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The integral eigenmode equations derived previously for the study of drift instabilities in a sheared
slab plasma with arbitrarg (plasma pressure/magnetic pressare extended. These equations are
used to investigate the effects of flow shear on the ion temperature gradient dfiG®rmmodes. It

is found that the destabilizing effect of a parallel velocity sh¥agr, is weakened by the finit@

effect, especially in case of weak magnetic shear. However, the perpendicular velocityVghear,
still effectively stabilizes these modes even in hjghegions. A large enough/c can completely
stabilize the ITG mode at arbitrarg. In addition, the effect oW/ 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 smallgifor V(Vg>0. © 2003 American Institute of
Physics. [DOI: 10.1063/1.1541023

I. INTRODUCTION proved confinement experimertfsMoreover, in advanced
) confinement devices, such as a spherical tofusan reach
Strong sheared flows are observed accompanying thg, ch higher value¥7 In high 8 plasmas, the coupling of
formation of transport barriers in improved confinementiha sjab ITG modes to the Alfvewaves. the magnetic gra-
. _3 . . L
experiments ™ in tokamaks. The influence of sheared flow gient drift, and the electron dynamics have to be taken into
on plasma microinstabilities has been one of the most inter; ..o v+ 1n an early studjof the Kelvin—Helmholtz insta-

Es’:!ng té;;t)lcslm recentt dlecalde_s. .TEE(B vdelocn]}{ sheart|s bilities in high 8 plasmas, however, the two-fluid model was
clieved fo pay a central fo'e In improved confinement €x- employed, and the effects of the temperature gradients and

periments. There are two themes associated with veloutyhe erpendicular flow were not considered

shear effects on the reduction of anomalous transport, i.e., Bsirﬁ)g the Kinetic theory, Gaet al? invéstigated the

the nonlinear decorrelation of turbulence and the linear sta-ff ts of th llel velocity sh d th lel ¢
bilization of microinstabilities. effects of the parallel velocity shear an e parallel curren

Since the ion temperature gradient drivéfiG) mode on the local ITG mode in higl# plasmas. It turns out that a

has been consider¥d as a candidate responsible for the fINit€ A can not only weaken the driving mechanism of the

anomalous ion transport in tokamak plasmas, humerous th@arallel velocity shear but also reverses the current effect
oretical studie& 4 on the ITG mode have been1 performed in from weakly destabilizing to stabilizing. However, since the

the presence of sheared flows. The pafifleland parallel wave number is fixed in the local theory, the eigen-
perpendiculd®!! sheared flows were considered separately/@lué depends on the signs of the flow parameters. Moreover,
and simultaneousty~*in a slab configuration. Separately, the effects of the magnetic shear and perpendicular sheared
the parallel velocity shear tends to destabilize while the perflow cannot be analyzed in the local model.

pendicular velocity shear with a sufficiently large value sta-  Recently, Gacet al*° developed a set of integral equa-
bilizes the modes. In addition, the st&ayncluding both tions to study drift instabilities in arbitrary plasmas with
types of flows shows that the combined effect of the flowssheared slab magnetic configuration. Both components of the
can be stabilizing or destabilizing, depending on the relativgperturbed vector potentiak, and A, , are considered to-
sign of the parallel and perpendicular velocity shears. Nevgether with the perturbed scalar poteniain the model, as
ertheless, the ITG modes are completely stabilized for suffiyell as the magnetic gradient drift effects. This model is
ciently large values of the perpendicular velocity shear reextended to include the sheared flows in the present work.

gardless of the signs. " The effects of the parallel and perpendicular sheared flows
.Most previous stud@s_ are focused on the el_ec.tro— are investigated using the extended model.
static modes. However, finit@ values were obtained in im- The organization of this paper is as follows. The ex-
tended integral eigenmode equations are presented in Sec. Il.
dElectronic mail: gaozhe97@mails.tsinghua.edu.cn Simple analysis of sheared flows in the equations is per-
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formed in Sec. Ill. Numerical results are described in Sec.
IV. Section V is devoted to summary and discussion.

VO]
+|L;(0,0,02+2-=1,(0,0,0,9
t]

2
0j
+ L,
II. INTEGRAL EIGENMODE EQUATIONS IN THE v (0,000
PRESENCE OF SHEARED FLOWS

A(k')H =0, ©)

and the perpendicular components of the Angfselaw
We consider a sheared magnetic field with a gradient
B(x)=Bo[2(1+X/Lg)+J(x/Ly)], whereL, andLg are the A 0= ﬂ”dk,deexm(k,_k)x]
scale lengths of the magnetic shear and the magnetic grad|— 2mh;
ent, respectively. The magnetic gradient is related to the
pressure profile by the static equilibrium conditidn,/Lg
Sisie(Bi/2)(1+ 7). Here, Ly '=—(1n;))dn;/dx, 7,
=dInT,/dInn;, andB;=8xn;T; /B> 1
The equilibrium distribution functions for the electrons +L; (1 0,2,1)A”(k’)H =0. (4)
and the ions in the presence of the radial electrical field
E(x)x, magnetic fieldB(x), and parallel flowNo(X) can be  Here,

(10 O>¢(k )+L;(1,1,1,0A,(K")

written ag? g™ e
_ J s
n(Xg) Vet (vy— V)24 (v,— Vo)? Li(mn,s1)= —) f dtt
fo g(Xg) 3/293 ex;{ X Y V2 z . |q]| 0
t
(1) X expl — 1) In(12b;1) Jn( 2D/ 1)
Here, vi=2T(Xg)/m, