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Both the parallel residual stress and parallel turbulent acceleration driven by electrostatic collisionless
trapped electron mode (CTEM) turbulence are calculated analytically using gyrokinetic theory.
Quasilinear results show that the parallel residual stress contributes an outward flux of co-current
rotation for normal magnetic shear and turbulence intensity profile increasing outward. This may
induce intrinsic counter-current rotation or flattening of the co-current rotation profile. The parallel
turbulent acceleration driven by CTEM turbulence vanishes, due to the absence of a phase shift
between density fluctuation and ion pressure fluctuation. This is different from the case of ion
temperature gradient turbulence, for which the turbulent acceleration can provide co-current drive
for normal magnetic shear and turbulence intensity profile increasing outward. Its order of magni-
tude is predicted to be the same as that of the divergence of the residual stress [L. Wang and P. H.
Diamond, Phys. Rev. Lett. 110, 265006 (2013)]. A possible connection of these theoretical results to
experimental observations of electron cyclotron heating effects on toroidal rotation is discussed.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4947206]

I. INTRODUCTION

Intrinsic (or, spontaneous) plasma rotation is of great
interest in magnetic confinement fusion. Plasma rotation is
thought to play a critical role in both stabilizing macroscopic
magnetohydrodynamic (MHD) instabilities, such as resistive
wall modes,1,2 and in reducing turbulent transport level
due to plasma microturbulence and thereby improving the
performance of plasma confinement. Intrinsic rotation is
particularly important for the International Thermonuclear
Experimental Reactor, because conventional neutral beam
injection (NBI) may not provide sufficient rotation drive due
to its limited beam penetration. Therefore, understanding the
underlying physical mechanisms for intrinsic rotation gener-
ation is an outstanding issue and there has been intensive
research in intrinsic rotation in the magnetic fusion energy
community in recent years (see Refs. 3 and 4 for overviews).

Experimentally, electron cyclotron heating (ECH)
effects on toroidal rotation have been studied in many toka-
maks such as DIII-D,5,6 TCV,7 JT-60U,8,9 AUG,10,11

KSTAR12,13 for various conditions, and in stellarators14,15 as
well. The direction of core toroidal rotation changes from
co-current in Ohmic H-mode plasmas to counter-current in
ECH H-mode plasmas.5,6 It is also found that ECH induces
an increment of counter-current rotation in co-current or bal-
anced NBI heated L-mode and H-mode plasmas.9–13 After
turning on ECH, the electron temperature (and hence its
gradient) in the core region increases dramatically, and the
density gradient also steepens, while the ion temperature and
its gradient just decrease slightly. Counter-current torque
induced by micro-turbulence rather than damping by MHD
activity as a physical mechanism to explain ECH effects on

toroidal rotation has been discussed in Refs. 13 and 15.
Linear stability study by gyrokinetic simulation suggests a
possible transition from ion temperature gradient (ITG) tur-
bulence to trapped electron mode (TEM) turbulence due to
the changes in temperature and density profiles induced by
ECH.11,12 It implies that the counter-current effect induced
by ECH might be related to the turbulence transition from
ITG to TEM. Stronger TEM excitation corresponding to
larger reduction of co-current toroidal rotation due to larger
trapped electron fraction for off-aix ECH case is reported in
Ref. 13. Due to lack of direct fluctuation measurements
corresponding to the turbulence mode transition, it is difficult
to quantitatively compare experimental observations with
theoretical and simulation results.

