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Abstract

Plasma transport driven by turbulence ultimately determines the energy confinement perfor-

mance of controlled fusion devices regardless of their confinement schemes and configurations.

A large variety of plasma instabilities have been proposed for driving turbulence responsible for

anomalous plasma transport beyond classical/neoclassical transport due to collisions. Although

ion-scale turbulence usually dominates due to its large eddy size and saturation level, electron-

scale turbulence has been recognized to be important in regions where ion-scale turbulence is

suppressed (e.g., in internal transport barrier and in spherical tokamak H-mode plasmas) or is

close to marginality. Electron-scale turbulence has been shown to nonlinearly interact with ion-

scale turbulence, which modifies the dynamics of both and affects the resulting plasma transport,

particularly when ion-scale instability is weakly driven. In this review paper, we focus on electron-

scale turbulence that is believed to operate in magnetically confinement fusion devices and aim

to provide a review of theoretical, numerical, and experimental developments in understanding

electron-scale turbulence and its role in driving anomalous plasma turbulence. In particular, we

focus on the electrostatic electron temperature gradient (ETG) mode which is the most widely

recognized plasma instability underlying electron-scale turbulence observed in magnetically con-

fined plasmas. We note that there are other less studied instabilities that might be responsible

for observed electron-scale turbulence, most notably ubiquitous mode, and short wavelength ion

temperature gradient (SWITG) mode, which will be briefly touched on in this review.
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I. INTRODUCTION

Plasma turbulence is widely recognized as a major mechanism in driving plasma anoma-

lous transport in controlled fusion devices [1–5]. Given the ultimate transport limit set

by classical and neo-classical transport [6–8], the energy confinement performance of future

controlled fusion devices depends on how plasma turbulence can be reduced/controlled. The

existence of plasma turbulence in high-temperature fusion plasmas is almost guaranteed due

to the non-thermal equilibrium nature of confined high-temperature fusion plasmas where

equilibrium steady-state temperature and density gradients are sources of free energy readily

to drive plasma instabilities resulting in plasma turbulence. Unlike magnetohydrodynamic

(MHD) instabilities that are of system (global) scale [9, 10] and usually lead to macro-

scopic changes in the plasma, these gradient-driven instabilities are of much smaller spatial

scale, e.g., at ion/electron gyroradius scale, and lead to plasma micro-turbulence resulting

in particle, momentum, and energy transports. Note that in contrast to MHD instabilities

that could happen on an Alfvén transit time scale (� �s for typical tokamak plasmas), the

plasma macroscopic change due to micro-turbulence happens on the confinement time scale

(� ms for typical tokamak plasmas).

Since plasmas are characterized by different spatial and temporal scales, a variety of

plasma instabilities with different characteristic spatial and temporal scales can be excited

and result in distinct plasma turbulence. For magnetized plasmas as in magnetic confine-

ment fusion devices, typical characteristic spatial scales are Debye length (e.g., 43 � m),

electron gyroradius (e.g., 75 � m), ion gyroradius (e.g., 4.6 mm), and electron parallel mean

free path (e.g., 269 m), just to name a few (the numbers in the bracket were obtained

with typical tokamak parameters with electron/deuterium temperature of 1 keV, an elec-

tron density of 3�1013 cm−3, and magnetic field strength of 1 T). Electron-ion collision

frequency, ion/electron transit frequency (i.e., vth k|| where vth is the thermal velocity and

k|| is the parallel wavenumber along the equilibrium magnetic field), electron bounce fre-

quency and ion/electron diamagnetic frequency are some characteristic frequencies relevant

to instability/turbulence characterization. Some well-known ion-scale instabilities are Ion

Temperature Gradient (ITG) mode [11–17], Trapped Electron Mode (TEM) [18–25], Ki-

netic Ballooning Modes (KBMs) [26, 27], micro-tearing mode (MTM) [28–30]. On the other

hand, the short-wavelength (electron-scale) Electron Temperature Gradient (ETG) mode
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[12, 31–35] has been shown to be important to drive anomalous electron thermal transport.

Here, characterizing instabilities according to characteristic spatial scales is not an arbitrary

choice. The spatial and temporal scales of a plasma instability/turbulence are usually re-

lated to one or more of the aforementioned characteristic scales and thus are much larger or

smaller than some other characteristic scales. This provides important information on the

essential physics of a particular instability/turbulence. As a well-known example, the large

difference between ion and electron transit frequencies makes it possible to assume adiabatic

electrons in the ITG mode, which significantly simplifies analytic analysis and reduces the

computational costs of numerical simulations by not treating electrons as another kinetic

species. Note that the adiabatic response means that the density fluctuation of a particular

species is proportional to the potential fluctuation (see sections IIA 1 and IIB 1 for more

discussions on the adiabatic response).

As we have pointed out, plasma transport in toroidal confinement devices is the nat-

ural consequence of the non-equilibrium state of confined plasmas, where thermodynamic

forces (e.g., temperature gradients) would drive plasma transport. In thermodynamics,

phenomenological laws are used to describe the relationship between transport fluxes and

thermodynamic forces, e.g., the proportionality of the diffusion flux of a substance to the

concentration gradient by Fick’s law. More generally, the transport fluxes are related to

thermodynamic forces through the transport matrix, meaning that a particular flux would

be driven by a set of thermodynamic forces, and the transport coefficients in the transport

matrix would satisfy the Onsager symmetry [36]. This also applies to magnetically confined

plasmas, where analyses in Refs. [37, 38] show that with a proper choice of the pairs of

transport fluxes and thermodynamic forces, the flux-surface averaged quasilinear transport

matrix satisfies the Onsanger symmetry for both the neo-classical and turbulence-driven

transport processes. It is also shown that because of the quasineutrality condition and

Ampere’s law, both the neo-classical and turbulence-driven particle fluxes are intrinsically

ambipolar for axisymmetric systems (e.g., a tokamak). The diagonal terms of the transport

matrix connect transport fluxes to their underlying gradients (e.g., particle flux to density

gradient and heat flux to temperature gradient), and the off-diagonal terms of the transport

matrix represent the contribution from other gradients or forces. Thus, the diffusive part of

a transport flux comes from the diagonal terms, e.g. particle flux driven by density gradient,

while the pinch part of the transport flux is driven by other gradients or forces and is not
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diffusive. As a rough estimate, the diffusive part of the transport driven by micro-turbulence

often can be approximated by a random walk process where the diffusion coefficient of a

transport process can be written as �x 2=�t (�x is the step size of the random walk process

and �t is the step time). With regard to micro-turbulence in confined plasmas, �x is the

turbulence correlations length, proportional to (but larger than ) ion gyroradius, � i , for ion

modes and electron gyroradius, � e, for electron modes, and �t is the turbulence decorrelation

time, taken as particle transit time, vth (e;i)=qR, around a torus (e.g., in a tokamak), where

vth (e;i) is particle thermal velocity (the e denotes electron and the subscript i denotes ion), q

is the safety factor and R is the plasma major radius. This estimated diffusion coefficient is

proportional to
p

mT 3=2 where m is particle mass and T is the temperature for the particle

species. It is clear that the diffusion coefficient with such a scaling would lead to a factor

of
p

mi =me (mi and me are ion mass and electron mass, respectively) larger transport flux

for ion-scale turbulence than for electron-scale turbulence (assuming gradients are compa-

rable). In terms of deuterium plasmas, the factor is about 60, and thus, it is natural to

expect ion-scale turbulence to dominate in driving anomalous transport in confined plas-

mas. Note that this simple estimate is closely resembling the gyro-Bohm scaling in thermal

diffusivity in magnetically confined plasmas in terms of temperature and mass dependencies

(� gyro−Bohm = � Bohm �=a where � Bohm = T=eB (e is the electron charge and B is the mag-

netic field strength), � is gyroradius, and a is the plasma minor radius) [39]. Indeed, there

is plenty of evidence of the existence of ion-scale turbulence and its contribution to the ma-

jority of measured transports observed in experiments [15, 16, 40, 41]. For example, studies

of ITG turbulence show that turbulence-generated zonal flow is an important mechanism

for ITG turbulence [42, 43] and there is a nonlinear upshift of ITG onset threshold [41] due

to zonal flows compared to the linear threshold. Plenty of experimental evidence also exists

for the generation of zonal flows by the ion-scale turbulence and the regulation of ion-scale

turbulence by zonal flows [44]. However, it is also found that electron thermal transport

remains highly anomalous even when ion-scale turbulence is suppressed by large E�B shear

or negative magnetic shear and ion thermal transport was reduced to the neoclassical level,

e.g., inside internal transport barriers in tokamak plasmas [2, 22, 45–49] and also in the

core region of spherical tokamak (ST) H-mode plasmas [48, 50–52]. On the other hand,

electron-scale turbulence, particularly that driven by the ETG mode could survive the E�B

shear due to its higher linear growth rate, to drive observed anomalous electron thermal
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transport in these plasmas. As we have shown above, the obvious obstacle for electron-scale

turbulence to generate large anomalous transport is its presumed small radial extent which

is thought to be characterized by � e (i.e., too small a step in the random walk process). A

much larger radial structure beyond � e is needed if ETG turbulence is to be able to gener-

ate experimentally relevant transport. Mechanisms, such as electromagnetic effects [31, 53]

and radial streamers [34, 35], have been proposed. The former involves an electromagnetic

structure with a spatial scale on the order of electron skin depth, c=! pe (c is the speed

of light and ! pe is the electron plasma frequency) which could produce, through magnetic

stochasticity, the radial electron thermal transport that is similar to the Ohkawa scaling

[54]. The latter, the radial streamers, are radially elongated E�B drift eddies whose radial

correlation length is much larger than � e and could produce electron thermal transport that

is multiples of the electron gyro-Bohm unit. On the other hand, ETG turbulence was found

to produce experimentally relevant electron thermal transport in the H-mode pedestal region

with isotropic eddies and weak zonal flows, which is thought to be a result of much larger

normalized equilibrium gradients in the pedestal region than in the core region [55–57]. We

note that since ETG turbulence almost exclusively drives electron thermal transport, the

understanding and controlling of ETG turbulence could be important for future burning

plasmas where the fusion-generated � particles mainly heat electrons.

In addition to the ETG mode, there are other temperature-gradient-driven electron-scale

instabilities that can potentially drive electron thermal transport, e.g., short wavelength ITG

(SWITG) mode [58–62], ubiquitous mode (UM) [63–66]. We note that these modes typically

are unstable at wavelengths larger than those of the ETG mode, but still significantly smaller

than ion gyroradius. More recently, the magnetic-shear-stabilized universal mode [67–71]

has also been shown to be unstable for a wide range of perpendicular wavenumbers, 0:7 .

k⊥� i . 100, with a relatively weak magnetic shear, i.e., L s=Ln & 17, where L s and Ln are

the scale lengths of magnetic shear and density, respectively [72, 73]. Driven by density

gradient alone, the universal mode could be unstable in the weak shear region near the

minimum point in the q profile in a tokamak plasma. However, the transport driven by the

universal mode remains to be explored with nonlinear simulation. We note that among the

mentioned electron-scale instabilities above, the ETG mode is the most comprehensively

studied theoretically, numerically, and experimentally. We will focus on the ETG mode in

the rest of the paper but will provide some discussions on other modes in section VI.
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This paper is organized as follows. In section II, we present theoretical and numerical

aspects of the ETG mode research, focusing on explaining the ETG mode physics with sim-

plified geometries and physical processes. We start with the most basic form of the ETG

mode: a shearless slab geometry with fluid electrons and adiabatic ions (with significant

simplifications in electron fluid equations) to give readers a basic picture of the slab ETG

mode, followed by a heuristic derivation of the ETG mode in the toroidal geometry, show-

ing the basic physics picture of coupling of temperature gradient and magnetic in driving

the toroidal ETG mode that is most relevant to tokamak plasmas. In order to facilitate

comparisons with experimental results, we will present the parametric dependence of the

ETG mode linear threshold, which, simply expressed in analytic forms, can provide quick

first-hand guidance during experiments. Furthermore, nonlinear simulations revealing the

potential roles of ETG turbulence in driving electron thermal transport and its cross-scale

interactions with ion-scale turbulence are also reviewed. In section III, we will be focus-

ing on experimental aspects of ETG turbulence and electron thermal transport, including

experimental methods of measuring electron-scale turbulence with emphasis on turbulence

diagnostics on present fusion devices and experimental validations of ETG turbulence models

in terms of linear stability, nonlinear transport levels, and, more comprehensively, turbulence

characteristics coupled with turbulence diagnostic measurements. We devote section IV to

the ETG mode in the H-mode pedestal region, partly due to the importance of the pedestal

region in determining the overall energy confinement in magnetic confinement devices and

partly due to quite different linear and nonlinear characteristics of the ETG mode in the

steep gradient region of the pedestal. Lastly, we will present discussions and a summary in

section VI, including future directions of research on electron-scale turbulence.

II. THE ETG MODE IN THEORY AND NUMERICAL SIMULATIONS

The ETG mode has been extensively studied both analytically and numerically, and nu-

merous results have been reported in the literature. Early studies have been focusing on

various aspects of the linear stability of the ETG mode, e.g., the parametric dependence

of linear growth, the parametric dependence of critical temperature gradient threshold, and

parallel and radial mode structures, etc. Quasilinear and mixing length techniques have

been employed to estimate electron thermal transport achievable by ETG turbulence, which
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has been shown to be experimentally relevant. In the last decade or two, massive nonlinear

gyrokinetic simulations have been applied to ETG turbulence with realistic geometries of

fusion devices, further demonstrating the relevance of ETG turbulence in determining Te

profile and confinement property of present and future tokamaks. More recently, more pow-

erful computational power allows the simulation of ion-scale and electron-scale turbulence

simultaneously, where cross-scale interactions between electron and ion-scale dynamics have

been shown to be potentially important for both ion-scale and electron-scale turbulence.

This finding points to the importance of developing reduced transport models taking ac-

count of cross-scale coupling for more precise predictions of the confinement performance of

future devices. In this section, we will first introduce the basic physics of the ETG mode

using a simple fluid model, and we will discuss a variety of improvements to the basic model

which gradually drove the development of more realistic or more experimentally relevant

ETG theories. We will also present some important linear aspects of the ETG mode: the

parametric dependence of critical temperature gradient and linear growth rate. Lastly, we

will discuss nonlinear aspects of the ETG mode physics, including saturation mechanisms

(particularly those that allow the ETG mode to generate experimentally relevant electron

thermal transport), the role of zonal flows (which is very different from that of the ITG

mode), nonlinear gyrokinetic predictions of experimentally relevant electron thermal trans-

port with multiple codes, and cross-scale interactions between ETG and ion-scale modes.

