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Electromagnetic effects on Turbulent Transport 
 
•  Electromagnetic effects enter equations proportional to: 
   plasma beta: 
•  As     increases, plasma has enough energy to produce significant 

magnetic fluctuations 
  è Fluctuating  

 

2 

B


δ

0
2
0

00

2/ µ
β

B
Tn ee=

β

èHigh beta is very desirable for a  
fusion plasma.   

 keVsmnT E
321103 −×≥τ

0
2
0

00

2/ µ
β

B
Tn ee= What is the effect  

on turbulent transport?  



Electromagnetic Effects - Motivation 
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Confinement time: 
Wide variation in beta scaling 

αβτ −∝E

Petty PoP ‘08 

Multi-machine database 
 
How can we account for discrepancy? 
How can we extrapolate to ITER? 



Electrostatic transport: ExB advection of heat:   
Electromagnetic effects: self-consistently evolving 
Additional transport channel: electrons streaming along perturbed 

magnetic field lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

   

Stochastic Magnetic Transport 
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1.  Microtearing Turbulence 
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  Microtearing modes 
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Microtearing--Very Extended Mode Structures 
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Resonant component extracted by integral along field line. 
èITG has no resonant component (at kx=0), microtearing is resonant. 
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First Successful Nonlinear Microtearing Simulations 

•  Experimentally relevant levels 
of electron heat transport 

•  Effective threshold for onset of 
strong transport (A to B)  

•  In stochastic cases (B), GENE 
results confirm diffusivity model. 

A 

B 

B A 

Poincare plot of magnetic field lines 

Diffusivity model: 
 
                                      

Nonlinear upshift 
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First Successful Nonlinear Microtearing Simulations 
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Reporting for an IFERC-CSC Project 
(for the Project cycle 1 from April 1 through November 14, 2012 ) 
 

Please submit your report as soon as possible, but no later than Thursday 31st January 2013.  
 

Project Title Microtearing turbulence in ITER-like devices 
Project Acronym 
(up to 8 characters) 

G_TEARING 

 
 
Principle Investigator (PI): 
 
Name of PI: David Hatch 
 
The objective of this project was to explore the role and properties of microtearing modes and 
microtearing-driven transport in standard aspect ratio tokamaks, The scenario involving the presence 
of microtearing and additional instabilities like ITG modes is of particular interest.  
 
Achievement of objectives 
Gyrokinetic simulations have been carried out examining several aspects of microtearing physics in 
standard tokamaks.  This includes investigations of global effects, and investigations of mixed 
microtearing/ITG drive.  Moreover, this allocation has facilitiated further exploration of the effect of 
microtearing modes in ITG-driven turbulence.   
 
Scientific results 
It was the goal of this project to push forward the simulation of microtearing turbulence, in particular 
in the presence of additional instabilities like ITG modes.  In a first step, existing results have been 
validated with GENE using the newly implemented (energy conserving) Arakawa scheme for the 
parallel (z,v) Poisson bracket of the gyrokinetic equation. This study revealed that an increased 
velocity space resolution and domain size is required to confirm the results published in [Doerk et.al 
PRL 2011]. This validation increases confidence in the role of microtearing turbulence in tokamak 
plasmas. 
Having clarified this, we tackled the coexistence-problem with ITG turbulence.  Two scenarios have 
been studied to this aim.  The first is an s-alpha model of the AUG discharge 21403 for which we 
performed a beta scan. For beta higher than 0.004, microtearing modes and ITG modes are 
simultaneously present in the instability spectrum (see Figure1). In this project a stable nonlinear 
simulation has been achieved, the flux spectrum is seen in (Figure1). 

