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Introduction- Motivation 

•  Kink-like instabilities destabilized by energetic ions can lead 
to deterioration of plasma confinement[1]. Therefore 
understanding their stability properties and dynamics is 
important to improve the machine performance. 

•  Thermal ion kinetic effects can play important role on the 
excitation and evolution of the internal kink modes, as well 
as other MHD modes. Sufficient fast ion pressure can 
destabilize non-resonant kink (NRK) modes and fishbone 
modes through wave particle resonance[2],[3],[4].  

•  We use gyrokinetic particle simulations to study the kinetic 
effects of thermal ions and fast ions on kink instabilities in 
NSTX plasmas, which usually has a large super-Alfvenic fast 
ion population[5]. This study provides basis for comparison of 
experimental data and simulation results. 
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Introduction- Gyrokinetic simulation model 
 for kinetic MHD in GTC 

Gyrokinetic poisson equation using Pade 
approximation to get δΦ$

Gyrokinetic Ampere’s law to calculate$
 electron perturbed current $

 δΦeff describes  parallel electric field$
 (removing tearing mode), to the lowest order:$

 Where the vector potential is calculated from:$

Electron fluid equation from the electron drift kinetic equation 
to get δne$

Frequency and growth rate of the kinetic-MHD modes are much smaller than Ωi, so a 
gyrokinetic model for the ions is used to study these modes with all the wave-particle 
resonance and finite Larmor radius effects[6],[7]. In analytical equilibrium the model without 
kinetic ions is benchmarked with MHD theory[7].$

where the drift velocities are$
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Ion gyrokinetic equation and  
gyrocenter equations of motion 

the ion flow ui and the ion density ni  in Poisson’s Eq and Ampere’s Law$
are calculated using the gyrokinetic equation$

X : position of the gyrocenter$
v|| : velocity parallel to the magnetic field $
μ : the magnetic moment of the ion$

The ion gyrocenter motion is governed by$

and magnetic drift velocity vd is the sum of the curvature drift vc and grad-B drift vg$

where the corrected magnetic field is$

E×B drift is:$

The parallel and perpendicular perturbed electron pressures in the lowest order are: $

 δψ : perturbed poloidal flux $
ψ0 : equilibrium  poloidal flux$
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Spectrograms of magnetic fluctuations in  
kink unstable NSTX equilibriums 

Shot #140444!
NB power 1MW!

Shot #124379!
NB power 4 MW!

•  fmeasured=fr+n fDoppler  $
•  Instabilities have dominant n=1 toroidal 

component$
•  Bursting modes with chirping real frequency 

are identified as fishbone $
•  Long-lived modes with nearly zero real 

frequency are identified as NRK.$
•  In shots with different NB power, transitions 

from fishbone mode to NRK are observed.$

fr~10 kHz                     fr~0$
fDoppler ~15kHz    fDoppler ~23kHz    $
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Simulation parameters using NSTX equilibriums  

Shot # 124379 at 635 ms using TRANSP[8] result! Shot # 140444 at 300 ms!

ne= 9.34×1019 m-3$

Te= 0.870 keV (artificially increased to 2.3keV in fluid 
simulations to match total beta)!
R0= 101.83 cm$
B0=  0.454 T$

ne =   3.01×1019 m-3$

Te =   3.474 keV (artificially increased to 4.1keV in 
fluid simulations to match total beta)$
R0 =   95.3   cm$
B0 =   0.422 T$

qmin=1.23!

a/R0!

Te!

q! qmin=1.0!
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Simulation result of NRK in fluid limit 

Shot # 124379 at 635 ms!