A. Linear stability of the ETG mode

We will first revisit the linear stability of the ETG mode. The ETG mode, also called � e

mode, has been identified along with the ITG mode, so-called � i mode [12], where � is the

ratio between the density gradient scale length and the temperature gradient scale length.

Linear stability analysis provides important information on the possible operational regime

of a particular mode in experiments and thus could provide quick guidance to experiment

execution and experiment planning. Although fluid equations often lack many kinetic effects

as in gyrofluid/gyrokinetic equations, e.g., kinetic damping, they are analytically easier to

deal with to illustrate the essential physics of a particular instability.
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1. A simple 
uid model of the ETG mode in a shearless slab geometry
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FIG. 1: Schematic of the slab ETG geometry. Left: the view in the x-z plane (the y direction is

pointing into the plane). Temperature and density gradients, rTe andrne, (and pressure gradient)

are in the x direction (here, Te and pressure decrease towards the positive x direction while ne

gradient can be in either positive or negative x direction). The equilibrium uniform magnetic field,

B, is in the z direction. The contours of the total electron pressure (the equilibrium pressure plus

perturbed pressure, i.e., Pe0 + Pe1) are shown as wide dashed lines. Pe1 is due to the perturbed

E�B drift in the x direction as described by Eqn. 4. Due to a small k|| component, perturbed

pressure gradients would be established along the equilibrium magnetic field lines, resulting in the

corresponding perturbed pressure term in the parallel electron momentum equation that accelerates

electrons. The � and + signs denote the relative change in the local electron pressure with respect

to the equilibrium. Right: the view in the y-z plane (the x direction is pointing out of the plane).

The dashed lines denote contours of Pe0+Pe1 and they also denote the constant phase lines of the

plane wave perturbation in the y-z plane.

Here, we would like to revisit the derivation of the local fluid ETG mode in a shearless

(“shearless” means that the magnetic field does not change direction) slab geometry which

illustrates the essential physics of the slab ETG mode. We note that this is possibly the

simplest form of the ETG mode. However, since it has the minimum physics for the slab

ETG mode, it is the basis of more realistic models, e.g., in Refs.[31–33, 74, 75]. We closely
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follow a similar derivation of the slab ITG mode in Ref. [12], taken account of assumptions

appropriate for the ETG mode regime (it is well known that linear ETG and ITG modes

are identical if non-adiabatic species are switched). We assume a uniform magnetic field

in the z direction (~B = B0~ez), all equilibrium changes in the x direction (e.g., density and

temperature), and equilibrium quantities invariant in the y direction (see Fig. 1 for the

geometry). We assume that electron gyroradius, � e, is much smaller than any gradient

scale length, e.g. density gradient scale length (Ln = �1=(dlnn=dx)) and temperature

gradient scale length (LT = �1=(dlnT=dx)), where n and T are the density and temperature,

respectively. We also assume cold electrons, namely j!=k zj >> v the . This assumption has

important implications for the electron parallel momentum equation and the electron energy

balance equation, which we will detail below. For simplicity, we assume that the perturbation

is electrostatic only, namely ~E = �r’ , where ~E is the perturbed electrostatic electrical field

and ’ is the perturbed electrostatic potential. This is a valid assumption for low � (the

ratio between plasma thermal pressure and magnetic pressure) plasmas. Here, we focus on

small perturbations in the form of f (y; z; t) = f (ky; kz; ! )exp(j (kyy + kzz) � j!t ) where j

denotes the imaginary part. We start with the linearized electron continuity equation:

@ne1
@t

+ ne0r � ~ve1 +rne0 � ~ve1 =
@ne1
@t

+ ne0
@ve1z

@z
+ ve1x

dne0

dx
= 0 (1)

where subscripts of “1” and “0” denote perturbation and equilibrium quantities, respectively.

We also note that for ’ and components of ~E , we do not use subscripts of “1” or “0”, since

the corresponding equilibrium quantity is either zero or does not enter the equations. Note

that in deriving this, we use the fact that the divergence of the E�B drift velocity and the

divergence of diamagnetic particle flux in a uniform magnetic field is zero, and thus only

parallel compression and the convection of equilibrium density are left in Eqn. 1 (see Fig. 1

for an illustration). In order to determine e the perturbed electron velocity, we need to use

the perpendicular and parallel momentum equations of electrons:

ve1x = Ey=B0 (2)

mene0
@ve1z

@t
= �ene0Ez �

@Pe1
@z

(3)

where Ey and Ez denote the perturbed electric field in the y direction and z direction,

respectively, and Pe1 is the perturbed electron scalar pressure. We note that since the
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divergence of diamagnetic particle flux in a uniform magnetic field is zero (meaning that the

perturbed electron diamagnetic drift velocity is not needed in evaluating Eqn. 1), we only

keep the E�B drift (a first-order term) in the electron perpendicular momentum equation,

Eqn. 2, and the electron inertia term is also ignored. For both momentum equations, we

ignore the stress tensor term, assuming the diamagnetic flow is small compared to the E�B

drift. Next, we need to determine pe1 which can be obtained from the electron energy balance

equation (see Fig. 1 for an illustration of how parallel pressure gradient is generated):

@Pe1
@t

+rPe0 � ~ve1 = 0 (4)

where we ignore all perpendicular compressional terms in alignment with the continuity

equation, and in addition, we ignore the parallel compressional term in Eqn. 4 due to

the fact that its contribution is small because of the assumption of cold electrons, i.e.,

j!=k zj >> v the . Using the plane waveform for perturbations, we can use @=@t= �j! and

r = j ~k for all the equations above. We first substitute Eqn. 2 into Eqn. 4 using ~E = �j ~k’

to express perturbed electron pressure as a function of ’ . We then substitute the resulting

expression of perturbed electron pressure into Eqn. 3 and again express EZ in terms of ’

to obtain an expression of ve1z as a function of ’ :

ve1z = � kze

me!

�
1 +

! ∗
ep

!

�
’ (5)

where e is the electron charge and ! ∗
ep = �(1 + � e)kyTe0=(eB0Lne). Thus, the perturbed

electron density could be obtained by substituting Eqn. 5 and Eqn. 2 into Eqn.1:

ne1

ne0

= � ky

ne0!B 0

dne0

dx
’ � k2

ze

me! 2

�
1 +

! ∗
ep

!

�
’ (6)

Now we resort to the quasi-neutrality condition between electrons and ions to obtain an

expression for ’ . The ion density response is assumed to be adiabatic, namely ni1=ni0 =

�e’=T i0, which is justifiable when we assume ky � i >> 1 (here we assume that Z=1 for the

ion species). This assumption effectively means that ions are moving in straight lines on

the spatial scale of the waves, and they are essentially unmagnetized. The assumption of

adiabatic ions also requires that j!=k yj << v thi (vthi is the ion thermal velocity), which is

justifiable with j! j << ! ic (! ic is the ion gyrofrequency), a condition well satisfied by drift

waves in fusion plasmas, e.g., the ITG mode, TEM, and the ETG mode. The adiabatic
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ion response physically means that in the ion momentum equation, the electrostatic electric

field is balanced by the ion pressure perturbation and the ion inertia term is negligible.

For simplicity, we assume Te0 = Ti0, and since we also assume that there is only one ion

species with Z=1, we can simply use ne0 = ni0 from the quasi-neutrality condition. Using

ne1=ne0 = ni1=ni0, we obtain the following dispersion relation:

1� ! ∗
in

!
� k2

zTi0

me! 2
�

k2
zTi0!

∗
ep

me! 3
= 0 (7)

where ! ∗
in = �kyTi0=(eB0Lne) which is the electron diamagnetic drift frequency with ion

temperature. Note that ! ∗
ep=! ∗

in = (Te0=Ti0)(1 + � e) = 1 + � e with � e = dlnTe0=dlnne0 (we

use Te0 = Ti0 here). Examining the derivation of the dispersion relation, we can identify

that the first term on the left-hand side (LHS) is due to the ion adiabatic response, the

second term on the LHS is due to the E�B drift convection of the equilibrium density, the

third term on the LHS is a part of the parallel compression in Eqn. 1 due to the acceleration

of electrons by the electrostatic electric field, and the fourth term on the LHS is from the

parallel acceleration of electrons due to the perturbed parallel pressure gradient induced by

the E�B drift convection of the equilibrium pressure. Now we can further simplify Eqn.

7 using the assumption of j!=k zj >> v the and Te0 = Ti0, which results in neglecting the

k2
zTi0=me!

2 term with respect to 1. Physically, this means that with j!=k zj >> v the and

Te0 = Ti0, the electron inertia term in the electron parallel momentum equation cannot be

balanced by the electrostatic electric field generated by the ion adiabatic response because

ions are as cold as electrons (Te0 = Ti0). We note that this also means that the electron sound

wave would be ordered out by !=k z >> v the and Te0 = Ti0. Recall that the electron sound

wave is due to the balance of the electron inertia and the ion pressure perturbation. On the

other hand, with !=k z >> v the and Ti0 >> T e0 (hot ions and cold electrons), the electron

sound wave can exist in a homogeneous plasma, i.e., ! ∗
ep = ! ∗

in . With the simplifications

above, we have:

1� ! ∗
in

!
�

k2
zTi0!

∗
ep

me! 3
= 0 (8)

Noticing that there are three terms on the LHS of Eqn. 8, the last of which has a small

coefficient, namely jk2
zTi0=me!

2j << 1, we can find three solutions for Eqn. 8 by examining

the relative magnitude of these three terms:
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(1) If j k
2
z Ti 0 ! �

ep

me ! 3 j << j !
�
in

!
j, the first two terms on the LHS could balance each other with

a solution as ! = ! ∗
in . We note that one situation that would lead to this solution is the

absence of Te gradient, i.e., � e = 0. In this context,
k2

z Ti 0 ! �
ep

me ! 3 =
k2

z Te0 ! �
in

me ! 3 = k2
z Te0

me ! 2

! �
in

!
. It is

obvious that jk
2
z Ti 0 ! �

ep

me ! 3 j << j !
�
in

!
j is satisfied since we assume j!=k zj >> v the , i.e.,

k2
z Te0

me ! 2 << 1.

Clearly, ! = ! ∗
in is just the usual drift wave propagating in the y direction at electron

diamagnetic drift velocity. Note that with the solution of ! = ! ∗
in , k2

zTi0=me!
2 << 1 and

jk
2
z Ti 0 ! �

ep

me ! 3 j << 1 have to be satisfied, where the former means that kz=ky << � e=jLnej and

the latter means that j(1 + � e)j(kz=ky)
2=(jLnej=� e)

2 << 1 (Te0 = Ti0) is used here). Thus,

kz=ky << � e=jLnej requires that j(1+� e)j cannot be too large. Physically, this solution is due

to the balance between the electron density perturbation due to the E�B drift convection

of the equilibrium density and the ion adiabatic response. No parallel physics is involved,

which is evident in the independence of kz in the solution.

(2) The second solution is obtained if the last two terms on the LHS of Eqn. 8 are

much larger than 1. We can call this solution the low-frequency limit, where ! ∗
in =! >>

1. Note that the first solution has ! = ! ∗
in . Balancing the two terms, we obtain ! 3 =

�! (k2
zTe0=me)(1 + � e). Since j!=k zj >> v the applies, ! 6= 0, and thus we reduce the above

expression to ! 2 = �(k2
zTe0=me)(1+ � e). Obviously, this solution has an unstable and purely

growing branch if 1+ � e > 0. Note that another stable oscillating solution exists if 1+ � e < 0

(e.g., when Lne < 0), although we focus on the unstable solution here. Since our assumption,

k2
zTi0=me!

2 << 1, applies, � e >> 1 has to be satisfied in order for the solution to be valid.

Note that by neglecting 1 in Eqn. 8, we assume that the ion adiabatic response is not

important, and the quasi-neutrality condition is satisfied solely due to electron dynamics.

In this context, the density perturbation is not important for this mode. In the electron

continuity equation, density perturbation due to the E�B drift convection of the equilibrium

density is balanced by the parallel compression of electrons, and thus there is no first-order

electron density perturbation.

(3) The third solution of the equation can be obtained by balancing the first term and

the third term on the LHS of Eqn. 8, which leads to ! 3 = (k2
zTe0=me)(1 + � e)!

∗
in (note

that we use ! ∗
ep = (Te0=Ti0)(1 + � e)!

∗
in here). We call this solution the high-frequency

limit, where ! ∗
in =! << 1, in contrast to the two solutions above. One of the three roots is

an unstable propagating wave driven by ETG regardless of the sign of � e. This unstable

mode is driven by ETG and propagates in the electron diamagnetic drift direction and is
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the typical electrostatic slab ETG mode we will refer to in the rest of the paper. Note

that this is different from the second solution where with negative � e there is no unstable

solution. Again, certain conditions have to be satisfied for the solution to be valid. Note

that k2
zTi0=me!

2 << 1, meaning j(1 + � e)!
∗
in =! j >> 1, and at the same time, j! ∗

in =! j << 1,

which implies j� ej >> 1. Note that this requirement of j� ej >> 1 is similar to that of

the fluid ITG mode on � i >> 1 in Ref. [11]. Thus, the fluid solution here for the slab

ETG mode requires j� j >> 1, not an exact threshold, and it is also clear that the cold

electron fluid assumption, i.e., j!=k zj >> v the , requires j� ej >> 1. Thus, in order to obtain

an � e threshold for the slab ETG mode, one has to go beyond the fluid limit. Indeed, a

kinetic analysis of the shearless slab ITG mode (applicable to the shearless slab ETG mode

due to the isomorphism between electrons and ions in linear physics) shows that the linear

threshold of � e > 0, � ec, for the shearless slab ETG mode, is � ec = 2(1 � k2
⊥� 2

e)=(1 + k2
⊥� 2

e)

[76], and if finite Larmor radius (FLR) effect is small, i.e., k2
⊥� 2

e ! 0, the expression is

further simplified as � ec = 2. We note that a later analysis based on a fluid model for

the toroidal ETG mode gives a stability threshold of � e;c = 2
3
[33] (see the next section

for more discussions; recall that we only discussed the slab ETG here). We note that

whether to include the compressional terms from magnetic drifts (both magnetic gradient

and curvature drifts) in the continuity and energy balance equations in the fluid model

marks the difference between the slab and toroidal ETG modes. The slab ETG mode only

includes the parallel compression due to the parallel electron motion, while the toroidal ETG

mode has to include the perpendicular compressional terms due to perpendicular magnetic

drifts. The difference in these compressional terms actually leads to different saturation

mechanisms of ETG turbulence [77], which we will discuss in section II B. Furthermore, we

note that by neglecting the second term on the LHS of Eqn. 8, we assume that the density

perturbation induced by the E�B drift convection of equilibrium density is not important.

