
u ......
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Basic physics of tearing modes

ØAway from rational surface,  is determined by the ideal MHD equations. It has a
discontinuous derivative at rational surface. 

ØAt the singular layer,  is determined by resistive MHD Eqs.

ØBy matching the solutions of outer and inner region, the dispersion relation can be 
obtained.  
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Magnetic island

 

Near the rational surface
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Basic physics of tearing modes

Points:
Ø Tearing mode is driven by plasma current.
Ø Plasma current: Ohm current, bootstrap current, current driven by 

others (auxiliary heat, alpha particle…)
Ø They all can affect the behavior of tearing mode

 



Basic physics of neoclassical tearing modes
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uNTM is driven by the perturbed helical bootstrap current due to the pressure 
flattening across the island.

uWhat is bootstrap current?
Ø Particle orbit: passing particle, trapped particle

Ø Particle drift velocity



Particle orbit-J. Wesson, Tokamaks
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high field side low field side   cos1~ 0 BB



Particle orbit in tokamak
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Orbit width of particles in tokamak

uThe conservation of toroidal canonical momentum 
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Bootstrap current

uBanana regime (low collision frequency): particles complete at least one bounce orbit 
before suffering a collision. Collision cause scattering out of the region of velocity 
phase where particles are trapped.
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Bootstrap current

uA heuristic interpretation:
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In the presence of a density gradient, trapped particles carry a parallel current: 
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It is similar to the diamagnetic current except the direction. 
Momentum of trapped particles transfer to passing particles.
Bootstrap current: Arising from the difference in velocity between passing ions and 
passing electrons, parallel to magnetic field .
uMomentum balance
ØMomentum exchange between passing electron and passing ions ./ eJm beei

ØMomentum exchange between passing and trapped particles  ./ eJm teeff
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Bootstrap current

uA precise expression: 
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uOne can solve it by the drift kinetic equation.
ØP. Helander, et. al., Phys. Plasmas 4,3211(1997)
ØF. L. Hinton, et. al., Rev. Modern Physics 48, 

239(1976)
ØM. N. Rosenbluth, et. al., Phys. Fluids 15, 

116(1972).



Temperature with island

uThe heat transport equation

17

     

  //////// ,

2
3 STnTn

t
Tn

|,|/1~,~~ ////////// kvnorvn teeetee  ,
6

~
2

E

ean




uWithout source or sink, the gradient along field lines approaches to zero.

uWithout source or sink, the gradient insides the island approaches to zero.



Temperature with island
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Basic theory of NTMs

Magnetic island
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Pressure flattened Perturbed bootstrap current NTM

uBasic equations: 
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uGiven magnetic field
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Basic theory of NTMs

u Introducing the island coordinate

20

),,( 

uThe matching between outer region and inner region:

 













0

0 //

0

0 2

2

cos
2

4
ˆ

2ˆ
ˆ

1' 







Jdxd

c
Rdx

x







1 //2
s cos

22
4

''
16q' 


Jdw
c
R

qw s

where

 





cos

(...)

2
...

d

denotes the flux surface average.



Basic theory of NTMs

uOhm’s Law
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Contribution from bootstrap current

uPerturbed bootstrap current
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The evolution of NTMs

uThe island evolution equation is
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Ø The contribution of bootstrap current is destabilizing
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Ø The rotation frequency of island is not considered?



Threshold physics of neoclassical tearing modes

Ø Observation of NTM in TFTR

24

Ø Mode is initiated at a finite amplitude

Ø When the island starts to decay, the fit is not good

Ø Suggesting a threshold mechanism is important 
for small island width



Models to describe the threshold physics

uA number of physics issues may impact an accurate prediction of the nonlinear island width 
threshold:
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Ø Transport model: Incomplete flattening of the pressure gradient across the island region

///  model (Fitzpatrick, 95; Gorelenkov,et. al., 96)üStandard 4/1
// )/( cw

üConvective transport model (Gates, et. al., 97) 3/1
 cw

üRotation transport model (Konovalov, et. al., 02) 2/1)/(  cw

Ø Neoclassical polarization currents (Wilson, et. al., 96; Kuvshinov, et. al., 98; Connor, et. 
al., 01)

Ø Resistive interchange physics (Lutjens, et. al.,02)

Ø Current profile evolution (Brennan, et. al.,02)

Ø +Others?

üFinite ion orbit model (Poli, et. al., 02; Cai, et. al., 15; Imada, et. al, 2019,2020)



Transport model

u In steady state, in the absence of any source, heat flux:
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Ø If the perpendicular transport can be neglected, temperature is constant along the field 
line, namely it must be constant inside the island.

