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New simulations show turbulent transport is robustly 
multiscale for reactor-relevant plasma parameters"

•  New gyrokinetic (GK) simulations show short-wavelength electron 
temperature gradient (ETG) modes contribute significantly to 
transport at mid-radius in well-coupled, electron-transport dominated 
plasmas with small particle and momentum sources"

•  Only multiscale GK simulations that simultaneously resolve ion- and 
electron-scale turbulence are able to simultaneously reproduce ion 
and electron energy fluxes in Alcator C-Mod and DIII-D L- and H-
mode plasmas within experimental uncertainties"
–  Conventional ion-scale simulations systematically underpredict 

electron energy flux Qe for these cases"

•  These simulations show there are significant nonlinear cross-scale 
couplings between ion and electron scales"
–  Multiscale turbulence cannot be modeled as simple sum of 

ion and electron scale turbulence"
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Need to understand when electron-scale transport 
matters to accurately predict ITER and beyond"

•  Typically GK simulation focus on ion scales because it is only range  
that carries ion thermal & momentum transport- sets Ti and Vtor profiles"
–  Also very expensive to  

resolve beyond these scales"

•  However, essential to predict  
electron as well as ion  
transport for reactors-  
e- carry most power,  
α’s heat e-, 
current evolution, etc."

•  Fluctuations on both ion- and  
electron-scales can drive Qe"
–  When do electron-scale fluctuations matter?"
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Previous work has shown electron-scale 
turbulence can matter for idealized conditions"

•  Previous multiscale GK simulations [Jenko:2006, Candy:2007, 
Waltz:2007, Görler:2008, Schmitz:2012, Maeyama:2015] 
demonstrated possibility of significant electron-scale contributions to 
transport for idealized parameters and reduced mass-ratio "
–  Common finding that strong ion-scale turbulence can suppress 

electron-scale fluctuations, consistent with theoretical 
expectations [Holland:2003]"

–  Shown in work by Howard et al (2015 PPCF) that use of reduced 
mass ratio impacts results qualitatively and quantitatively"

•  To date, no self-consistent simulations of experimentally realized 
parameters, at correct mass ratio, have demonstrated significant 
simultaneous contributions from ion and electron scales"
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Ion-scale gyrokinetic simulations of a typical 
Alcator C-Mod L-mode discharge underpredict Qe"

•  Ion-scale (long wavelength) simulations 
underpredict electron energy flux Qe 
when matching Qi at multiple radii 
[Howard PoP 2013]"
– Focus on ρtor = 0.55 here"

•  From extensive ion-scale gyrokinetic 
simulation (32 nonlinear runs), find 
under-prediction of Qe is robust within 
uncertainties [Howard Nucl. Fusion 2013]"
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1 SIGNIFICANCE OF RESEARCH 

Magnetic confinement based fusion energy (MFE) systems seek to use strong magnetic fields to confine 
plasmas comprised of ionized deuterium (D) and tritium (T) at sufficiently high densities and 
temperatures that large numbers of D-T fusion reactions occur, yielding a net gain in energy (relative to 
that used to confine and heat the plasma) which can then be used to provide CO2-free electricity to 
society.  After years of theory, simulation, and experiment, it is generally accepted that the “anomalous” 
plasma transport observed in MFE devices such as tokamaks arises from the presence of drift-wave 
microturbulence, driven unstable by the inherent free energy in the equilibrium density and temperature 
gradients (i.e. due to the center of the plasma being hotter and denser than the region near the walls of the 
confinement vessel) [1]. Because this turbulence is the primary means by which energy leaves the plasma, 
it determines the overall level of confinement, and thus reactor performance, achieved.  Therefore, 
developing accurate models of plasma microturbulence is essential for accurate prediction and 
optimization of future fusion reactors.  The relevant plasma instabilities and the resulting turbulence exist 
over a wide range of spatial and temporal scales, corresponding to the gyroradii ρi/e= vth,i/e / Ωc,i/e of the 
particle species in which the instability occurs, where vth,i/e = (kbTi/e/mi/e)1/2 is the thermal velocity of the 
ions (i) or electrons (e) and Ωc,i/e = qi/eB/mi/e is their gyrofrequency.  The nonlinear gyrokinetic-Maxwell 
equations [2,3] provide the theoretical framework for describing these instabilities and are implemented 

numerically in a number of gyrokinetic codes.  These 
equations are rigorously derived from the Fokker-
Planck kinetic equation following an approach similar 
to Chapman-Enskog theory, but employ an expansion 
in ρ∗ = ρ/L, the ratio of the gyroradius ρ to a typical 
plasma equilibrium profile scale length L.  For typical 
deuterium tokamak plasmas considered in this 
proposal, ρi

*=  ρi /L = 10-2 to 10-3 with ρe
*=  ρe/L a 

factor of (mi/me)1/2 ~ 60 times smaller.  