The quasi-neutrality condition is satisfied by balancing the electron density perturbation

due to parallel compression with the ion adiabatic response.

We would like to further explore the mechanism behind this shearless slab ETG mode

solution by noticing the balancing of the first and last terms in Eqn. 8. As we have

pointed out above, the first term comes from the quasi-neutrality condition with ions and

the last term comes from parallel density compression due to the parallel electron velocity

driven by the perturbed parallel pressure gradient generated by the E�B drift convection
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of the equilibrium pressure. This means that it is the coupling between the equilibrium

electron pressure gradient and parallel electron motion through the E�B drift that leads to

instability. In other words, the parallel motion compresses electrons and leads to an electron

density increase which adiabatic ions would respond to neutralize and establish an electric

field. This electric field would generate an E�B drift dragging cold electrons in (with a

proper relative phase) and further increase the parallel pressure gradient, leading to more

compression of electrons. This kind of feedback loop leads to the growth of the slab ETG

mode. A more detailed physics picture of the slab ITG mode with all the phase relations

between different quantities taken into account can be found in Ref. [78], which is perfectly

applicable to the simple model of the slab ETG presented here. Of course, this overly

simplified model only demonstrates the existence of the ETG mode in a local slab geometry,

and further linear analyses have explored more complete models including magnetic shear

effects (e.g., using a sheared slab geometry) [12, 32, 79–81], radial localization in x (� radial)

in the slab geometry/radial mode structure [12, 32], electromagnetic effects (e.g. considering

parallel vector potential in finite � plasmas) [31, 32, 53, 82, 83], the toroidal geometry (e.g.,

including magnetic drifts due to the inhomogeneous magnetic field of toroidal geometry

and associated compressional terms in the continuity and energy balance equations in fluid

model) [33, 74, 84, 85], a more complete pressure equation with heat flux [33, 84], and kinetic

damping due to magnetic drift and electron parallel transit motion [53, 74].

Since the toroidal ETG mode may be of more importance than the slab ETG mode

to electron thermal transport in toroidal confinement devices, it is beneficial to present a

simple physics picture of this mode to illustrate the underlying basic physics process. Here,

we present an intuitive picture of the toroidal ETG mode, following a physics picture of

the toroidal ITG mode in M.A. Beer’s Ph.D. thesis [86] (as we have pointed out that the

ETG mode mirrors the ITG mode with the roles of electrons and ions switched). The

instability is due to the interaction between the radial electron temperature gradient and

electron toroidal magnetic gradient and curvature drifts, ~Vd =
v2

jj +v2
? =2

ΩB 2
~B �rB (where v|| is

the parallel electron velocity, v⊥ is the perpendicular electron velocity, ~B is the vector of

magnetic field, and Ω is the electron gyro-frequency). As seen in Fig. 2, with the background

magnetic field in the out-of-plane direction and both the magnetic gradient and equilibrium

pressure gradient in the same direction (i.e., pointing inward at the outer mid-plane of a

tokamak, and note that the radial direction is horizontal), electrons are drifting upwards (see
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FIG. 2: A schematic of feedback loop for the toroidal ETG mode. (Left) electron density per-

turbation (dashed line contours) generated by an initial electron pressure perturbation (due to

temperature perturbation) (solid line contours); (Right) contours of total electron pressure. The

directions of E, Vd, and VE are denoted by arrows at their respective location. The directions of

the equilibrium rB and rP0 are also shown by arrows. The figure is adapted from Fig. 1.1 in

Ref. [86], with permission of the author.

the upward pointing arrows for Vd). With an initial electron temperature perturbation and

assuming a flat density profile, contours of the total electron pressure P = P0+ P̃ (where P0

is the equilibrium electron pressure and P̃ is the electron pressure perturbation due to the

electron temperature perturbation) are shown in the right panel of Fig. 2. Note that the

contours of equilibrium pressure would be vertical straight lines (not shown). Contours of P̃

shown in the left panel of Fig. 2 (solid line) have hot spots (high P̃) and cold spots (low P̃)

next to each other. Because ~Vd is temperature dependent, namely hotter electrons drifting

faster and colder electrons drifting slower, this leads to the accumulation of electrons below

the cold spots and above the hot spots and the depletion of electrons below the hot spots

and above the cold spots (see the dashed line contours in the left panel). With assumptions

of adiabatic ions (applicable for the ETG mode) and quasi-neutrality condition, the high-

density spots (high ñ) correspond to low electrostatic potential spots, and the low-density
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spots (low ñ) correspond to high electrostatic potential spots, and a poloidal (� direction)

electric field with directions denoted by arrows in Fig. 2 would be generated between the

high- and low-density spots. The poloidal electric field and the toroidal magnetic field

generate a radial E�B drift, VE , in the direction denoted by arrows in Fig. 2. It is obvious

that the generated VE moves hotter plasmas into the hot spots and colder plasmas into the

cold spots (see the right panel in Fig. 2), enhancing the initial perturbation and forming a

feedback loop in order for the ETG mode to grow in amplitude. We note that this instability

critically depends on the relative direction of rB and rP0. When they are in the same

direction as in the outer mid-plane, as described above, the ETG mode is unstable. With

them in different directions as in the inner mid-plane (now hotter plasma would be on the

right with the same gradient B direction versus hotter plasma on the left as shown in Fig. 2),

the generated E�B drift would move colder plasmas into the hot spots and hotter plasmas

into the cold spots, suppressing the initial perturbation and the ETG mode would be stable.

Here, we would like to provide further comments on the assumption of adiabatic ions

(electrons) in ETG (ITG) mode. To illustrate the essential unstable mechanism of the ETG

mode, we fully utilized the simplicity of applying adiabatic ion response in the analysis as

adiabatic electron response is often used for the linear ITG mode (note the isomorphy be-

tween ETG and ITG modes with just roles of electron and ions switched), which makes the

analysis more tractable and more understandable. This, however, does not imply that the

adiabatic assumption should be taken for granted in assessing the nonlinearity of ETG and

ITG modes. The adiabatic assumption leads to zero electron particle flux in ITG turbu-

lence and zero ion particle flux in ETG turbulence since there is zero phase shift between

density fluctuations and electrostatic potential fluctuations for the adiabatic species. As we

have discussed in section I, analyses of the relationship between transport fluxes and ther-

modynamic forces show that the total turbulence-driven particle flux must be intrinsically

ambipolar in axisymmetric systems [37, 38], and as a result, the total particle flux has to be

zero. Given the importance of ITG turbulence in driving particle and thermal transports

in magnetic confinement devices, using the assumption of adiabatic electrons for the ITG

mode is not a good choice and should generally be limited to illustrating its linear physics.

On the other hand, since ETG turbulence mainly drives electron thermal transport, using

the assumption of adiabatic ions for the ETG mode is a better choice. However, as we will

discuss in section II B 4, using the adiabatic ions in nonlinear gyrokinetic ETG simulation
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could lead to saturation problems. Even for the ETG mode, adiabatic ions may not be a

good assumption in the H-mode pedestal region as will be discussed in section IV.

2. Linear stability threshold of the ETG mode

From the analysis in section IIA 1, we can see the driving parameter for the ETG mode

is � e, i.e., the ratio between normalized Te gradient and ne gradient (both for the slab and

toroidal ETG mode). Thus, it is reasonable to expect that there would be a threshold in � e

beyond which the slab/toroidal ETG mode would become linearly unstable. The derivation

in section IIA 1 only shows that in order for the slab ETG mode solution in the fluid limit

to be valid, � e >> 1 has to be satisfied, namely either large normalized Te gradient or small

normalized ne gradient. This, of course, is not quantitative enough to provide guidance to

experiments. Horton et al. [33] derived a dispersion relation for the toroidal ETG mode with

a kinetic ion response using a set of fluid equations. The fluid equations incorporate more

realistic effects that are not captured by the simple model derived in the last section. The

toroidal geometry employed in the model leads to compressional terms due to E�B drift,

diamagnetic drift, and polarization drift in the continuity equation, and it also leads to the

inclusion of compressional terms due to E�B drift and diamagnetic drift in the electron

energy equation where the collisionless FLR heat flux [6] is also included. The inclusion of

these terms is apparently important for establishing the linear threshold for the ETG mode.

Using a local approximation, it was shown that the critical � e ’ 2
3
, while for small density

gradient (e.g., in the core of an H-mode plasma), the unstable range of the normalized ETG

is:

�x1 �
q

x2
1 � x2 <

R

LTe

< �x1 +
q

x2
1 � x2 (9)

where R is the major radius of a flux surface in a circular tokamak. x1 and x2 are defined

as follows:

x1 = (4=k4� )(1 + k2de)(1 + Γ�k 2)� (2=k2� )(1 + 2Γ� + Γ�k 2) (10)

x2 = (4=k4� )(1 + 2Γ� + Γ�k 2)2 � [16Γ(1 + � )=k4� ](1 + k2de) (11)

where k the normalized wavenumber (to � ei , electron gyroraduis with ion temperature),

Γ = 5=3 (coefficient in the adiabatic equation of state), � = Te=Ti , ! ce is the electron

17



gyrofrequency, and de = 1 + ! 2
ce=! 2

pe. We can see that if x2
1 � x2 < 0, there is no unstable

solution. Using the expressions of x1 and x2 in Eqns. 10 and 11, we can reduce x2
1 � x2 to

the following form:

x2
1 � x2 =

16

k8�

�
1 + k2(1 +

! 2
ce

! 2
pe

)

� �
(1 + k2Γ� )2

�
k2 ! 2

ce

! 2
pe

� 1

�
+ 2� k4Γ� (1 + � )

�
(12)

Examining Eqn. 12, we can see that the sign of x2
1�x2 is determined by the right-most term

in the square brackets on the right-hand side (RHS) of Eqn. 12 since the other two terms are

always positive. Since k, � , and Γ are of the order of unity, the sign of this right-most term

is determined by ! 2
ce=! 2

pe. If ! 2
ce=! 2

pe is a few times of one as easily achievable in conventional

tokamaks (e.g., a toroidal field of 3 T and density of 2�1013 cm−3 leading to ! 2
ce=! 2

pe � 4:4),

this rightmost term would be positive, meaning that there is an unstable-ETG-mode regime

for R=LTe . If ! 2
ce=! 2

pe << 1, this right-most term can be negative (thus for x2
1 � x2 < 0

to be negative), where no unstable ETG solution could be found, and ! 2
ce=! 2

pe << 1 can

easily be achieved in low-field STs (e.g., NSTX with a toroidal field of 0.5 T and density of

2� 1013 cm−3 to get ! 2
ce=! 2

pe � 0:12). The stability boundary in the Ln and LTe parametric

space is shown in Fig. 3, where a clear threshold of 2/3 in � e (without the FLR heat flux in

the electron energy balance equation) can be clearly seen in Fig. 3 in the small Ln=R and

LTe=R region (a) and the threshold changes to about 1 as shown in (b) with the FLR heat

flux in the electron energy balance equation. Here, we would like to emphasize that since

Ln=R and LTe=R are used in Fig. 3 to denote gradients, a smaller Ln=R or LTe=R means a

larger gradient and vice versa. Another notable thing is that at larger Ln=R (smaller density

gradient) the stability curve becomes almost vertical meaning that the threshold is almost

purely in LTe=R and the threshold has a very weak dependence on Ln=R. Furthermore, the

condition � e > 2=3 or 1 is important since any space in Fig. 3 with � e < 2=3 or 1 is a stable

region, which means that � e > 2=3 or 1 is a necessary but not sufficient condition for the

ETG mode to be unstable.

Having shown the threshold in � e for the ETG mode and the insensitivity of the Te

gradient threshold to the density gradient when the density gradient is sufficiently small,

we would like to discuss the parametric dependence of the threshold in Te gradient, since

Te gradient is the driving force for the ETG mode and the threshold in Te gradient is more

meaningful with a small density gradient. One thing that can be immediately expected from

the discussion above is that the threshold in Te gradient is a function of the density gradient
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FIG. 3: ETG stability boundary in the rn=R and rTe =R parametric space (‘US’ for unstable)

for two wavenumbers from the dispersion relation neglecting the FLR electron heat flux (a) and

including the FLR heat flux (b). Note that a smaller rn=R or rTe =R means a larger gradient and

vice versa. To be consistent throughout the paper for the denotation of gradient scale length, we

use L to denote gradient scale length in discussions of the figure instead of r as used in the figure.

The figure is reprinted from Fig. 1 in Ref. [33], with the permission of AIP Publishing.

only when the density gradient is large enough, and it would make a transition to be almost

independent of the density gradient as the density gradient is lowered. Equation 9 provides

a parametric dependence of ETG threshold on a limited number of parameters in the low

density gradient regime for a circular tokamak equilibrium and you might expect the results

in Ref. [33] have reached the limit of analytical theory. Jenko et al. [87] have carried out

an extensive amount of linear stability analysis using a linear initial value gyrokinetic code,

GS2 [88] (with full kinetic particle species, electromagnetic effects, and a Lorentz collision

operator), to numerically map out the parametric dependence of the threshold of R=LTe for

the ETG mode based on a large aspect ratio circular flux surface MHD equilibrium [89]

and fit it to an analytical form. Note that as an initial value code, the GS2 code finds the
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most unstable mode for a particular set of equilibrium parameters and a given perpendicular

wavenumber. The analytical formula has also been corrected with finite aspect ratio and

elongation (triangularity was found to have little effect on the linear threshold), which makes

it more relevant to current tokamak experiments. Thus, the resulting formula is very useful

for quickly assessing the stability of the ETG mode during experiments. The obtained

parametric dependence of the critical ETG threshold is as follows,

(R0=LTe)crit = maxf(1 + Zef f
Te

Ti

)(1:33 + 1:99ŝ=q)(1� 1:5� )(1 + 0:3�
d�

d�
); 0:8R0=Lneg (13)

where R0=LTe is the Te gradient normalized by the major radius of the flux surface center

of a tokamak (R0), Zef f is the effective ionic charge, ŝ is the magnetic shear, q is the

safety factor, � is the inverse aspect ratio and � is the plasma flux surface elongation. The

expression, (1+Zef f Te=Ti )(1:33+1:99ŝ=q), comes from a linear combination of two formulas

obtained analytically in two limiting cases in Refs. [76, 90], where Hahm and Tang [76]

has (R0=LTe)crit = 1:88(1 + Zef f Te=Ti )ŝ=qwithout considering perpendicular compression

(the sheared slab ETG mode) and Romanelli [90] has (R0=LTe)crit = 4=3(1 + Zef f Te=Ti )

without considering parallel compression (note that this result of Romanelli’s was obtained

for the toroidal ITG mode in the limit of interchange instability with negligible parallel

dynamics and is applied to the ETG mode due to the isomorphism between ETG and ITG

modes; also note that the result of Hahm and Tang [76] was also obtained for the ITG

mode in the sheared slab limit and is applied to the ETG mode due to the same reason).

