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Effects of flow shear on the ion temperature gradient modes
in a high b plasma slab
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The integral eigenmode equations derived previously for the study of drift instabilities in a sheared
slab plasma with arbitraryb ~plasma pressure/magnetic pressure! are extended. These equations are
used to investigate the effects of flow shear on the ion temperature gradient driven~ITG! modes. It
is found that the destabilizing effect of a parallel velocity shear,V08 , is weakened by the finiteb
effect, especially in case of weak magnetic shear. However, the perpendicular velocity shear,VE8 ,
still effectively stabilizes these modes even in highb regions. A large enoughVE8 can completely
stabilize the ITG mode at arbitraryb. In addition, the effect ofVE8 is highly enhanced in weak
magnetic shear regions. When the parallel flow coexists with the perpendicular flow, the
comprehensive flow effect depends on the relative sign of these velocity shears. The modes with
higher growth rates may be stabilized by a smallerVE8 for V08VE8.0. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1541023#
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I. INTRODUCTION

Strong sheared flows are observed accompanying
formation of transport barriers in improved confineme
experiments1–3 in tokamaks. The influence of sheared flo
on plasma microinstabilities has been one of the most in
esting topics in recent decades. TheEÃB velocity shear is
believed4 to play a central role in improved confinement e
periments. There are two themes associated with velo
shear effects on the reduction of anomalous transport,
the nonlinear decorrelation of turbulence and the linear
bilization of microinstabilities.

Since the ion temperature gradient driven~ITG! mode
has been considered5–7 as a candidate responsible for th
anomalous ion transport in tokamak plasmas, numerous
oretical studies8–14on the ITG mode have been performed
the presence of sheared flows. The parallel8,9 and
perpendicular10,11 sheared flows were considered separat
and simultaneously12–14 in a slab configuration. Separatel
the parallel velocity shear tends to destabilize while the p
pendicular velocity shear with a sufficiently large value s
bilizes the modes. In addition, the study12 including both
types of flows shows that the combined effect of the flo
can be stabilizing or destabilizing, depending on the rela
sign of the parallel and perpendicular velocity shears. N
ertheless, the ITG modes are completely stabilized for su
ciently large values of the perpendicular velocity shear
gardless of the signs.

Most previous studies8–14 are focused on the electro
static modes. However, finiteb values were obtained in im

a!Electronic mail: gaozhe97@mails.tsinghua.edu.cn
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proved confinement experiments.15 Moreover, in advanced
confinement devices, such as a spherical torus,b can reach
much higher values.16,17 In high b plasmas, the coupling o
the slab ITG modes to the Alfve´n waves, the magnetic gra
dient drift, and the electron dynamics have to be taken i
account. In an early study18 of the Kelvin–Helmholtz insta-
bilities in highb plasmas, however, the two-fluid model wa
employed, and the effects of the temperature gradients
the perpendicular flow were not considered.

Using the kinetic theory, Gaoet al.19 investigated the
effects of the parallel velocity shear and the parallel curr
on the local ITG mode in highb plasmas. It turns out that a
finite b can not only weaken the driving mechanism of t
parallel velocity shear but also reverses the current ef
from weakly destabilizing to stabilizing. However, since t
parallel wave number is fixed in the local theory, the eige
value depends on the signs of the flow parameters. Moreo
the effects of the magnetic shear and perpendicular she
flow cannot be analyzed in the local model.

Recently, Gaoet al.20 developed a set of integral equa
tions to study drift instabilities in arbitraryb plasmas with
sheared slab magnetic configuration. Both components o
perturbed vector potential,Ãi and Ã' , are considered to-
gether with the perturbed scalar potentialf̃ in the model, as
well as the magnetic gradient drift effects. This model
extended to include the sheared flows in the present w
The effects of the parallel and perpendicular sheared flo
are investigated using the extended model.

The organization of this paper is as follows. The e
tended integral eigenmode equations are presented in Se
Simple analysis of sheared flows in the equations is p
© 2003 American Institute of Physics
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formed in Sec. III. Numerical results are described in S
IV. Section V is devoted to summary and discussion.

