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We reconsider the classic problems of calculating “turbulent heating” and collisionless inter-

species transfer of energy in drift wave turbulence. These issues are of interest for low

collisionality, electron heated plasmas, such as ITER, where collisionless energy transfer from

electrons to ions is likely to be significant. From the wave Poynting theorem at steady state, a

volume integral over an annulus r1 < r < r2, gives the net heating as
Ð r2

r1
drh ~E � ~Ji ¼ �Srjr2

r1
6¼ 0.

Here Sr is the wave energy density flux in the radial direction. Thus, a wave energy flux differential

across an annular region indeed gives rise to a net heating, in contrast to previous predictions. This

heating is related to the Reynolds work by the zonal flow, since Sr is directly linked to the zonal

flow drive. In addition to net heating, there is inter-species heat transfer. For collisionless electron

drift waves, the total turbulent energy source for collisionless heat transfer is due to quasilinear

electron cooling. Subsequent quasilinear ion heating occurs through linear ion Landau damping. In

addition, perpendicular heating via ion polarization currents contributes to ion heating. Since at

steady state, Reynolds work of the turbulence on the zonal flow must balance zonal flow frictional

damping ð� �iihVhi2 � j e
~/
T j

4Þ, it is no surprise that zonal flow friction appears as an important

channel for ion heating. This process of energy transfer via zonal flow has not previously been

accounted for in analyses of energy transfer. As an application, we compare the rate of turbulent

energy transfer in a low collisionality plasma with the rate of the energy transfer by collisions. The

result shows that the collisionless turbulent energy transfer is a significant energy coupling process

for ITER plasma. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4746033]

I. INTRODUCTION

A. A general turbulent energy transfer and transport
problem

We reconsider the classic problems of calculating

“turbulent heating” and collisionless inter-species transfer of

energy in drift wave turbulence. This issue is of interest for

near future low collisionality electron heated plasmas, such

as ITER, where collisionless energy transfer from electrons

to ions is likely to be significant. In the heat balance

equation1,2

3

2
n
@Ta

@t
þr � Qa ¼ h ~E � ~Jai7n�

me

mi
ðTe � TiÞ þ � � � ; a ¼ e; i;

(1)

where Qa is the heat flux, h ~E � ~Jai is turbulent dissipation and

corresponds to turbulent heating,2 and the last term on the

right hand side represents the collisional transfer of energy

between particle species. Generally, turbulent energy can be

exchanged between electrons and ions by collisional or colli-

sionless energy transfer.1–3 The familiar term n� me

mi
ðTe � TiÞ

describes collisional energy transfer through electron and ion

binary collisions whereas h ~E � ~Jai describes turbulent heating

for a single species, such as electron turbulent cooling

(h ~E � ~Jei < 0! electrons lose energy to the drift wave so the

wave is destabilized), or ion turbulent heating (h ~E � ~Jii > 0!

ion gain energy from the drift wave and wave is stabilized). If

we consider inter-species turbulent heating for electron heated

plasmas, electron and ion collisionless energy transfer could

occur where the hot electrons act as the local energy “source”

and cold ions as the “energy sink.” This collisionless turbulent

energy transfer is especially important in a burning plasma,

since the fuel ions (deuterium, tritium) can be heated by this

inter-species turbulent energy transfer process. Also we note

that any energetic particles (a particles) produced in the nu-

clear reaction will heat electrons first.4,5 Thus, the energy flow

can be transferred from hot electrons to cooler ions again, to

allow the reaction to sustain itself. Hence, the electron and ion

collisionless energy coupling will be a critical issue for burn-

ing plasmas, such as ITER.

To see this, we track the energy exchanged between

electrons and ions. There exist two stages of energy transfer

processes before and after the nuclear reaction (see Fig. 1).

We ignore the energy loss due to electron and ion radiation

in these processes. During the first stage, electrons can be

heated by the auxiliary energy system, electron cyclotron

resonance heating (ECRH) and then lost by electron heat

flux Qe or transferred to ions through collisionless or colli-

sional energy transfer channels. Next, the fuel ions become

hot enough and can reach nuclear reaction ignition. Once the

energetic particles are produced in the nuclear reaction, the

second energy flow will be generated and the process of

energy transport or transfer can continue with more and
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more reactions occurring. But what is the ultimate fate of the

energy? We need to understand the collisionless energy

transfer mechanism and what roles turbulent energy transfer

and turbulent transport play in the energy budget.

B. Net turbulent heating

Does turbulence heat a given volume of plasma? Man-

heimer et al. argued that there was no net turbulent heating

of plasma and only an exchange of energy between electrons

and ions.1 In that calculation, periodic boundary conditions
in the radial direction were utilized, such that boundary con-

tributions to the turbulent heating vanished. However, we

consider the turbulent heating taking place within a region of

finite radial extent given byð
drh ~E � ~Ji ¼ �~/ ~Jrjr2

r1
þ
ð

drðr � ~JÞ~/ 6¼ 0; (2)

where the turbulent heating can be written as h ~E � ~Ji
¼
P

a¼e;ih ~E � ~Jai, ~Jr is the radial current fluctuation in an an-

nular region, and the width of the annular region is

r1 < r < r2. The h� � �i defines an average in the h; / direc-

tion. The first term on the RHS of Eq. (2) corresponds to a

surface term at the annular boundary which can give rise to

a net turbulent heating. The second term vanishes since

r � ~J ¼ 0 (plasma quasi-neutrality). Thus, the boundary

effect in a finite annular region will give rise to net heating.

This can also be understood from the wave energy theorem

which is written as6,7

@W

@t
þr � Sþ h ~E � ~Ji ¼ 0; (3)

where W is wave energy density and S represents wave

energy density flux. At steady state, taking a volume integral

of this theorem in an annular region, we have at stationarityðr2

r1

drh ~E � ~Ji ¼ �Srjr2

r1
: (4)

Equation (4) suggests that a wave energy flux differential

across an annular region r1 < r < r2 gives rise to a net heat-

ing within that region. Aspects of this point have been

addressed in Refs. 2 and 3. In addition, this wave energy flux

can be related to the Reynolds stress by noting the wave

energy density flux can be written as7,8

Sr ¼ Vgr;rWk ¼ �2
q2

s krkhv?Wk

ð1þ k2
?q

2
s Þ

2
; (5)

where Vgr;r ¼ dx=dk is the wave group velocity. Wk is the

wave energy density in Fourier space. In the electrostatic

drift wave, Vgr;r ¼ �ðdv=dkÞ=ðdv=dxÞ ¼ �ð2q2
s krxÞ=ð1þ

k2
?q

2
s Þ and the susceptibility is vðk;xÞ ¼ 1þ k2

?q
2
s

�x?=x� idx. The electron drift wave frequency is

x ¼ x?= ð1þ k2
?q

2
s Þ and the electron diamagnetic frequency

is x? ¼ khv?. Since the Reynolds stress can be written as

h ~Vr
~Vhi ¼

P
k �ðc2=B2Þkrkhj~/j2, the energy flux differential

is seen to be directly proportional to the Reynolds stress,

which drives zonal flow generation.