By examining Eqn. 13, we can immediately draw some interesting conclusions about the

ETG mode. One obvious observation is that the critical threshold is the maximum of two

individual terms, one of which is a function of density gradient alone. This means that if the

density gradient is large enough, the density gradient term can solely determine the critical

threshold linear ETG stability, implying that properly controlled density profiles in fusion

devices could linearly stabilize the ETG mode and can be used as an experimental knob

to control ETG turbulence. This observation has been validated in experiments [91, 92],

which will be reviewed in detail in Section 4. We note that this dependence on the density

gradient (no dependence on the density) agrees with the behavior of the stability boundary

shown in Fig. 3. The critical � e from Eqn. 13 is 0.8, which is fairly close to values of 2/3

(without the FLR heat flux) and 1 (with the heat flux or from a local kinetic dispersion

relation) shown in Ref. [33]. The independence on the density gradient seen in Fig. 3 with
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small density gradient is consistent with the second term in the max function overtaking the

density gradient term and determining (R0=LTe)crit . Further examination of Eqn. 13 shows

that (R0=LTe)crit is positively correlated with Zef f , Te=Ti and ŝ=q, meaning that increasing

these parameters would increase the linear threshold and lead to the stabilization of the

ETG mode. It is important to point out that there are restrictions to applying Eqn. 13,

namely 0 6 � = Te=Ti 6 5, 0:2 6 ŝ 6 3, 0:5 6 q, 0 . ŝ=q . 2, � < 0:1 (the normalized

pressure gradient in the s� � model [89]) and 0 . � . 0:3. However, R0=Lne is arbitrary.

It is pointed out that Eqn. 13 works best near its nominal values: � = 1, ŝ = 0:8, q = 1:4

and � = 0 [87].

Other authors have also carried out similar studies of the Te gradient threshold of the ETG

mode. Notably, Dong et al. [93, 94] derived a set of coupled integral dispersion equations for

low � plasmas with electromagnetic effects (i.e., with perturbed parallel vector potential) in

a toroidal geometry with circular magnetic flux surfaces using ballooning representation [95],

which is solved to obtain eigenvalues in ! and corresponding eigenfunctions for both unstable

and stable modes to obtain the critical Te gradient. The results were fitted to analytical

forms. It was found that close to the linear stability threshold, the maximum linear growth

rate (with respect to poloidal wavenumber k� ), 
 max , is an offset linear function of � e,


 max = �! ∗
e(� e� � c

e) (14)

where � is a proportional factor and � c
e is the critical threshold of � e, both of which are

functions of other dimensionless parameters, i.e. ŝ, q, � n = Ln=R (toroidicity) and � . Note

that R=LTe = � e=�n , and the critical R=LTe , (R=LTe)
c, can be easily obtained from � c

e. A

large effort was made to study the parametric dependence of � and (R=LTe)
c [94], where

numerical scans in � , � n , ŝ and q were carried out. As an example, we show � c
e and R=Lc

Te
as

a function of � n in Fig. 4 (a) and (b), respectively, with a nominal value of 1 for ŝ and 1.5

for q. The polynomial fitting was carried out to obtain analytical forms for the dependence

(see the solid lines in the figure). It is clear that � c
e is positively correlated with � n . On the

other hand, (R=LTe)
c = � c

e=�n is insensitive to the whole range of � n (0:1 6 � n 6 0:6) with

� = 3 while it is only sensitive in a lower � n range with other � values. This is clearly in

agreement with Eqn. 13 qualitatively in the sense that (R=LTe)
c should be independent of

the density gradient when it is small, and in other words, a large � n with a large � would

make the second term in the max function in Eqn. 13 so large that (R=LTe)
c is independent
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FIG. 4: � c
e (a) and (R=LTe)

c (b) as a function of � n . Different symbols denote different � : � = 3

(small open circles), � = 2 (large open circles), � = 1 (filled circles) and � = 1=3 (open triangles).

The lines are from polynomial fittings with � n . The figure is reprinted from Fig. 1 in Ref. [94],

with the permission of International Atomic Energy Agency.

of � n over the whole range. As a result, � c
e and (R=LTe)

c can be fitted as functions of � n and

� :

� c
e(�; � n) = c1(� )�

2
n + c2(� )� n + c3(� ) (15)�

R

LTe

� c

(�; � n) = c1(� )� n + c2(� ) + c3(� )=�n (16)

where c1, c2 and c3 are found to be:

c1 =
1

0:0818� 3 � 0:121� 2 + 0:0489� + 0:207

c2 = �0:429� 3 + 2:148� 2 + 1:159� � 1:131 (17)

c3 = 0:0294� 3 � 0:101� 2 � 0:258� + 0:881

The proportional factor � can be fitted similarly as a function of � and � n , see Ref. [94] for

details. In addition, the authors have applied the same procedures to study the dependence
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of � c
e and (R=LTe)

c on � n and � for a negative ŝ of -1, where it was found that the linear

threshold for the same shear magnitude is higher for the negative shear than for the positive

shear, provided other parameters kept the same. The same procedure was also applied to

the dependence on ŝ and q where qualitative agreement with Refs. [87, 96] is found.

Many effects would impact the stability of the ETG mode, and some parametric depen-

dence is discussed in this section (particularly in the linear threshold expressions in Eqn.

13 and Eqn. 15). One particularly important parameter not covered above is plasma �

which introduces electromagnetic effects in the ETG mode. Electromagnetic effects intro-

duce magnetic fluctuations in addition to potential fluctuations, and magnetic fluctuations

are found to have radial localization on the order of c=! pe instead of � e, typical for potential

fluctuations [31, 32], which could be an important difference. Although electromagnetic

effects are usually ignored in low � plasmas due to the strong magnetic field in magnetic

confinement devices, they could be important for intrinsically high � STs and future high �

fusion reactors. Linearly, it is shown that electromagnetic effects are stabilizing to the slab

ETG mode and destabilizing to the toroidal ETG mode [53]. It was found that the main

effect of finite � is to reduce the parallel compression. Since the parallel compression drives

the slab ETG mode, the reduction of the parallel compression by finite � would lead to the

stabilization of the slab ETG mode. On the other hand, since the parallel compression sta-

bilizes the toroidal ETG mode, the reduction of the parallel compression by finite � would

lead to the destabilization of the toroidal ETG mode. This theory-predicted destabilizing

effect of finite � on the toroidal ETG mode seems to be consistent with the numerical study

of the parametric dependence of (R0=LTe)crit by Jenko et al. [87] where finite-� -induced

magnetic field fluctuations are found to be slightly destabilizing. However, we note that

the (R0=LTe)crit described by Eqn. 13 has no explicit � dependence since the (R0=LTe)crit

dependence on � is too weak [87].

B. Nonlinear saturation of the ETG mode and electron thermal transport

The most important aspect of the ETG mode is the plasma transport it drives which

critically depends on its nonlinear saturation, e.g., saturated amplitude and wavenumber

spectrum. It is well known that the electrostatic ETG mode cannot drive electron particle

transport because ions respond adiabatically, leading to zero phase shifts between electro-
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static potential and density fluctuations. Thus, almost all calculations of ETG-turbulence-

driven plasma transport focused on electron thermal transport, and more recently, current

driven by the ETG mode was investigated with gyrokinetic simulations [97]. There have

been numerous studies of the ETG mode nonlinear saturation and the associated electron

thermal transport in the literature, including mixing-length and quasi-linear estimates [31–

33, 93, 94], simulations based on Braginskii’s fluid equations/gyro-fluid equations [98–101]

and gyrokinetic equations [34, 35, 77, 79, 102]. For gyrokinetic simulations, there are lo-

cal flux tube simulations, which saves computational time by simulating only a fraction of

the plasma volume following local magnetic field lines, and global simulations, which take

into account of profile variation but require much more computational resources. We note

that recently developed gyrofluid and gyrokinetic equations have vastly improved our under-

standing of the nonlinear saturation physics of the ETG mode, and they brought the ETG

mode to a solid footing as a major candidate for driving anomalous electron thermal trans-

port. In this section, we focus on the nonlinear saturation physics of the ETG mode and the

associated electron thermal transport elucidated by gyrofluid and gyrokinetic simulations.

1. Relevance of the ETG mode to electron thermal transport

Applying massively parallelized nonlinear gyrokinetic codes to simulate collisionless ETG

turbulence has brought breakthroughs in demonstrating the relevance of ETG-turbulence-

driven electron thermal transport for high-temperature toroidal fusion devices [34, 35, 77].

In short, the simulations with gyrokinetic codes, Gyrokinetic Electromagnetic Numerical

Experiment (GENE) code and GS2 [88], have shown that by forming radially elongated tur-

bulence eddies, as reported in the literature [78, 99], ETG turbulence can generate electron

thermal transport significantly higher than that given by the electron gyro-Bohm value.

Employing a large aspect ratio MHD equilibrium with q = 1:4, ŝ = 0:8, R=LT = 6:9,

R=Ln = 2:2, Te = Ti , Zef f = 1, � = 0:45 (� = �q2R� ′ is the Shafranov shift parameter

and � ′ is the radial derivative of � ), and r=R = 0:18, the gyrokinetic Vlasov-Maxwell equa-

tions are solved on a fixed grid with a typical simulation domain with a size of L x = 175� e,

1 < L x=Ly < 4, and grid size of ∆x = ∆y = 1:8� e (parallel grid of 16-32 per 2� ). The

adiabatic ion response is used in the simulations and trapped electrons are neglected (poor

code performance due to violent ETG turbulence at this operating point leads to neglecting
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(a)

(b)

FIG. 5: (a) � ET G
e (upper curve)and � IT G

e (lower curve) with same equilibrium quantities. (b)

Perturbed electrostatic potential contours in the outboard x-y plane. The snapshot was taken at

the end of the ETG simulation shown in (a). The size of the domain shown in (b) is 256� e� 64� e.

The simulations use a large aspect ratio MHD equilibrium without trapped electrons. Panel (a) is

adapted from Fig. 1 and panel (b) is adapted from Fig. 2 in Ref. [35] with permission from Ref.

[35]. Copyright (2000) by the American Physical Society.

trapped electrons, and a slightly different operating point, i.e. with lowered ŝ, was chosen

to avoid this issue as discussed in section II B 4 [103]). The thermal diffusivity is obtained

using � = Q=(�n(0)rT (0)), where n(0) and T (0) are the equilibrium density and temperature

(and � is dimensional here and its normalization is shown below), respectively, and Q is the

radial turbulent electron heat flux (in x direction) defined as [34]:

Q =

��
me

2

Z
d~v(vEx + v||bx)v

2f̃ e

��
(18)

where f̃ e is the perturbed electron distribution function, vEx is the E�B convection, v||bx is

the parallel velocity projected to radial (x) direction from the magnetic flutter effect, and the

double bracket shows averaging over the whole simulation domain. Note that Q is expressed
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in the unit of (nT=Ln)�v t=Ln after normalization, and thus � is normalized to �v t=Ln (�

and vt are quantities for a particular species). It can be clearly seen in Fig. 5(a) that

the electron thermal diffusivity driven by ETG turbulence, � ET G
e , is much larger than the

electron thermal diffusivity driven by ITG turbulence, � IT G
e , in their respective normalizing

unit (gyro-Bohm units for electrons and ions, respectively). Given the large normalized

� e driven by ETG turbulence, it is almost comparable to � e driven by ITG turbulence,

overcoming the large difference between thermal diffusivities from ETG and ITG turbulence

mentioned in section I due to scale separation. The large normalized ETG-driven thermal

diffusivity is found to be associated with large amplitude and radially elongated structures,

streamers, at the outboard mid-plane during the steady-state phase, which is shown in Fig.

5 (b). These streamers have radial lengths about 100� e, which is much larger than the radial

extent of the electrostatic potential of about � e from the linear stability analysis of the ETG

mode, e.g. see [32], which is the primary reason why the electron thermal diffusivity is

much larger than the electron gyro-Bohm value. It is pointed out in Ref. [35] that the

formation of ETG turbulence streamers is due to the a-factor-of-(k⊥� e) smaller growth rate

of its secondary instability, which saturates the primary modes (streamers here), than the

conventional Kelvin-Helmholtz (KH) instability. Since ITG turbulence has a secondary

instability growth rate higher than that of conventional KH [104], the secondary instability

of ETG turbulence is thus much weaker compared with that of ITG turbulence, particularly

at smaller wavenumbers, leading to a much higher normalized saturation level of ETG

turbulence than that of ITG turbulence. ETG turbulence simulations with ions as a kinetic

species with the same equilibrium quantities have demonstrated similar behavior of ETG

turbulence as that with adiabatic ions [34]. We note that we are discussing the initial

saturation mechanisms here, while the subsequent evolution (after this initial saturation

phase) and long-time saturation of ETG turbulence could involve ion-scale/electron-scale

zonal flows and multiscale interactions [105–109].

Scans in ŝ and � (� is varied consistently with � in the scans) with the GENE code have

been carried out to assess the dependence of ETG-turbulence-driven thermal transport on

these parameters. The qualitative results were shown in Fig. 6. It can be seen that the

ETG turbulence-driven electron thermal transport is high for low � and high ŝ ((Q & 100)),

where ETG streamers are present. The low transport region (Q � 20) marked by high � and

low ŝ is coinciding with the absence of ETG streamers. Note that the transition between low
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FIG. 6: Nonlinear simulation scans in ŝ and � with other parameters fixed at nominal values. The

figure is reprinted from Fig. 3 in Ref. [35] with permission from Ref. [35]. Copyright (2000) by

the American Physical Society.

and high transport regions is quite sharp, i.e., a �10% change in � being sufficient for the

transport state to change. It is pointed out that this high � and low ŝ regime corresponds

to characteristic plasma parameters in ITB’s in “advanced” tokamaks [47]. Furthermore,

these finite � 6 10% simulations show that electrostatic energy transport is dominant while

transport due to the magnetic flutter effect only amounts to a few percent at best. Having

established the importance of weak secondary instability in allowing ETG turbulence to

have higher normalized thermal transport than ITG turbulence, Jenko et al. in Ref. [77]

identified two different secondary instabilities the properties of which would determine the

final saturation level of ETG turbulence. It is found that one instability (so-called Rogers

secondary) is driven by the perpendicular shear of the perpendicular E�B flow, while the

other so-called Cowley secondary [78] is driven by the perpendicular shear of the parallel flow

(note that the dominant perpendicular compressional terms due to magnetic drift are the

hallmark of the toroidal ETG mode while the dominant parallel compressional terms due to
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parallel flow are the main feature of the slab ETG mode as discussed in section IIA 1). The

former is weakened by adiabatic ion response in the ETG mode (in contrast to the adiabatic

electron response in the ITG mode) while the latter is not. Thus, the Rogers secondary

in ETG turbulence is much weaker than in ITG due to the difference in the response of

adiabatic species. Since only the Rogers secondary plays a role in turbulence saturation of

purely curvature-driven toroidal ETG or ITG mode, the much weaker Rogers secondary in

the ETG mode allows it to saturate at much higher normalized amplitude and to drive much

higher normalized electron thermal transport, while in slab cases, due to the insensitivity of

the Cowley secondary to the response of adiabatic species, ETG and ITG turbulence lead

to similar normalized saturation levels (see Fig. 7).