II. INTEGRAL EIGENMODE EQUATIONS IN THE
PRESENCE OF SHEARED FLOWS

We consider a sheared magnetic field with a gradi
B(x)5B0@ ẑ(11x/LB)1 ŷ(x/Ls)#, whereLs andLB are the
scale lengths of the magnetic shear and the magnetic g
ent, respectively. The magnetic gradient is related to
pressure profile by the static equilibrium condition:Ln /LB

5( j 5 i ,e(b j /2)(11h j ). Here, Ln
2152(1/nj )dnj /dx, h j

5d ln Tj /d ln nj , andb j58pnjTj /B2.
The equilibrium distribution functions for the electron

and the ions in the presence of the radial electrical fi
E(x)x, magnetic fieldB(x), and parallel flowV0(x) can be
written as11

f 05g~Xg!
n~Xg!

p3/2n t
3 expF2

nx
21~ny2VE!21~nz2V0!2

n t
2 G .

~1!

Here,n t5A2T(Xg)/m, VE52cE(Xg)/B, V05V0(Xg), Xg

5x2ny /V is the radial coordinate of guiding center an
V52qB/mc is the gyro-frequency. The normalization co
dition, * f 0dv5n(x), indicates thatg(Xg) is the reciprocal
of the Jacobian determinant of the transformation from
lab coordinates to the guiding center coordinates. So
g(Xg) can be eliminated by the coordinates transformatio

We introduce three fluctuating scalar fields:f̃,
Ãi~5Ã"b!, andÃ2(5(ÃÃê')"b), where all perturbed quan
tities have the form p̃(r ,t)5p(x)exp(ikyy2ivt), p(x)
51/A2p * p(k)exp(ikx)dk, ê'5k' /uk'u, k'5kyŷ1kx̂, and
b5B/B. For fluctuations withv!uV j u and k'ld!1, the
linear eigenmode equations include the quasineutrality c
dition

(
j

qj
2nj

Tj
H f̂~k!1

V0 j

n te
Âi~k!1S 1

2p D E dk8E dx

3exp@ i ~k82k!x#FL j~0,0,0,0!S f̂~k8!1
V0 j

n te
Âi~k8! D

1
n t j

n te
L j S 0,1,

1

2
,0D Â2~k8!1

n t j

n te
L j~0,0,0,1!Âi~k8!G J 50,

~2!

the parallel components of the Ampe`re’s law

Âi~k!2(
j

b j

2pbj
H 2p

V0 j

n t j
S f̂~k!1

V0 j

n te
Âi~k! D

1E dk8E dx exp@ i ~k82k!x#

3Fn te

n t j
S L j~0,0,0,1!1

V0 j

n t j
L j~0,0,0,0! D f̂~k8!

1S L j S 0,1,
1

2
,1D1

V0 j

n t j
L j~0,0,0,0! D Â2~k8!
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1S L j~0,0,0,2!12
V0 j

n t j
L j~0,0,0,1!

1
V0 j

2

n t j
2 L j~0,0,0,0! D Âi~k8!G J 50, ~3!

and the perpendicular components of the Ampe`re’s law

Â2~k!2(
j

b j

2pbj
H E dk8E dx exp@ i ~k82k!x#

3Fn te

n t j
L j S 1,0,

1

2
,0D f̂~k8!1L j~1,1,1,0!Â2~k8!

1L j S 1,0,
1

2
,1D Âi~k8!G J 50. ~4!

Here,

L j~m,n,s,l !5S 2qj

uqj u
D m1nE

0

1`

dtts

3exp~2t !Jm~A2bj t !Jn~A2bj8t !

3
v* j

v2vD j t
Ki j , ~5!

K0 j5S v0 j

v* j
21D @j jZ~j j !#2hFj j

21S j j
22

1

2D j jZ~j j !G
2h j~ t21!@j jZ~j j !#12

Ln

n t j

]V0 j

]x

ki

ukiu

3j j@11j jZ~j j !#

12
Ln

n t j

]VE

]x

ik8

k'8
F t1/2

2qj

uqj u
2 J̇n~A2bj8t !

Jn~A2bj8t !

1
d

A2bj8
Gj jZ~j j !, ~6!

K1 j5
ki

ukiu
j jFK0 j1S v0

v* j
21D2h~ t21!G , ~7!