C. Collisionless turbulent energy transfer channels

Now we look at the collisionless interspecies energy

transfer channels. The turbulent energy flow channels con-

sidered within this manuscript are shown in Fig. 2. Free

energy in rn and rT will drive microturbulence which

gives rise to turbulent heating h ~E � ~Ji. The dominant parallel

components of the turbulent heating are composed of quasi-

linear electron cooling h ~Ek � ~Jkeið2Þ, quasilinear ion heating

h ~Ek � ~Jkiið2Þ, and nonlinear ion turbulent heating h ~Ek � ~Jkiið4Þ.
The perpendicular components considered are given by the

ion polarization drift and ion diamagnetic drift induced tur-

bulent heating h ~E? � ~J
i

?poli and h ~E? � ~J
i

?diai. The ion polar-

ization drift induced turbulent heating in an annulus

contributes a wave energy flux differential term at the bound-

ary, also a Reynolds work of turbulence on the mean flow.

This flux differential, intimately linked to the turbulent

Reynolds stress and hence zonal flow formation, will be

shown to give rise to net turbulent heating. This process of

energy transfer via zonal flows has not previously been

accounted for in analyses of energy transfer. On the right

FIG. 1. There are two stages in the energy flow before and after the nuclear

reaction.

FIG. 2. Turbulent energy flow channels: “energy source” of quasilinear elec-

tron cooling h ~Ek � ~Jke ið2Þ; “energy sink” of quasilinear ion heating

h ~Ek � ~Jki ið2Þ, nonlinear ion heating h ~Ek � ~Jki ið4Þ, ion polarization drift and ion

diamagnetic drift induced turbulent heating h ~E? � ~J
i

?poli and h ~E? � ~J
i

?diai.
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side of Fig. 2, we describe three kinds of energy dissipation

channels for electron drift wave turbulence. The first two are

wave energy dissipated through ion Landau damping at qua-

silinear order and nonlinear ion Landau damping (the beat

mode resonance).9–13 The third one is by zonal flow fric-

tional damping at steady state, which is due to the turbulence

and zonal flow interaction.8,14,15 Basically, the electrons will

lose energy to the wave and the ions will gain energy from

the wave, thus providing collisionless energy transfer chan-

nels mediated by electron drift waves and zonal flow.

For each turbulent heating term, there will be a corre-

sponding cgrowth for wave growth or cdamping for wave dissi-

pation in the saturation balance condition. Nonlinear

saturation in a turbulent state implies energy transfer from

source ðrTe;rnÞ to sink.16 Schematically, saturation

implies some fluctuation energy balance condition must be

satisfied, so we have

0 ¼ c ¼ celectron
L þ cion

L þ cion
NL þ czonalf low þ � � � : (6)

For quasilinear electron cooling terms, the electrons will lose

energy to the drift wave and drive wave instability, which

gives rise to celectron
L > 0. In contrast, for quasilinear ion heat-

ing, the ions gain energy from the wave through ion Landau

damping, so cion
L < 0. Also the wave energy can be dissipated

through nonlinear ion Landau damping and cion
NL < 0.11–13,16

In particular, wave energy can be dissipated by zonal flow

friction, so that czonalf low < 0 in the saturation balance.8

Here, czonalf low represent a nonlinear saturation mechanism.

If czonalf low dominates the saturation balance,8,17 correspond-

ing to turbulent heating, the energy coupled to the zonal flow

must contribute to energy transfer channels as well. (Note:

the nonlinear ion turbulent heating and its contribution for

turbulent energy transfer channel will be discussed in

another paper, for simplicity.)

This paper is organized as follows. In Sec. II, we will

calculate the parallel quasilinear turbulent heating terms

h ~Ek � ~Jkeið2Þ and h ~Ek � ~Jkiið2Þ which effect a collisionless

energy transfer from electrons to ions, mediated by the back-

ground waves. In Sec. III, the ion polarization drift and ion

diamagnetic drift induced turbulent heating are calculated.

h ~E? � ~J
i

?poli accounts for the energy flux differential term at

the boundaries and the net Reynolds work of turbulence on

the zonal flow. And h ~E? � ~J
i

?diai contributes a heat flux dif-

ferential at boundary ð� vturnrTÞ, which transports the tur-

bulent energy through ion diffusion. In Secs. IV and V, we

will estimate all of the turbulent heating terms by using a

mixing length estimation for je~/=Tj2. At different collision-

alities, we will compare the ratios of the energy dissipation

channels through linear Landau damping and zonal flow fric-

tional damping. By applying ITER like parameters,5,18 we

can see that the zonal flow frictional damping can be a sig-

nificant energy dissipation channel in low collisionality drift

wave turbulence in ITER plasmas. In Secs. VI and VII, we

will continue to explore the implications of our results for

ITER plasmas. For realistic cases, we will extend our discus-

sion to collisionless trapped electron mode (CTEM).11–13,16

First, we will compare two energy transfer channels: colli-

sional and collisionless. Subsequently, we compare the

collisionless energy transfer with the turbulent energy trans-

port losses through the CTEM heat flux. At the end, we will

summarize the turbulent heating and collisionless energy

transfer channels in drift wave turbulence.

II. QUASILINEAR TURBULENT HEATING FOR DRIFT
WAVE TURBULENCE

Within this section, we calculate the turbulent heating

for both electrons and ions by using quasilinear theory. In

the limit of vanishing collisionality, the stability of a wave

can be determined by computing the transfer of energy

between resonant particles and waves. For the case of colli-

sionless drift waves considered below, resonant electrons

will lose energy to the wave (resulting in electron cooling),

whereas ions generally gain energy (via ion Landau damp-

ing), and are thus heated. Any imbalance in the rate of elec-

tron cooling versus ion heating will generally lead to wave

growth or damping. Generally, the turbulent heating is

driven by current fluctuations which can be written as

~J ¼
X

e;i

e

ð
d3vv~f ¼ rt ~E; (7)

where the rt is the plasma conductivity due to the turbu-

lence. The calculation of the turbulent heating requires com-

puting a plasma conductivity which related to the particle

distribution function ~f . We will be interested in describing

the evolution of collisionless drift waves in an electron

heated plasma in a simplified geometry. The evolution of

electrons will be described by a drift kinetic equation (DKE),

namely,

@~f e

@t
� i

c

B
ky
@hfei
@x

~/k þ vz
@~f e

@z
� e

me

~Ez
@hfei
@vz
¼ 0: (8)

The fluctuation of the electron distribution can be separated

into adiabatic and non-adiabatic parts

~f e ¼
e~/k

Te
h fei þ ~gk: (9)

Substituting Eq. (9) into Eq. (8), yields

@~gk

@t
þ vz

@~gk

@z
¼ � @

@t

e~/k

Te
h fei � vz

@

@z

e~/k

Te
h fei

� e

me

@

@z
~/k

@h fei
@vz
þ i

c

B
ky
@h fei
@x

~/k: (10)

We take the electron equilibrium distribution function as a

local Maxwellian in one dimension, i.e., h fei ¼ n0ðxÞ
ðme=2pTeÞ1=2

expð�v2
z=V2

theÞ and @hfei=@vz ¼ ð�2vz=V2
theÞ

h fei. Substituting h fei into Eq. (10) yields

@~gk

@t
þ vz

@~gk

@z
¼ � @

@t

e~/k

Te
h fei þ i

c

B
ky
@h fei
@x

~/k: (11)

