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Collisionless inter-species energy transfer and turbulent heating in drift

wave turbulence
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Diego, La Jolla, California 92093-0424, USA

2WCI Center for Fusion Theory, National Fusion Research Institute, Gwahangnol 13, Yuseong-gu,
Daejeon 305-333, Korea

(Received 11 May 2012; accepted 30 July 2012; published online 17 August 2012)

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 r; < r < rp, gives the net heating as h|::2 dr(E J )= —S,.|j:f #0.
Here S, 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 S, 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 (~ v;;(V)” ~ |42 |*), 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. © 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
equation'

T, FOF o\ — e
3,9 +V-Qa:<E-Ju>+num—(T€

2,00 — T+
2’1 ot m; )+

)a - e7i7
ey

where Q, is the heat flux, (E -J,) is turbulent dissipation and
corresponds to turbulent heating,” 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.'™ The familiar term nve (T, — T)
describes collisional energy transfer through electron and ion
binary collisions whereas (E - J. ») describes turbulent heating
for a single species, such as electron turbulent cooling
((E -J,) < 0 — electrons lose energy to the drift wave so the
wave is destabilized), or ion turbulent heating ((E - J;) > 0 —
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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 (o particles) produced in the nu-
clear reaction will heat electrons first.*> 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 Q. 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

© 2012 American Institute of Physics
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FIG. 1. There are two stages in the energy flow before and after the nuclear
reaction.
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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.' 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 by

Jdr<E )= =T + Jdr(v Ne#0, (@

where the turbulent heating can be written as (E -J)
=", oi(E -J,), J, is the radial current fluctuation in an an-
nular region, and the width of the annular region is
riy <r <ry. The (---) defines an average in the 0, ¢ 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
V-J=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 as®’

%—W+v S+ (E-J)=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 stationarity

J Cdr(E - T) = S, @

1

Equation (4) suggests that a wave energy flux differential
across an annular region 1 < r < r, 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
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can be related to the Reynolds stress by noting the wave
energy density flux can be written as’*®

2k, kov W,
Sr - Vgr‘er - _2%7 (5)
(1+k1p3)

where V., = dw/dk is the wave group velocity. Wy is the
wave energy density in Fourier space. In the electrostatic
drift wave, V., = —(dy/dk)/(dy/dw) = —(2p*k, co)/(l +
K2 p?) and the susceptibility is y(k,w) =1+ k? p?

—w,/w —id,. The electron drift wave frequency is
o = w,/ (14 k% p?) and the electron diamagnetic frequency
is @, = kgv,. Since the Reynolds stress can be written as
(V.Vg) = 3 —(c2/B*)k:kg|d |, 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 Vn and VT will drive microturbulence which
gives rise to turbulent heating (E - J). The dominant parallel
components of the turbulent heating are composed of quasi-
linear electron cooling (E I J H£> ), quasilinear ion heating
(E)-J)i ). and nonlinear ion turbulent heating (£ R NVl
The perpendwula.r components considered are given by the
ion polarization drift and ion diamagnetic drift induced tur-
bulent heating (E| -J lJ_p01> and (E, -J' ;). 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

Turbulent Energy flow Channels

=~ \@) =
<4|'4E> <0 Ton Landau || Nonlinear
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y Y
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Flow
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e
.

{ST: Surface Term

FIG. 2. Turbulent energy flow channels: “energy source” of quasilinear elec-
tron  cooling <EH JHe) ); ‘energy sink” of quasilinear ion heating
(E) -J ”,~>(2) nonlinear ion heating (E I Jj lli >(4) ion polarization drift and ion
diamagnetic drift induced turbulent heating (E | - J l[w,) and (E; -J'| ji)-
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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).”'* The third one is by zonal flow fric-
tional damping at steady state, which is due to the turbulence
and zonal flow interaction.®'*!? 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 7, for wave growth or 74, for wave dissi-
pation in the saturation balance condition. Nonlinear
saturation in a turbulent state implies energy transfer from
source (VT,,Vn) to sink.'® Schematically, saturation
implies some fluctuation energy balance condition must be
satisfied, so we have