K2 j5
ki

ukiu
j jK1 j , ~8!

v* j5(kyTj )/(V jmjLn), vD j52v* jLn /LB , bj5k'
2 r j

2/2,
bj85k'8

2r j
2/2, r j5n t j /V j , j j5(v2vD j t)/ukiun t j , ki

5(x/Ls)ky , k'
2 5ky

21k2, k'8
25ky

21k82, f̂5f, Â2

5 in teA2 /c, Âi52n teAi /c, andZ(j) is the plasma disper
sion function. In Eq.~6!, d equals one and zero when used
K0 j in terms multiplied byÂ2 and by the other terms, respe
tively.

This model governs the behavior of these modes dri
by temperature gradients and sheared flows in arbitrarb
plasmas. Both the perturbed magnetic field and the magn
gradient effect are considered in the equations. Moreo
kinetic effects such as particle–wave interaction, transit
fect, and finite Larmor radius effect are taken into acco
for both ions and electrons. The integral equation formu
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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tion is quite general and valid for modes in theur i]/]xu
;O(1) regime. As the sheared flow terms are eliminat
the model reduces to the eigenmode equations derived
Gao et al.20 to analyze the highb ITG mode. Also, the as-
sumption of the validity of local treatment (k5k850, ki

5const) simplifies Eqs.~2!–~4! to the local dispersion equa
tions in Gaoet al.19

III. SIMPLE ANALYSIS OF SHEARED FLOWS

Expanding the sheared flows and neglecting the hig
order derivatives, we obtainV0 j (x)5V0 j (0)1V0 j8 x, VE(x)
5VE(0)1VE8x. In the following, the ion flow velocities
V0i(0)5VE(0)50 are used since the emphasis is placed
the effects of the flow shears. In this case the effects o
parallel flow and a toroidal flow should be equivalent. T
electron parallel flow is assumed to fully carry the curre
that is, j 52neV0e[neu. Then, four flow parameters ar
introduced:V08[V0i8 , VE8 , u, andu8. The corresponding di-
mensionless quantities areV̂085LnV08/n t i , V̂E85LnVE8 /n t i , û
5u/n t i , andû85Lnu8/n t i .

In the eigenmode equations, the flow shears and cur
affect the mode in two different ways. One is through t
explicit dependencies in Eqs.~2!–~4!, the other is through
the argument of the plasma dispersion function,j j . Substi-
tuting the expansion of sheared flows and the expressioki

5(x/Ls)ky into thej j , we get

j j5
Ls

Ln

r j

uxu S v2vD j t

2v* j
2

LnVE8

n t j

x

r j
1

Ln

Ls

uj

n t j

x

r j
D

2
x

Ln

LnV0 j8

n t j
, ~9!

whereuj equalsu and zero for electrons and ions, respe
tively.

Since the eigenmode structure of microinstabilities
usually several gyro-radius wide, that is,x;r i , the last term
in Eq. ~9! is of the order ofr i /Ln . As a result, the paralle
velocity shear does not contribute to the plasma disper
function, but affects the stability of the modes through t
explicit dependencies in Eqs.~2!–~4!, more precisely,
through the fourth term in Eq.~6!. The effects of a paralle
velocity shear on the local mode have been investigate
our earlier work, which shows that a finiteb weakens the
destabilizing effect ofV08 .19

The current appears only in the expression ofj j , Eq.
~9!, in electrostatic cases. Obviously, the current can cha
the value ofj j significantly only whenu;n te . It is why
only a large current of the order ofnen te can excite the
current-driven drift instabilities.21 However, the effect of the
current also appears explicitly for finiteb plasmas. This ex-
plicit dependence arises from the current response to di
ent mean transfer velocities of the density fluctuations
ions and electrons,ñ(V0i2V0e). Finite b enhances the ex
plicit stabilizing effect, then reverses the effect of the curr
from destabilizing to stabilizing.19

The perpendicular velocity shear affects the mo
mainly by changing the value ofj j . This effect is strength-
ened at weak magnetic shear since the change ofj j due to a
Downloaded 22 Oct 2004 to 166.111.33.26. Redistribution subject to AIP
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VE8 is proportional to theLs /Ln . Moreover, it is seen from
Eq. ~9! that theVE8 effect depends on the mode structure a
the direction of mode frequency. The explicit dependence
VE8 , the last term in Eq.~6!, is kept in the eigenmode equa
tions. This dependence is similar to the explicit depende
of V08 , but is smaller than the latter, especially in the case
k!k' or k'r i,1. Numerical results in Sec. IV indicate tha
the influence of this explicit dependence is very weak
deed. It may be the reason that most previous works12–14

omitted the explicit dependence ofVE8 .
In the local model,19 the eigenvalue does not chang

when the signs of flow parameters andki are simultaneously
reversed, that is, v(ki ,V08 ,u,u8)5v(2ki ,2V08 ,2u,
2u8). This relation can be applied to the nonlocal mod
with minor changes:

v~V08 ,VE8 ,u,u8!5v~2V08 ,2VE8 ,2u,2u8!,
~10!