From theory and numerical simulations, it is widely rec-
ognized that tokamak intrinsic rotation can be self-generated
by micro-turbulence. In turbulent momentum flux, the non-
diffusive, non-convective component, which is usually
referred as residual stress, is thought to be the origin of
intrinsic torque. Intrinsic rotation generation due to residual
stress driven by electrostatic ITG turbulence has been stud-
ied both by gyrokinetic theory16 and by gyrokinetic simula-
tion.17,18 Collisionless trapped electron mode (CTEM)
turbulence driven intrinsic torque associated with residual
stress was also reported in Refs. 19 and 20. A local gyroki-
netic study on the relationship between the changes of intrin-
sic rotation and the turbulence transition from ITG to TEM
is also based on an explanation by residual stress.21 In addi-
tion, turbulent acceleration in ITG turbulence was proposed
as a new possible mechanism for driving intrinsic rota-
tion.22,23 In Ref. 22, turbulent acceleration for parallel flow
velocity is obtained, which cannot be written as a divergence
of stress term; therefore, it acts as a local source or sink. Thisa)E-mail: luwang@hust.edu.cn
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is different from the physics of residual stress, which enters
the flow velocity equation via its divergence. In other words,
the turbulent acceleration is an effective volume-force, while
the residual stress is a kind of surface stress. This bears some
similarity with the difference between the turbulent heat-
ing24,25 (a possible heat source) and the turbulent energy
pinch26 (one component of the energy flux). Recently, turbu-
lent acceleration for mean parallel flow is extended to elec-
tromagnetic turbulence.27 One may wonder if the turbulent
acceleration contradicts with momentum conservation. The
answer is not. Basically, this is because the conserved physi-
cal quantity is canonical momentum density but not the flow
velocity. The canonical momentum density conservation
should be obtained by summing the canonical momentum
equation over all species and using quasinetrality condi-
tion.28–32 However, the mean parallel flow velocity evolution
equation describes velocity rather than canonical momentum
density. Therefore, there is no constraint of conservation for
parallel flow velocity. The turbulent acceleration due to
CTEM turbulence has not been calculated. Hence, the goal
of this work is to study the theory of intrinsic rotation driven
by both the residual stress and the turbulent acceleration in
CTEM turbulence. A quantitative comparison with the ex-
perimental observations is beyond the scope of this paper.

In this work, following the procedures of Ref. 22, a
mean parallel flow velocity evolution equation is derived for
electrostatic CTEM turbulence using gyrokinetic theory. The
principal results of this paper are as follows:

(1) Both parallel Reynolds stress and parallel turbulent
acceleration are estimated using quasilinear theory.
Parallel symmetry breaking induced by fluctuation inten-
sity gradient33 is invoked to calculate the residual stress.

(2) The parallel residual stress for CTEM turbulence is pre-
dicted to contribute an outward flux of co-current rota-
tion for normal magnetic shear and turbulence intensity
profile increasing outward. This outward flux of co-
current rotation may lead to flattening of co-current rota-
tion or intrinsic counter-current rotation.

(3) The turbulent acceleration driven by CTEM turbulence
vanishes, since there is no phase shift between density
fluctuation and ion pressure fluctuation. This is different
from ITG turbulence for which the turbulent acceleration
is a co-current drive for normal magnetic shear and
turbulence intensity profile increasing outward, and its
order of magnitude can be comparable to that of the
divergence of residual stress.22

(4) If the turbulence mode transitions from ITG to TEM,
vanishing co-current drive from turbulent acceleration
and the outward flux of co-current rotation may cause
flattening of the co-current rotation profile or counter-
current rotation increment, which is qualitatively consist-
ent with experimental observations of ECH effects on
toroidal rotation.

The remainder of this paper is organized as follows. In
Sec. II, we present the derivation of the mean parallel flow
velocity evolution equation. In Sec. III, quasilinear estimates
for both the residual stress and the turbulent acceleration for
CTEM turbulence are given. Finally, we summarize our

work and discuss its possible implications for experiments in
Sec. IV.

II. PARALLEL FLOW VELOCITY EVOLUTION
EQUATION

In this work, we investigate the evolution equation of
parallel flow velocity rather than that of parallel momentum
density. We start from nonlinear electrostatic gyrokinetic
equation in the continuity form34
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Here, F ¼ FðR; l; vk; tÞ is the gyrocenter distribution func-
tion, l is the gyrocenter magnetic moment, B! ¼ Bþ mic

e
vkr' b̂; B! ¼ b̂ % B! is the Jacobian of the transformation
from the particle phase space to the gyrocenter phase space,
and hh% % %ii denotes gyroaveraging.