electron + ion

O—V—/ 7L +VNZ+/zonalflam+"" (6)
For quasilinear electron cooling terms, the electrons will lose
energy to the drift wave and drive wave instability, which
gives rise to y§¢c" > (. In contrast, for quasilinear ion heat-
ing, the ions gain energy from the wave through ion Landau
damping, so 7" < 0. Also the wave energy can be dissipated
through nonlinear ion Landau damping and 79" < < 0. !1-131e
In particular, wave energy can be dissipated by zonal flow
friction, so that 7,4y, <O in the saturation balance.®
Here, 7,410, Te€present a nonlinear saturation mechanism.
If .onaifion dominates the saturation balance,®'” 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
<EH oJNH(,>(2) and (ENH 'jHi>(2> 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
dlamagnetlc drift induced turbulent heating are calculated.
(E,-J Lpol> accounts for the energy flux differential term at
the boundaries and the net Reynolds work of turbulence on
the zonal flow. And (E, -J' ;) contributes a heat flux dif-
ferential at boundary (~ y,,nVT), 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 |e¢ /T|*. 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,”'® 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).!'~13:16
First, we will compare two energy transfer channels: colli-
sional and collisionless. Subsequently, we compare the
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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.

Il. 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:ZeJd3vvf:a’E, (7

where the ¢’ 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,

o, c, ),

Bfei ¢ : of.)
ot B ky Ox

Y0z m, © Ov,

=0. (8

The fluctuation of the electron distribution can be separated
into adiabatic and non-adiabatic parts

fo=22505) + &0 ©)

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

08k 98, _ _ﬁ"’(}k 8 ed)k
o UZE_ o T, (fe) — 3 T, <fc>
e d+ 5<f> fe) 5
" 027 o, Bk ¢k- (10)

We take the electron equilibrium distribution function as a
local Maxwellian in one dimension, i.e., (f,) = no(x)

(me/2nT.) Pexp(—2/V},) and  O(f)/dv. = (~20./V},)
(f.). Substituting (f,) into Eq. (10) yields

08k 08k ae¢k e, O(fe) 5

o U T e, YT R T o (D

Fourier transforming Eq. (11) gives
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o) 4 _ edgk
- <fe> 5ky ()X ¢k_(w*e w) T, {fe) (12)
L o —k,v, w— kv, ’
Here we define the diamagnetic frequency w,, = —k,(T.c/
eB)(1/n)(dn/dx) = (kyp,Cs)/L,, and the scale length for
the density gradient is given by L ' = —(1/n)(dn/dr),

p, = Cs/Q;. Then the quasilinear turbulent heating for elec-
trons can be written as

Ey T =3

—eJdvzvzﬁzgk. (13)
k

Here the contribution of the electron quasilinear turbulent
heating is in the parallel electric field direction. Substituting
Eq. (12) into Eq. (13), we obtain

(8110 = 3 = [ ) S ),
:Z Jduv O _1)(0he — )
k
O stk — 0) SR,
~ 12
=S V[ (0 o.)
k e
k. 2
P ( V/tzhe) (14)

The calculation of the ¢ function integral [dv.d(w/k. — v.)
{fe) = (fe)ly.—w. Was applied to Eq. (14), where the electron
drift waves resonate with the background electrons if the
phase velocity satisfies v, = w/k,. We also note that the qua-
silinear turbulent heating for electrons (E I J He>(2> is deter-
mined by the resonant electron density n, temperature 7, and
turbulent intensity |e¢, /T.|*.