 
Figure 1 Microtearing and ITG modes are simultaneously unstable. The nonlinear phase shows 
electrostatic (ITG) transport and magnetic (microtearing)  transport, but the total flux is rather low. 
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While this is a great achievement by itself, these results are still preliminary, since the overall fluxes 
are found to be sensitive to increasing numerical resolution. From the current convergence tests we 
conclude that the present scenario yields fluxes that are too small to explain the experimental findings, 
which has also been confirmed in a separate simulation that did not include ITG turbulence. Since full 
numerical convergence appears to be very costly, it seems to be more fruitful to instead answer the 
question, why in this case the microtearing heat flux is that small, while it has been found to be of  
experimental relevance in the literature. One obvious difference to these published results is the 
relatively low magnetic shear of s=0.46. A shear scan thus has been performed, keeping the ratio 
q/s=3, constant. The result clearly suggests an increase of microtearing heat flux with increased shear 
(see Figure 2). Also these results are not yet fully converged in grid resolution and this is pursued in 
the follow-up project G_EMAG. Nevertheless, Fig. 2 points towards the importance of microtearing 
turbulence in regions of higher shear, like the outer core of a tokamak.  
 

 
Figure 2 Microtearing transport is strongly connected with the value of the magnetic shear s. Growth 
rates are comparable due to constant ratio of q/s. 

 
Figure 3 Microtearing and ITG modes are simultaneously unstable. The nonlinear phase does not show 
microtearing activity in this case. 
 
This has been pursued using the realistic geometric quantities of the AUG discharge 26459 at the 
radial position r/a=0.6 and a shear of s=1.3. Also here, we find microtearing in coexistence with ITG 
in the linear spectrum (see Figure 3). This scenario found to require enhanced radial and velocity grid 
resolution to be numerically stable. High-resolution simulations presently are running within the 
G_EMAG project. Preliminary results show no significant electromagnetic transport, although 
microtearing modes dominate the linear spectrum at low ky (see Figure 3). If these results are 
confirmed by longer simulation times and further convergence studies, this would be a break-
through in the sense that linear microtearing instability does not necessarily result in enhanced 
transport. 
Additionally, microtearing modes have recently been shown to be active in scenarios where they are 
completely stable linearly [Hatch et.al PRL 2012].  ITG turbulence can drive microtearing modes, 
which in turn produce magnetic stochasticity and electromagnetic transport.  Many earlier studies 

Why is EM transport so low? 
Higher magnetic shearèhigher EM 
transport (presumably due to closer 
rational surfaces). 
 
Suggests microtearing likely to be 
important in outer core.  

Preliminary results (pending convergence tests, etc.) 
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Mixed ITG, Microtearing Turbulence 
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While this is a great achievement by itself, these results are still preliminary, since the overall fluxes 
are found to be sensitive to increasing numerical resolution. From the current convergence tests we 
conclude that the present scenario yields fluxes that are too small to explain the experimental findings, 
which has also been confirmed in a separate simulation that did not include ITG turbulence. Since full 
numerical convergence appears to be very costly, it seems to be more fruitful to instead answer the 
question, why in this case the microtearing heat flux is that small, while it has been found to be of  
experimental relevance in the literature. One obvious difference to these published results is the 
relatively low magnetic shear of s=0.46. A shear scan thus has been performed, keeping the ratio 
q/s=3, constant. The result clearly suggests an increase of microtearing heat flux with increased shear 
(see Figure 2). Also these results are not yet fully converged in grid resolution and this is pursued in 
the follow-up project G_EMAG. Nevertheless, Fig. 2 points towards the importance of microtearing 
turbulence in regions of higher shear, like the outer core of a tokamak.  
 

 
Figure 2 Microtearing transport is strongly connected with the value of the magnetic shear s. Growth 
rates are comparable due to constant ratio of q/s. 

 
Figure 3 Microtearing and ITG modes are simultaneously unstable. The nonlinear phase does not show 
microtearing activity in this case. 
 