Ø If the perpendicular transport can be neglected, then there is a critical island that the 
perpendicular and parallel transport terms are comparable, as
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Transport model

u In tokamak, perpendicular transport is larger than neoclassical prediction because of 
turbulence. If we assume the perpendicular transport has a gyro-Bohm scaling, 
collision model for parallel transport, as
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For typical tokamak parameters, it is about 1cm.

Ø Remark: the perpendicular transport coefficient?



Transport model

uThe island evolution is
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Ø The excitation of NTMs must be 
above an onset threshold



Influence of ion orbit width on the threshold of NTMs
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uTheory of NTM are all based on the assumption of small ion orbit width.

u In typical tokamak, the onset island width is compared with ion orbit width

Ø Simulation have shown the ion orbit width effect is 
important

Poli, et. al.,PRL,02
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Influence of ion orbit width on the threshold of NTMs

uHere, we focus on the effect of ion orbit width in the standard transport model:

Ø In the standard transport model, critical island width cw is determined by ./ //

Ø If ,cww  perpendicular transport dominates, pressure is not flattened.

perturbed bootstrap current decreases.

Ø Due to the orbit average, the effective perturbation felt by ions is smaller than inherent 
perturbation, namely the effective island width felt by ion is smaller than island width.

uWhen the ion orbit width is comparable with island width, the effect of finite ion 
orbit is important. 

Ø Correspondingly, the amplitude of perturbed bootstrap current is reduced.

Ø Ion orbit effect tends to increase the critical island width.
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Influence of ion orbit width on the threshold of NTMs
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One can obtain  ,,,,,00 vEff   then making orbit average,

In the island, ),0(~),( 2  denotes the effective perturbed
flux felt by ions, the constant  approximation is made for TM.

   ,/)(2 are the intersect angles between ion orbit and island, 
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2 represents the ratio of overlap area of island
and ion’s orbit to the island, depending on ./ wwb

Ø If ,1~,1/ 2wwb ions are almost in the island.

Ø If ,0~,1/ 2wwb ions are almost in the outer region.
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Influence of ion orbit width on the threshold of NTMs_Cai, et. al.,POP,2015

u the evolution of island width can be written as 

,63.0,,)/ln(,)/ln( 0,,
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Eq.(13) is an interpolation formula, which approximates the limits.

,
)/(5.63w)/(1

1
/1

1155.1
'8

22222222
,1

2


















wwwwwwL
L

dt
dwI

c b

s

p

q











0,0,0 www ei  is assumed.
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Influence of ion orbit width on the threshold of NTMs_Cai, et. al.,POP,2015

uFor a typical tokamak, given ,5.0,1/,2'  qps LLr

)ˆ1/(ˆ 222
seedseed ww 

    For m=2,n=1 island, 222 / bww can be obtained if .bww 

    Then, is assumed, which approximates to the two limits 
., bb wwww 
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Influence of ion orbit width on the threshold of NTMs_Cai, et. al.,POP,2015

ü For ,bww  finite transport effect dominates, and the ion orbit effect
mainly reflects in effective island modification .
if ,bww  effective island modification tends to increase ;,

onset
s

if ,bww  onset
s, keeps almost unchanged.
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Influence of ion orbit width on the threshold of NTMs_Cai, et. al.,POP,2015

ü For ,bww  ion orbit effect dominates, and tends to increase
for all .w

onset
s,

min, is also enhanced, while cw changes little and ,~ wwc

since the ion contribution can be neglected in the range of .bww 
For ,~ bww effective island modification is important, and increases

further.onset
s,

if bww ~sth
onset

s r/,   for .wwb  It is in agreement with experiment
in ASDEX-U.
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Influence of ion orbit width on the threshold of NTMs_Cai, et. al.,POP,2015

ü For ,~ bww ion orbit effect tends to increase

ion orbit effect increases the lowest threshold cw,min,

for a givenonset
s, ,seedw

effective island modification is important if .~ bseed ww
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uThe motion of trapped particles:

,cos// B
cEv

B
Bvv r

d  


  2
2
//// ,1,

B
cvBv E

c
dEd

BEvκbvvvbv 



 

Making orbit average (taking the time average over a bounce period of trapped particles),
,cos0 // B

cEv
B
Bv r

d   ,cos//



B
cEv

B
Bv r

d 

The conservation of toroidal canonical momentum without toroidal electric field,









B
Bv

dt
d

dt
dr

c

0
//

1

  Rv
m
Zep   

dt
dE

B
cv

dt
d

dt
dr r

cc  
11~ //  Neoclassical 

polarization drift

Neoclassical polarization current: .2

2
0

, dt
dE

B
cmnJ rii

rnpol



2

2

, |~/|
B

BJJ polrnpol

,
tB

c

c
pol 


 Ev


,~ 2

2
0

teB
cmn ii

pol 
 EJpolarization current:
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uOne also can calculate the change of kinetic energy 
over banana orbit as shown in figs. (Hinton, PF1984)

uNote: neoclassical polarization current is related to 
finite orbit width. 

uNeoclassical polarization current depends on 
collision frequency: momentum transfer from the 
trapped particles to the passing particles
Ø In the fluid regime, poloidal flows are strongly 

damped due to high poloidal viscosity. A parallel 
flow to maintain torque balance. 