Fourier transforming Eq. (11) gives
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~gk ¼
�x e~/k

Te
h fei� c

Bky
@h fei
@x

~/k

x� kzvz
¼
ðx?e�xÞ e ~/k

Te
h fei

x� kzvz
: (12)

Here we define the diamagnetic frequency x?e ¼ �kyðTec=
eBÞð1=nÞðdn=dxÞ ¼ ðkyqsCsÞ=Ln, and the scale length for

the density gradient is given by L�1
n ¼ �ð1=nÞðdn=drÞ;

qs ¼ Cs=Xi. Then the quasilinear turbulent heating for elec-

trons can be written as

h ~Ejj � ~J jjeið2Þ ¼
X

k

�e

ð
dvzvz

~Ez ~gk : (13)

Here the contribution of the electron quasilinear turbulent

heating is in the parallel electric field direction. Substituting

Eq. (12) into Eq. (13), we obtain

�
~Ejj � ~J jjeið2Þ ¼

X
k

�e

ð
dvzvzðikz

~/�kÞ
ðx?e � xÞ
x� kzvz

e~/k

Te
h fei;

¼
X

k

�e

ð
dvzvzðikz

~/�kÞðx?e � xÞ

� ð�ipÞ
jkzj

dðx=kz � vzÞ
e~/k

Te
h fei;

¼
X

k

ffiffiffi
p
p

nTe
e~/k

Te

�����
�����
2

x
jkzjVthe

ðx� x?eÞ

� exp �ðx=kzÞ2

V2
the

" #
: ð14Þ

The calculation of the d function integral
Ð

dvzdðx=kz � vzÞ
hfei ¼ hfeijvz¼x=kz

was applied to Eq. (14), where the electron

drift waves resonate with the background electrons if the

phase velocity satisfies vz ¼ x=kz. We also note that the qua-

silinear turbulent heating for electrons h ~Ejj � ~J jjeið2Þ is deter-

mined by the resonant electron density n, temperature Te and

turbulent intensity je~/k=Tej2.

Considering the drift wave dispersion relationship

x ¼ x?e=ð1þ k2
?q

2
s Þ, then we have xðx� x?eÞ < 0 which

implies a competition between stabilization and destabiliza-

tion effects for the electron drift wave. On one hand, the x is

the Landau resonance frequency and the wave was stabilized

by the Landau damping. On the other hand, free energy was

released by the density gradient relaxation related to the

diamagnetic frequency x?e, which drives wave instability.

Here, the electron drift wave was destabilized since xðx�
x?eÞ < 0 which flips the sign of the electron dissipation and

so gives rise to inverse Landau damping. So we obtain the

quasilinear electron cooling h ~Ejj � ~J jjeið2Þ < 0 and the energy

exchange between electrons and drift waves through Landau

resonance.

Similarly, we calculate the quasilinear turbulent heating

for ions. Utilizing a DKE for ions

@ ~f i

@t
� i

c

B
ky
@h fii
@x

~/k þ vz
@ ~f i

@z
þ e

me

~Ez
@h fii
@vz
¼ 0: (15)

Linearizing Eq. (15), we have

~f i ¼
e~/k

Ti
kzvzhfii þ e~/k

Te
x?ehfii

x� kzvz
: (16)

Substituting Eq. (16) into the turbulent heating for ions,

yields

h ~Ejj � ~J jjiið2Þ ¼
X

k

e

ð
dvvz

~Ez
~f i

¼
X

k

ffiffiffi
p
p

nTi
e~/k

Te

�����
�����
2

x
jkzjVthi

xþ Ti

Te
x?e

� �

� exp �ðx=kzÞ2

V2
thi

" #
: (17)

Here the quasilinear ion heating h ~Ejj � ~J jjiið2Þ > 0. The ions

gain energy from the drift wave through ion Landau damp-

ing. In the parallel magnetic field direction, the total quasi-

linear turbulent heating is h ~Ejj � ~J jjið2Þ ¼ h ~Ejj � ~J jjeið2Þ
þ h ~Ejj � ~J jjiið2Þ. The energy flow is described by

electron! drift wave! ion. The energy in the hot elec-

trons is lost to the drift wave through inverse Landau damp-

ing and the cold ions gain energy via Landau damping.

Basically, energy was transferred from electrons to ions via

wave-particle resonance (Landau damping). This is one of

the wave energy dissipation channels.

So far we have reviewed the calculation of turbulent

heating at quasilinear order. We note that the quasilinear

electron cooling generally does not cancel the quasilinear

ion heating and the energy leftover in the drift wave will

drive the wave instability, which is written as cL ¼ ce � ci

> 0. So, there must be other turbulent heating and energy

transfer channels available to the system to dissipate turbu-

lence energy and stabilize the drift wave. In Sec. III, we will

show that the ion polarization drift and ion diamagnetic drift

induce net ion turbulent heating which contribute another

important energy transfer channel in the direction perpendic-

ular to the magnetic field.

III. ION POLARIZATION AND ION DIAMAGNETIC
CURRENT CONTRIBUTION TO TURBULENT HEATING

Since the E� B drifts of the ions and electrons cancel

automatically, and me � mi (which allows the electron

polarization drift to be ignored), we only need to consider

the perpendicular turbulent current carried by the ion polar-

ization drift and the ion diamagnetic drift in the direction

perpendicular to the magnetic field, which is written as

~J
i

? ¼ ~J
i

?pol þ ~J
i

?dia: (18)

First, we compute the ion polarization contribution to the tur-

bulent heating defined by

~Q
i

?pol ¼ h~E? � ~J
i

?poli: (19)

The ion polarization drift velocity is given by ~V
i

?pol

¼ ðc=BXiÞd ~E?=dt, and we define d=dt ¼ @=@tþ V � r,
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V ¼ hVyi þ ~V?; E? ¼ hE?i þ ~E?, so we have the ion

polarization current

~J
i

?pol¼ en ~V
i

?pol¼ nmi
c2

B2

@

@t
~E?þhVyi

@

@y
~E?þ x̂ ~Vx

@

@x
hExi

� �
;

(20)

where we have neglected quadratic terms in fluctuation am-

plitude for simplicity. Considering the stationary limit, and

substituting the ion polarization current into the expression

for turbulent heating, yields

h~E?�~J
i

?poli¼
	

nimi
c2

B2
~E?�

@ ~E?
@y



hVyiþ

	
nimi

c2

B2
~Ex

~Vx



@hExi
@x

:

(21)

Noting the definition of the E� B flow Vy ¼ �ðc=BÞEx and

simplifying, allows

h~E? �~J
i

?poli¼
1

2
nimi

c2

B2

	
@

@y
j~E?j2



hVyi�nimi

c

B
h ~Vy

~Vxi
@hExi
@x

;

(22)

for the simplified geometry considered here, ni ¼ niðxÞ and

B¼B(x). The first term can be seen to vanish identically

upon averaging, hence we can write

h~E? � ~J
i

?poli ¼ �nimi
c

B
h ~Vy

~Vxi
@hExi
@x

; (23)

which is Reynolds work on the E� B flow. This is simply

the work associated with the flow generation.