A handful of specific drift-wave instabilities, 
classified by their primary driving mechanism and the 
spatial scales of their associated turbulent eddies, are 
generally thought to be the dominant sources of 
particle, energy, and momentum transport in the core 
of tokamak plasmas [1].  The turbulent driving 
mechanisms are often parameterized as the 
logarithmic gradients in density, electron temperature, 
or ion temperature normalized to the plasma minor 
radius, e.g., a/Lx = -a d(ln x)/dr , where x = ne(r), Te(r) 
or Ti(r), r is the radial coordinate of the plasma, and a 
is the midplane minor radius of the plasma.  Eddy 

 
 

Figure 1.  Plot of normalized linear growth rates 
γlin (a/cs) vs. normalized poloidal wavenumber 
kθρi. for unstable modes at the ion and electron 
scales are shown for a typical Alcator C-mod 
discharge.   

Ion-scale gyrokinetic simulations of a typical 
Alcator C-Mod L-mode discharge underpredict Qe"

•  Ion-scale (long wavelength) simulations 
underpredict electron energy flux Qe 
when matching Qi at multiple radii 
[Howard PoP 2013]"
– Focus on ρtor = 0.55 here"

•  From extensive ion-scale gyrokinetic 
simulation (32 nonlinear runs), find 
under-prediction of Qe is robust within 
uncertainties [Howard Nucl. Fusion 2013]"

•  This plasma is marginally stable to ITG 
with no significant low-k TEM, but is 
strongly ETG unstable"
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Figure 1.  Plot of normalized linear growth rates 
γlin (a/cs) vs. normalized poloidal wavenumber 
kθρi. for unstable modes at the ion and electron 
scales are shown for a typical Alcator C-mod 
discharge.   

To resolve discrepancy, perform multi-scale 
gyrokinetic simulations with GYRO code"

•  Performed scans of a/LTi and a/LTe  around their experimental values 
•  Realistic electron mass:  µ = (mD/me)1/2 = 60.0 

-  High physics fidelity:   
-  All input parameters experimentally-derived 
-  3 gyrokinetic species  

(electrons, deuterium, boron) 
-  Electrostatic turbulence 
-  Rotation effects (ExB shear, etc.) 
-  Collisions 

-  Simulation box size of 44 x 44ρs  
-  342 toroidal modes ; Captures both  

long and short-wavelengths (ITG/TEM/ETG)  
up to kθ ρs up to ~48.0 =  kθ ρe ~ 0.8  

-  7 total simulations were performed, totaling ~ 120M CPU hours using 
17-35k processors and ~37 days per simulation 
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•  Realistic electron mass:  µ = (mD/me)1/2 = 60.0 

-  High physics fidelity:   
-  All input parameters experimentally-derived 
-  3 gyrokinetic species  

(electrons, deuterium, boron) 
-  Electrostatic turbulence 
-  Rotation effects (ExB shear, etc.) 
-  Collisions 

-  Simulation box size of 44 x 44ρs  
-  342 toroidal modes ; Captures both  

long and short-wavelengths (ITG/TEM/ETG)  
up to kθ ρs up to ~48.0 =  kθ ρe ~ 0.8  

-  7 total simulations were performed, totaling ~ 120M CPU hours using 
17-35k processors and ~37 days per simulation 
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1 SIGNIFICANCE OF RESEARCH 

Magnetic confinement based fusion energy (MFE) systems seek to use strong magnetic fields to confine 
plasmas comprised of ionized deuterium (D) and tritium (T) at sufficiently high densities and 
temperatures that large numbers of D-T fusion reactions occur, yielding a net gain in energy (relative to 
that used to confine and heat the plasma) which can then be used to provide CO2-free electricity to 
society.  After years of theory, simulation, and experiment, it is generally accepted that the “anomalous” 
plasma transport observed in MFE devices such as tokamaks arises from the presence of drift-wave 
microturbulence, driven unstable by the inherent free energy in the equilibrium density and temperature 
gradients (i.e. due to the center of the plasma being hotter and denser than the region near the walls of the 
confinement vessel) [1]. Because this turbulence is the primary means by which energy leaves the plasma, 
it determines the overall level of confinement, and thus reactor performance, achieved.  Therefore, 
developing accurate models of plasma microturbulence is essential for accurate prediction and 
optimization of future fusion reactors.  The relevant plasma instabilities and the resulting turbulence exist 
over a wide range of spatial and temporal scales, corresponding to the gyroradii ρi/e= vth,i/e / Ωc,i/e of the 
particle species in which the instability occurs, where vth,i/e = (kbTi/e/mi/e)1/2 is the thermal velocity of the 
ions (i) or electrons (e) and Ωc,i/e = qi/eB/mi/e is their gyrofrequency.  The nonlinear gyrokinetic-Maxwell 
equations [2,3] provide the theoretical framework for describing these instabilities and are implemented 