Here we would like to explain a little more the difference between the electron and ion

adiabatic responses, as it is pointed out as the reason behind the difference in the Rogers

secondary growth relative to that of the primary instability in ETG and ITG modes. The

electron adiabatic response in the ITG mode comes from the lowest-order parallel dynamics

of the passing electrons, leading to a density response �n e=ne � �e(’ � ’̄ )=Te, where ’̄

denotes the flux surface average of ’ . Note that the parallel motion of adiabatic electrons

is limited in the flux surface and cannot respond to the potential difference between flux

surfaces [110, 111], allowing zonal flows to be established. On the other hand, the ion

adiabatic response in the ETG mode comes from finite Larmor radius averaging in the limit

of k2
⊥� 2

i >> 1, which gives a density response that is proportional to ’ . The ion adiabatic

response is not bounded to a particular flux surface, and it can eliminate cross-flux-surface

charge separation. We note that given this difference, one would expect a much weaker zonal

flow generation in ETG turbulence than in ITG turbulence, and this is actually the same

thing as saying the Rogers secondary is weaker in ETG turbulence, as the Rogers secondary

is the secondary instability trying to establish zonal flows.

It is obvious that the saturation of ETG turbulence is important since the saturated state

ultimately determines the level of electron thermal transport that it can drive. Thus, it is

reasonable to ask if there are other saturation mechanisms in addition to the one mentioned

above if the difference in saturation mechanisms would lead to a different transport level,

and what parameters control the particular saturation mechanism. An alternative saturation

mechanism for ETG turbulence was proposed by Lin et al. in Ref. [102], where the saturation

involves nonlinear toroidal coupling by transferring energy from unstable mode to damped
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FIG. 7: Comparison of normalized heat flux driven by perpendicular compression induced insta-

bilities ”Curv” and by parallel compression induced instabilities ”Slab”. Note the much larger

normalized heat flux driven by ”Curv” ETG mode than ”Curv” ITG mode and the similar flux

level between ”Slab” ETG and ITG modes. For t > 90, the flux from the ”Curv” ETG mode

continues to grow. The simulations use a large aspect ratio MHD equilibrium without trapped

electrons. The figure is reprinted from Fig. 1 in Ref. [77] with permission from Ref. [77]. Copy-

right (2002) by the American Physical Society.

mode. The authors used a global �f particle-in-cell (PIC) gyrokinetic code, GTC [42],

with Cyclone benchmark base case parameters [41] in the middle of simulation domain (the

domain is circular from r=a = 0:25 to 0.75, where r is the minor radius and a is the minor

radius of the last closed flux surface (LCFS)) to study the electrostatic ETG mode with

adiabatic ions. Figure 8 shows that the most unstable mode, k� � e=0.3, grows from random

fluctuations until it saturates at about t � 210(LT =Vthe) (k� = nq=r and m = nq, where n

and m are the toroidal and poloidal mode numbers, respectively), while the two other lower

wavenumbers, i.e. k� � e=0.15 and 0.02, start to grow at a later time and have two stages of

growth, one stage of growing at much faster than linear growth rate (showing that they are
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FIG. 8: Temporal evolution of three toroidal modes with k� � e of 0.3 (dashed line), 0.15 (solid line),

0.02 (dotted) line. Note that k� � e = 0:3 mode has the largest growth rate, saturates first, and then

declines. The global simulations are based on Cyclone benchmark base case parameters [41] for a

circular plasma in the domain of r=a = 0:25 to 0.75. The figure is reprinted from Fig. 2 in Ref.

[102], with the permission of AIP Publishing.

nonlinearly driven) and the second one with a much lower growth rate. It is interesting to

see that the lowest wavenumber mode, k� � e=0.02, actually starts to grow before the second

lowest wavenumber, k� � e=0.15, showing that the downshift of ETG toroidal spectrum is

not the conventional inverse cascade where local interaction in the wavenumber space is

required. Note that the amplitude of the most unstable mode actually declines after the

linear growth and becomes several times smaller than the other two lower wavenumber

modes, showing that the spectral peak of the ETG turbulence spectrum shifts to lower

wavenumbers as the ETG mode nonlinearly saturates (we note that this downshift of the

ETG turbulence spectrum is not a unique feature of global simulations and also occurs in

local flux-tube simulations [112, 113] with similar plasma parameters). Similar to Refs.

[34, 35], elongated streamers are the dominant feature of the saturated ETG turbulence.
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However, these streamers are nonlinearly driven secondary ballooning modes with much

lower n number than the linearly unstable ballooning modes. The zonal flow component,

i.e. the (n=0,m=0) mode, is also generated by nonlinear mode coupling but has too low

an amplitude to affect the turbulence. Furthermore, the length of the streamers is found to

scale with system size with a scan in � ∗
e = � e=a. On the other hand, no evidence of secondary

instability (KH-like instability) [34, 35] was found by examining the saturation of a single

toroidal eigenmode (the radially elongated ballooning structure for a particular n mode

number resulting from magnetic-curvature-induced coupling in m modes was allowed to grow

first to act as a pump eigenmode). Instead, the single-n eigenmode saturates from parallel

mode structure modification due to the coupling with (n=0,m=1) mode. Another difference

from Refs. [34, 35] is that � e is not correlated with streamer length and at gyro-Bohm level,

much smaller than what was obtained in Refs. [34, 35]. In fact, the authors found that

electrons do not rotate around streamers as fluid elements due to their predominant motion

along magnetic field lines and that their radial excursion is only about 1/10 of the streamer

length. They proposed that electron heat transport is diffusive and is driven by resonant

electrons through phase-space island overlap. The authors also speculated that to reach the

right saturation level, all toroidal modes should be kept in a simulation. However, a later

comparison of flux-tube-filtered and global PIC simulations [114] shows that with a subset

of toroidal modes, the saturation level is only slightly higher and the nonlinear downshift

in wavenumber spectrum is correctly reproduced, showing that a subset of toroidal modes

can be used instead of a full torus simulation. We note that this nonlinear toroidal mode

coupling saturation mechanism has been put on a more theoretical footing in Ref. [115]. In

summary, there are two main findings from Ref. [102] that are in contrast to Refs. [34, 35]:

the initial saturation mechanism and predicted electron thermal transport. We will take a

closer look at these two issues next.

2. The initial saturation mechanism

Let us discuss the initial saturation mechanism first. From above, we can reasonably con-

clude that the initial saturation mechanism (”initial saturation” means the saturation right

after the linear phase) of the ETG mode is very different from that of the ITG mode where

zonal flows play a critical role by breaking ITG streamers. In addition to the mechanism
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presented above (i.e. secondary instabilities and nonlinear toroidal mode coupling), other

authors have also provided insight into the problem of the initial saturation mechanism of

the ETG mode. In Ref. [81, 116], the authors have studied ETG turbulence in a reversed

shear configuration in slab geometry [116] and both reversed shear and positive shear con-

figurations in toroidal geometry [81] with global gyrokinetic PIC simulations. A quasi-linear

Te profile relaxation was identified as the initial saturation mechanism for the positive shear

configuration [81], where quasi-linear transport driven by several most unstable modes re-

laxes the Te gradient on the turbulence time scale, leading to the saturation of these modes.

This is different from that in Ref. [34], although a KH-like secondary instability providing

the initial saturation of ETG is not completely ruled out. However, the authors pointed

out that the initial saturation level of � e=� GB � 30 is larger than � e=� GB � 10 which is a

threshold determined by the competition between the primary ETG mode and secondary

K-H instability in a flux tube model proposed in Ref. [77]. The fact that the initial satura-

tion level in the global simulation in Ref. [81] is higher than that in Ref. [77] indicates that

a different saturation mechanism is at work in the global simulation. On the other hand,

the reversed shear configuration has a very different saturation mechanism, where a forward

(inverse) cascade in kx (ky) transfers fluctuation energy to ky � 0 modes. More physically,

mode-induced electron particle transport leads to charge separation and drives microscopic

radial electric field leading to E�B shear flows that break up radial elongated linear mode

structure (note that quasi-neutrality is not used in these simulations since Debye shielding

is included). Note that these global simulations do not have sources and thus profiles and

driven turbulence would decay. In addition, Wang et al. [117], using a global particle-in-

cell Gyrokinetic Tokamak Simulation (GTS) code [118] for an ETG simulation of an NSTX

RF-heated L-mode plasma, found that the initial saturation of ETG turbulence is due to a

nonlocal (in the wavenumber space) strong energy coupling with electron geodesic acoustic

mode, i.e., e-GAMs with high frequency and m=1. They show that in the linear phase, the

most unstable mode is at k� � s � 13, with strong streamer features, namely kr << k � , and

in the well-developed nonlinear phase, the dominant spectral peak has a clear downshift to

k� � s � 6 due to nonlinear coupling with e-GAMs and low-frequency zonal flow. Further-

more, with positive shear configuration in a slab geometry, Li et al. [119] proposed another

initial saturation mechanism associated with long wavelength anisotropic structures (LWSs)

[120]. These secondary large-scale instabilities act as an intermediator to nonlinearly couple
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all ky modes, and thus, linearly unstable modes can be coupled with high ky damped modes,

saturating the most unstable modes and forming large-scale eigenmodes. These LWSs have

a very similar role as the quasi-modes in nonlinear toroidal coupling proposed in Ref. [102].

We note that magnetic shear, ŝ, seems to be a critical physics parameter for controlling the

initial saturation mechanism [34, 35, 77, 79] and two regimes of ŝ showing distinct electron

transport features are normal-positive-shear and weak/negtive-shear regimes. Obviously,

negative magnetic shear is often associated with ITBs [45–49, 121, 122]. The proposed

mechanisms should be preferred in their respective regimes and act accordingly to generate

the expected turbulence saturation in a particular ŝ regime. As an example, the Rogers and

Cowley secondary instabilities proposed in Ref. [77] actually fit into the picture quite nicely.

The Rogers secondary instability relies on E�B perpendicular flow and is more likely to be

important for the perpendicular-flow-dominant toroidal ETG mode, and on the other hand,

the Cowley instability depends on the parallel flow and thus is more likely to be important for

the parallel-flow-dominant slab ETGmode which is expected to be important for the reversed

shear (including negative shear) regime [116]. In addition, because the Cowley secondary

instability would have a much larger growth rate than the Rogers secondary instability, given

the same primary instability amplitude (both growth rates are proportional to the amplitude

of the primary instability and the constant of proportionality is much larger for the Cowley

secondary instability), the Cowley secondary instability can more effectively break up the

unstable linear modes [77], which could be a reason why the predicted electron thermal

transport is much larger in the positive ŝ case. Given all the initial mechanisms published

in the literature, what is the parametric dependence for different ETG initial saturation

mechanisms is still an open question. However, given a finite boundary toroidal system,

some kind of nonlinear mode coupling would reasonably be expected to play a role in the

ETG mode nonlinear saturation.

3. The roles of zonal 
ows

However, one caveat is that although the initial saturation mechanism is a good qualita-

tive indicator of turbulent transport level, the subsequent nonlinear evolution could be more

important for quantitative predictions. One example seen in Fig. 7 is that with an initial

saturation of the “curv ETG” at t � 35, it subsequently grows to a much larger value. Thus,
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(a)

(b)

FIG. 9: (a) Normalized E�B flow as a function of normalized minor radius (r=a) and time

(t=(L n=Vthe )); (b) Normalized electron thermal diffusivity as a function of r=a averaged over three

time periods denoted in the figure. Note the negative magnetic shear region is at r=a < 0:5 and

the positive magnetic shear region is at r=a > 0:5. The global simulation is based on Cyclone

benchmark base case parameters [41] for a circular plasma in the domain of r=a = 0:2 to 0.8.

Panel (a) is adapted from Fig. 14 and panel (b) is adapted from Fig. 15 in Ref. [81], with the

permission of International Atomic Energy Agency.

properly treating the nonlinear evolution phase is very important for achieving accurate pre-

dictions. This is where zonal flows are expected to have greater importance. As we have

discussed, zonal flows are not expected to be important for the initial saturation of unstable

ETG modes due to their small amplitude at an early time. However, due to the variety of

mechanisms of zonal flow generation [81, 101, 116, 123, 124], zonal flows are almost always

generated, and it could be important in determining the final saturation level in transport

depending on the specific parameter regime. One important example is ETG turbulence in

the reversed/negative ŝ plasmas, where the ETG mode can be effectively treated as the slab

ETG mode [81]. The global gyrokinetic PIC simulations show that quasi-steady zonal flows
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start to appear at about t = 300 (Ln=vthe) in the negative shear region (r=a < 0:5) and are

sustained until the end of simulations (see Fig. 9 (a) and note that the initial saturation is

at about t � 160�207 (Ln=vthe)). Although not shown here, we note that a secondary insta-

bility with k� � e � 0:1 is excited in the negative shear region during the nonlinear evolution

phase around t = 255 (Ln=vthe). After the saturation of this secondary mode, quasi-steady

zonal flows shown in Fig. 9 (a) are sustained and thus, ETG turbulence is regulated. On the

other hand, large streamers with k� � e � 0:17 appear in the positive shear region (r=a > 0:5).