We note that this relation is exact only for the simplified

slab geometry considered within this work. A more realistic

geometry [i.e., with B ¼ Bðr; hÞ] will generally give rise to

additional geometrical contributions and small corrections.

Here we consider the geometry in a local annular region

with the center at r0 (see Fig. 3), so the coordinates can be

described by ðr; h; zÞ. For our simple case, the magnetic field

is considered as a constant. Since the Reynolds stress in slab

geometry is given by h ~Vx
~Vyi ¼ �ðc2=B2Þh@x

~/@y
~/i, then in

a local annulus the Reynolds stress can be written as

h ~Vx
~Vyi ¼ h ~Vr

~Vhi. Now we take the mean poloidal velocity

to be the mean E� B velocity, so hVhi � hVEi ¼ �ðc=BÞ
hEri. Then the turbulent heating can be obtained as

h~E � ~Ji

?poli ¼ nimih ~Vr
~VhihVhi0: (24)

If we define an average over an annular region with the

width 2D at the local centre r0, this average can be written as

h� � �i ¼
ð2pR

0

dz

ð2p

0

r0dh
ðr0þD

r0�D
ð� � �Þdr: (25)

The surface area is a constant and is given by a number

Aðr0Þ, Aðr0Þ ¼
Ð 2pR

0
dz
Ð 2p

0
r0dh. Then, we only need to con-

sider the radial integral to compute the turbulent heating

within an annulus, which isð2pR

0

dz

ð2p

0

r0dh
ðr0þD

r0�D
h~E � ~Ji

?polidr

¼ nimiA

ðr0þD

r0�D
drhVhi0h ~Vr

~Vhi

¼ nimiAðhVhih ~Vr
~V hiÞjr0þD

r0�D �
ðr0þD

r0�D
drhVhi

@

@r
h ~Vr

~VhiÞ:

(26)

The first term in Eq. (26) is the energy flux differential

at the boundary, which gives rise to a net turbulent heating.

This arises since wave propagation can carry energy through

the annular boundary. The finite wave energy flux Sr is pro-

portional to the Reynolds stress (see Eq. (5)) which drives

zonal flow formation.7 So zonal flow generation is the desti-

nation of net turbulent heating.

The second term in the RHS of Eq. (26) is the Reynolds

work of the turbulence on the mean flow, which is directly

linked to the zonal flow drive. For the simplified advective

nonlinearity of the incompressible fluid momentum balance

equation (including friction) in this local annular region,14,15

we have

@

@t
hVhi ¼ �

@

@r
h ~Vr

~V hi � �colhVhi: (27)

Since at steady state, Reynolds work on the zonal flow must

balance zonal flow friction, @h ~Vr
~Vhi=@r ¼ ��colhVhi, then

the ion polarization drift induced turbulent heating in Eq.

(26) can be approximated as

h~E � ~Ji

?poli � nmiA

ðrþD

r�D
dr�colhVhi2; (28)

which is zonal flow frictional damping ð� �colhVhi2
� je~/=Tj4Þ. Hence, the ion polarization drift induced turbu-

lent heating over an annular region gives rise to a net heating

which is ultimately due to the zonal flow friction. Then this

net heating can be dissipated by the zonal flow frictional

damping at steady state, which gives rise to another electron-

ion energy transfer channel. This process of energy transfer

via zonal flow has not previously been accounted for in

analyses of energy coupling.
FIG. 3. Energy flux differential in an annular region. The annular width is

2D.
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Now we calculate the ion diamagnetic current induced

turbulent heating in the direction perpendicular to the mag-

netic field. We have the diamagnetic drift velocity induced

by the gradient of ion pressure fluctuation r ~P in the direc-

tion perpendicular to B

~V
i

?dia ¼
c

en

B�r ~Pi

B2
: (29)

The corresponding diamagnetic current is

~J
i

?dia ¼ en ~V
i

?dia ¼ c
B�r ~Pi

B2
: (30)

Then we obtain the divergence of the diamagnetic current as

r? � ~J
i

?dia ¼ r? �
c

B2
½ ~Pir� B�r� ð ~PiBÞ� ¼ 0; (31)

where B is assumed to be a straight magnetic field. Further,

the turbulent heating induced by the diamagnetic current can

be calculated and is given by

�
~E �~Ji

?dia

�
¼
�
�r? �ð~/~J

i

?diaÞþ/r�~Ji

?dia

�
;

¼�1

r

@

@r
r

	
~/

c

B

1

r

@ ~Pi

@h



¼�1

r

@

@r
rh ~VE�B

~Pii: (32)

Averaging over Eq. (32) in an annulus, we obtain

h~E � ~Ji

?diai ¼ �A

ðrþD

r�D
dr

1

r

@

@r
rh ~VE�B

~Pii ¼ �Ah ~VE�B
~PiijrþD

r�D:

(33)

Obviously, Equation (33) is the ion heat flux differential

across the annulus, which means the ion turbulent energy

can be eliminated through a heat flux. Similarly, we can cal-

culate the electron diamagnetic flow induced turbulent heat-

ing, which is a electron heat flux differential across the

annulus and is given by

h~E � ~Je

?diai ¼ Ah ~VE�B
~PeijrþD

r�D: (34)

Here the total heat flux (Q ¼ �vTrT � vneorT), includ-

ing the turbulence and neoclassical parts, is a constant. In a tur-

bulent transport dominated annular region, the turbulent heat

flux Qtur ¼ Qe
tur þ Qi

tur must also be a constant. Then, the dia-

magnetic flow contribution to the turbulent heat flux differen-

tial can be ignored in an annular region. However, if we

consider a barrier region [i.e., internal transport barrier (ITB)],

the heat flux differential will be finite, and so will result in

heating in the barrier region.

So far the whole process of turbulent energy flow due to

the electron and ion transfer has been completed. In electron

heated plasma, electrons can lose energy to the wave and

drive wave instability and turbulence, so electrons are cooled.

And the ions gain energy from the wave through wave Landau

damping and the ions are heated. Meanwhile, we note that the

energy flux differential can contribute a net heating, which

drives zonal flow generation in an annular region. This net

energy can be dissipated by zonal flow frictional damping,

giving rise to another collisionless energy transfer channel

(electrons! ions). As for the diamagnetic flow contributed

turbulent heating, we can ignore that since the turbulent heat

flux is not changed in the annular region of interest.