This has been pursued using the realistic geometric quantities of the AUG discharge 26459 at the 
radial position r/a=0.6 and a shear of s=1.3. Also here, we find microtearing in coexistence with ITG 
in the linear spectrum (see Figure 3). This scenario found to require enhanced radial and velocity grid 
resolution to be numerically stable. High-resolution simulations presently are running within the 
G_EMAG project. Preliminary results show no significant electromagnetic transport, although 
microtearing modes dominate the linear spectrum at low ky (see Figure 3). If these results are 
confirmed by longer simulation times and further convergence studies, this would be a break-
through in the sense that linear microtearing instability does not necessarily result in enhanced 
transport. 
Additionally, microtearing modes have recently been shown to be active in scenarios where they are 
completely stable linearly [Hatch et.al PRL 2012].  ITG turbulence can drive microtearing modes, 
which in turn produce magnetic stochasticity and electromagnetic transport.  Many earlier studies 

r/a=0.6 and a shear of s=1.3 
(still need s scan in this case) 

No contribution from microtearing. 
èmicrotearing can be robustly unstable without producing transport. 

Preliminary results (pending convergence tests, etc.) 
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ITG Turbulence with Electromagnetic Effects 

Before nonlinear GK microtearing was tackled . . .  
 
èbasic question  
 
What are electromagnetic effects on ITG/
TEM turbulence? 
Several interesting and puzzling results over past decade: 
 
Specifically ITG (CBC): 
Parker PoP ‘04, Candy PoP ‘05, Pueschel PoP ‘08,  
Waltz PoP ‘10, Nevins PRL ‘11, Wang PoP ‘11  
 



Significant Electromagnetic Transport 
ITG driven turbulence [Candy PoP ‘05, Pueschel PoP ’08]: 
Suppression of ES transport greater than expected from 

decreasing growth rates. 
Levels of electron electromagnetic heat transport that approach 

electrostatic transport as beta increases. 
 

 

13 Pueschel, PoP, ‘08 



Introduction – Recent Results 

 
Near-ubiquitous magnetic stochasticity – even 

at low values of beta [Nevins PRL11, Wang 
PoP ’11] 
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Nevins 
PRL, ‘11 

β=0.1% 

ITG mode (at kx=0) has 
ballooning, not tearing parity. 

Beta scaling inconsistent with 
ITG expectation [Pueschel ‘08] 

ITG driven turbulence: 



What is the cause? 
 
Observations of electromagnetic effects inconsistent with 

properties of the driving ITG modes. 
What is the explanation for the observed stochasticity and 

transport  
(Hatch et al. PRL ’12, Hatch et al. PoP ’13) 
Candidates: 

 --|kx|>0 ITG modes 
 --Some other mode with tearing parity 
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Perfect ballooning parity no longer 
enforced at |kx|>0 

16 

èDistinguish with Parity 
Factor 
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Even / Odd symmetry is no longer enforced 
at kx≠0.  But modes are still “predominantly 
even” or “predominantly odd”. 



Perfect ballooning parity no longer 
enforced at |kx|>0 
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Construct a “tearing-ballooning” decomposition: 
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Stochasticity caused by tearing 
component 
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Magnetic transport – superposition of 
ITG and tearing 
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Candy ‘05 



What Kind of Tearing Mode? 
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Stochasticity and transport due to some kind of tearing 
mode 
 
What are the candidates? 
 

 Tearing ITG (TITG) 
 Tearing ETG (TETG) 
 Microtearing 
  



Linear spectrum – many modes 
with tearing parity 
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ITG 
TEM 

ky ρ 

TITG 

TETG γ(
c s

/R
)  

ω
(c

s/R
)  

ky ρ 

Note: similar mode identified just inside pedestal top in DIIID (Wang, 2012) 



< -7.6 

-4.1 

-0.7 

Subdominant Microtearing Mode Deep 
in the Spectrum 
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Microtearing mode deep in the spectrum (need full eigenvalue solver) 



Microtearing—Intrinsically 
Electromagnetic 

ITG TITG ETG TETG Micro 
Tearing(1) 

Tearing 
Parity X X X 
Frequency + + - - - 
R/Lti 
Threshold X X 
R/Lte 
Threshold X X X 
Low-β 
Threshold X 
|A|||2 /|ϕ|2 <<1 <<1 <<1 <<1 ~1 

|QeEM/ 
QeES| <<1 <<1 <<1 <<1 >1 

(1) Doerk, PRL, ’11,       

Using GENE eigenmode solver. 
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TITG, TETG: 
Note 
electromagnetic 
 