The zonal flow (streamer) formation in the negative shear (positive shear) region leads to

a large difference in � e in two regions and a jump in the � e can be seen at the qmin sur-

face at r=a = 0:5 as seen in Fig. 9 (b). The simulation results also show that zonal flows

are not important for the positive magnetic shear (both in the positive shear region in the

reversed shear configuration and in the positive shear configuration), where large streamer

structures seen in the quasi-steady state that stem from the toroidal coupling of ballooning

type modes are sustained. This conclusion for the positive magnetic shear is in agreement

other studies reported in the literature [34, 35, 77, 79, 81, 101, 102, 115, 123]. In the slab

geometry, this preferential generation of large secondary structures like zonal flows (stream-

ers) in weak shear (positive shear) regime is shown to relate to the spectral anisotropy of

turbulent fluctuations, namely zonal flows preferred for radially elongated fluctuations and

streamers preferred for poloidally elongated fluctuations [125]. Even with positive magnetic

shear, zonal flows may become important in the final steady-state phase as demonstrated in

Ref. [105, 106]. Reference [105] shows that the fine zonal flows with kr � i > 1 and kr � e < 1

continue to grow in proportion to time after the initial saturation of ETG turbulence and

eventually suppresses ETG turbulence by E�B shear. In Ref. [106] the authors studied

this problem with electrostatic ETG flux tube simulations with a MAST H-mode plasma

equilibrium [126] using the GS2 gyrokinetic code [88], where zonal flows are seen to grow

slowly after the initial saturation (at t � 800 (a=vthe)) of the ETG mode (see Fig. 10 (b)),

feedback to the underlying ETG turbulence to reduce electron heat flux, and eventually

reach a steady state with a much lower electron heat flux than the quasi-steady phase right

after the initial saturation (see Fig. 10 (a)). Note that these simulations were run for a much

longer time than any other simulation presented above and the run time is much longer than

the electron-ion collision time (which is about 250 (a=vthe)). The authors show that the sat-

uration of zonal flows is due to the balancing between the zonal flow drive and collisional
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damping due to electron-ion collisions [127], which results in a collisionality dependence of

normalized electron heat flux, Q=QgB / � ∗
e . This observation potentially could be consis-

tent with the energy confinement scaling for STs [50, 128]. However, we must caution that

whether the predicted electron thermal transport in the late-time low-transport phase (see

Q=QgB at t & 6000 a=Vte in Fig. 10 (a)) is able to match the experimental electron heat flux

at the simulated radial location is unclear in Ref. [106]. We will come back to this point

in section III. Note this conclusion of needing long-time simulations for ETG turbulence is

not necessarily conflicting with other simulation results above. The ST parameter regime is

quite different from that of conventional tokamaks, e.g. the cyclone base benchmark case of-

ten used for ETG turbulence simulations. The authors also pointed out that for the cyclone

base case, the ETG mode is far from the linear threshold while in the MAST case shown in

Fig. 10, the ETG mode is close to the linear threshold, which may also play a role in the

long-time zonal flow evolution. We also note that ETG turbulence could also be saturated

by ion-scale zonal flow due to cross-scale coupling (between ion and electron scales) with

quite different parameters from MAST [107–109], which will be discussed in section II B 5.

4. Consistent electron thermal transport prediction from gyrokinetic codes

Now we can move on to the problem of much lower electron thermal transport predicted

in Ref. [102] in comparison with Refs. [34, 35] even with similar equilibrium conditions.

It is pointed out that the discrete particle noise in PIC simulations may be responsible for

the lower transport [112], where the ETG mode is found to be linearly stabilized by spatial

diffusion due to discrete particle noise. With the understanding of the noise issue of PIC

codes, a cross-code verification exercise on ETG turbulence was carried out by Nevins et

al. [103, 129] with five different gyrokinetic codes including GYRO [130], GS2 [88], GENE

[34], PG3EQ [131] and GEM [132]. Note that the first three codes are continuum codes

and the last two are PIC codes. We note that PIC and continuum methods are merely

numerical schemes to solve the gyrokinetic equations and both methods have cons and

pros. We refer interested readers to a review of gyrokinetic simulations in Ref. [133] for

an extensive discussion of these numerical methods. In contrast to the typical Cyclone

benchmark case for ITG turbulence, a slightly different operating point (with ŝ changed to

0.1) was used for the benchmark of ETG turbulence across these different numerical codes.
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FIG. 10: (a) Temporal evolution of normalized heat 
ux, Q=QgB , (normalized to electron gyro-

Bohm unit); (b) the zonal velocity squared, (kZ � Z )2, for two simulations (with large simulation box

(yellow line) and with small simulation box (green line)) with electron collisionality � = 0 :2� nom ,

where � nom is the experimental electron collisionality and a=LTe = 3 :3. The local 
ux-tube GS2

simulations are based on equilibrium parameters att = 0 :289 s andr=a = 0 :65 of the MAST

H-mode shot 8500 with an NBI heating power of 2 MW. The �gure is reprinted from Fig. 2 in Ref.

[106]. © IOP Publishing. Reproduced with permission. All rights reserved.

Note that this change of operating point makes electron turbulence moderate so that the full

toroidal physics, e.g., trapped electrons, can be retained (trapped electrons are neglected

in Refs. [34, 35] due to violent ETG turbulence with the typical Cyclone benchmark case).

Assumptions of electrostatic turbulence and adiabatic ions response were also made. Good

agreement in electron thermal di�usivity, � e, can be easily seen in Fig. 11. Quantitatively,

the time-interval weighted average of electron thermal di�usivity overt > 1000LT =vthe gives

h� ei =� e;gB � 3:0� 0:13, were� e;gB = ( � e=LT )� evthe . Although this value is much lower than

reported in Refs. [34, 35], it still breaks the electron gyro-Bohm limit by a factor of three.

Further scans in ŝ show that the runs with adiabatic ions and ^s > 0:4 would not saturate
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and gives huge electron thermal transport with all codes. This is substantially di�erent

from Ref. [34, 35], where� e=� e;gB � 13, and the reason behind this di�erence is found to

be whether trapped electrons are included. Using kinetic ions instead of adiabatic ions for

ŝ > 0:4 is shown to solve this non-saturation problem, and a steady increase inh� ei =� e;gB

from 4.4 to 14.3 (with kinetic ions) is observed from ^s = 0:1 to 0.6 [103]. A larger ^s may

reduce electron thermal transport due to the magnetic shear stabilization e�ect. Comparing

with electron thermal di�usivities observed in DIII-D tokamak [47] and National Spherical

Torus Experiment (NSTX) spherical tokamak [134], the authors show that the predicted

h� ei =� e;gB is su�cient to explain experimental observations [103]. We have to note here

that the reference parameters used in these simulations are for conventional tokamaks which

are quite di�erent from NSTX parameters, and thus, it requires special attention when one

tries to address NSTX electron thermal transport. Some speci�c comparisons with NSTX

experiments are presented in section III.

5. Multi-scale interactions between ETG and ion-scale turbulence

Multi-scale interaction is another important issue for ETG-turbulence-driven transport.

The ETG mode is usually not the only unstable mode in high-temperature fusion plasma,

and ion-scale (long wavelength) modes, e.g. ITG and TEM, often coexist in the same

parameter space. We note that there are exceptions where ion-scale modes are almost

completely suppressed by E� B shear 
ow or reversed magnetic shear, e.g. in ITBs and STs,

and ion thermal transport is reduced to the neoclassical level. Ion-scale turbulence could

a�ect ETG turbulence through modi�cation of background gradients, E� B shearing within

ion-scale eddies, and normal energy cascade (from low-k to high-k) [137{141]. Furthermore,

in light of the aforementioned formation and interactions of large-scale (compared to electron

gyroradius) secondary structures, e.g. streamers, zonal 
ows, e-GAMs, and more generally

LWSs, with ETG turbulence, it is conceivable that ETG turbulence could a�ect ion-scale

turbulence through these large secondary structures despite the large scale separation in

the characteristic spatial scale (in gyroradius) between ion and electron-scale modes [142,

143]. Due to limitations of computational resources, earlier gyrokinetic studies usually

separate simulations as ion-scale or electron-scale, namely arti�cially limiting the resolved

wavenumber range in simulations. Strictly speaking, such a practice assumes the existence
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FIG. 11: The electron thermal conductivities from GEM (black), PG3EQ (red), GYRO (blue),

GS2 (green), and GENE (yellow). The simulations are based on Cyclone benchmark base case

parameters [41] for a circular plasma withŝ changed to 0.1, adiabatic ions, and trapped electrons

including only electrostatic �elds. The �gure is reprinted from Fig. 1 in Ref. [129], with the

permission of AIP publishing.

of distinct scale separation between ion and electron-scale turbulence (no overlap or no

nonlocal mode coupling) due to the large mass di�erence between electron and ion (e.g.

md=me � 3600 with md as the deuterium mass). However, as we just mentioned, due to

the existence of the large-scale secondary structures of ETG turbulence and the high-k tail

of ion-scale turbulence, it may not be possible to separate the dynamics into two distinct

scales. Thus, it is reasonable to expect that the total electron thermal transport is not

a simple addition of predictions from ions- and electron-scale simulations. In one early

theoretical investigation [142, 143], Li and Kishimoto proposed a theory of nonlocal radial

mode coupling between ITG turbulence and smaller scale zonal 
ows generated by ETG

turbulence. Through nonlinear gyro
uid simulations, they found that such a coupling has

little e�ect on ITG turbulence when the ITG drive is strong. However, when ITG turbulence
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FIG. 12: Normalized electron thermal di�usivity spectra from a kinetic ion ETG simulation (solid

line), i.e. no ITG drive ( a=Ln i = a=LTi = 0 :1), and a kinetic ETG-ITG coupled simulation

(dashed line), i.e. with ITG drive ( a=Ln i = a=Lne and a=LTi = a=LTe ). The increase of thermal

di�usivity in the ion scale ( k� � i < 0:4) in the kinetic ETG-ITG coupled simulation is due to the

ITG drive, while there is an obvious decrease in thermal di�usivity in the electron-scale (k�� i > 1)

due to the ETG-ITG coupling, where k� is the binormal direction perpendicular to the magnetic

�eld. These ion-scale ETG simulations were performed with the GYRO code based on Cyclone

benchmark base case parameters [41] for an unshifted circular plasma with trapped electrons and

reduced mi =me = 400. The �gure is reprinted from Fig. 3 (a) in Ref. [135]. © IOP Publishing.

Reproduced with permission. All rights reserved.

is weak, e.g., close to marginality, such a coupling could produce a large variation in ion

thermal transport. Although it is commented that given weak zonal 
ow generated by

ETG, this mechanism may not be important [137], in light of recent long-time simulations

showing robust growth of zonal 
ows and their eventual regulating ETG turbulence [106],

this mechanism may be plausible after all.

A theoretical investigation was carried out by Holland and Diamond [139], where they

performed analytic analyses of the coupling e�ects between drift-ion temperature gradient

(DITG) [13, 144] turbulence (the ITG mode driven by the geometric mean of the ion pressure
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FIG. 13: The weighted normalized electron di�usivity spectrum. Note that using a weighting

factor of k� with � (ky) makes the area under the curve represent electron thermal di�usivity in

the linear-log plot. Here, ky is the wavenumber in the binormal direction perpendicular to the

magnetic �eld, and � gB = Cs� 2
s=R, where Cs is the ion sound speed. The size of the simulation

box is 64� i � 64� i . This collisionless electrostatic ion-scale ETG simulation was performed with

the GENE code based on Cyclone benchmark base case parameters [41] for an unshifted circular

plasma with R=Ln = 0, R=LTi = 5 :5, R=LTe = 6 :9, and reducedmi =me = 400. The �gure is

reprinted from the right panel of Fig. 5 in Ref. [136] with permission from Ref. [136]. Copyright

(2008) by the American Physical Society.

gradient and the unfavorable magnetic curvature) and ETG turbulence. They found that al-

though the random 
ow shearing due to the short wavelength portion of DITG turbulence on

� e scale ETG turbulence is weak, its e�ect on large-scale secondary structure (e.g., streamers

and zonal 
ows) driven by ETG turbulence is signi�cant, and thus DITG turbulence can

nonlinearly suppress ETG turbulence through 
ow shearing. They also found that DITG

turbulence could induce 
uctuations in theTe gradient that drives the ETG mode, leading

to a nonlinear modulation of ETG turbulence. In addition, the back reaction of ETG turbu-
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lence to DITG turbulence is found to scale with
p

me=mi and thus is insigni�cant. However,

in their analysis, the linear growth rate is taken as approximately the nonlinear turbulence

decorrelation rate, which is an overestimate [108]. With a real nonlinear turbulence decor-

relation rate, the back reaction of ETG turbulence could be stronger, which is potentially in

agreement with the enhancement of ITG turbulence by ETG turbulence seen in Ref. [108]

when ITG turbulence is weakly driven (see later discussions). Early multi-scale simulations

used reduced electron-ion mass ratio, e.g.
p

mi =me = 20 or 30 [135, 136, 138] in order to

make required computational time realistic.

Another analytical analysis of multi-scale interaction was carried out by Hardman et

al. [140]. With (me=mi )1=2 as the small expansion parameter, the local�f gyrokinetic

equations are expanded keeping terms with leading order of (me=mi )1=2 to obtain scale-

separated equations for electrostatic turbulence [140]. Although this expansion procedure

is mathematically rigorous, it relies on the assumption of clear scale separation between

ion and electron turbulence, namely that there is negligible turbulence spectral power in

the intermediate spatial scale between� i and � e perpendicular to the equilibrium magnetic

�eld. As a result of this assumption, the obtained scale-separated equations do not contain

multi-scale interaction physics due to intermediate-scale structures, e.g., ETG streamers and

zonal 
ows, which is di�erent from previous studies [139, 142, 143]. In the leading order

of (me=mi )1=2, it is shown that the ion-scale turbulence evolves independently from the

electron-scale turbulence, and the multi-scale interactions only exist in the electron-scale

electron gyrokinetic equation, in the form of�~vE � r ~g and ~~vE � r �g, where �~vE and ~~vE are

the ion- and electron-scale E� B drifts, respectively; �g and ~g are the ion- and electron-scale

electron distribution functions, respectively. The�~vE � r ~g term represents the convection of

the electron-scale electron distribution function by the ion-scale E� B drift, which introduces

velocity shear of ~g, while the gradient termr �g in ~~vE � r �g should be added to the equilibrium

gradient drive of the instability, representing the modi�cation of the equilibrium gradient

by the ion-scale turbulence. Note that the velocity shear of ~g from the �~vE � r ~g term can

only occur in the parallel direction (the ion- and electron-scale turbulence is both assumed

to have system scale in the parallel direction) since due to the scale separation,�~vE of the

ion scale does not vary on the perpendicular scale of the electron-scale turbulence. The

parallel variation of the gradient term r �g in ~~vE � r �g means that the instability drive for

the electron-scale turbulence is not uniform in the parallel direction anymore. The multi-
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scale interaction e�ects from both the�~vE � r ~g term and the ~~vE � r �g term are veri�ed using

gyrokinetic simulations with small electron-scale 
ux tubes embedded in a larger ion-scale


ux tube [141]. In particular, it is shown that strongly-driven ion-scale turbulence can

stabilize strongly-driven ETG modes through the parallel shearing of the ion-scale E� B


ow and the parallel variation of the ion-scale electron density gradient. On the other

hand, the near-marginal ion-scale turbulence could change the linear growth rate of weakly-

driven ETG modes by an order unity factor by modifying the e�ective backgroundTe and

ne gradients, while the two stabilizing e�ects for the strongly-driven ion-scale turbulence

mentioned above become unimportant. We note that this parallel velocity shearing e�ect

from the ion-scale turbulence is apparently missing from Ref. [139]. We note that although

the conclusion that the back reaction of the electron-scale turbulence to the ion scale is

negligible is in agreement with Ref. [139], the back reaction of ETG turbulence in Ref. [139]

is of order
p

me=mi while it is of a higher order than
p

me=mi in Ref. [140]. We also note

that this conclusion is in agreement only with the strongly-driven case in Ref. [142, 143].