Considering the drift wave dispersion relationship
® = Wy /(1 + k% p?), then we have w(w — w,.) < 0 which
implies a competition between stabilization and destabiliza-
tion effects for the electron drift wave. On one hand, the w 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 w,,., which drives wave instability.
Here, the electron drift wave was destabilized since w(w —
y.) < 0 which flips the sign of the electron dissipation and
so gives rise to inverse Landau damping. So we obtain the
quasilinear electron cooling <E I T H€>(2) < 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

of

Sy <ﬁ>
Ot B ky

afi+i = 0(f)
0z  m, ov,

b+ v-

Linearizing Eq. (15), we have
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(16)

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

<EII 'j‘|i><2) :ZeJdvaEZfi

k
(»sz 2
e o i
= mnli|— O+ Wy
zk: \/_ Te |kz|th1i ( TE >
k. 2
X exp —(w‘iz‘) . 17
thi

Here the quasilinear ion heating (E I J “i><2) > 0. The ions
gain energy from the drift wave through ion Landau damp-
ing. In the parallel magnetic field direction, the total qua51—
linear turbulent heating is (E\-J H>( )= (E e )@
+(E)-J ||,~>(2). 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 7, =7, — 7,
> 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.

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

Since the E x B drifts of the ions and electrons cancel
automatically, and m, < m; (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

jIL = jlpol + jlidia' (18)

First, we compute the ion polarization contribution to the tur-
bulent heating defined by

QLpol <Ei JLpal> (19)

The ion polarization drift velocity is given by % Lpol
= (¢/BQy)dE /dt, and we define d/dt=0d/0t+V - V
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V=(V,)+V,, E. =(E.)+E,, so we have the ion
polarization current

[0~ 0 - 0

JLPO,—enVLpol nm,B2 8EL+< >0 E, +1V, 8x<E> ,

(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

2. OE, 2 O(E,)
<EL JLpal> <” miﬁEra—y><Vy>+< ,m,B2 V> e

21

Noting the definition of the £ x B flow V, =
simplifying, allows

—(¢/B)E, and

= s 1 0 =~ ¢,~ 5 O(Ey)
(B ) =3 (218 ) ) (7,7 2,
(22)

for the simplified geometry considered here, n; = n;(x) and
B =B(x). The first term can be seen to vanish identically
upon averaging, hence we can write

O(Ey)

—HiM (VV> o
X

<EJ- : Jleol> (23)
which is Reynolds work on the E x 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 = B(r,0)] 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 ry (see Fig. 3), so the coordinates can be
described by (r, 0, z). For our simple case, the magnetic field
is considered as a constant. Since the Reynolds stress in slab
geometry is given by (V,V,) = —(c?/B*)(0,¢0,¢), then in
a local annulus the Reynolds stress can be written as

75— A

FIG. 3. Energy flux differential in an annular region. The annular width is
2A.
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(V.V,) = (V,Vy). Now we take the mean poloidal velocity

to be the mean E x B velocity, so (Vy) ~ (Vi) = —(c/B)

(E,). Then the turbulent heating can be obtained as
(B30 = nmi(V,Vo)(Vy)" (24)

If we define an average over an annular region with the
width 2A at the local centre ry, this average can be written as

27R 2n ro+A
<...>:J dzJ rodGJ (---)dr. (25)

0 0 ro —A

The surface area is a constant and is given by a number
A(ro), A(ro) = an dz 0 "rod0. Then, we only need to con-
sider the radial mtegral to compute the turbulent heating
within an annulus, which is

2nR 21 ro+A B
[ o[ 5

0 0 ro—

ro+A
= nimiAJ dr (Vo) (V. Vy)
I‘()*A

— Aol 7 Tl - [
ro—

(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 S, is pro-
portional to the Reynolds stress (see Eq. (5)) which drives
zonal flow formation.” 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,'*'?
we have

0 0 ,~ -~
5, Vo) = =5 (V:Vo) = vea(Va). @7)
Since at steady state, Reynolds work on the zonal flow must
balance zonal flow friction, (V,Vy)/0r = —v.,1(Vy), then
the ion polarization drift induced turbulent heating in Eq.
(26) can be approximated as
r+A

drvea (Vi) (28)