ØFor low collision frequency regime, the poloidal 
ion viscosity does not dominate the poloidal force 
balance and the poloidal ion flow is not 
necessarily zero. This modifies parallel ion flow.
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uNeoclassical polarization current in the island:
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B
cmnJ v,~ //0

,
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Note: The island propagation frequency dominates its 
growth, the operator on a flux surface quantity is zero.

u In the fluid regime, the flow varies along the flux 
surface,

 BcE
dt
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r /~//

uFor low collision, the flow in the leading order is a flux 
quantity, ,/// fr BcEu  

It do not contribute to the neoclassical polarization 
current. The contribution comes from the trapped-particle 
parallel flow
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r /~ 2/3//



Fluid regime

40

),( //// bsJJE 

uFor simplicity, the diamagnetic drifts are not considered.
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u In toroidal geometry, trapped particles drifting along the island under the influence of 
electric drift flow (difference in the O and X point). This drift is transferred collisionally 
to the passing particles, yielding the neoclassical polarization current. For low collision,
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uThe island evolution including neoclassical polarization current:
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(a) the transport threshold model, and (b) the polarization current model.



Island propagation frequency
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Ø Remark: this polarization term proportional to island propagation frequency, and can 
be stabilizing or destabilizing. The problem is additional physics related to dissipation 
process needed to be introduced to determine the frequency. Still an open question.

Ø The island propagation frequency is determined by the momentum/torque balance.
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Ø Or by matching condition:
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Resulting from external field, such as error field, RMP…
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Seed island
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uThe onset threshold of NTM 
)0'( 

uSeed island is generated by other mechanisms to it above the threshold. 

uSpontaneous tearing mode provides the seed island. 
),( seed

onset
p w )))/(/(( tpTN aBI 

)0'( 

Ø Instabilities: sawtooth; fishbone; ELMs…
Ø RMP…

Gude,NF1999 Chapmon,NF2010



Seed island formation due to geometry coupling
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uExternal source magnetic field perturbation:   
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Ø Time scale
uLinear theory should be extended to nonlinear theory (Hegna, Phys. Plasmas, 1999)



Seed island formation due to geometry coupling
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Control of NTMs
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uTwo control schemes:
Ø To reduce the free energy available in the equilibrium current profile, so that the 

stability criterion becomes more negative.  i.e. LHCD
Ø To drive current directly at the island O-point (to replace the missing bootstrap 

current).   i.e. ECCD (valid method so far, but it needs large power)

Ø External coils for repositioning of locked island
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Control of NTMs-ECCD
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uRadio frequency waves at the electron-cyclotron resonance, which drives current 
(ECCD) in a much narrower radial region at the O-point. The deposition width of 
ECCD must be smaller than island width.

Nucl. Fusion 47, 371(2007)

DIII-D实验

Plasma Phys. Control. Fusion 47, 1633(2005)

ASDEX-U实验



Control of NTMs-LHCD
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Fig. Stabilization of NTMs using LHCD

uRadio frequency waves in the lower hybrid frequency range have been used to drive 
current close to the rational surface in COMPASS-D. Modelling indicates the 
stabilization consistent with the reduction in '.
The radial width of the current deposition was typically much wider than the island 
width.

Buttery, et. al., PPCF 2000.



Control of NTMs-ICRH
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u In principle also ICRH has the capability of driving current in a plasma. Due to the 
applied frequencies, a narrow localization,  comparable to the ECRH systems, is not 
possible.

uThe more important role of the ICRH lies in tailoring the sawtooth stability via a 
modification of the fast particle.

uWith large crash time and large sawtooth crashes NTMs could be triggered at very 
low β values, whereas for small crash time and small sawteeth NTMs could be avoided 
almost reaching the ideal limit before triggering an NTM during a ramp of the 
external NBI heating power.