By comparing simulations resolving both ion and electron scales and simulations only

resolving ion scale or electron scale, Waltz et al. [138] show that there is little coupling be-

tween ion-scale and electron-scale turbulence in terms of the driven transport in a particular

range (ion-scale vs. electron scale), e.g., resolving electron-scale turbulence is not important

for determining transport driven in the ion scale and vice versa. ETG-turbulence-driven

transport manifests as a high-k tail in the transport spectrum without a visible peak in the

ETG mode wavenumber range (k� � s > 1, where� s is ion gyroradius with ion sound speed).

Similar results were also observed in Ref. [135] which, in addition, shows the suppression

of ETG turbulence (both transport and turbulence intensity) when the ion-scale drive was

included (see Fig. 12) and a very little back reaction of ETG turbulence to ITG turbulence

(consistent with Ref. [139, 140, 142, 143] as pointed out). Clearly, linear theories could

not explain the observed suppression of ETG turbulence by ITG turbulence. Note these

multi-scale simulations are based on DIII-D mid-core parameters and have a very strong

ITG drive, i.e. R=LTi = 9 for Ref. [138] andR=LTi = 6:9 [135] where the latter comes

from the well-known cyclone benchmark base case [41] which is the basis for Ref. [135].

The strong ITG may dominate the plasma turbulence dynamics, which could potentially

render ETG turbulence almost irrelevant. Recognizing this, G•orler and Jenko performed

multi-scale simulations based on the cyclone benchmark base case parameter with reduced
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ITG drive, i.e. R=LTi = 5:9, using the GENE code vcvb[136], where they clearly found a

scale separation in the electron thermal transport spectrum, namely clear spectral peaks

in the ion-scale wavenumber range and the electron-scale wavenumber range (see Fig. 13),

in contrast to those in Refs. [135, 138]. Given the reduction inR=LTi is about 14% from

6.9 to 5.9 in comparison with the cyclone base case parameters (well within experimental

uncertainty), such a sensitivity of multi-scale dynamics on the ITG drive is surprising and

shows that ETG turbulence could be an important contributor to electron thermal trans-

port. Despite the reduced mass ratio (only
p

mi =me up to 30) and simple circular magnetic

geometry used in these simulations (without plasma shaping), they provide important guid-

ance in the relation between ITG drive and the importance of ETG turbulence. We note

that a similar scale separation in the electron thermal transport spectrum is also shown in

Refs. [108, 145] (see Fig. 3 in Ref. [145] and Fig. 2 in Ref. [145]) from a multi-scale

simulation with realistic deuterium-electron mass ratio with all experimental inputs from an

Alcator C-MOD L-mode discharge.

Using realistic mass ratios, meaning
p

mi =me � 43 (for hydrogen) and 60 (for deuterium),

coupled ion-electron-scale simulations were carried out and reported in a series of papers

by Howard et al. [108, 145, 150, 151], Holland et al. [109] and Maeyama et al. [149, 152{

154]. Particularly, in the earliest paper in this group, Howard et al. [145] began to use

realistic deuterium-electron mass ratio together with all experimental inputs from Alcator

C-MOD discharges. This is important since previous multi-scale simulations are all based

on idealized plasma equilibria (e.g. circular 
ux surfaces, large ITG and ETG driving force

and reduced mass ratio, etc.) which is perfectly �ne for exploration of physics of cross-scale

coupling but is only remotely relevant to real tokamak experiments, particularly tokamaks

with strong plasma shaping. The work of Howard et al. made it possible to directly compare

simulation-predicted plasma transport with those inferred from experiments, a crucial part

of model validation. Here, we defer the validation part to section III and focus on the

cross-scale coupling physics. In Ref. [145], the authors show a scale separation in ITG-

and ETG-turbulence-driven electron thermal transport in multi-scale simulations like that

found in Ref. [136]. They also found an enhancement in plasma transport in the ion

scale wavenumber range in multi-scale simulations compared with ion-scale-only simulations.

Although the mechanism behind this enhancement was not identi�ed by the authors, they

pointed out that the enhancement is dominated by a modest increase (� 10% tp 20%) of
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FIG. 14: Poloidal wavenumber spectra of normalized electron thermal di�usivity for (a) elec-

trostatic ( � = 0 :04%) and (b) electromagnetic (� = 2%) cases. Results shown are from full-k

simulations (red solid line), low-k simulations, resolving only ky � ti < 1:3, (blue dotted line), and

high-k simulations, resolving only ky � ti > 1:3, (green dashed line), where� ti is the ion gyroradius.

These nonlinear 
ux-tube simulations were performed with the GKV code [146{148] based on

Cyclone benchmark base case parameters [41] for an unshifted circular plasma with real hydrogen-

to-electron mass ratio and �nite � (compressional magnetic �eld perturbations are neglected). The

�gure is reprinted from Fig. 2 in Ref. [149] with permission from Ref. [149]. Copyright (2015) by

the American Physical Society.

ion-scale 
uctuation while turbulence correlation lengths and cross-phase angles between


uctuating quantities show only minimum variation. Another group of authors, Maeyama

et al., [149, 153] focused on the physics underlying multi-scale interactions by extending

previous studies to realistic hydrogen-electron mass ratio with cyclone base case parameter,

including �nite � e�ects, although the cyclone base case parameter is based on DIII-D

deuterium plasmas and the realistic hydrogen-electron mass ratio used in the simulation is

still a factor of 2 smaller than experiment. However, their investigation is still meaningful

for revealing cross-scale coupling physics, and the realistic deuterium-electron mass ratio

should be used when comparing with experiments as Howard et al. and Holland et al. [108,

109, 145, 150, 151] have done. Comparing ITG-ETG coupled (full-k) simulation with ITG-

only (low-k) and ETG-only (high-k) simulations in Fig. 14, the authors show that strongly

unstable electrostatic-ITG-driven turbulence severely suppresses ETG turbulence (see the
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FIG. 15: q wavenumber spectrum of the normalized triad transfer function, J ~p;~q
~k

for a particular

streamer ~k =(0,4.4) � � 1
ti which is averaged over a time period of 60< tv ti =R < 80 with � = 2%.

Dominant triad couplings are denoted by arrows. Results are based on the full-k simulation shown

in Fig. 14. The �gure is reprinted from Fig. 3 in Ref. [149] with permission from Ref. [149].

Copyright (2015) by the American Physical Society.

di�erence between full-k and high-k simulations in Fig. 14 (a)), while ITG turbulence is

essentially una�ected by ETG turbulence seen by comparing low-k and full-k simulations.

On the other hand, including a �nite � = 2%, ITG turbulence is seen to be reduced in

the low-k simulation in Fig. 14 (b) compared to that in the low-k simulations in Fig. 14

(a), while ITG turbulence is seen enhanced in the full-k simulation with ETG turbulence

again suppressed but to a lesser extent compared with that shown in Fig. 14 (a). We note

that this reduction of ETG turbulence by ITG turbulence is also seen in Fig. 12 [135]. We

also note that weaker ITG turbulence due to �nite� stabilization leading to less suppressed

ETG turbulence shown in Fig. 14 (b) is consistent with that shown in Ref. [136] where

ITG turbulence is reduced by loweringR=LTi . On the other hand, the reduction of ITG

turbulence is probably more dramatic in Ref. [136], so a clearer scale separation in the

electron thermal transport spectrum is seen in Fig. 13.

To study the cross-scale coupling, the authors used the method of gyrokinetic entropy

transfer [107]. They showed that the nonlinear entropy transfer of ETG turbulence stream-

ers is dominated by interactions with higher k (k? � ti � 1) ITG turbulence eddies (see Fig.

15). The entropy transfer is de�ned asI ~k =
P

~p

P
~q J ~p;~q

~k
, where J ~p;~q

~k
is the triad transfer
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describing entropy transfer from wavenumbers~pand ~qto wavenumber~k under the resonant

condition, ~p+ ~q+ ~q= 0 (see detailed de�nition of J ~p;~q
~k

in Ref. [149]). Figure 15 shows the

q wavenumber spectrum ofJ ~p;~q
~k

for a particular ETG streamer wavenumber~k =(0,4.4)� � 1
ti .

Due to the symmetry property of theJ ~p;~q
~k

, i.e., J ~q;~p
~k

= J ~p;~q
~k

, Fig. 15 contains all the infor-

mation for this particular ~k. It is shown that J ~p;~q
~k

for the total entropy to the streamer,

~k = (0 ; 4:4)� � 1
ti , has contributions from couplings of both lower-k modes (lower than the

streamer wavenumber, but still much higher than that of the ITG mode) and higher-k

modes (higher than the streamer wavenumber) with ITG modes ofk? � ti � 1. Particularly,

we note that J ~p;~q
~k

with higher-k modes is negative, meaning that the streamer gives entropy

to higher-k modes, whileJ ~p;~q
~k

with lower-k modes is positive, meaning that the streamer takes

entropy from lower-k modes. Thus, the normal entropy cascade occurs through nonlinear

mode coupling withk? � ti � 1 short-wavelength ITG eddies and supports a similar conclu-

sion from a theoretical point of view in Ref. [139], implying that a stronger ITG turbulence

would facilitate such a cascade and suppressing ETG streamers. Note that the shearing of

ETG turbulence by ion-scale 
uctuations was also studied with a di�erent method in Ref.

[151]. The entropy transfer has been used to study the back reaction of ETG turbulence on

ITG turbulence. The authors �nd that ETG turbulence contributes to the damping of ITG

zonal 
ow and increases the damping rate by about 20 percent. Such a damping e�ect is

particularly important as ITG turbulence is close to marginal stability as the �nite � case

shown in Fig. 14 (b), and the damping leads to weaker zonal 
ows, thus the enhancement

in ITG-turbulence-driven transport seen in Fig. 14 (b). This damping e�ect also means

that the e�ciency of generating zonal 
ows by ion-scale turbulence would be lower with the

presence of electron-scale turbulence compared with ion-scale only simulations, which was

quantitatively veri�ed in the paper. A similar argument was also presented in Ref. [108].

These more realistic studies of ion-electrons-scale-turbulence have revealed previously ne-

glected multi-scale physics, and they have shown that both ion and electron-scale turbulence

could be signi�cantly a�ected, namely suppressed electron-scale turbulence in the presence

of strong ion-scale drive and enhanced ion-scale turbulence and a scale separation in the

electron thermal transport spectrum when ion-scale turbulence is close to marginality. The

multiscale interactions between the ETG mode and MTM/TEM have been investigated with

the method of gyrokinetic entropy transfer [107] in Refs. [152, 154]. Similar to the �ndings

in Ref. [149], it is found that the ion-scale turbulence (due to ITG, MTM or TEM) tends
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to suppress the electron-scale turbulence (ETG turbulence in this case), while the electron-

scale turbulence tends to damp large-scale structures, i.e., ion-scale zonal 
ows in the case

of ITG-ETG interaction, radially localized current sheets in the case of MTM-ETG inter-

action, and the resonance between trapped electrons and TEM in the case of TEM-ETG

interaction (as collisionless TEM is considered in Ref. [154]). It can be seen that ITG could

be enhanced due to ETG turbulence, while MTM and TEM tend to be suppressed.

III. EXPERIMENTAL STUDIES OF ETG TURBULENCE AND ELECTRON

THERMAL TRANSPORT

As we have presented in section II, ETG turbulence is now a major candidate in explain-

ing highly anomalous electron thermal transport observed in fusion devices thanks to great

advances in modern gyrokinetic theory, gyrokinetic codes, and computational power. On

the other hand, models and numerical codes have to be validated with experiments with

regard to ETG turbulence, which is the focus of this section. There are di�erent levels

of validation with experiments. The most straightforward one is to compare the predicted

critical threshold and/or electron thermal transport by theoretical models and numerical

codes with experiments, usually requiring the variation ofR=LTe in the experiment to as-

sess criticalR=LTe threshold or in numerical simulations within experimental uncertainty to

assess the sensitivity of the dependence of electron thermal transport onR=LTe , also called

sti�ness. The experimental electron thermal transport may be matched with the simulated

electron thermal transport by varying simulation-input R=LTe within the experimental un-

certainty of R=LTe if electron thermal transport is sti� enough, and it also means that the

experimental pro�le would remain close to the local threshold and can be easily compared

with simulations. However, if multiple modes are actually present in the experiment, such

matching may not be achievable with ETG turbulence simulations alone. Thus, in this �rst

level of validation, it is important to carry it out in a parametric regime where the ETG

mode is the dominant instability. The next level of validation may include matching ion

and electron thermal transports simultaneously (multi-scale simulations may become impor-

tant) and comparing measured turbulence characteristics with simulations, since comparing

multiple transport channels simultaneously and/or turbulence characteristics adds further

constraints to theoretical models and numerical codes. On the other hand, the �rst level of
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FIG. 16: (a) Electron heat 
ux as a function of r Te at several di�erent radial locations; (b) Critical

r Te as a function of the normalized radius with Critical r Te obtained from extrapolating data

shown in (a) for each radial location. Data are from fast wave electron heating (FWEH) plasmas

on Tore Supra. The �gure is reprinted from Fig. 2 in Ref. [155] with permission from Ref. [155].

Copyright (2001) by the American Physical Society.

validation for a particular fusion device also depends on its diagnostic capabilities. For exam-

ple, for a device without comprehensive transport analysis (which requires a quite complete

suite of equilibrium diagnostics to achieve), but with a diagnostic for electron-scale turbu-

lence measurements, one would �rst try to compare turbulence measurements with global

con�nement trends. In this section, we will follow di�erent levels of validation and begin

with comparing the critical Te gradient and/or electron thermal transport predicted by ETG

theoretical models and numerical codes with experiments. We will then move on to ETG

turbulence measurement and compare measured turbulence characteristics (and transport

levels if possible) with theoretical models and numerical predictions.