<E ’ jILp01> ~ nmlAJ
r—A

which is zonal flow frictional damping (~ ywl(V9>2
~ |e¢/T["). 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.
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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 VP in the direc-
tion perpendicular to B

~ ¢ B x VP,
Ve = o B (29)

The corresponding diamagnetic current is

BXVﬁ,’

> (30)

si ~i
I dia = enV g = ¢
Then we obtain the divergence of the diamagnetic current as

~i C ~ ~

Vi-Ji4w=V1 E[Pjv xB -V x(PB)]=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 'jidia> = <_VL : (d’juia) +¢V'juia>v

10 /- cl10P; 10 -
=~vor < Bro >:‘;a—r<VEXBP> (32

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

~ o~ A 1 8 ~ ~ = 5\ |[FFA
(E-J 4)=-A d’”;ENVExBPO = —A(VexgPi)|,"a

r—A
(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

(E-J g0

Here the total heat flux (Q = — VT — x,., VT), includ-
ing the turbulence and neoclassical parts, is a constant. In a tur-
bulent transport dominated annular region, the turbulent heat
flux Qnr = QF,, + Q! 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,

— A(VsP) |4, (34)
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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

V)2
= Al + By I* + CZF%- (35

s

(E-T)

Here the turbulence intensity is defined as [ = ),
and the coefficients A;, By, Czr have dimensions of a power
density. AL = 32, Acled /Tl )/ Sk ledy/Te|* is set by the
electron and ion quasilinear turbulent heating, By, =
S v Biwledy/Til*le /Ti* /I* 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),”''™'* and the coefficient Cx is determined by
heating through zonal flow formation.”*!3

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 approximation'®*° and
then comparing these two dissipation channels by consider-
ing ITER parameters.”'®

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.'>*° Now we will discuss how to estimate
each turbulent heating term in detail. For the quasilinear
electron cooling term is given by

(E) T = Z VanT, ed)k IkZI(J‘)/fhe (00 — )
X exp [— (w\//i,) ] . (36)

Here, the turbulence intensity can be estimated as
e, /T, ~ p,,'"* the wave vector k. ~ 1/Rg, and the dis-
persion relationship is taken as @ = w,./(1 + k% p?) in drift
wave turbulence (note: w = wy). Also the exponential factor

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

Scaling, using mixing
length approximations

Turbulent heating for fluctuation

contribution Analytical theory prediction levels: ﬂ ~p,
o7\ Rqc

(B -d1)| T2 el nTop? % Fy (k. p,)
= =2 b 12 (0 ,mw)m o \2 Ry

(Ey-Ty)® WP I exp — () T2 e Falkop,)

(EL-T ) nmiveo (Vo)? npvaePmiCl g
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exp[—(w/k:)?/V2 ] = 1 since w/k. < V. The quasilinear
electron cooling then can be estimated as

kip ?
nT, ’ i( S ) . (3D
Zf v,hf \1+ &2

We define the function Fy(kyp,) = [kip,/(1+ k2 p2))
which is a dimensionless number dependent on the finite
Larmor effect k) p;, so the simplified quasilinear electron
cooling can be written as

(E) - Tje)

(E) - T)e)

Fi(kipy). (38)

Rqw?
2
‘ ~ f’ngp* v *e

the

Similarly, the quasilinear ion heating term can be estimated
as

2

i

w 60+le B
: i Te *e exp
R 1 1 T;
Vi \1T+ 82 p2) \1+12p2 ' T,
kipy \'(Rq)'L.
1—|—l<J_pS a) T:|

Oec, (kipy), (39)

€

X exp

~nT;
n p* Vf

where F,(k, p,) is another dimensionless number which is
determined by finite Larmor radius & p,

1 1 T;
Fykip,) = —
2( LpS) ( +klps>< +kLp3 +Te>
_(_kups Iﬁ 2& (40)
1+ k% p? a) T;|