External coils for repositioning of locked modes
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u If an NTM, grows to a sufficiently large size, it eventually locks to the intrinsic error 
field in a characteristic position. In such a situation the mode stops rotating and 
remains in a fixed position and eventually stops the entire plasma rotation. The plasma 
can no longer be described as a 2D equilibrium, but has to be treated as a full 3D 
equilibrium containing the (2/1) locked mode as a perturbation.

uApplying ECCD on the resonant surface with a locked mode is more complicated. The 
ECCD deposition spots have to be aligned with the O-point. The adjustment of the 
deposition above and below the midplane allows for some adjustment, but does not in 
general assure pure current drive in the O-point.

uA possible way to resolve this problem lies in the modification of the locking position of 
the mode itself. This can be achieved by controlling the intrinsic error field of the 
experiment. At DIII-D the total error field can be modified by additional internal coils.
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Outline

uMotivation and Background
uBasic physics of classical tearing mode
uPhysics of neoclassical tearing mode (NTM)
ØBootstrap current
ØNeoclassical tearing mode
ØThreshold of neoclassical tearing mode
üTransport model
üNeoclassical polarization current model
ü….

ØOther effects on neoclassical tearing mode
uControl of neoclassical tearing mode
u Interaction between energetic ions and neoclassical tearing mode
uConclusion, Remark and Outlook
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Background of energetic ions

u Influences of energetic ions:
Øaffect the heating efficiency, sustainment of high confinement capability 

of ‘burning’ plasmas and the output of high fusion energy.

ØThe loss of fast particles leads to excessive heat loading and damage to 

plasma facing components

ØThe interaction between fast particles and plasma waves (e. g. Alfvén 

waves) and instabilities (e. g. kink mode) will lead to the redistribution 

and loss of fast particles and bring about some new plasma phenomena 

(e. g. fishbone).

Ø……
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uThe experiments showed that the onset threshold of NTMs with NBI. 

Experiment in DIIID,
Pop 15, 056115(2008)

Experiment in ASDEX-U,
PPCF (2013)

Interaction between energetic ions and tearing modes
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Experiment in MST, 
(IAEA 12th s7-o19)

Experiment in MST, 
(pop2013)

Interaction between energetic ions and tearing modes
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Interaction between energetic ions and NTMs

    M.García-Muñoz, et. 
al., Nucl. 
Fusion(2007)

l Some exper iments 
have shown that fast 
i o n s  c a n  i n t e r a c t 
effectively with NTMs. 
( E x p e r i m e n t  i n 
ASDEX-U)
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The basic physics of NTMs

ØAway from rational surface,  is determined by the ideal MHD
equations. It has a discontinuous derivative at rational surface. 
ØAt the singular layer,  is determined by resistive MHD Eqs.
ØBy matching the solutions of outer and inner region, the dispersion relation can be 
obtained. 
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uEPs can influence TMs through interaction with the outer region and island region



uThe influence of energetic ions on NTMs
uThe resonance between energetic ions and NTMs
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Heuristic picture of energetic ion

uEnergetic ions: energy much larger than thermal particles; deviated Maxwellian 
distribution (isotropic or anisotropic)

u characteristic frequencies: precessional frequency, bounce/transit frequency; 
trapped/passing particle

uDescribed by gyrokinetic theory
uUnderstanding its effects on instabilities
Ø Non-resonant effect: energetic ions can be imaged like a steel wire, have a stiff response 

to the perturbation
Ø Resonant effect
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Influence of energetic ions on NTMs

uMagnetic island much smaller than orbit width of energetic ions (satisfied 
for linear, early nonlinear phase, and the onset threshold of NTMs) :

Øorbits of EPs are mainly in the outer region, i.e., Eps mainly interact 
directly with TMs in the outer region, and changes the stability criterion of 
tearing modes by changing the perturbed parallel current. (PRL, 106, 
075002(2011); Pop(2012);PoP(2019))

Ø In the island region, owing to quasineutrality, EPs will provide an 
uncompensated current because their response is significantly reduced by 
the orbital averaging effect in the limit of large orbital width.
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Influence of circulating energetic ions in the outer region

uHeuristic interpretation:

     

Ø In the outer region of classical tearing modes:

0//  JB )(////  JJ  )/( 0//// dQdJJ is flux function.

where ,)(   Q satisfying ./1/,0 sqqddQ  B

 , are the equilibrium and perturbed poloidal magnetic flux, respectively.
q is the safety factor, nmqs / is the value at the resonant surface.

Ø Due to the magnetic drift of energetic ions,

hJ ,//   JB //J is not a flux function.

2//,1//,// JJJ  )(, 1.//1//,,2//,0   JJJ hJB 

2//,0//// )/( JdQdJJ  

where h,J is the diamagnetic current due to the kinetic part of energetic ions.