Microtearing—
intrinsically 
electromagnetic 



Stochasticity and Transport Due to 
Actual Microtearing Mode 
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< -7.6 

-4.1 

-0.7 

Summary, stochasticity and transport:  
--not due to finite kx ITG 
--due to tearing parity fluctuations 
--not associated with TITG/TETG modes 
--definitively linked to microtearing 
            



Stable ModeèNonlinear Excitation 
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Time trace of electromagnetic 
component: 
Nonlinear time scales. 
 
What is the excitation 
mechanism? 
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Free energy evolution 
equation  
for tearing mode 
 
 
 
 
èzonal modes excite 
microtearing 



Microtearing Considerations 
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EM transport suppressed at high 
collisionality. 



Simple model captures β-dependence 
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β 
Database of ~30 EM simulations covering typical core parameters: 
σ0=1 appears to be an upper bound (rarely exceeded, excluding microtearing). 
èLarge EM transport not expected from ITG/TEM drive. 
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High Beta ‘Runaway’èNon-Zonal Transition 
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High beta runaway above β~0.8% 
Reproducible by many codes. 

Runaway after long ‘semi-
saturated’ phase. 



High Beta ‘Runaway’èNon-Zonal Transition 
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Work by M.J. 
Pueschel 

If half-turn displacement exceeds correlation lengthènon-resonant 
perturbations can contribute to stochasticity.  

Critical Beta 



Effect of Magnetic Fluctuations on Zonal Flows 
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Rosenbluth-Hinton residual 

With A||èdecay 

A|| included after GAM decay 
èdecay proportional to t2 

 

Agrees with analytic calculation 
(P. Terry) 
 

Short paper -- plot 
 



Fundamental Change in ZF Dynamics 
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During runawayèzonal coupling drives kx=0 modes. 

Pre-runawayèstandard picture: ZF transfers energy to higher kx. 

Energy to/from higher |kx|>0 modes 

Below critical beta 

During runaway 



Critical NZT beta usually expected to 
exceed KBM critical beta 
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Lower gradientsècritical KBM beta probably reached before critical NZT beta. 
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Summary / Conclusions 
•  Microtearing modes can be unstable and produce significant levels of transport 

in standard tokamaks 
•  Most likely active at higher shear. 

•  However, there are cases where EM transport is very low despite microtearing 
linearly unstable. 

•  ITG driven turbulence excites linearly stable microtearing modes 
•  Magnetic transport is superposition of outward stochastic contribution from 

nonlinearly excited microtearing modes and inward contribution from ITG. 
•  Database of EM simulations: QEM rarely exceeds 

•  High β runaway è non-zonal transition 

•  Zonal flows suppressed when non-resonant fluctuations become important  

•  Microtearing is challenging and often unintuitive 
•  Difficult to resolve numerically 
•  Can be insignificant even when linearly unstable 
•  Can be active even when linearly stable 
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Backup slides 
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Contributions to EM Transport 
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ITG mechanism Stochastic 
transport  
(tearing) 
mechanism 



Nonlinear transfer functions - 
identify excitation mechanism. 
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Gyrokinetic free energy: 

Energy evolution equation: 

Nonlinear Transfer function: 

Energy transferred between k and k’ 
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Excitation mechanism: coupling with ky=0 

Free energy evolution 
equation  
for tearing mode 

kxρ=0.0,kyρ=0.2 
Energy transfer 
involving coupling 
with zonal 
wavenumbers 
(ky=0): 
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Nonlinear mechanism which stabilizes ITG 
in turn drives microtearing and produces additional  
transport channel. 39 



POD of distribution function: 
Self consistent A||, ᶲ 
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Construct POD of distribution function: 
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èTearing parity mode with large EM heat flux (POD n~2-5) 
 