numerically in a number of gyrokinetic codes.  These 
equations are rigorously derived from the Fokker-
Planck kinetic equation following an approach similar 
to Chapman-Enskog theory, but employ an expansion 
in ρ∗ = ρ/L, the ratio of the gyroradius ρ to a typical 
plasma equilibrium profile scale length L.  For typical 
deuterium tokamak plasmas considered in this 
proposal, ρi

*=  ρi /L = 10-2 to 10-3 with ρe
*=  ρe/L a 

factor of (mi/me)1/2 ~ 60 times smaller.  

A handful of specific drift-wave instabilities, 
classified by their primary driving mechanism and the 
spatial scales of their associated turbulent eddies, are 
generally thought to be the dominant sources of 
particle, energy, and momentum transport in the core 
of tokamak plasmas [1].  The turbulent driving 
mechanisms are often parameterized as the 
logarithmic gradients in density, electron temperature, 
or ion temperature normalized to the plasma minor 
radius, e.g., a/Lx = -a d(ln x)/dr , where x = ne(r), Te(r) 
or Ti(r), r is the radial coordinate of the plasma, and a 
is the midplane minor radius of the plasma.  Eddy 

 
 

Figure 1.  Plot of normalized linear growth rates 
γlin (a/cs) vs. normalized poloidal wavenumber 
kθρi. for unstable modes at the ion and electron 
scales are shown for a typical Alcator C-mod 
discharge.   

To resolve discrepancy, perform multi-scale 
gyrokinetic simulations with GYRO code"

•  Performed scans of a/LTi and a/LTe  around their experimental values 
•  Realistic electron mass:  µ = (mD/me)1/2 = 60.0 

-  High physics fidelity:   
-  All input parameters experimentally-derived 
-  3 gyrokinetic species  

(electrons, deuterium, boron) 
-  Electrostatic turbulence 
-  Rotation effects (ExB shear, etc.) 
-  Collisions 

-  Simulation box size of 44 x 44ρs  
-  342 toroidal modes ; Captures both  

long and short-wavelengths (ITG/TEM/ETG)  
up to kθ ρs up to ~48.0 =  kθ ρe ~ 0.8  

-  7 total simulations were performed, totaling ~ 120M CPU hours using 
17-35k processors and ~37 days per simulation 
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For strong ITG (low-k) drive, multiscale simulation 
predicts similar fluxes as ion-scale simulation"

Holland/IAEA2016/20	  

Ion-‐scale	  	   	   	   	  	  	  	  	  	  	  	  	  	  
Mul--‐scale 	   	   	  	  	  	  	  	  	  	  	  ■	  	  
Mul--‐scale	  Components	  
Low-‐k	  (ITG)	  contribu-ons	  	  	  	  	  	  ●	  	  
High-‐k	  (ETG)	  contribu-ons	  	  	  	  ▲	  	  



For strong ITG (low-k) drive, multiscale simulation 
predicts similar fluxes as ion-scale simulation"
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Shows	  regime	  where	  ion-‐
scale	  GK	  simulaDons	  ok:	  
strong	  ITG	  drive,	  Qi	  ≈	  Qe	  

Ion-‐scale	  	   	   	   	  	  	  	  	  	  	  	  	  	  
Mul--‐scale 	   	   	  	  	  	  	  	  	  	  	  ■	  	  
Mul--‐scale	  Components	  
Low-‐k	  (ITG)	  contribu-ons	  	  	  	  	  	  ●	  	  
High-‐k	  (ETG)	  contribu-ons	  	  	  	  ▲	  	  



At weaker ITG drive, inclusion of high-k fluctuations 
significantly increases predicted Qe and Qi "
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Cross-‐scale	  couplings	  in	  
mulDscale	  simulaDon	  lead	  to	  
increased	  low-‐k	  turbulence	  	  
	  increased	  Qi,	  low-‐k	  Qe	  

Ion-‐scale	  	   	   	   	  	  	  	  	  	  	  	  	  	  
Mul--‐scale 	   	   	  	  	  	  	  	  	  	  	  ■	  	  
Mul--‐scale	  Components	  
Low-‐k	  (ITG)	  contribu-ons	  	  	  	  	  	  ●	  	  
High-‐k	  (ETG)	  contribu-ons	  	  	  	  ▲	  	  