63

Without energetic ions,       
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For energetic particles, if we stand in the particle orbit,

awhere the coefficient  is the effective perturbation for particles in its orbit.

Then transfer to real space coordinate, and making the flux average, one can obtain
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Thus, the total perturbation current is

So the effect of energetic particles is determined by its direction.

Heuristic interpretation
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Stability criterion of tearing modes:

Influence of energetic ions on tearing modes_PRL 106, 075002(2011)



Simulation results for CEI-Phys. Plasmas 19,072506(2012)

• The effects of adiabatic term 

Co-CEI Counter-CEI

Ø For low beta and large drift orbit, the simulation results are consistent with our 
analytical results (Phys. Rev. Lett. 106, 075002(2011)).

Ø The kinetic effect of counter-CEI is strongly destabilizing, while the adiabatic effect is 
stabilizing. The net effect is destabilizing.

Ø The kinetic effect of co-CEI is weakly stabilizing, while the adiabatic effect is weakly 
destabilizing. The net effect is stabilizing.
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uExperiments showed different dependence of the onset threshold of NTMs on NBI

Experiment in DIIID,
Pop 15, 056115(2008)

Experiment in ASDEX-U,
PPCF (2013)

Experiments
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uUnbalanced-NBI drives the toroidal rotation which plays a stable role on NTMs (Cai, NF 
2016,2017). 

uFor co-NBI, both energetic ions and rotation plays a stable role, so the onset threshold 
increases with the power of co-NBI.

uFor counter-NBI, whether it is stabilizing or destabilizing depends on which effect 
dominates among the destabilizing effect of counter-CEIs and the stabilizing effect of 
toroidal rotation.

uTo resolve this issue, self-consistent simulations are required to calculate the dependences 
of the driven current and the toroidal rotation on the power of NBI consistently. 

uUnfortunately, the appropriate codes have yet to be developed.

Discussion about the experimental and theoretical results
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Influence of trapped energetic ions in the outer region

uHeuristic interpretation:

    Ø In contrast to CEI, TEI orbits in the (r, θ) plane are banana-shaped and 
concentrated in the low field side. 

Ø They thus have strong poloidal asymmetry.
Ø Their orbits are less likely to be changed by perturbations in comparison with 

CEIs.
Ø They do not produce parallel current directly without considering bootstrap 

current.

uEquation including TEI in the outer region:
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Influence of trapped energetic ions in the outer region_Phys. Plasmas 26, 062505(2019)

uEquation in the outer region:

    

uThe fluid and kinetic effects are comparable. They tends to cancel each other out.
    

u Instability criterion:
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ØThe value of instability 
criterion increases with the 
fraction of TEIs.
ØTEIs plays an unstable role.
ØTEIs can not suppress tearing 

modes.

Influence of trapped energetic ions in the outer region_Phys. Plasmas 26, 062505(2019)



Simulation results for trapped ions-Phys. Plasmas 19,072506(2012)

Ø The kinetic effect of TEIs is stabilizing, while the adiabatic 
effect is strongly destabilizing. The net effect is destabilizing.

Ø For TEIs, if  the magnitude of beta becomes large enough, 
resonance may happen, and trigger EPM.



Experimental result_DIII-D, W.W. Heidbrink, et. al., (NF2017)

Ø TEIs from On/Co/Perp NBI play 
weakly destabilizing effect.

Ø The theoretical results agree with 
experimental results in DIII-D.
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Influence of energetic ions in the island region

uHeuristic interpretation:

73
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uThe conservation law of current with fast ions:
     

Influence of energetic ions in the island region

where only electric drift is considered, for simplicity. The ion flow is 
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The quasi-neutrality is
.ehi nnn 

Considering the ion larmor radius much smaller than island width, 

Eii n vΓ 

If the fast ion larmor radius is much larger than island width, due to the orbit 
average effect, 
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uThe conservation law of current:
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uThe evolution of NTM
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For the typical tokamak, like JT-60U, ,8.0,2.30 mamR  ,02.0/ ih nn

Given ,16.0,4.0 mLmr hs 

Influence of energetic ions on NTMs



Experimental result in NSTX_James, APS talk 2022 
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uThe influence of energetic ions on NTMs
uThe resonance between energetic ions and NTMs
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Experiment observations

uEarly observation of frequency chirping of NTMs/tearing 

modes in TFTR, ASDEX-U.