By taking the zeroth order moment of the nonlinear
gyrokinetic equation, we obtain the equation for gyrocenter
density, n ) ð2p=miÞ

Ð
dldvkFB!,
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Then, we take the first order moment to obtain the equation
for gyrocenter parallel momentum per ion mass,35
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Here, Pi ¼ 2p
Ð

dldvkFB!ðvk ( UkÞ2 ¼ ð2p=miÞ
Ð

dldvk
FB!lB is the ion pressure, dvE'B ¼ cb̂ 'rd/=B is the fluc-

tuating E' B drift velocity, vdj ¼ cTi=ðeBÞb̂ ' b̂ %rb̂ is

the magnetic curvature drift velocity, vdr ¼ cTi=ðeB2Þb̂
'rB is the magnetic gradient drift velocity, and a long

wavelength approximation k2
?q

2
i * 1 has been used, with k?

being the perpendicular wave number, and qi being the ion
Larmor radius. The terms on the right hand side represent
the parallel electric force, along with the effective magnetic
field B!=B!. These terms cannot be written as a divergence
of momentum flux, consistent with the interpretation as
turbulent momentum source in Ref. 23.

In this work, we focus on ion parallel flow velocity equa-
tion, but not gyrokinetic parallel momentum conservation30–32
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or the ion parallel momentum equation.23 The conserved quan-
tity corresponding to toroidal symmetry is the total toroidal
canonical momentum density carried by particles (summing
over all species) and fields but not the ion flow velocity.
Therefore, the presence of turbulent source or sink in the mean
ion flow velocity equation does not contradict the gyrokinetic
toroidal momentum conservation.30–32 Although the most
natural quantity for theoretical study is the toroidal canonical
momentum density, the quantity measured and estimated
from experimental observation is the toroidal ion flow veloc-
ity. The magnitude of toroidal flow velocity can be approxi-
mated by parallel flow velocity for tokamaks, since the
toroidal field is much larger than the poloidal field. So taking
ðð5Þ ( Uk ' ð4ÞÞ=n, we can obtain the ion parallel flow ve-
locity equation22

@
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Uk þr % dvE'B þ 4vdrð ÞUk
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In low-b plasmas, b̂ ' ðb̂ %rb̂Þ ’ ð1=BÞb̂ 'rB, so the
magnetic curvature drift can be approximated as the mag-
netic gradient drift, i.e., vdj ’ vdr. Note that the drift veloc-
ities are compressible in toroidal geometry. r % dvE'B

’ 2ðe=TiÞvdr %rd/ and r % vdr ¼ vdr % ðrTiÞ=Ti are used
when deriving the preceding equation. Then, the mean paral-
lel velocity equation can be derived by taking a flux surface
average of Eq. (6), i.e.,

@

@t
hUkiþr %Pr;k ¼ ak; (7)

where Pr;k is the total parallel Reynolds stress, and ak is the
parallel turbulent acceleration. The total parallel Reynolds
stress can be written as

Pr;k ¼ hdvE'B;rdUkiþ 4v0
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The two terms on the right hand side of Eq. (8) come from
the radial components of the fluctuating dE' B velocity and
the magnetic drift velocity, respectively. The second term
was shown to be subdominant to the first one by Hahm
et al.,35 so we only keep the fluctuating dE' B induced
parallel Reynolds stress in this work. The parallel turbulent
acceleration can be written as
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1
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dTi
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This turbulent acceleration term cannot be written as a diver-
gence of the parallel Reynolds stress! It plays the role of a
local source/sink of parallel rotation and so is significant for
parallel rotation. In particular, the first term in the turbulent
acceleration is related to parallel gradient of ion pressure

fluctuation but is independent of the parallel velocity. In our
previous work,22 it was shown that the physics of turbulent
acceleration is fundamentally different from that of the resid-
ual stress, but the order of magnitude of turbulent accelera-
tion can be comparable to that of divergence of the residual
stress in electrostatic ITG turbulence. Although CTEM is
driven by the trapped electron precession drift resonance,36

toroidal effects on rotation are not the foci of this work. The
magnetic drift induced Reynolds stress was shown to be sub-
dominant in Ref. 35. The intrinsic turbulent acceleration
induced by parallel ion pressure gradient is robust. It is pres-
ent in whether the magnetic geometry is cylindrical or toroi-
dal. Therefore, in the following, we only consider fluctuating
dE' B induced parallel Reynolds stress, hdvE'B;rdUki, and
the parallel ion pressure gradient induced turbulent accelera-
tion, 1

min2
0

hdnb̂ %rdPii.