Now we see that the simplified electron and ion turbu-

lent energy coupling can be written into a form

h ~E � ~Ji ¼ ALI þ BNLI2 þ CZF
hVhi2

C2
s

: (35)

Here the turbulence intensity is defined as I ¼
P

k je~/k=Tej2,

and the coefficients AL;BNL;CZF have dimensions of a power

density. AL ¼
P

k Akje~/k=Tej2=
P

k je~/k=Tej2 is set by the

electron and ion quasilinear turbulent heating, BNL ¼P
k;k0 Bk;k0 je~/k=Tij2je~/k0=Tij2=I2 describes the nonlinear ion

turbulent heating through the nonlinear Landau damping

(here we ignore this nonlinear effect, but will analyze it in a

future paper),9,11–13 and the coefficient CZF is determined by

heating through zonal flow formation.7,8,15

In relation to turbulent heating, we also analyzed two

basic wave energy dissipation channels, which are quasilin-

ear Landau damping and zonal flow frictional damping. In

Sec. IV, we will estimate the size of each turbulent heating

channel by using the mixing length approximation19,20 and

then comparing these two dissipation channels by consider-

ing ITER parameters.5,18

IV. APPLICATION OF THE RESULTS TO ITER

In Table I, we listed all of the turbulent heating terms

before and after using the mixing length approximation for

fluctuation levels.19,20 Now we will discuss how to estimate

each turbulent heating term in detail. For the quasilinear

electron cooling term is given by

h ~Ek � ~Jkeið2Þ ¼
X

k

ffiffiffi
p
p

nTe
e~/k

Te

�����
�����
2

x
jkzjVthe

ðx� x?eÞ

� exp �ðx=kzÞ2

V2
the

" #
: (36)

Here, the turbulence intensity can be estimated as

e~/k=Te � q?,
19,20 the wave vector kz � 1=Rq, and the dis-

persion relationship is taken as x ¼ x?e=ð1þ k2
?q

2
s Þ in drift

wave turbulence (note: x ¼ xk). Also the exponential factor

TABLE I. Overview of results: estimation of the turbulent heating

contributions.

Turbulent heating

contribution Analytical theory prediction

Scaling, using mixing

length approximations

for fluctuation

levels: e~/
Te
� q?

���� ~Ek � ~J ke
�ð2Þ��� nTej e

~/
Te
j2 ðx�x?eÞx
jkz jVthe

nTeq2
?

Rqx2
?e

Vthe
F1ðk?qsÞ

h ~Ek � ~Jkiið2Þ nTij e
~/

Ti
j2 ðxþ

Ti
Te

x?eÞx
jkz jVthi

exp� ð x
kzVthi
Þ2 nTiq2

?
Rqx2

?e

Vthi
F2ðk?qsÞ

h ~E? � ~J
i

?poli nmi�colhVhi2 nq2
?�?i�

1=2miC
2
s

Vthi

Rq
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exp½�ðx=kzÞ2=V2
the� � 1 since x=kz � Vthe. The quasilinear

electron cooling then can be estimated as

h ~Ek � ~Jkeið2Þ ¼ �
X

k

ffiffiffi
p
p

nTe
Rq

Vthe
q2
?x

2
?e

k?qs

1þ k2
?q

2
s

� �2

: (37)

We define the function F1ðk?qsÞ ¼ ½k?qs=ð1þ k2
?q

2
s Þ�

2

which is a dimensionless number dependent on the finite

Larmor effect k?qs, so the simplified quasilinear electron

cooling can be written as

jh ~Ek � ~Jkeið2Þj � nTeq
2
?

Rqx2
?e

Vthe
F1ðk?qsÞ: (38)

Similarly, the quasilinear ion heating term can be estimated

as

h ~Ek � ~Jkiið2Þ

¼
X

k

ffiffiffi
p
p

nTi
e~/k

Ti

�����
�����
2

x
jkzjVthi

xþ Ti

Te
x?e

� �
exp �ðx=kzÞ2

V2
thi

" #
;

¼
X

k

ffiffiffi
p
p

nTi
Te

Ti

����
����
2

q2
?

Rq

Vthi
x2
?e

1

1þ k2
?q

2
s

� �
1

1þ k2
?q

2
s

þ Ti

Te

� �

� exp � k?qs

1þ k2
?q

2
s

� �2 Rq

a

� �2 Te

Ti

" #
;

� nTiq
2
?

Rqx2
?e

Vthi
F2ðk?qsÞ; ð39Þ

where F2ðk?qsÞ is another dimensionless number which is

determined by finite Larmor radius k?qs

F2ðk?qsÞ ¼
1

1þ k2
?q

2
s

� �
1

1þ k2
?q

2
s

þ Ti

Te

� �

� exp � k?qs

1þ k2
?q

2
s

� �2 Rq

a

� �2 Te

Ti

" #
: (40)

Now we estimate the ion polarization drift and ion dia-

magnetic drift induced turbulent heating. The energy flux

differential in an annular region gives rise to the energy in

the zonal flow which can be written as

h ~E � ~J
i

?poli ¼ nmiA

ðr0þD

r0�D
dr�colhVhi2: (41)

Here the zonal flow can be treated as an E� B flow, so

hVhi � hVE�Bi � �ðC=BÞhEri. At steady state, the radial

electric field Er � ð1=nÞðrP=eÞ � �ðTe=eÞð1=LnÞ. The long

wavelength zonal E� B flow can then be approximated as

the diamagnetic flow

hVEi �
c

B

Te

e

1

Ln
¼ qs

Ln
Cs: (42)

Then an estimate of the energy in the zonal flow can be

obtained, which is given by

h ~E � ~J
i

?poli � nmi�col
qs

Ln
Cs

� �2

ðADÞ: (43)

Defining a dimensionless number for collisionality �?i

¼ ��3=2�iiRq=Vthi, the effective collisionality �col � �ii=�,
the net turbulent heating is given by (note: we assume the

volume of annulus to be AD � 1)

h ~E � ~J
i

?poli � n�?iq
2
?�

1=2miC
2
s

Vthi

Rq
: (44)

So far we have estimated all of the turbulent heating terms

by using mixing length theory (see Table I). The total elec-

tron and ion energy coupling in Eq. (35) can also be obtained

(note: we did not consider the nonlinear ion turbulent heating

term for the reason of simplicity) as

h ~E � ~Ji ¼ ALI þ CZF
hVhi2

C2
s

; (45)

where AL ¼
P

k Akje~/k=Tej2=
P

k je~/k=Tej2; Akðn;Te;Ti;Vthe;
Vthi;x?;k?qsÞ ¼�nTeðRq=VtheÞx2

?eF1ðk?qsÞþ nTi ðRq=VthiÞ
x2
?eF2ðk?qsÞ, and CZFðn;mi;q;Vthi; �;Cs; �?iÞ ¼ nmiC

2
s �?i�

1=2

Vthi=ðRqÞ. By using ITER parameters,5,18 we can see the

physical implications of results of the calculation in Sec. V.

V. BASIC COMPARISON OF DISSIPATION CHANNELS

In Sec. IV, turbulent heating terms which include the

quasilinear electron cooling, quasilinear ion heating, and

zonal flow frictional heating have been estimated using the

mixing length approximation.19,20 These calculations are

specially important for ITER, as a low collisionality plasma.

Then we will use ITER parameters5,18 to determine each

contribution to turbulent heating, and compare the ratios of

the various energy dissipation channels at different collision-

alities. There are two kinds of basic turbulent energy dissipa-

tion channels in an electron drift wave. One is through linear

ion Landau damping and another one is the net turbulent

heating, which is due to the zonal flow frictional damping at

steady state. Basically, the quasilinear electron cooling plays

the role of the “energy source,” while the ion turbulent heat-

ing channels act as an “energy sink.” The ratios of two kinds

of energy dissipation channels are listed in Table II.