TFTR, (Fredrickson, Phys. Plasmas 2002) 
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Experiment observations

ASDEX-U,  (Sesnic, et. al., Phys. Plasmas 2000)
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Experiment observations

uSimilar observation in recent experiments: HL-2A, DIII-D 

HL-2A,  (Chen, et. al., Nucl. Fusion 2019)

Ø Frequency fast downward 
within 1ms;

Ø Propagates in ion 
diamagnetic frequency 
direction;

Ø Similar to fishbone behavior;
Ø Occurs when the rotation 

direction of tearing mode 
changes from electron to ion 
diamagnetic drift.  
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Experiment observations

DIII-D (Liu, et. al, Nucl. Fusion 2020) 

Ø Frequency jumps up from 
steady NTM, and chirps 
down back to steady NTM;

Ø The process occurs within 
1ms;

Ø Coexist with 1/1 fishbone;
Ø No frequency correlation 

between NTM and fishbone;
Ø NTM propagates in ion 

diamagnetic drift direction;
Ø a measurable reduction in 

the neutron rate (up to 1%).  
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Resonance between energetic ions and NTMs

uThe common characteristics:

Ø Frequency jumps up from steady NTM/tearing mode 
frequency, and chirps down back to steady NTM/tearing 
mode frequency;

Ø The process occurs within a few milliseconds;
Ø NTM propagates in ion diamagnetic drift direction;
Ø a measurable reduction in the neutron rate (up to 1%). 

uImplies a strong interaction between energetic ions and 

NTM/tearing modes:

Ø A fishbone-like mode?

Ø So-called chirping-NTM/tearing modes? 
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Theoretical works

uSome theories are tried to understand the physics:

Ø Chirping NTM (Marchenko, et. al.,  Phys. Plasmas(2001); 

Cai, Nucl. Fusion(2021))

Ø A fishbone-like mode (Zhang, et. al. PPCF(2020), Zhu et. al., 

Nucl. Fusion(2020))

uThey both result from the resonant interaction with energetic 
ions. 

uWhether chirping NTM or fishbone-like mode is still unclear.



Fishbone-like mode
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Fishbone-like mode

uThe physics is similar to fishbone mode except mode number.
uBased on energy principle:
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Fishbone-like mode by trapped energetic ions_Zhang, et. al, PPCF(2020)

u Equilibrium profiles and parameters based on HL-2A experiment (Chen, 
Nucl. Fusion (2019))

88



Fishbone-like mode by trapped energetic ions_Zhang, et. al, PPCF(2020)

•

89

Zhang, et. al, Plasma Phys. 
Control. Fusion



Fishbone-like mode by TEIs_Zhang, et. al, PPCF(2020)

Ø The calculated frequency of fishbone-like 
mode (8.9-11kHz) is consistent with that in 
HL-2A experiment (2-10kHz).

Ø For passing energetic ions, The resonance 
occurs only in a very narrow region radially 
near the rational surface. In the limit of small 
orbit width, this resonance effect is small.

Ø The resonance effect of passing energetic ions 
increases with orbit width.

90

Zhang, et. al, Plasma Phys. Control. 
Fusion, (2020)



Fishbone-like mode by CEIs_Zhu, et. al, Nucl. Fusion (2020)
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So-called chirping NTM
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Frequency chirping of NTMs by energetic ions

Ø Physics Interpretation: the 
resonance between trapped 
energetic ions and rotating 
NTMs provides a torque to 
accelerate the rotation of 
NTMs;

Ø Chirping time calculated is 
much longer (about 100 
times) than it in the 
experiments.

Ø Particle model used in it.
Ø We use a drift kinetic theory  

self-consistently. 
Marchenko, et. al.,  Phys. Plasmas(2001) 



Chirping NTM
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uSeparating into
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(determines the evolution of island rotation frequency)

)'Re('  c provides the instability criterion of tearing mode
)'Im('  s describes absorption of momentum

)Im( ////, JJ I   comes from the resonance between NTM and 
energetic ions

uEffective resonance can modify the evolution of NTM frequency.



Chirping NTM
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uThe evolution of NTM frequency 
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Ø The effects of external fields are not considered.
Ø Without TEIs, NTM frequency would reach a constant 

frequency, and keep unchanged.
Ø The resonance affect the dynamics of NTM frequency. 

• If NTM propagates in ion diamagnetic drift direction, 
increases NTM frequency ,0d ,0 sh

• If NTM propagates in electron diamagnetic drift direction, 
decreases NTM frequency ,0d ,0 sh

Ø Resonance condition: 0d .0ˆ 



Chirping NTM

uBased on DIII-D experiment (Liu, NF2020), typical parameters:
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ihic nnnEei LLaLLkeVTT
mnmamRTB

5.0,~,5.3~~
,105.3,61.0,7.1,2 319

000


 

uGiven:

smityvisanomalousBkeVE am /1cos,1,65 2
0  

uMode number and frequency of steady NTM:

kHznm 3)2/(,2/3/ 0  

Ø In DIII-D experiment, frequency chirps from 3kHz to 15kHz.