γ~0.06 ωA$

T (τA)$

f(ρi)$

•  Using the equilibrium from 
shot # 124379, in the fluid 
limit, the mode has a zero 
real frequency, which is 
consistent with the MHD 
model[9].$

$
•  There is no q=1 rational 

surface in this equilibrium. q 
profile has a reversed shear 
at r~0.16 R0, qmin=1.23. The 
mode structure is mainly 
around the qmin surface$

 $

δΦ m=1 component $
time history !

r/R0$

z/
R

0$

eδ
Φ

/T
e0
$

A.
U

. $

eδΦ/Te ~1e-6!
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A scan of q profile in simulations in fluid limit  
recovers the experimental regime of kink instability 

•  In the fluid limit simulations,  the ion kinetic effects are suppressed, 
and the parallel electric field is set to zero (δΦeff=0), therefore the 
electron β does not enter the equations.$

$
•  For the experimental profiles in shot # 124379, a scan of q shows 

that the mode is unstable for qmin <1.4.$

•  However with smoothened electron temperature and density profile, 
the mode becomes stable at the measured q profile, with qmin=1.23. 
All other parameters are kept the same.$

$
•  This indicates that the mode stability is sensitive to the gradient of 

the electron pressure.$
$
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A modified electron pressure profile  
will strongly affect the stability of the mode 

Stable!

Unstable!

Shot # 124379!
Smoothed profile!

Profile from TRANSP !

T (τA)$

eδ
Φ

/T
e0
$

γ~0.06 ωA$

δΦ m=1 component !
time history !
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Thermal ion kinetic effects tend to 
 reduce the growth rate of the NRK   

Fluid limit!
With kinetic 
ions!

Shot # 140444 at 300 ms!

•  With the kinetic ions, the real frequency of the mode 
remains zero, and growth rate slightly decreased. $

•  The mode structure is slightly modified.$

γ~0.06 ωA$ γ~0.05 ωA$

T (τA)$

δΦ m=1 component $
time history !

eδΦ/Te ~1e-6!

eδ
Φ

/T
e0
$

eδΦ/Te ~1e-6!

δΦ poloidal structure 
at linear regime !

δΦ poloidal structure 
with similar amplitude$
as in fluid case!

r/R0$

z/
R

0$
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With fast ions EP driven modes with finite real frequency 
 can become dominant over NRK 

Tf0=26keV$

nf0 is artificially 
increased by 5 
times to give a 
stronger drive$

• The fast ion results are still preliminary. In the linear regime, the mode has a larger growth 
rate than in the cases without fast ions.$
•  Real frequency of the mode is within the physical regime of a fishbone mode. $
•  Precesisonal frequency of the fast ion is fpre ~20 kHz$

δΦ!
γ~0.07 ωA$

ω ~ 0.1 ωA$
f  ~18 kHz$

eδ
Φ

/T
e0
$

T (τA)$

z/
R

0$

r/R0$

With fast ions!
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Conclusions 

•  In fluid limit with experimental plasma density and 
temperature profiles, a scan of the q profile shows the NRK 
remains unstable for up to qmin ~1.4. A reduced electron 
temperature or smoothing of the density and temperature 
profile will make the stability threshold in qmin lower. 

•  The growth rate of the NRK are slightly reduced in 
simulations with kinetic thermal ions. The mode structures 
can also be affected. 

•  In simulations with sufficient fast ion pressure, a fishbone 
modes with finite real frequency and rotating mode structure 
can be destabilized. 
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Future work: Comparison with experimental data base  

NSTX kink-like mode stability $
diagram in qmin-βf space.!

fishbone	



NRK	



•  An experimental characterization of kink-like modes 
for different NBI scenarios and fast ion properties in 
NSTX plasmas is available for comparison with 
simulation results.$

•  The transition from fishbone to NRK at large 
electron β can be studied numerically using 
different experimental equilibrium profiles.$

NRK/fishbone stability diagram from M3D-K  simulations $
Phys. Plasmas 20, 102506 (2013) [10]$

$
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Future work: Comparison of non-linear simulation  
results with kink-like modes diagnostic database on NSTX 

 
•  Finite element method field solver in GTC is being developed 

to resolve the numerical issues associated with the magnetic 
axis, so that the code can use as input equilibriums with 
more complex magnetic field geometry. Then kink linear 
stability properties in more experimental equilibrium with 
different NB scenarios can be studied in the simulations. 

•  In longer runs with non-linear terms, mode saturation with 
frequency/growth-rate evolution and transport properties can 
be studied and compared with the experimental 
measurements. 

This work is partly supported by US-DoE 
contract DE-AC02- 09CH11466 !
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