The following gives the details of the comparisons. The

ratio of the energy dissipated by the ion Landau damping to

the energy released by electron cooling is given by

h ~E � ~Jkiið2Þ
��� ���
h ~E � ~Jkeið2Þ
��� ��� ¼

Vthe

Vthi

F2ðk?qsÞ
F1ðk?qsÞ

: (46)

For ITER parameters, the electron temperature and ion tem-

perature Te � Ti ¼ 10 keV, the major radius R¼ 6.2 m, the

TABLE II. Basic comparison of dissipation channels.

ITER parameters R¼ 6.2 m, a¼ 2 m, q¼ 2

Ratio ¼ h ~E �~J ii
h ~E �~J ei

Short wavelength: k?qs � 1

h ~Ek � ~Jkiið2Þ 1:6� 10�2

h ~E? � ~J
i

?poli 0:8�?
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minor radius r¼ 2 m, and the safety factor is q¼ 2 at the

core.5,18 Also we consider the influence of finite Larmor ra-

dius effects, where the short wave length k?qs � 1 for the

most unstable mode. Then, the ratio in Eq. (46) is

h ~E � ~Jkiið2Þ
��� ���
h ~E � ~Jkeið2Þ
��� ��� ¼ 1:6� 10�2: (47)

Now we consider the ratio of the turbulent energy dissipated

by the zonal flow frictional damping to the electron cooling.

This is given by

h ~E � ~J
i

?poli
��� ���
h ~Ek � ~Jkeið2Þ
��� ��� ¼

4

p
�?�

1
2

ffiffiffiffiffiffi
mi

me

r ffiffiffiffiffi
Ti

Te

r
a

Rq

� �2

� 0:8�?: (48)

The result shows that the energy dissipation through

the zonal flow frictional damping channel is also a dimen-

sionless number which is determined by the collisionality

�?i. So far we estimated the ratios of energy dissipation

channels, and now we will compare them at different colli-

sionalities in ITER. Using the collisionality �?i � 10�3

(ITER parameters were used to calculate �?i)
5,18 in the ratio

of the zonal flow frictional damping channel in Eq. (48), we

can see that this energy dissipation channel is not big. It is

about 5% compared to the ratio of the energy dissipated by

the ion linear Landau damping. However, if we consider

the collisionaltiy �?i ¼ 10�2, zonal flow frictional damping

can be a significant energy dissipation channel for the colli-

sionless drift wave and the ratio rises to 50%, as compared

to the ion linear Landau damping. The first case corre-

sponds to the collisionality in the core in the ITER and sec-

ond one is appropriate close to the edge. In addition, we

need to clarify why we discuss frictional zonal flow damp-

ing for a “collisionless” drift wave. Since x? 	 �? > 0,

“collisionless” drift wave means the collisionaltiy is low

compare to the drift wave frequency. But even weak colli-

sionality is still significant for zonal flow frictional damp-

ing. Since the zonal flow frequency is approximately zero,

even low collisionality will have a strong effect on the

zonal flow via frictional damping. So zonal flows indeed

play a very important role in collisionless energy transfer

for low collisionlity ITER plasmas.

VI. IMPLICATIONS: COLLISIONLESS TURBULENT
ENERGY TRANSFER IN ITER PLASMA

We calculated all of turbulent heating terms in electron

drift wave and then estimated them by using a mixing length

approximation.19,20 By using ITER parameters, we compared

the ratios of the energy dissipation channels at different colli-

sionalities. We realized that the turbulent heating not only

involves energy exchange between electrons and ions at the

quasilinear level but also produce net heating which is the

energy flux differential in an annulus. The latter is related to

the energy in the zonal flow. The net energy dissipated by

the zonal flow frictional damping for a collisionless drift

wave is a significant energy dissipation channel in ITER

plasma. In the following, we will continue to explore the

implication of our results for ITER. For a realistic case, we

will extend our discussion to the CTEM.11–13 Consider the

electron turbulent energy transport process in CTEM, the

electron heat balance equation can be written as

3

2
n
@Te

@t
þr � Qe ¼ h ~E � ~Jei � n�

me

mi
ðTe � TiÞ þ � � � : (49)

The free energy in the electrons ðrT;rnÞ can be lost

through the electron heat flux r � Qe in the turbulent energy

transport process, or energy can be transferred to ions

through collisional transfer n� me

mi
ðTe � TiÞ and collisionless

energy transfer process h ~E � ~Jei. The energy flow in the elec-

tron turbulent energy transport is shown in Fig. 4. First, we

compare two energy transfer processes which are collisional

and collisionless energy transfer. Since the collisionality is

small ð�? � 10�3Þ in ITER, the collisional energy transfer is

small and collisionless energy transfer may dominate in the

energy transfer process. Then we will compare the energy

transfer in the collisionless transfer process with the energy

transported by the heat flux Q.

The collisionality is defined as �?e ¼ ��3=2�eeRq=Vthe.

Here �ee is the collision rate for electrons and is given by

�ee ¼ 2:9� 10�6 � ne � k� T�3=2
e � 2:9� 103s�1: (50)

The plasma density ne � ni ¼ 1:1� 1014cm�3, the Coulomb

logarithm is defined as k ¼ lnK 
 lnðrmax=rminÞ � 10,

plasma temperature Te � Ti ¼ 10 keV.5,18 So, the normal-

ized collisionality is obtained as �?e ¼ 4:3� 10�3 in ITER.

Now we find the collisionality �? at the crossover of colli-
sional turbulent energy transfer and collisionless turbulent

energy transfer. The energy exchange in the electron-ion col-

lision process is given by Braginskii’s equation21

Wi ¼
3neme

mi
�eTe 1� Ti

Te

� �
; (51)

which is the energy per unit time transferred from electrons

to ions.

Now we estimate the collisionless energy transfer in

CTEM. The toroidal geometry of the magnetic surfaces can

FIG. 4. The electron turbulent energy flow. The energy can be transported

by the electron heat flux Qe or energy can be transferred to the ions by the

collisional or collisionless energy transfer channels.
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be described by coordinates ðr; h; nÞ, which are the minor

radius, the poloidal angle, and the toroidal angle, respectively.

Also the equilibrium magnetic field can be written as

B ¼ B0ên þ ð�=qÞêh, where � ¼ r=R is the inverse aspect ra-

tio. For trapped electrons, poloidal motion is prohibited but

slow precessional motion in the toroidal direction occurs. For

electrostatic perturbations, the dynamics of the non-adiabatic

response for trapped electrons is given by the bounce aver-

aged kinetic equation,11–13 which is

�~gk;x ¼ �
e

Te
hfei

x�x?e 1þ geðE
Te
� 3

2
Þ

h i
x� �xd þ i�ef f

he�inqh ~/k;xib; (52)

where �xd � GðkhqsCs=RÞðE=TeÞ is the orbit-averaged

trapped electron precession frequency, G is the magnetic field

geometry effect, and G � 1 for deeply trapped electrons.22

The effective collision frequency �ef f is ignored in the colli-

sionless regime, and ge ¼ Ln=LTe
. The h� � �ib means bounce

average and was taken as h� � �ib ¼ ð
Þ

dh
vk
� � �Þ=ð

Þ
dh
vk
Þ. The

bounce averaged potential fluctuation is he�inqh ~/k;xib
� ~/k;x, since the finite orbit width effects of trapped elec-

trons are neglected. Similar to the quasilinear electron cool-

ing in electron drift waves, a realistic application is the

quasilinear trapped electron cooling in CTEM. The turbulent

heating for quasilinear trapped electrons is given by

h�~E � �~Jið2Þb ¼
X

k

�e

ð
d3v�vd

�~E�~gk;x; (53)

where the bounce averaged curvature and rB drift velocity

is �vd ¼ �xd=kh and �~E is the bounce averaged electric field.