Only the multiscale results are able to 
simultaneously match Qe and Qi"
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Ion-‐scale	  	   	   	   	  	  	  	  	  	  	  	  	  	  
Mul--‐scale 	   	   	  	  	  	  	  	  	  	  	  ■	  	  
Mul--‐scale	  Components	  
Low-‐k	  (ITG)	  contribu-ons	  	  	  	  	  	  ●	  	  
High-‐k	  (ETG)	  contribu-ons	  	  	  	  ▲	  	  

Cross-‐scale	  couplings	  in	  
mulDscale	  simulaDon	  lead	  to	  
increased	  low-‐k	  turbulence	  	  
	  increased	  Qi,	  low-‐k	  Qe	  



When ITG is stable, electron turbulence collapses 
into a low-flux zonal-flow dominated state"
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SaturaDon	  via	  slow	  build-‐up	  
of	  low-‐k	  ZF	  driven	  by	  ETG	  
streamers,	  consistent	  with	  
Colyer	  et	  al	  (2016)	  	  

Ion-‐scale	  	   	   	   	  	  	  	  	  	  	  	  	  	  
Mul--‐scale 	   	   	  	  	  	  	  	  	  	  	  ■	  	  
Mul--‐scale	  Components	  
Low-‐k	  (ITG)	  contribu-ons	  	  	  	  	  	  ●	  	  
High-‐k	  (ETG)	  contribu-ons	  	  	  	  ▲	  	  



Both local and non-local nonlinear energy transfer 
processes contribute to cross-scale couplings"
•  To better understand nature of couplings between low-k and high-k 

observed in multiscale results, examine cross-bispectrum T(k,k’)"
–  Quantifies rate of fluctuation energy transfer from fluctuations at k’ to 

fluctuations at k via 3-wave interaction"
–  Observe parameter-dependant mix of forward and inverse, local and 

nonlocal transfers- no simple story of couplings"
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heat !uxes and electron pro"le stiffness resolving a longstand-
ing disagreement between simulation and experiment, and 
establishing the applicability of the newly discovered physics 
to experiment.

The analysis reported here focuses on a low con"nement 
mode, radiofrequency heated plasma in the MIT Alcator 
C-Mod tokamak [25]. This discharge has been studied exten-
sively revealing a robust under-prediction of the experimental 
electron heat !ux levels by standard, ion-scale gyrokinetic 
simulation [26, 27]. All the simulations reported here uti-
lize the GYRO code [28], a Eulerian gyrokinetic code with 
an extensive history of comparison with experiment [29–32]. 
The simulations in this paper were performed with extremely 
high physics "delity: Three gyrokinetic species (ions, elec-
trons, and a boron impurity), rotation and E  !  B shear effects, 
realistic geometry, electron–ion collisions, a realistic electron 
mass ratio (mD/me)1/260.0, and all the inputs obtained from 
dedicated experiments. The multi-scale simulations presented 
span both the ion and electron spatial scales to capture turbu-
lence with up to !"k s  =  48.0 with physical simulation boxes of 
nominally 44  !  44!s in the radial and binormal directions. All 
the simulation details, including resolutions, input and out-
put values, and convergence details are provided in supple-
mentary methods 1 and supplementary tables 1 and 2 (stacks.
iop.org/NF/56/014004/mmedia). We present here the results 
from six simulations. These simulations comprise scans of the 
input parameters a L/ Ti and a L/ Te, which are the dominant ion 
and electron-scale turbulence drives, respectively. To maintain 
experimental realism, we scan the inputs (a L/ Ti and a L/ Te) only 
within the approximate 1-sigma experimental uncertainties. 
Performed almost exclusively on the NERSC Edison super-
computer, each simulation required 17 000 processors and 
~37 total days (~15 M CPU hours) for completion with a total 
of approximately 100 M CPU hours used in this study.

A three-point scan of the ITG drive term (a L/ Ti) was per-
formed using multi-scale simulation. At a "xed value of 
a L/ Te  =  3.69 (chosen based on the !ux-matched conditions 
reported in [20]), simulations were performed with a L/ Ti 
values 32.0, 12.0, and 3.0% above the ITG critical gradient 
(a L/ Ti  =  1.7; see supplementary methods 2 (stacks.iop.org/
NF/56/014004/mmedia)). These simulations will be referred 

to as Simulations #1, 2, and 3 throughout this text. This scan 
displays a transition from long wavelength, ITG-dominated 
plasma conditions (large eddies: Simulation #1) to short 
wavelength ETG streamer dominated conditions (large ion-
scale eddies coexisting with ETG streamers: Simulation #3) 
with the intermediate condition represented by Simulation 
#2. The transition in turbulence is clearly demonstrated in 
snapshots of the electrostatic potential !uctuations plotted in 
"gure 1.