Q~x,V08 ,VE8u,u8!5Q~2x,2V08 ,2VE82u,2u8!,

Q5f,A2 ,Ai .

These relations are also given in Artun and Tang12 for elec-
trostatic modes, and are still valid for electromagne
modes.

IV. NUMERICAL RESULTS

The integral equations, Eqs.~2!–~4!, are solved using the
Raleigh–Ritz technique. When the effect of one flow para
eter is examined, the other flow parameters are null un
the coexistence of flows is mentioned. Besides the flow
rameters, the other parameters arehe52, h i52, Te /Ti51,
mi /me51836, andLn /Ls50.1 unless otherwise stated. F
convenience, all the lengths have been normalized tour i u in
the following.

A. Parallel sheared flow effects

Shown in Fig. 1 are the mode frequencies and grow
rates as functions ofV̂08 for different b values. The parallel
velocity shear is destabilizing but its effect is dramatica
reduced at higherb(be;5%). In other words, the finiteb
stabilizing effect is dramatically enhanced in plasmas w
parallel velocity shear. Moreover, a weak magnetic shear
hances the potential ofb to weaken the parallel velocity
shear effect. Figure 2 gives the mode frequencies and gro
rates as functions ofLn /Ls for differentb values.V̂0850 and
0.4 are used. Forb50, the growth rates forV̂0850 and 0.4
are significantly different while the differences are negligib
for be50.005 and 0.05 at weak magnetic shear (Ln /Ls

&0.05).
The parallel velocity shear destroys the symmetry

mode structure. Figure 3 shows that the mode structure s
toward the1x direction at a positiveV̂08 .

Another two parallel flow parameters are the para
current and current gradient. Numerical results from the n
local model confirm the previous results of the local mode19

As b increases, the current effect changes from being wea
destabilizing to stabilizing and finally becomes negligib
Figure 4 shows that a large current can stabilize the I
mode at a moderateb value. Local results19 also indicate that
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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the current gradient effect is destabilizing at finiteb, which
is nearly opposite to the current effect. The line with cros
in Fig. 4 also reveals this trend. But here, the effects of
current and current gradient are very weak. In other wo
the current that is needed to influence the stability proper
of the mode is so large, above 0.1nen te , that it is beyond the
currents in typical tokamaks. For example, in a plasma w
n51020m23, Te510 keV, j 51 MA m22, the electron drift
velocity which carries the current is 63104 m s21, while the
electron thermal velocity is about 43107 m s21.

B. Perpendicular sheared flow effects

The effect of perpendicular flow shear on the ITG mo
is shown in Fig. 5. Unlike the effect of parallel flow shea
the effect ofV̂E8 is not weakened at finite, even highb. The
initial rise in V̂E8 causes a slow increase in the growth ra
and a decrease in the frequency. After the frequency appr
mately reverses its direction, any further increase ofV̂E8
causes a sharp decrease in the growth rate. Then, the mo
fully stabilized by a finiteV̂E8 at arbitraryb. Figure 5 also
shows the influence of the fourth term in Eq.~6! on the
electrostatic mode. The destabilizing effect of this expli
V̂E8 term is similar to but weaker than the effect of paral
velocity shear. At finiteb, this destabilizing effect is weak
ened and can be omitted.

Magnetic shear strongly influences theV̂E8 effect as is
analyzed in Sec III. Figure 6 shows the mode frequenc

FIG. 1. Mode growth rate~a! and frequency~b! vs V̂08 for h i5he52.0,
mi /me51836,Te /Ti51, Ln /Ls50.1,ky51, andV̂E85û5û850. The solid,
dashed, and dotted lines denote the results forbe50, 0.005, and 0.05, re-
spectively.
Downloaded 22 Oct 2004 to 166.111.33.26. Redistribution subject to AIP
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and growth rates as functions ofLn /Ls for different V̂E8 val-
ues atbe50.005 and 0.05, respectively. In the weak she
region, a smallV̂E8 can stabilize the mode. However, in th
strong shear region a largerV̂E8 is required since the growth
rate increases withV̂E8 at the beginning. At moderateb (be

50.005), theV̂E8 effect is reduced by a strong magnet
shear, which is similar to the electrostatic case (be50).13

However, at highb (be50.05) and strong magnetic shear,
can be clearly seen that the mode is excited by a finiteV̂E8
and then stabilized by a largerV̂E8 .