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

X exp

B o ro+A
(E T ,p) = nmiA J drvee(Ve)*. (41)
I‘o*A

Here the zonal flow can be treated as an E X B flow, so
(Vo) ~ (Vgxp) ~ —(C/B){(E;). At steady state, the radial
electric field E, ~ (1/n)(VP/e) = —(T,/e)(1/L,). The long
wavelength zonal E x B flow can then be approximated as
the diamagnetic flow

(Vi) v =t =Pac, (42)

Then an estimate of the energy in the zonal flow can be
obtained, which is given by

2
<E~ JLpoI> ~ NM;iVeol (Z C ) (AA) (43)
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Defining a dimensionless number for collisionality v,;
= €32v;Rq/Vyi, the effective collisionality v, = vji/e,
the net turbulent heating is given by (note: we assume the
volume of annulus to be AA ~ 1)

o Vi
(BT}~ niplePmCl R (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

(E-J)

1% 2
AL+ g COz) : (45)

where AL = 3" Aledy /Tl ) S ledr/Tol?, Ac(n, T, Ty, Vige,
Vinis 0s,k 1 py) = —=nTe(Rq/Vine )t F1(kypg) +nT; (Rq/Vim)
w2 Fa(kypy), and Czp(n,mi,q, Vi, €,Cs, vii) = nmiC? v, €'/
Vii/(Rq). By using ITER parameters,”'® 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.'®?° These calculations are
specially important for ITER, as a low collisionality plasma.
Then we will use ITER parameters™'® 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

CTeN@
‘<E i) ‘ ~ Vine Fa(kLpy)

= . 46
‘<E.jHe><2)‘ Vani Fr(k1ps) o

For ITER parameters, the electron temperature and ion tem-
perature T, ~ T; = 10keV, the major radius R =6.2m, the

TABLE II. Basic comparison of dissipation channels.

ITER parameters R=62m,a=2m,q=2
Ratio = (EJ) .

atio =157 Short wavelength: k| p, ~ 1
E)-Tn® 1.6 x 102
<El : JJ.]JoI) 0.81/*
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minor radius 7=2m, and the safety factor is ¢ =2 at the
core.>!® Also we consider the influence of finite Larmor ra-
dius effects, where the short wave length &k, p, ~ 1 for the
most unstable mode. Then, the ratio in Eq. (46) is

(€ -71)7)

T =16x 1072 47)

‘(E .]”e>(2)’
Now we consider the ratio of the turbulent energy dissipated
by the zonal flow frictional damping to the electron cooling.

This is given by
= , By il ~ 0.8v,. 48
\/ (RQ> Ve @9

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
V4. 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 v,; ~ 1072
(ITER parameters were used to calculate 1/*,')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 v,; = 1072, 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 w, > v, > 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.

‘ <E JJ_po/
\<E 1T e)

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.'®*° 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
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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."'™"* Consider the
electron turbulent energy transport process in CTEM, the
electron heat balance equation can be written as

= (E-J,) —nu’;i‘f(n ST 4. (49)

The free energy in the electrons (VT,Vn) can be lost
through the electron heat flux V - Q, in the turbulent energy
transport process, or energy can be transferred to ions
through collisional transfer nv7¢ (T, — T;) and collisionless
energy transfer process (E - J,). 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 (v, ~ 1073) 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 v,, = € /?VeeRq/Vie.

Here v,, is the collision rate for electrons and is given by

Vee =29 x 107 x mp x 2 x T,7? 2.9 x 10’7, (50)
The plasma density 7, ~ n; = 1.1 x 10'*cm™3, the Coulomb
logarithm is defined as 1= InA = In(rya/rmin) ~ 10,
plasma temperature T, ~ T; = 10keV.>'® So, the normal-
ized collisionality is obtained as v,, = 4.3 x 10~ in ITER.
Now we find the collisionality v, 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 equation®'

T;
, = elle ueTe<1 ——), 1)

n; Te

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

elitons ransp
VIV transport
> loss
heat transport
collisional collisionless

heat transfer

FIG. 4. The electron turbulent energy flow. The energy can be transported
by the electron heat flux Q, or energy can be transferred to the ions by the
collisional or collisionless energy transfer channels.