As Simulations #1 and #3 represent the largest variation 
in the dominant turbulence, we quanti"ed the nonlinear energy 
transfer, and zonal !ow shear generation in these simulations. 
In tokamak plasmas, the transfer of internal !uctuation energy 
(density, temperature, etc) is generally assumed to take the form 
of a local, forward cascade from an injection range at large 
scales to a dissipation range at small scales [33]. Energy trans-
fer between the three coupled waves (k3  =  k1  +  k2; with k  =  k") 
can be quanti"ed using techniques of higher order spectral 
analysis and have been applied previously to analysis of plasma 
turbulence [34, 35]. The total energy transfer, T(k3,k1), from 
the gradients of a !uctuating "eld, f, at a wavenumber, k1, into 
!uctuations with a wavenumber of k3, due to E  !  B velocity 
!uctuations at wavenumber, k2, was evaluated for temperature 
!uctuations in "gures 2(a) and (b) (see supplementary meth-
ods 3 for details) (stacks.iop.org/NF/56/014004/mmedia). In 
"gures 2(a) and (b), the transfer of energy into a wavenumber, 
!"k s3,  from !"k s1, , is denoted by lighter colors (yellow to red–

orange) while the energy transfer out of !"k s3,  to the wavenum-
ber k1,"!s is denoted by darker colors (shades of purple/blue). 
Additional details on interpretation can be found in [35].

Figure 2(a) shows the results from Simulation #1, where 
a local forward energy cascade spans from the ion to elec-
tron scales in the wavenumber range 0.14  <  k3,"!s  <  3.5 and a 
local inverse cascade occurs in the electron-scale range above 
k3,"!s  =  5.0. The local inverse cascade is found to span the 
peak in the ETG streamers (k3,"!s  =  10.0), which exist, but 
play a negligible role in this condition. Figure 2(b) plots the 
results from Simulation #3. In contrast to the ITG dominated 
condition, the local forward energy cascade at lower wave-
numbers reverses to become an inverse cascade in the wave-
number range, 1.0  <  k3,"!s  <  4.5. Even more striking is the 

Figure 2. (a, b) The total energy transfer, T(k3,k1), is plotted for analysis of the simulated electron temperature !uctuations for Simulations 
#1 and #3 only for values of k"!s in the range [0, 20.0]. Positive (negative) values represent energy transfer into (out of) !uctuations at k3. 
(C) The ef"ciency of the zonal !ow shear generation is plotted for ion and multi-scale simulations as a function of a L/ Ti.
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Both local and non-local nonlinear energy transfer 
processes contribute to cross-scale couplings"
•  To better understand nature of couplings between low-k and high-k 

observed in multiscale results, examine cross-bispectrum T(k,k’)"
–  Quantifies rate of fluctuation energy transfer from fluctuations at k’ to 

fluctuations at k via 3-wave interaction"
–  Observe parameter-dependant mix of forward and inverse, local and 

nonlocal transfers- no simple story of couplings"
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3

heat !uxes and electron pro"le stiffness resolving a longstand-
ing disagreement between simulation and experiment, and 
establishing the applicability of the newly discovered physics 
to experiment.

The analysis reported here focuses on a low con"nement 
mode, radiofrequency heated plasma in the MIT Alcator 
C-Mod tokamak [25]. This discharge has been studied exten-
sively revealing a robust under-prediction of the experimental 
electron heat !ux levels by standard, ion-scale gyrokinetic 
simulation [26, 27]. All the simulations reported here uti-
lize the GYRO code [28], a Eulerian gyrokinetic code with 
an extensive history of comparison with experiment [29–32]. 
The simulations in this paper were performed with extremely 
high physics "delity: Three gyrokinetic species (ions, elec-
trons, and a boron impurity), rotation and E  !  B shear effects, 
realistic geometry, electron–ion collisions, a realistic electron 
mass ratio (mD/me)1/260.0, and all the inputs obtained from 
dedicated experiments. The multi-scale simulations presented 
span both the ion and electron spatial scales to capture turbu-
lence with up to !"k s  =  48.0 with physical simulation boxes of 
nominally 44  !  44!s in the radial and binormal directions. All 
the simulation details, including resolutions, input and out-
put values, and convergence details are provided in supple-
mentary methods 1 and supplementary tables 1 and 2 (stacks.
iop.org/NF/56/014004/mmedia). We present here the results 
from six simulations. These simulations comprise scans of the 
input parameters a L/ Ti and a L/ Te, which are the dominant ion 
and electron-scale turbulence drives, respectively. To maintain 
experimental realism, we scan the inputs (a L/ Ti and a L/ Te) only 
within the approximate 1-sigma experimental uncertainties. 
Performed almost exclusively on the NERSC Edison super-
computer, each simulation required 17 000 processors and 
~37 total days (~15 M CPU hours) for completion with a total 
of approximately 100 M CPU hours used in this study.