The effects ofV̂E8 on the modes of different poloida
wave vectors are shown in Fig. 7 atbe50.005 and 0.05,
respectively. In the long wavelength, smallky , regime, the
growth rate almost monotonously decreases with an incr
ing V̂E8 , while in the largeky regime the growth rate in-
creases at the beginning and then decreases asV̂E8 increases.
In other words, the shorter wavelength mode can be exc
by a finiteV̂E8 and then stabilized by a large enoughV̂E8 . This
trend is more obvious at highb.

The increase of theh i threshold due to finiteV̂E8 also
embodies the stabilizing effect ofV̂E8 . For example, atbe

50.005, theh i threshold values atV̂E850, 0.08, and 0.12 are
about 0.97, 1.45, and 1.75, respectively. However,
change of theh i threshold due to finiteV̂08 is not significant
when V̂08 is less than 0.4. This is in agreement with the p
vious electrostatic results.12,13 The perpendicular velocity

FIG. 2. Mode growth rate~a! and frequency~b! vs Ln /Ls . The lines with-
out symbols denote the results forV̂0850 and those with squares denote th
results forV̂0850.4. The other parameters and denotations are the same
Fig. 1.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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shear also destroys the symmetric mode structure. The m
structure shifts toward the1x direction at positiveV̂E8 .

C. Coexistence of parallel and perpendicular flows

Artun and Tang12 studied the combined effects of para
lel and perpendicular sheared flows on electrostatic mode
is found that the flow effect is stabilizing or destabilizin
depending on the relative sign of the parallel and perpend
lar velocity shears and that the modes are completely st
lized for sufficiently large values of the perpendicular velo
ity shear regardless of the shear signs. This conclusion is
verified in our results for electrostatic modes. Moreover, i
also valid for electromagnetic modes in finite or highb plas-
mas, as shown in Figs. 8 and 9. AsV̂08V̂E8.0, the mode has a
relatively high growth rate but is easily stabilized by a re

FIG. 3. Mode structure forbe50.05 andV̂0850.4: ~a! f(x) vs x; ~b! A2(x)
vs x; ~c! Ai(x) vs x. The other parameters are the same as in Fig. 1.
Downloaded 22 Oct 2004 to 166.111.33.26. Redistribution subject to AIP
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tively small V̂E8 . By contrast, the mode has a relatively lo
growth rate but is stabilized by a relatively largeV̂E8 for
V̂08V̂E8,0. It is because theV̂E8 effect is enhanced by aV̂08
with the same sign. This enhancement causes the growth
to reach a higher level when the growth rate increases w
V̂E8 in the smallV̂E8 regime. At the same time, it accelerat
the stabilizing course when the growth rate begins to dece
with further increasing ofV̂E8 . The trend is also more obvi
ous at higherb.

The mechanism could be illuminated through the mo
structures for different signs ofV̂08V̂E8 . SinceV̂E8 is multiplied

FIG. 4. Mode growth rate vsû2û8. The solid and dashed lines denote th
results forbe50.005 and 0.01, respectively. The lines without symbols a
with crosses denote the results forû850 andû50, respectively.V̂0850 and
the other parameters are the same as in Fig. 1.

FIG. 5. Mode growth rate~a! and frequency~b! vs V̂E8 . The line with
crosses denotes the results from the model without the explicitV̂E8 term.
V̂0850 and the other parameters and denotations are the same as in F
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 7. Mode growth rate vsky for different V̂E8 values andbe50.005~a!

and 0.05~b!, respectively.V̂0850 and the other parameters are the same a
Fig. 1.

FIG. 6. Mode growth rate vsLn /Ls for different V̂E8 values andbe

50.005 ~a! and 0.05~b!, respectively.V̂0850 and the other parameters a
the same as in Fig. 1.
Downloaded 22 Oct 2004 to 166.111.33.26. Redistribution subject to AIP
n

FIG. 8. Mode growth rate~a! and frequency~b! vs V̂E8 for be50.005. The
solid and dashed lines denote the results forV̂0850 and 0.4, respectively.
The other parameters are the same as in Fig. 1.