A. Validation of ETG-turbulence-driven electron thermal transport

Here, we �rst take a look at experimental validation of the critical Te gradient,

(R0=LTe)crit , since there are analytic forms that explicitly parameterize it as a function

of equilibrium quantities that are readily available in most major fusion devices. The most

convenient form of (R0=LTe)crit for the comparison with experiments is Eqn. 13 which was
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FIG. 17: (R0=LTe )crit for the toroidal ETG mode compared with experimental determined

(R0=LTe )crit in Tore Supra at di�erent radial locations. A ( R0=LTe )crit pro�le is also shown for

slab ETG mode. Experimental (R0=LTe )crit is from FWEH plasmas on Tore Supra as described

in Ref. [155]. The �gure is reprinted from Fig. 5 in Ref. [77] with permission from Ref. [77].

Copyright (2002) by the American Physical Society.

obtained using linear gyrokinetic simulations [87]. Using the linear criticalTe gradient to

compare with experiments only makes sense for the ETG mode when there is no nonlinear

upshift in the critical Te gradient like the so-called Dimits shift for the ITG mode due to

turbulence-generated zonal 
ows [41]. As we discussed in section II B 3, since zonal 
ows

are weak with positive magnetic shear for ETG turbulence (e.g., the streamer regime of

ETG turbulence), the ETG mode is unlikely to have a Dimits-shift-like nonlinear upshift

in the critical temperature gradient (note that Eqn. 13 is only valid for positive magnetic

shears, i.e., 0:2 6 ŝ 6 3). On the other hand, with weak/negative magnetic shear, a non-

linear upshift in the critical Te gradient is possible as shown in Refs. [156, 157] (see section

III B 2 for more details), which is consistent with the preferential generation of zonal 
ows

with weak/negative magnetic shear seen in the studies of zonal 
ow dependence on mag-

netic shear shown in section II B 3 (e.g., see Refs. [81, 125]). To obtain (R0=LTe)crit in

experiments (if it exists) requires varyingr Te with the other equilibrium quantities kept

constant to obtain electron heat 
ux as a function ofr Te. If a critical gradient exists, a

sharp rise of electron heat 
ux would be seen whenr Te goes beyond this value. To make

interpretation easier, a core localized electron heating scheme is preferred so that the total
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electron heat 
ux outside the central heating volume is constant, and thus, electron heat-

ing with externally injected electromagnetic waves, e.g., electron cyclotron wave, is usually

chosen. Hoang et al. used the fast wave electron heating (FWEH) experiments to identify

the critical r Te on Tore Supra [155]. The FWEH on Tore Supra has a localized power

deposition within r=a < 0:2 and 90% of the power is absorbed by electrons. The injected

heating power was varied from 1.5 to 7.5 MW (fast wave + Ohmic heating power). By

carefully selecting discharges from an FWEH4He discharge database to keep density and

q nearly constant, the authors indeed found that the dependence of electron heat 
ux (ob-

tained from power balance analysis) onr Te at each radial location can be �tted with an

o�set linear function, where the o�set in r Te denote the critical r Te (see Fig. 16 (a)). Note

that a factor of 10 variation in heat 
ux has been achieved. The extrapolation-determined

critical r Te at each radial location is plotted as a function of normalized radius in Fig. 16

(b). It can be seen that the critical r Te is between 2-3 keV/m. The (R0=LTe)crit is easily

obtained from the critical r Te and compared with Eqn. 13 [77] (see Fig. 17), where a good

agreement with (R0=LTe )crit of toroidal ETG mode (Eqn. 13) for all radial locations can

be clearly seen. In comparison, the slab ETG critical gradient (from Hahm and Tang [76])

severely under-predicts experimental values. The result clearly shows that the ETG mode

could produce the correct (R0=LTe)crit in these experiments in Tore Supra. We note that

Ref. [155] also shows that the electron heat 
ux is better normalized to a form predicted

by the electromagnetic ETG mode [96], although a dominant electromagnetic contribution

to electron thermal transport is not supported by 
uid/gyro
uid/gyrokinetic simulations

(even in higher� STs) [34, 100, 106, 123, 149, 158]). We note that studies of (R0=LTe)crit

on other tokamaks also show di�erent degrees of consistency with the ETG mode. For ex-

ample, an analysis of electron cyclotron resonant heating (ECRH) modulation experiment

of FTU tokamak shows consistent ^s=qdependence as in Eqn. 13 [159], and another study of

(R0=LTe)crit of ASDEX Upgrade tokamak with ECRH shows that the obtained (R0=LTe)crit

has a better agreement with the ETG mode while the TEM prediction is a factor of 2 to 3

higher [160].

Having shown that the ETG mode may be able to explain observed (R0=LTe)crit on several

tokamaks, the next crucial question is whether ETG-mode-driven turbulence could produce

the highly anomalous electron thermal transport in fusion devices. The preliminary answer

seems to be yes as we have discussed in section II B. However, the simulations presented
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FIG. 18: Normalized electron thermal di�usivity as a function of the normalized electron tempera-

ture gradient, R=LT . Data points are accumulated during the steady-state phase of turbulence for

three di�erent injected 
uxes. The solid line denotes a linear �t to the data points. The simulation

is based on a Tor Supra FWEH plasma. The �gure is reprinted from Fig. 4 in Ref. [100], 2007

© Cambridge University Press, reproduced with permission.

in section II B 5 are often based on idealized plasma equilibria with circular magnetic 
ux

surfaces. In order to make a connection with real experiments, the most logical way to answer

this question is to apply numerical simulations with experimental inputs as much as possible

and compare the predicted electron thermal transport with that obtained from transport

analysis using experimental measurements. One of the early such simulations was carried

out by Labit and Ottaviani [100], where the authors used a 3D 
uid electromagnetic code to

simulate a Tore Supra FWEH plasma [155]. The ETG model is based on Braginskii's 
uid

equations for electrons including Landau damping closed with adiabatic ions. The global


uid simulation was carried out with �xed injected heat 
ux and allowed the pro�le freely

respond to the injected 
ux. Figure 18 shows the normalized electron thermal di�usivity

as a function of the normalized electron temperature gradient,R=LT . A linear �t to the

data points leads to a (R0=LTe)crit of about 12, which is close to (R0=LTe)crit = 10:5 � 2:1

determined experimentally for this plasma [155]. However, the simulation predicted a� e

that is 45 times smaller than the experimental value, leading the authors to conclude that a


uid treatment of the ETG mode seems not able to reproduce the electron thermal transport

in the experiment, and the limitation of a 200 times larger� �
e (� �

e = � e=a is the normalized
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electron gyroradius) in the simulation than that in the experiment was proposed as one

potential explanation of the discrepancy. The di�erence in global and local simulations

may also contribute to the discrepancy. Indeed, using local 
ux tube simulations with

experimental data yields better agreement with experimental electron thermal transport.

Joiner et al. [158] applied the GS2 gyrokinetic code to a MAST ELMy H-mode plasma in

a 
ux-tube simulation volume at 
ux surface of � = 0:4 and 0.8, where� is the normalized

poloidal 
ux. As an ST, MAST tokamak has a low aspect ratio, highly shaped plasmas,

and higher plasma� than conventional tokamaks (in this case,� = 4:9%), which makes

the simulation susceptible to numerical convergence issues. Extensive convergence tests

have been carried out on simulation domain size and resolution. The authors show that all

simulations for � = 0:4 yield a � e of a fewm2=s between 2.36-5.90m2=s (taken at the end of

simulations) which is experimentally signi�cant as� e � 3-8 m2=s [161] from power balance

analysis using the TRANSP transport analysis code [162]. However, simulations for� = 0:8

yield much lower� e than the experiment, showing ETG turbulence may not be responsible

for all the electron thermal transport in the edge region in contrast to the core region around

� = 0:4. We note that due to limited computational resources, these simulations are far from

reproducing the experiment in terms of adequate resolution and mode coverage, and the

comparison with the experiment can only be regarded as qualitative. A more quantitative

agreement between experiment and gyrokinetic simulations was shown by Guttenfelder et

al. [163], where electron-scale gyrokinetic simulations of a high-� NSTX H-mode plasma

demonstrate a sti� electron thermal transport driven by the ETG mode and the agreement

in Qe is achieved with an increase ina=LTe within the experimental uncertainty. We note

that the ETG mode was also demonstrated to make important contributions to electron

thermal transport in NSTX/NSTX-U L-mode plasmas [164, 165], where the ETG mode was

found to be able to well account forQe at mid-radius.

Next, we would like to review some state-of-art validation of multi-scale simulations,

which are able to match electron and ion thermal transports simultaneously, substantially

improving our understanding of ETG turbulence in driving electron thermal transport. We

note that we focus on the physics aspect of multi-scale interaction in section II. Realiz-

ing that single-scale gyrokinetic simulations often fail to explain observed electron thermal

transports in experiments [166{168] and the importance of a realistic mass ratio in providing

the correct multi-scale interaction (see last section for discussions on the mass ratio issue),
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FIG. 19: Ion (A) and electron (B) heat 
uxes as a function of a=LTe for ion-scale simulation (red

diamond) and multi-scale simulation (blue square). The low-k contribution to Qe (yellow circle)

and high-k contribution to Qe (green triangle) are also shown. a=LTe is scanned at -1� , o, 1�

and 2� di�erence from the experimental value. These local simulations were performed with the

GYRO code for a low-power Alcator C-Mod L-Mode plasma with local parameters atr=a = 0 :6.

The �gure is reprinted from Fig. 3 in Ref. [108], with the permission of AIP Publishing.

Howard et al. carried out massive multi-scale gyrokinetic simulations of Alcator C-MOD

L-mode plasmas [108, 145, 150, 151]. One of these plasmas is a standard low-power (1.2

MW of ion cyclotron resonance Heating (ICRH)) L-mode shot with a core density of about

1.4� 1020 m� 3, a plasma current of 0.8 MA and a toroidal magnetic �eld of 5.4 T. Ion-scale

and multi-scale simulations were conducted with the GYRO code [130] with multi-scale sim-

ulations having a box size of 32� 32� s, 240 toroidal modes and 1320 radial grid points with

resolution of 2� e to capture k� � s up to 48 (enough to cover linearly unstable modes). The

simulations have all experimental inputs including realistic magnetic geometry (in the form

of Miller local equilibrium [169]) and kinetic pro�les. E� B shear, important for suppressing

ion-scale turbulence and potentially in
uencing ETG turbulence [170], is also included to-

gether with the parallel 
ow gradient. Three gyrokinetic species are included in simulations

with electrons, deuterium ions, and boron impurity, and collisions between electrons and

ions are included. Electromagnetic e�ects are ignored due to the low-beta nature of these

plasmas. As we discussed before, in these simulations there is a distinct scale separation in

the electron thermal transport spectrum in ion and electron scales, namely two prominent
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FIG. 20: Ion (left) and electron (right) heat 
uxes for ion-scale simulation (black diamond) and

multi-scale simulation (red square). The experiment heat 
ux is also shown (the square shaded

region with the half height representing 1� experimental uncertainty in heat 
ux and the half

width representing 1� experimental uncertainty in a=LTe ). These local simulations were performed

with the GYRO code for a high-power Alcator C-Mod L-Mode plasma with local parameters at

r=a = 0 :6. The �gure is reprinted from Fig. 9 in Ref. [108], with the permission of AIP Publishing.

peaks in the heat 
ux spectrum separately in the ion and electron scale. It is seen from

these simulations that the ion-scale simulation predicts the ion heat 
ux well inside the ex-

perimental range with the baselinea=LTe (note that the baseline parameter is located at the

center of the shaded square region), while the predictedQe is about 3 times lower than the

experimental value (well outside the 1� range). A 1� increase ina=LTe (to the right edge of

the shaded region) only barely increasesQe. Thus, the ion-scale simulations cannot match

Qi and Qi with the experiment. On the other hand, the multi-scale simulation with the

baselinea=LTe predicts Qi in line with the experiment (within the 1� range), but it under-

predicts Qe by about a factor of 2. (The increase ofQi due to multi-scale interaction is well

documented [149, 151] and discussed in section II B 5). Increasinga=LTe by 1� experimental

uncertainty barely changesQi , but increasesQe signi�cantly to the lower edge of the shaded

region. This shows that the multi-scale simulation can, within the experimental uncertainty,

explain the observedQi and Qe simultaneously, demonstrating the importance of properly

treating multi-scale interactions in predicting experimental heat losses. Further scans in

a=LTe also reveal the importance of multi-scale interaction for explaining theTe pro�le sti�-
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FIG. 21: Normalized ion (a) and electron (b) heat 
uxes for ion-scale simulation (red diamond) and

multi-scale simulation (blue square) as a function of the ratio between simulation E� B shearing

rate and experimental E� B shearing rate. The experiment heat 
ux range is also shown as shaded

regions. These local simulations were performed with the GYRO code for a DIII-D ITER baseline

plasma with local parameters at � tor = 0 :65, where� tor is the square root of normalized toroidal


ux. The �gure is reprinted from Fig. 8 in Ref. [109], with the permission of International Atomic

Energy Agency.

ness. Figure 19 showsQi and Qe from a 4-point a=LTe scan from -1� to 2� with respect to

the experimental value. It is clear in Fig. 19 (a) thatQi has a kind-of U-shaped response to

the a=LTe scan, and there are signi�cant enhancements inQi in multi-scale simulation versus

ion-scale simulation at three highera=LTe except for the lowesta=LTe , which has to do with

the relatively strong ITG drive at the lowest a=LTe (consistent with the conclusion that a

weak ITG drive leads to a stronger ETG turbulence back reaction). The electron pro�le

sti�ness can be seen in Fig. 19 (b), where a 2� increase ina=LTe (25%) leads to the doubling

of Qe in multi-scale simulations. It should be noted that while ion-scale simulations show

little change in Qe with the a=LTe scan, the increase inQe in the multi-scale simulations

mainly comes from the high-k contribution in the lowera=LTe range (i.e.,a=LTe from about

2.8 to 3.3) and a larger contribution from low-k 
uctuations is seen asa=LTe increases from

about 3.3 to 4.2, showing that single scale alone (either high-k or low-k) would not be able

to correctly predict the Te pro�le sti�ness. To expand the parametric space for validating

multi-scale interactions, a multi-scale simulation was carried out for a high-power C-MOD
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