A three-point scan of the ITG drive term (a L/ Ti) was per-
formed using multi-scale simulation. At a "xed value of 
a L/ Te  =  3.69 (chosen based on the !ux-matched conditions 
reported in [20]), simulations were performed with a L/ Ti 
values 32.0, 12.0, and 3.0% above the ITG critical gradient 
(a L/ Ti  =  1.7; see supplementary methods 2 (stacks.iop.org/
NF/56/014004/mmedia)). These simulations will be referred 

to as Simulations #1, 2, and 3 throughout this text. This scan 
displays a transition from long wavelength, ITG-dominated 
plasma conditions (large eddies: Simulation #1) to short 
wavelength ETG streamer dominated conditions (large ion-
scale eddies coexisting with ETG streamers: Simulation #3) 
with the intermediate condition represented by Simulation 
#2. The transition in turbulence is clearly demonstrated in 
snapshots of the electrostatic potential !uctuations plotted in 
"gure 1.

As Simulations #1 and #3 represent the largest variation 
in the dominant turbulence, we quanti"ed the nonlinear energy 
transfer, and zonal !ow shear generation in these simulations. 
In tokamak plasmas, the transfer of internal !uctuation energy 
(density, temperature, etc) is generally assumed to take the form 
of a local, forward cascade from an injection range at large 
scales to a dissipation range at small scales [33]. Energy trans-
fer between the three coupled waves (k3  =  k1  +  k2; with k  =  k") 
can be quanti"ed using techniques of higher order spectral 
analysis and have been applied previously to analysis of plasma 
turbulence [34, 35]. The total energy transfer, T(k3,k1), from 
the gradients of a !uctuating "eld, f, at a wavenumber, k1, into 
!uctuations with a wavenumber of k3, due to E  !  B velocity 
!uctuations at wavenumber, k2, was evaluated for temperature 
!uctuations in "gures 2(a) and (b) (see supplementary meth-
ods 3 for details) (stacks.iop.org/NF/56/014004/mmedia). In 
"gures 2(a) and (b), the transfer of energy into a wavenumber, 
!"k s3,  from !"k s1, , is denoted by lighter colors (yellow to red–

orange) while the energy transfer out of !"k s3,  to the wavenum-
ber k1,"!s is denoted by darker colors (shades of purple/blue). 
Additional details on interpretation can be found in [35].

Figure 2(a) shows the results from Simulation #1, where 
a local forward energy cascade spans from the ion to elec-
tron scales in the wavenumber range 0.14  <  k3,"!s  <  3.5 and a 
local inverse cascade occurs in the electron-scale range above 
k3,"!s  =  5.0. The local inverse cascade is found to span the 
peak in the ETG streamers (k3,"!s  =  10.0), which exist, but 
play a negligible role in this condition. Figure 2(b) plots the 
results from Simulation #3. In contrast to the ITG dominated 
condition, the local forward energy cascade at lower wave-
numbers reverses to become an inverse cascade in the wave-
number range, 1.0  <  k3,"!s  <  4.5. Even more striking is the 

Figure 2. (a, b) The total energy transfer, T(k3,k1), is plotted for analysis of the simulated electron temperature !uctuations for Simulations 
#1 and #3 only for values of k"!s in the range [0, 20.0]. Positive (negative) values represent energy transfer into (out of) !uctuations at k3. 
(C) The ef"ciency of the zonal !ow shear generation is plotted for ion and multi-scale simulations as a function of a L/ Ti.
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Both local and non-local nonlinear energy transfer 
processes contribute to cross-scale couplings"
•  To better understand nature of couplings between low-k and high-k 

observed in multiscale results, examine cross-bispectrum T(k,k’)"
–  Quantifies rate of fluctuation energy transfer from fluctuations at k’ to 

fluctuations at k via 3-wave interaction"
–  Observe parameter-dependant mix of forward and inverse, local and 

nonlocal transfers- no simple story of couplings"
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3

heat !uxes and electron pro"le stiffness resolving a longstand-
ing disagreement between simulation and experiment, and 
establishing the applicability of the newly discovered physics 
to experiment.