FIG. 9. The same as in Fig. 8 except forbe50.05.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 10. The same as in Fig. 3 excep
that ~a!–~c! are forV̂E850.04 and~d!–
~f! are for V̂E8520.04.
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by x/r j in Eq. ~9!, higher efficiency ofV̂E8 is expected for the
mode with more asymmetric structure. As noted in Se
IV A and IV B, a positiveV̂08 shifts the mode structure towar
1x direction, as well as a positiveV̂E8 does. That is, at a
given V̂E8 , the mode structure withV̂08V̂E8.0 is more asym-
metric than that withoutV̂08 , so the effect of sheared flow i
strengthened. By contrast, the effect is weakened atV̂08V̂E8
,0 since the asymmetries caused by flows with oppo
signs counteract each other. Figure 10 shows the mode s
tures atbe50.05, V̂0850.4, and V̂E8560.04 while Fig. 3
shows the mode structures atV̂0850.4 andV̂E850. It is clear
that the whole structure atV̂E8510.04 is almost in thex
.0 region while the structure atV̂E8520.04 is nearly sym-
metric.

V. SUMMARY AND DISCUSSION

We have derived a set of integral equations in Ref. 20
study the slab drift instabilities in arbitraryb plasmas. In the
Downloaded 22 Oct 2004 to 166.111.33.26. Redistribution subject to AIP
s.

te
uc-
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present paper, the equations are extended to investigate
effects of sheared flows on the ion temperature grad
mode. The sheared flow parameters include the ion par
velocity shear, perpendicular velocity shear, current, and
rent gradient.

In summary, the parallel velocity shear is destabilizi
while the destabilizing effect is weakened by finiteb. The
effects of current parameters are very weak not only for
electrostatics modes but also for the electromagnetic mo
The current in typical tokamak devices hardly influences
stability properties of the mode. The perpendicular veloc
shear is stabilizing. Although the growth rate increases
low VE8 regime, a large enoughV̂E8 can completely stabilize
the ion temperature gradient mode. Moreover, this effec
not weakened at finite even highb. At a weak magnetic
shear, the destabilizing effect of the parallel velocity shea
further weakened while the stabilizing effect of the perpe
dicular velocity shear is highly strengthened. This trend
consistent with the experimental observations
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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discharges1–3 with internal transport barrier formation, wher
the transport barrier is built in the region with weak magne
shear and strong sheared flows.

When the parallel and perpendicular sheared flows co
ist, the flow effect can be stabilizing or destabilizing, d
pending on the relative sign of the velocity shears. Howe
the modes are completely stabilized for sufficiently large v
ues of perpendicular velocity shear regardless of the si
Sheared flows destroy the symmetry of mode structure
positive V̂E8 shifts the mode toward1x direction as does a
positiveV08 . The mode has a relatively high growth rate b
is stabilized by a relatively smallVE8 for V08VE8.0. This con-
clusion has been reached for electrostatic modes before12 and
is now verified and extended for arbitraryb.

From the results in the present work and Ref. 20, we
divide the plasma parameters into two groups. The first
cludes the magnetic shear and the perpendicular velo
shear, which can easily influence the stability property of
ITG mode at arbitraryb. The other includes the parallel ve
locity shear, parallel current, poloidal wavelength, and
temperature gradient parameter, which hardly change
eigenfrequency and growth rate of the unstable mode
high b. This also suggests that the magnetic shear and
pendicular velocity shear affects the modes mainly throu
the argument of the plasma dispersion function.

In this work, the parameters are chosen such that
parallel sheared flow is not so strong that the mode is do
nantly driven by the ion temperature gradient. This is reas
able in ordinary conditions. For example, in DIII-D, param
eters for theH mode areh i'2 andV̂08'0.12;0.25, while
for the L mode h i'1 and V̂08'0.02– 0.12.13 If a stronger
parallel sheared flow is adopted, many kinds of mode c
pling may occur. It is found22 that linear coupling occurs
among thel 51, 2, and 3 modes, wherel is the order of the
radial eigenmode. If the parallel velocity shear is absen
weak, these modes have different mode structures
frequencies23 and do not couple. This topic will not be fur
ther discussed here but may be an interesting topic in spe
conditions.
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