The velocity integration over the trapped-electron population

is written as

d3v ’ 4p
�

2

� 1
2

v2dvdj2 j2 � sin2 h
2

� ��1=2

; (54)

where j is the pitch angle variable related to the azimuthal

angle h0 of the turning point of a trapped electron and

j ¼ sin h0. We can convert the integral in velocity space into

one in energy space (for the kinetic energy E ¼ mev2=2),

where we findð
d3v ¼ �

2

� 1=2
ð

4pv2dv
ð1

j0

dj2 j2 � sin2 h
2

� ��1
2

� 2p
�

2

� 1=2 2

me

� �3=2 ð
E1=2dE: (55)

The fraction of the trapped electrons ft ¼ ð�=2Þ1=2Ð 1

j0
dj2 j2 � sin2 h

2

� ��1=2 � ð�=2Þ1=2
was approximated in Eq.

(55), for simplicity. Then the bounce averaged turbulent

heating from the curvature and rB drift current is

h�~E � �~Jið2Þb ¼
X

k

�2p
�

2

� 1=2 2

me

� �3=2

e

ð
E1=2dE�vd

�~E�~gk;x;

¼
X

k

�2p
�

2

� 1=2 2

me

� �3=2

e

ð
E1=2dE

�xd

kh

� �
ðikh

~/�kÞ �
e~/k

Te
hfei

x� x?T

x� �xd

 !
;

¼
X

k

2pi
�

2

� 1=2 2

me

� �3=2

Te
e~/k

Te

�����
�����
2 ð

E3=2dE
khqsCs

RTe

� �
x� x?T

x� khqsCs

R
E
Te

hfei
 !

; (56)

where we define x?T ¼ x?e½1þ geðE=Te � 3=2Þ� in Eq. (56). The integral is

ð
dE

hfei
x� ðkhqsCsE=RTeÞ

¼ �ip
jkhqsCs=RTej

hfeiE¼ xRTe
khqsCs

:

The wave-trapped electron resonance gives x ¼ �xd , so energy can be obtain at the resonance E ¼ ðxRTeÞ=ðkhqsCsÞ
� RTe=2Ln. The drift wave frequency x ¼ x?e=ð1þ k2

?q
2
s Þ, the unstable wave number k?qs � 1, and x?e ¼ khqsCs=Ln �

Cs=Ln were considered for CTEM. Then, the quasilinear turbulent cooling for trapped electron can be estimated as

h�~E � �~Jið2Þb ¼
X

k

2pi
�

2

� 1=2 2

me

� �3=2

Te
e~/k

Te

�����
�����
2

RTe

2Ln

� �3=2

ð�ipÞðx� x?TÞhfei E¼RTe
2Ln

���
¼
X

k

2p1=2 �

2

� 1=2 R

2Ln

� �3=2

n0Te
e~/k

Te

�����
�����
2

Cs

Ln

� �
� 1

2
� ge

R

2Ln
þ ge

3

2

� �
exp � R

2Ln

� �
: (57)

Here the electron equilibrium distribution function is still

taken to be a local Maxwellian, i.e., hfei ¼ n0ðxÞ
ðme=2pTeðxÞÞ3=2

expð�E=TeÞ. The quasilinear turbulent cool-

ing for trapped electrons is h�~E � �~Jið2Þb ð�; n;R=Ln;R=LT ;
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q?; Te; k?qsÞ, which is a function dependent on the all the

parameters.

Now we compare the collisional turbulent energy trans-

fer (51) to the magnitude of quasilinear trapped electron

cooling (57), and we can obtain the collisionality at the

crossover, which is a dimensionless number given by

�?�
Rq��3=2

Vthe

� �
2

3
p1=2 �

2

� 1=2 R

2Ln

� �3=2 e~/k

Te

�����
�����
2

Cs

Ln

� �

� 1

2
þRge

2Ln
�3ge

2

� �
mi

me
1� Ti

Te

� ��1

exp � R

2Ln

� �

¼ 1

12
p1=2

ffiffiffiffiffiffi
mi

me

r
q

�

�  e~/k

Te

�����
�����
2

R

Ln

� �3=2

� R

Ln
þ R2

LnLT
�3

R

LT

� �
1� Ti

Te

� ��1

exp � R

2Ln

� �
: (58)

Here the collisionality �?ð�; q;R=Ln;R=LT ; q?; Ti=TeÞ
can be determined if all parameters are given. For simplicity,

we assume Ti=Te < 1 for an electron heated plasma and ana-

lyze how the ratio of Ti=Te affects collisionality �?. We also

note that the collisionality �? at crossover is sensitive to the

local parameters R=Ln and R=LT .23,24 Qualitatively, the rela-

tion between them is described in Fig. 5 where we take the

ITER parameters (the inverse aspect ratio � � 1=3, safety fac-

tor q¼ 2),5,18 the mixing length approximation

je~/k=Tej � 10�3, the temperature ratio Ti=Te ¼ 1=2, the

ranges 3 < R=LT < 13 and 3 < R=Ln < 13. For typical pa-

rameters R=LT ¼ 10; R=Ln ¼ 4, we have

�? � 1:2� 10�3 (59)

Obviously, the collisionality in ITER �? � 10�3 is same

order as the collisionality at the crossover of collisional

energy transfer and collisionless energy transfer. In other

words, the collisionality is low enough such that the colli-

sionless turbulent energy transfer and the collisional

inter-species coupling process are both important for the

energy transfer process!

However, as the ions gain more and more energy, the

difference between Ti and Te will decrease, and the colli-

sional energy transfer will drop. For example, Ti � 0:95Te

corresponding to the collisionality at the crossover

�? ¼ 1:2� 10�2, in Eq. (58). Thus, the collisionless energy

transfer process will ultimately control electron-ion energy

transfer in ITER.

We examined the turbulent energy transfer mechanism

for CTEM and found that the collisionless energy transfer is

anticipated to be the dominant electron-ion coupling process

in the heat balance. Furthermore, in Sec. VII, we will com-

pare the rate of the electron turbulent energy lost by turbu-

lent transport through the electron heat flux with the rate of

the electron energy transferred to the ions in the CTEM.

VII. TURBULENT ENERGY TRANSFER VS
TURBULENT ENERGY TRANSPORT

The effective way to compare the rate of the electron

energy lost by the turbulent transport to the rate of the colli-

sionless energy transfer by comparison of the volume inte-

gral of the electron cooling, to the surface integrated electron

heat flux in CTEM. In the electron heat balance equation

(49), we ignore the collisional energy transfer term for low

collisionality CTEM and have

3

2
n
@Te

@t
þr � Qe ¼ h ~E � ~Jei þ Sourceþ � � � : (60)

At steady state, the volume integral of the annulus for Eq.