The analysis reported here focuses on a low con"nement 
mode, radiofrequency heated plasma in the MIT Alcator 
C-Mod tokamak [25]. This discharge has been studied exten-
sively revealing a robust under-prediction of the experimental 
electron heat !ux levels by standard, ion-scale gyrokinetic 
simulation [26, 27]. All the simulations reported here uti-
lize the GYRO code [28], a Eulerian gyrokinetic code with 
an extensive history of comparison with experiment [29–32]. 
The simulations in this paper were performed with extremely 
high physics "delity: Three gyrokinetic species (ions, elec-
trons, and a boron impurity), rotation and E  !  B shear effects, 
realistic geometry, electron–ion collisions, a realistic electron 
mass ratio (mD/me)1/260.0, and all the inputs obtained from 
dedicated experiments. The multi-scale simulations presented 
span both the ion and electron spatial scales to capture turbu-
lence with up to !"k s  =  48.0 with physical simulation boxes of 
nominally 44  !  44!s in the radial and binormal directions. All 
the simulation details, including resolutions, input and out-
put values, and convergence details are provided in supple-
mentary methods 1 and supplementary tables 1 and 2 (stacks.
iop.org/NF/56/014004/mmedia). We present here the results 
from six simulations. These simulations comprise scans of the 
input parameters a L/ Ti and a L/ Te, which are the dominant ion 
and electron-scale turbulence drives, respectively. To maintain 
experimental realism, we scan the inputs (a L/ Ti and a L/ Te) only 
within the approximate 1-sigma experimental uncertainties. 
Performed almost exclusively on the NERSC Edison super-
computer, each simulation required 17 000 processors and 
~37 total days (~15 M CPU hours) for completion with a total 
of approximately 100 M CPU hours used in this study.

A three-point scan of the ITG drive term (a L/ Ti) was per-
formed using multi-scale simulation. At a "xed value of 
a L/ Te  =  3.69 (chosen based on the !ux-matched conditions 
reported in [20]), simulations were performed with a L/ Ti 
values 32.0, 12.0, and 3.0% above the ITG critical gradient 
(a L/ Ti  =  1.7; see supplementary methods 2 (stacks.iop.org/
NF/56/014004/mmedia)). These simulations will be referred 

to as Simulations #1, 2, and 3 throughout this text. This scan 
displays a transition from long wavelength, ITG-dominated 
plasma conditions (large eddies: Simulation #1) to short 
wavelength ETG streamer dominated conditions (large ion-
scale eddies coexisting with ETG streamers: Simulation #3) 
with the intermediate condition represented by Simulation 
#2. The transition in turbulence is clearly demonstrated in 
snapshots of the electrostatic potential !uctuations plotted in 
"gure 1.

As Simulations #1 and #3 represent the largest variation 
in the dominant turbulence, we quanti"ed the nonlinear energy 
transfer, and zonal !ow shear generation in these simulations. 
In tokamak plasmas, the transfer of internal !uctuation energy 
(density, temperature, etc) is generally assumed to take the form 
of a local, forward cascade from an injection range at large 
scales to a dissipation range at small scales [33]. Energy trans-
fer between the three coupled waves (k3  =  k1  +  k2; with k  =  k") 
can be quanti"ed using techniques of higher order spectral 
analysis and have been applied previously to analysis of plasma 
turbulence [34, 35]. The total energy transfer, T(k3,k1), from 
the gradients of a !uctuating "eld, f, at a wavenumber, k1, into 
!uctuations with a wavenumber of k3, due to E  !  B velocity 
!uctuations at wavenumber, k2, was evaluated for temperature 
!uctuations in "gures 2(a) and (b) (see supplementary meth-
ods 3 for details) (stacks.iop.org/NF/56/014004/mmedia). In 
"gures 2(a) and (b), the transfer of energy into a wavenumber, 
!"k s3,  from !"k s1, , is denoted by lighter colors (yellow to red–

orange) while the energy transfer out of !"k s3,  to the wavenum-
ber k1,"!s is denoted by darker colors (shades of purple/blue). 
Additional details on interpretation can be found in [35].