082309-9 L. Zhao and P. H. Diamond
be described by coordinates (r,0, &), which are the minor
radius, the poloidal angle, and the toroidal angle, respectively.
Also the equilibrium magnetic field can be written as
B = Boé: + (¢/q)ép, where ¢ = /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,"'™"* which is
_ e W — Wye 1+’7e(__§)
8 ko — i <fé’>

< ﬂnqﬁ(b >h7 (52)

w— g+ lz/pff

where @, ~ G(kop,Cs/R)(E/T,) is the orbit-averaged
trapped electron precession frequency, G is the magnetic field
geometry effect, and G ~ 1 for deeply trapped electrons.”
The effective collision frequency v,z is ignored in the colli-
sionless regime, and #, = L,/Ly,. The (---), means bounce

average and was taken as (---), = ( f—‘(")/( ‘j—;’) The

bounce averaged potential fluctuation is (e’"’q() J) k’w> b
~ (}k‘w, 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

Zk: 2mi ( ) - <me) 3/2

€¢k
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—eJd3uﬁdE§k,w, (53)

where the bounce averaged curvature and VB drift velocity
is 0y = @y/ky and E is the bounce averaged electric field.
The velocity integration over the trapped-electron population
is written as

. o\ 12
d*v ~ 4n (;)zvzdudkz (K2 — sin® 5) , (54)

where « is the pitch angle variable related to the azimuthal
angle 0y of the turning point of a trapped electron and
K = sin 0. We can convert the integral in velocity space into
one in energy space (for the kinetic energy E = m,1?/2),
where we find

s ()2 ) Y =
Jd v—<2> J47w dv xﬂdK K2 sm2

e1/2 2\ 1
~ — — 2
271:(2> < e) JE dE. (55)

The fraction of 1thze trapped electrons f; = (¢/ 2)1/ 2
[Klo di* (% — sin®9) " & (¢/2)"/* was approximated in Eq.
(55), for simplicity. Then the bounce averaged turbulent
heating from the curvature and VB drift current is

32 _
€0 =3 -() " (2) o] e,
12/ 2\/? e W — .1
ELONE JEI/ZdE(k0><1k9¢ >< Tf<fe>w——wd>’

kop,Cs W — W,

3/2

JE / dE( RYS} > (w kop,Cs E <fe>> (56)
TR

T,

where we define w,; = w,.[1 +n,(E/T, — 3/2)] in Eq. (56). The integral is

(fe)

—IT
@RTe

dE =
J W — (k()psCsE/RTe)

The wave-trapped electron resonance gives m = @,, so energy can be obtain at the resonance E =

~ RT,/2L,. The drift wave frequency w = w,,/(1 +

|k()pscs/RTe | <f€>E:kov

(wRTe)/(k()psCs)

k% p?), the unstable wave number k, p, ~ 1, and w,, = kgp,Cs/L, ~

C,/L, were considered for CTEM. Then, the quasilinear turbulent cooling for trapped electron can be estimated as

€¢k
T,

o Y 3/2
(E .J>}()2) = Z 2mi (%) (m—e) T,

k

2/ R\
- 2‘/2(5) T,
zk: ) \a,) "™

eék

RTe.
E= 2Ln

)3/2(—170(@ wur)(fe)

2
C, 1 R 3 R
(L_n) (— 5 e 2L, + 1, 5) exp (— 2Ln) . (57)

|

Here the electron equilibrium distribution function is still
taken to be a local Maxwellian, i.e., (f;) = no(x)

(m,/2nT, (x))3/ *exp(—E/T.). The culasﬂmear turbulent cool-
ing for trapped electrons is (E - J>(>(€,n,R/Ln7R/LT,
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04, Te, ki p,), 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