III. QUASILINEAR EXPRESSIONS FOR RESIDUAL
STRESS AND TURBULENT ACCELERATION

In our previous work, we calculated the turbulent accel-
eration term in ITG turbulence.22 In this work, we calculate
the quasilinear expressions for both the residual stress and
the turbulent acceleration term in CTEM turbulence. The lin-
earized perturbed ion distribution function in Fourier space
can be written as
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cTi

eBLn
is the ion diamagnetic drift

frequency, s ¼ Te=Ti is the ratio of the electron temperature

to the ion temperature, d/̂k ¼
ed/k

Te
, and Fi0 is assumed to be

a shifted Maxwellian equilibrium distribution function as
follows:

Fi0 ¼ n0
mi

2pTi

! "3=2

exp (x2
k ( x2

?

# $
: (11)

Since we do not consider the toroidal effects on parallel rota-
tion, magnetic drifts have been neglected in Eq. (10). For
long wavelength modes, khqi < 1=q, with q being the safety
factor, an approximation jkkvkj > xdi can be justified. Here,
xk ¼ xr þ ick, with xr and ck being the real frequency and
linear growth rate of CTEM. In Ref. 36, the mode is suffi-
ciently localized near rational surface, and Landau resonance
between waves and ions was neglected. Therefore, taking the
fluid ion limit, jxkj+ jkkvkj, the perturbed ion distribution
function can be simplified to

dfik ¼
1

xk
kkvthixk þ

x!e
s

1þ giðx2
k þ x2

? ( 3=2Þ
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Now, we first calculate the parallel Reynolds stress and
determine its non-diffusive and non-convective component,
i.e., residual stress. To obtain a quasilinear evaluation of the
parallel Reynolds stress hdvE'B;rdUki, we need to calculate
dUk. Taking the ðvk ( U0Þ moment of the fluctuation distri-
bution yields

n0dUkk ¼ n0khqscs
1

xk
( @U0

@r
þ

kk
kh

xci

! "
d/̂k: (13)

Then, we can obtain the Reynolds stress as follows:
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Here, the first term is the diffusive term, with diffusivity
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2
s c2
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and the second term is an off-diagonal term, which is the so
called residual stress

Pres
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r
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3
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Here, Ik ¼ jd/̂kj
2 is the turbulence intensity, < i

xk

h i
¼ jck j

x2
r

is

used, and the absolute value of jckj is required by causality.
There is no pinch term since toroidal effects have been
ignored in the perturbed ion distribution function. It is known
that the residual stress usually vanishes if the turbulence
intensity Ik is symmetric with respect to kk. The mechanism

for kk symmetry breaking has been intensively studied in the

past few years. The mechanism includes: asymmetric insta-
bility,37 E'B shear,38,39 polarization drift,40 up-down asym-
metry of flux surfaces,41–44 and turbulence intensity
gradient.33 E'B shear is a frequently invoked symmetry
breaking mechanism for the case of edge transport barriers
or internal transport barriers, due to their steep ion pressure
profiles. However, the ion pressure profile in CTEM regime
need not to be very steep. Another simple symmetry break-
ing mechanism is that due to the turbulence intensity gradi-
ent.33 In this work, we focus the turbulent intensity gradient
driven parallel residual stress for CTEM turbulence. In toroi-
dal geometry, kh ¼ nq=r and kk ¼ khxŝ=ðqR0Þ, where ŝ is the

magnetic shear, x ¼ rm;n ( r, and rm;n is the radial location
of the resonant surface. Proceeding as in the study of the
residual stress induced by intensity gradient,33 i.e., IkðxÞ
¼ j/kj

2ðxÞ ¼ Ikð0Þ þ xð@Ik=@xÞ, it follows that the residual
stress can be written as:

Pres
r;k ¼
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qR0
x2 @Ik

@x
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We note that the residual stress driven by CTEM turbulence
is an outward flux of co-current rotation for normal magnetic

shear and @Ik=@x > 0. This may result in flattening of co-
current rotation or an intrinsic counter-current rotation incre-
ment. Flattening effects due to residual stress are more im-
portant for stronger CTEM excitation. This is qualitatively
consistent with the experimental results.13