Figure 2(a) shows the results from Simulation #1, where 
a local forward energy cascade spans from the ion to elec-
tron scales in the wavenumber range 0.14  <  k3,"!s  <  3.5 and a 
local inverse cascade occurs in the electron-scale range above 
k3,"!s  =  5.0. The local inverse cascade is found to span the 
peak in the ETG streamers (k3,"!s  =  10.0), which exist, but 
play a negligible role in this condition. Figure 2(b) plots the 
results from Simulation #3. In contrast to the ITG dominated 
condition, the local forward energy cascade at lower wave-
numbers reverses to become an inverse cascade in the wave-
number range, 1.0  <  k3,"!s  <  4.5. Even more striking is the 

Figure 2. (a, b) The total energy transfer, T(k3,k1), is plotted for analysis of the simulated electron temperature !uctuations for Simulations 
#1 and #3 only for values of k"!s in the range [0, 20.0]. Positive (negative) values represent energy transfer into (out of) !uctuations at k3. 
(C) The ef"ciency of the zonal !ow shear generation is plotted for ion and multi-scale simulations as a function of a L/ Ti.
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A*Scan*of*a/LTe**Demonstrates*that*Mul'/Scale*Simula'on*is*
Required*to*Obtain*Finite*S'ffness*in*the*Electron*Channel*

18"

 

-  Ion-scale simulation displays e!ectively no electron sti!ness 

-  Experimentally, the electron temperature pro"le is very sti! 

-  Multi-scale simulation displays a signi"cant electron sti!ness, consistent with 
experimental observations. 

N.T*Howard**TTF*–*Salem,MA*

Additional validation measure: only multiscale 
simulations match measured χe,inc = d(Qe)/d(ne∇Te) "

•  Analysis of partial sawtooth crashes in discharge yields  
χe,inc =  1.6 ± 0.4 m2/s  
[Creely et al, Nucl. Fusion 2016]"

•  Increasing a/LTe in ion-scale  
simulations gives no response  
in Qe (χe,inc ≈  0 m2/s ),  
inconsistent with observations"

•  Increasing a/LTe in multiscale  
simulations increases Qe, and predicted χe,inc = 1.4 m2/s 
is consistent with experimental analysis"

Holland/IAEA2016/28	  
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Alcator C-Mod simulations demonstrate importance of 
multiscale physics for accurate transport predictions"
•  Only first-of-kind multiscale GK simulations 

are able to simultaneously match Qi and Qe 
within experimental uncertainties"
–  Multiscale simulations also reproduce 

measured χe,inc while ion-scale 
simulations cannot"

•  Observe significant cross-scale coupling in 
multiscale simulations- low-k and high-k 
dynamics are not independent"

•  Results raise obvious question-  
will multiscale physics matter in reactor-
relevant H-modes?"
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T.C. Luce/IAEA-FEC/Oct. 2014 

Stationary Conditions Similar to ITER Q=10 
Requirements Obtained at Low Torque 

•  ITER shape closely reproduced (including aspect ratio) 
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Begin by investigating importance of multiscale 
physics in a DIII-D ITER baseline discharge"

•  Consider a steady discharge with:"
–  ITER-similar 

shape"
–  dominant  

electron  
heating "

–  low fueling  
and torque"

–  q95 = 3.3"
–  H98y2 = 1"
–  βN = 1.8"
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DIII-D ITER baseline H-mode plasma exhibits similar 
linear stability character as Alcator C-mod L-mode"
•  At ρtor = 0.65, ITG is weakly unstable, ETG strongly unstable"

–  Simulation setup similar to C-Mod but  
includes magnetic fluctuations and  
carbon instead of boron impurity"

–  Low-k microtearing modes (MTM) also  
linearly unstable, but do not appear to  
contribute in nonlinear simulations"

Holland/IAEA2016/36	  
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Ion-scale simulations underpredict Qe when 
matching Qi for DIII-D ITER baseline discharge"

•  Vary equilibrium E x B shear rate γExB instead of a/LTi,e because it 
provides largest model sensitivity within experimental uncertainties"
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Initial multiscale simulations of DIII-D ITER baseline scenario 
come much closer to simultaneously matching Qi and Qe"

•  Caveat: simulations very bursty, can easily transition between ion-
scale over-prediction and near-zero flux zonal flow dominated states"
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High-k fluctuations can provide 50% or more of total 
Qe at ρtor = 0.65 in DIII-D ITER baseline plasma"
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New simulations show turbulent electron transport is 
robustly multiscale for reactor-relevant plasma parameters"

•  Multiscale turbulence dynamics operative at mid-radius in reactor-
relevant Alcator C-Mod L-mode and DIII-D ITER baseline H-mode"

•  Need multiscale simulations to match Qi and Qe in these plasmas"
–  Ion-scale underpredicts Qe when matching Qi"
–  Ion-scale simulations still good for cases with strong ion-scale 

turbulence, plasmas with Qi ≈ Qe"

•  Multiscale results are not simple sum of ion and electron scale 
dynamics-cannot model as such"
–  Low-k can suppress high-k and high-k can enhance low-k"
–  See poster by G. Staebler [TH/P8-42] and recent Physics of Plasmas 

article for progress on incorporation of this physics into TGLF transport 
model"
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