2

Rqe3/%\ 2 1/2(e>1/2 R\*? C,
ViR | —— |z =2 —
Ve )3 \2 2L, L,
1 Ry, 3n,\m T\ R
Z e Tle) 0L —
. <2+2L,1 2 )m( Tg> eXp( 2L,,>
~ 2
L, [Eay b (R v
12 m, \€ L,

T,
R R? R T\ ! R
= —3—)(1-= - . (58
8 (Ln +LnLT LT) < Te> exp( 2Ln> ( )

Here the collisionality wv.(e,q,R/L,,R/Lr,p,,Ti/T,)
can be determined if all parameters are given. For simplicity,
we assume T;/T, < 1 for an electron heated plasma and ana-
lyze how the ratio of T;/T, affects collisionality v,. We also
note that the collisionality v, at crossover is sensitive to the
local parameters R/L, and R/Ly.**** 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 g= 2)>'™  the mixing length approximation
le¢p,/T.| ~ 1073, the temperature ratio T;/T, = 1/2, the
ranges 3 < R/Ly < 13 and 3 < R/L, < 13. For typical pa-
rameters R /Lt = 10, R/L, = 4, we have

edy
T,

v, ~12x 1073 (59)

Obviously, the collisionality in ITER v, ~ 10~ 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-
turbulent energy transfer and the collisional

sionless

0.0020

FIG. 5. The collisionality v, at crossover depends on the local parameters
R/Ly and R/L,. For e~ 1/3, ¢=2, p, =103, T;/T, =1/2, R/Ly =
10, R/L, = 4, the crossover collisionality is v, = 1.2 x 1073,
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inter-species coupling process are both important for the
energy transfer process!

However, as the ions gain more and more energy, the
difference between 7; and T, will decrease, and the colli-
sional energy transfer will drop. For example, T; ~ 0.957T,
corresponding to the collisionality at the crossover
v, =12%x 1072, 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.

VIl. 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 o7,
—n

2 0Ot

+V-Q,=(E-J,) +Source +---.  (60)

At steady state, the volume integral of the annulus for Eq.
(60), we obtain

AQ€|boundary = Jd3r<E 'je>a (61)

where A is a constant surface area and the volume integral
over the annular region can be estimated as fd3r = AAr,
where Ar is the annular thickness. Then the equation can be
simplified to

Qe|b0undary = AF<E : jﬂ) (62)
Here Q. is the electron heat flux, and we consider the quasi-
linear trapped electron heat flux in CTEM which is given

by13,25

o5, C 5(1) 5
Q.= (V,.P,) = —Ezk: koIm(P, ¢). (63)
The pressure fluctuation P is written as

- 1 -
Pil) = Jd:‘;UEmeUzgk’w

2\3? sey1/2
=2n( = - EE3?
n(me) (2) Jd

5 — E_3
o [ =Py ? ottt =)
Te ¢ w— g

(64)
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The bounce averaged trapped electron distribution function
10, in Eq. (52) has been used here.''~!* Considering the res-
onance of the wave with trapped electron precession motion
(i.e., ® = wg = (kop,Cs/R)(E/T,)) and noting the electron
diamagnetic frequency w,, = kgp,Cs/L,, the pressure fluctu-
ation is seen to be

~ 3/2 12 32/ 3
Ium =2 i <£> WRT @
¢ me 2 L,y T,

(w0 — wur)

(o) ot ©9)

RT.

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

-y (2) () (B8 Ve Vi o
s m.) \2) \oL,) |T.| Q. [L.
1
bt
1/2 eqS R
— 21 , k the -~
Zk: " <2L,, nol, QE L,

Bl )

The trapped electron distribution function at resonance
(fe)e—rr, jor, = n0(x)(me/2nT,(x ))%/ZCXP( —R/2L,) 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
Wy = kop,Cs/Ly = C;/L, in Eq. (57), as before)

L, Q, Ar

=RV . Ar

Ar(E o, ) A
thek() R

QG | boundary

) (67)

x|

where the annular width Ar = 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 ~ o(1) 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.

Viil. 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
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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.”® 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.””> 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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