Next, to calculate the turbulent acceleration induced by

parallel gradient of ion pressure fluctuation, ak ¼ 1
min2

0

hdnb̂ %rdPii, we need to obtain dPi by taking the second
order moment of the perturbed ion distribution function, i.e.,
Eq. (10)

dPik ¼
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The ion gyrocenter density fluctuation can be obtained from
quasi-neutrality condition without consideration of finite
Larmor radius (FLR) effects, i.e.,

dnk ¼ n0ð1( idkÞd/̂k; (19)

where the first term on the right hand side is the adiabatic
electron response, and the second one is the non-adiabatic
response with dk ’ jck j

xr
.45 From Ref. 36, for long wave-

length version (khqs * 1) of CTEM which is mainly
driven by electron temperature gradient, the real frequency
can be approximated as xr , x!e ¼ khqscs=Ln, with Ln

being the density gradient scale length, and the linear
growth rate is

ck

x!e

2222

2222 ¼ 2
ffiffiffiffiffi
p!
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LnG
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exp ( R0

LnG
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ge

R0

LnG
( 3

2

! "
; (20)

where ! is the inverse aspect ratio, G is a function of mag-
netic shear ŝ and azimuthal angle h of the turning point of a
trapped electron,46 and ge ¼ Ln=LTe with LTe being the elec-
tron temperature gradient scale length. It is noted that there
is no phase shift between the density fluctuation and the ion
pressure fluctuation, so the turbulent acceleration vanishes to
the lowest order, i.e.,

ak ¼
1

min2
0

hdnb̂ %rdPii ’ 0: (21)

This means that for CTEM turbulence, intrinsic rotation
drive from residual stress is necessarily dominant over
that from turbulent acceleration. This is different from the
ITG case where the turbulent acceleration can provide
co-current intrinsic rotation drive, and its order of magnitude
can be comparable to the divergence of residual stress.
Unfortunately, since it is difficult for ion temperature fluctua-
tion diagnostics, one cannot directly measure the turbulent
acceleration from experiments.

IV. SUMMARY AND DISCUSSION

In this work, we investigate the intrinsic parallel rotation
generation by CTEM turbulence. By using the electrostatic
gyrokinetic theory, we analytically derive the mean parallel
flow velocity evolution equation which includes the usual
parallel Reynolds stress and the parallel turbulent
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acceleration, as well. From quasilinear estimates, we find
that the parallel residual stress for CTEM turbulence is an
outward flux of co-current rotation for normal magnetic
shear and positive fluctuation intensity gradient. The outward
flux typically leads to an intrinsic rotation in the counter-
current direction or flattening of co-current rotation. We
found that the turbulent acceleration driven by CTEM turbu-
lence vanishes, due to the absence of a phase shift between
the density fluctuation and the ion pressure fluctuation. This
is analogue to zero particle flux for adiabatic electrons for
which there is no phase shift between density and electric
potential fluctuations. Therefore, the turbulent intrinsic rota-
tion drive in CTEM turbulence mainly comes from the resid-
ual stress but not the acceleration. The turbulent intrinsic
rotation drive is sensitive to turbulence mode, which is also
suggested by experimental observations. In this work, long
wavelength limit is used, so the ion polarization density is
neglected. Extension to a wide range of wavelength version
of CTEM47 by self-consistently taking into account finite
Larmor radius effects on CTEM instability and turbulent
intrinsic rotation drive may be worthwhile.

Finally, we discuss possible connections of our theoreti-
cal results to the experimental observations of ECH effects
on core toroidal rotation. It was shown that the turbulent
acceleration in ITG turbulence can provide co-current intrin-
sic rotation drive, and its order of magnitude is comparable
to that of the divergence of residual stress.22 However, for
CTEM turbulence, the turbulent acceleration vanishes, and
the residual stress induces an outward flux of co-current rota-
tion. Therefore, the turbulence mode transition from ITG to
CTEM leads to reduction of co-current acceleration and an
outward flux of co-current rotation. This may be relevant to
the experimental observation of co-current rotation flattening
induced by ECH.11–13 Our theoretical results are qualita-
tively consistent with the experimental observations, while a
quantitative comparison is beyond the scope this work.
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