(60), we obtain

AQejboundary ¼
ð

d3rh ~E � ~Jei; (61)

where A is a constant surface area and the volume integral

over the annular region can be estimated as
Ð

d3r ¼ ADr,

where Dr is the annular thickness. Then the equation can be

simplified to

Qejboundary ¼ Drh ~E � ~Jei: (62)

Here Qe is the electron heat flux, and we consider the quasi-

linear trapped electron heat flux in CTEM which is given

by13,25

Qe ¼ h ~Vr
~Pei ¼ �

c

B

X
k

kh Imð ~Pð1Þe
~/Þ: (63)

The pressure fluctuation ~P is written as

~P
ð1Þ
e ¼

ð
d3v

1

2
mev

2�~gk;x

¼ 2p
2

me

� �3=2 �

2

� 1=2
ð

dEE3=2

� � e~/k

Te
hfei

x� x?e 1þ geðE
Te
� 3

2
Þ

h i
x� �xd

0
@

1
A: (64)

FIG. 5. The collisionality �? at crossover depends on the local parameters

R=LT and R=Ln. For � � 1=3; q ¼ 2; q? ¼ 10�3; Ti=Te ¼ 1=2; R=LT ¼
10; R=Ln ¼ 4, the crossover collisionality is �? ¼ 1:2� 10�3.
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The bounce averaged trapped electron distribution function
�~gk;x in Eq. (52) has been used here.11–13 Considering the res-

onance of the wave with trapped electron precession motion

(i.e., x ¼ xd ¼ ðkhqsCs=RÞðE=TeÞ) and noting the electron

diamagnetic frequency x?e ¼ khqsCs=Ln, the pressure fluctu-

ation is seen to be

Im ~P
ð1Þ
e ¼ 2p2 2

me

� �3=2 �

2

� 1=2 xRTe

Lnx?e

� �3=2 e~/k

Te

 !

� ðx� x?TÞ
j Lnx?e

RTe
j
hfeiE¼RTe

2Ln
: (65)

The quasilinear electron heat flux in Eq. (63) can thus be cal-

culated as

Qe ¼
X

k

2p2 2

me

� �3=2 �

2

� 1=2 RTe

2Ln

� �3=2 e~/k

Te

�����
�����
2

V2
thekh

Xe

RTe

Ln

����
����

� 1

2
þ ge

E

Te
� 3

2

� �� �
hfeiE¼RTe

2Ln

¼
X

k

2p1=2 �

2

� 1=2 R

2Ln

� �3=2

n0Te
e~/k

Te

�����
�����
2

V2
thekh

Xe

R

Ln

����
����

� 1

2
þ ge

E

Te
� 3

2

� �� �
exp � R

2Ln

� �
: ð66Þ

The trapped electron distribution function at resonance

hfeiE¼RTe=2Ln
¼ n0ðxÞðme=2pTeðxÞÞ3=2

expð�R=2LnÞ was used

in Eq. (66). Comparing Eq. (57) with Eq. (66), the ratio of

the electron energy lost by turbulent transport to the colli-

sionless energy transfer can be written as (note: we estimated

x?e ¼ khqsCs=Ln � Cs=Ln in Eq. (57), as before)

Drh ~E � ~Jei
Qejboundary

¼ Ln

R

Xe

V2
thekh

x?eDr ¼ Dr

R
� a

R
; (67)

where the annular width Dr � a, so the radial annular inte-

gral can extend to the whole minor radius. Thus, the ratio

of transfer to transport loss is given by a=R � oð1Þ which

suggests that electron turbulent energy transfer to ions in a

collisionless plasma can be the same order as electron heat

transport loss! Hence the collisionless electron heat trans-

fer by turbulence is surely a critical element of any trans-

port analysis model for a low collisionality, electron

heated plasma. It is necessary to consider the influence of

the collisionless energy transfer to determine the total elec-

tron heat budget. This issue is especially relevant to ITER

plasmas.

VIII. CONCLUSION

In this paper, we considered two problems: the net tur-

bulent heating and inter-species collisionless energy transfer

channels in electron drift wave turbulence. The principal

results of this analysis are:

(1) We extended the classical calculation of the turbulent

heating within the quasilinear framework to the nonlin-

ear level. The turbulent heating includes quasilinear

electron cooling, quasilinear ion heating, and ion polar-

ization drift and ion diamagnetic drift induced turbulent

heating. The volume integral of the ion polarization

drift in an annulus give rises to the net turbulent heat-

ing, which occurs through the zonal flow. This net heat-

ing is dissipated by the zonal flow frictional damping.

Thus, it constitutes an important collisionless energy

transfer channel working through zonal flow generation.

The process of energy transfer via the zonal flow has

not previously been accounted for in analyses of energy

transfer from electrons to ions. We ignore the small

effect of the ion diamagnetic drift induced heat flux dif-

ferential in an annulus.

(2) We identified three kinds of collisionless turbulent

energy transfer channels in electron drift wave turbu-

lence. The hot electrons can transfer turbulent energy to

cold ions through wave-particle interaction (ion Landau

damping, ion Nonlinear Landau damping) and

turbulence-zonal flow interaction (zonal flow frictional

damping). Here we focus more on the nonlinear turbu-

lent energy transfer through the zonal flow channel,

since it can dominate the nonlinear saturation balance.

The nonlinear collisionless heat transfer through the

nonlinear Landau damping will be discussed in a future

paper.

(3) By using a mixing length approximation, we estimated

all of the turbulent heating ratios. Using ITER parame-

ters, we discussed the implication of our results. The

comparison of the ratios of the energy dissipation chan-

nels showed that the zonal flow frictional damping can

be a significant energy dissipation channel for the low

collisionality drift wave in ITER plasma.

(4) We explored the meaning of the collisionless turbulent

energy transfer channels in a more realistic case, namely

for CTEM. For ITER plasma, the collisionality is low

enough such that the collisionless energy transfer may

ultimately dominate the energy transfer process. Also we

compared the rate of the energy lost through collisionless

energy transfer with the electron turbulent energy trans-
port in CTEM. The ratio is order unity, which means the

collisionless turbulent energy transfer can be comparable

to the turbulent energy transport in the heat balance.

Then in future large, collisionless tokamaks, we have to

consider the influence of the collisionless energy transfer

as well as the turbulent energy transport.

The collisionless electron-ion coupling model may be

related to some experimental phenomena, such as the elec-

tron temperature profile “stiffness” where the temperature

profile reacts weakly to changes in auxiliary heating deposi-

tion.26 One of the possible causes of such behavior is the

nondiffusive term in the heat flux, which is an inward flow

and carries energy from edge to the core.25 Another reason

may due to electron-ion energy transfer in the core, where

the electron energy is dissipated through collisionless energy

transfer. These two effects are different and independent.

Both must be examined to see which one is more efficient in

future experiments. The proper analysis of these two effects

will be presented in a future paper.
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