Chirping NTM_Cai, Nucl. Fusion (2021)
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•

The frequency ω of NTMs against time 
with magnetic shear s = 0.5, where 
NTMs propagates in ion diamagnetic 
drift direction.



Chirping NTM_Cai, Nucl. Fusion (2021)
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•

The frequency ω of NTMs against time 
with magnetic shear s = 0.5, where 
NTMs propagates in ion diamagnetic 
drift direction.



Chirping NTM_Cai, Nucl. Fusion (2021)
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Ø In this case, resonance effect 
reduces NTM frequency.

Ø NTM frequency decreases 
with t, and keeps unchanged 
when resonance effect and 
restoring effect of viscosity 
balances. 

Ø Resonance effect decreases 
with frequency owing to 
resonance fraction.

Ø Frequency chirping does not 
occurs when the island 
propagates in the electron 
diamagnetic drift direction. 

The frequency ω of NTMs against time 
with magnetic shear s = -0.5, where 
NTMs propagates in electron 
diamagnetic drift direction.
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Summary and Discussion

uResonance between NTMs and TEIs provides an additional torque to alter the 
rotation frequency of NTMs.

uThe rising or falling of rotation frequency depends on the rotation direction of NTMs.
Ø If the NTMs rotation direction is the same as ion diamagnetic drift, NTM 

frequency chirps when energetic ion beta exceeds a critical value.
Ø If the NTMs rotation direction is the same as electron diamagnetic drift, NTM 

frequency chirping does not occurs.
uThe calculated chirping time is about a few milliseconds.
uThe chirping time and NTM rotation direction during chirping are consistent with 

DIII-D results.
uFrequency rapid chirping of NTMs by energetic ions may impact the dynamics of 

island locking.
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Summary and Discussion

uThe effect of energetic ions at the island width evolution is not considered.
uThe chirping down process is not obtained, since redistribution and loss of energetic 

ions is not considered.
uThe correlation of chirping (N)TMs with n=1 fishbones is also not considered. 

Fishbones and (N)TMs may strongly couple together through the loss or redistribution 
of energetic ions. (1/1 fishbone would eject energetic ions out of 1/1 surface).

uExperiments uncertainty:
Ø Is a new mode (EPM like fishbone-like) or NTM/TM? If it is a new mode, the new 

mode and NTM/TM should coexist.
ØWhether trapped energetic ions or passing energetic ions plays an important role?

uFurther studies are needed.



Conclusion, Outlook and Remark
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uAll simulations are based on reduced fluid model. Onset threshold physics can not be 
simulated. Kinetic simulation is needed to be developed.

uDue to the limit of diagnostic, the comparison between experimental and theoretical 
results is difficult. 

uThe study on the interaction between NTM and energetic particles has only 
begun(Hegna, 1989;Takahashi, 2009;Cai, 2011,2012,2016…).

uThe interaction between NTM and turbulence is still on process. Simulations are based 
on fluid model. Most simulations are devoted to the interaction between tearing mode 
and turbulence. Most of experiments are focused on the modulation of turbulence by 
island. 

u Interaction between Alfven eigenmodes and island, like BAE and tearing mode(Buratti, 
2005; Chen, 2011;Liu, 2015;Cai, 2021;Xu 2021)

u……
uDetail can be found in Ref. (H.S. Cai, D. Li, National Science Review 9: nwac019, 2022)
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A mechanism of neoclassical tearing modes onset by drift wave turbulence

The onset threshold of NTMs

Ø The effect of turbulence-driven current on onset threshold of NTMs
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Ø The effect depends on the direction of turbulence intensity gradient.

If ,0 it enhances the onset threshold of NTMs.

polarization current, and can trigger NTMs.
If ,0 it reduces or overcomes stabilizing effect of neoclassical

Ø For typical values of tokamak, ),1(~/ 22 Oww poltur

namely the effect of  turbulence-driven current is significant.
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For the typical tokamak, like DIII-D, ,6.1,61.0,7.10 TBmamR 
Given ,5.0||,5.0,1,2,3',102,2 2/1319 aLLsqrmnkeVTT Insssiei   

The onset of NTMs_Nucl. Fusion 59, 026009(2019)

ØFor c
onest

I wL ,,0  increases with ,turI namely the turbulence-driven
current plays a stabilizing role, and enhances the onset threshold.
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For the typical tokamak, like DIII-D, ,6.1,61.0,7.10 TBmamR 
Given ,5.0||,5.0,1,2,3',102,2 2/1319 aLLsqrmnkeVTT Insssiei   

The onset of NTMs_Cai,Nucl. Fusion 59, 026009(2019)

ØFor c
onest

I wL ,,0  decreases with ,turI namely the effect is destabilizing,
and cancels the stabilizing effect of neoclassical polarization current.
It leads to a reduction of onset threshold and can trigger NTMs.
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Excitation of BAEs by coupling between GAM and magnetic island

uBAEs were observed during tearing modes in FTU, TEXTOR, 

HL-2A, J-TEXT, EAST, TJ-II.

FTU, (NF 2005) TEXTOR, (EPS 2005) 
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Excitation of BAEs by coupling between GAM and magnetic island

uBAEs were observed during tearing modes in FTU, TEXTOR, 

HL-2A, J-TEXT, EAST, TJ-II.

HL-2A (JPSJ 2010) J-TEXT (PPCF 2015) 
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Excitation of BAEs by coupling between GAM and magnetic island

uBAEs were observed during tearing modes in FTU, TEXTOR, 

HL-2A, J-TEXT, EAST, TJ-II.

EAST (PPCF 2013) TJ-II (NF 2015) 



109

Excitation of BAEs by coupling between GAM and magnetic island

uThe common characteristics:
Ø The excited BAEs during tearing modes are a pair waves, 

propagate in poloidally and toroidally with opposite 
direction, form a standing wave structure in the island rest 
frame. 

Ø The absolute values of poloidal and toroidal mode numbers 
are the same with tearing modes,

Ø The frequency difference between the pair of BAEs is twice 
the fundamental frequency of tearing mode.

Ø They only appear when the island width increases above a 
threshold. 
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Excitation of BAEs by coupling between GAM and magnetic island

uSome theories are tried to under the physics:

Ø The BAE frequency with magnetic island has been solved 
(Annibaldi, et. al. PPCF(2007), Biancalani et. al., PRL(2010), 
Cook et. al., POP(2015)). 

Ø BAEs are excited by the plasma flow around magnetic 
island(Marchenko, et. al., NF (2016)).

uThe excitation physics mechanism is still unclear.
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Excitation of BAEs by coupling between GAM and magnetic island

uRecently, experiment in EAST(#86309) showed that a GAM 
and magnetic island exist before the excitation of BAEs

uPhysics Interpretation: excitation by the coupling between 
GAM and magnetic island

Xu, et. al., Nucl. Fusion 2021
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Excitation of BAEs by coupling between GAM and magnetic island

uA fluid model is used to describe the excitation of BAEs, for 
simplicity.

uGAM is assumed to be a constant pump wave, and tearing 
modes evolves.

uThe fluctuations of fields are
  //,//,//,//,//,// ,,, AAAAAA BBtBtGB 

where the subscripts of B, G, t denote the BAE, GAM and 
tearing mode, respectively. The subscripts ± are the upper and 
lower frequencies of the pair of BAEs, respectively.
Ø GAM is assumed to be predominantly 

electrostatic
ti

GG
Ge   ˆ

Ø For tearing modes,   tnmtAA ttt   ,cos,0ˆ
//,//,

Ø For BAEs,   ,expˆ
0 titnmiff   

tG  
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Excitation of BAEs by coupling between GAM and magnetic island

uGiven the profiles of BAE and GAM, and the main parameters 
of the experimental results in EAST, as

arqkHzfkHzf
eVTTmnTBmamR

sstG

ei

8.0,4,1~,7.20~
,200,100.1,05.2,45.0,89.1 319

00


 

Ø The growth rate without 
damping rate increases 
with island width.

Ø When the island increases 
larger than a threshold, 
growth rate dominates over 
damping rate, BAEs are 
excited.

Cai, et. al., Nucl. Fusion 2021
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Excitation of BAEs by coupling between GAM and magnetic island

uThe phase shift 2/0   is well consistent with the experimental 
result in EAST(#86309). 

Ø Fig. b is plotted based on 
the experiment result. Fig.c 
is based on our model with 
phase shift pi/2. 

Ø The phases are almost the 
same, expect the amplitude.

Ø This confirms our physics 
interpretation:  nonlinear 
coupling between GAM and 
island is responsible for the 
excitation of BAEs in 
EAST.

Cai, et. al., Nucl. Fusion 2021
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Excitation of BAEs by coupling between GAM and magnetic island

uThe island evolution is 

Ø The nonlinear coupling 
effect on island is not large.

Ø For small island, the 
nonlinear coupling effect 
enhances the island 
evolution.

Ø For large island, the 
nonlinear coupling effect 
weakens the island 
evolution.
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 Thank you for your attention!


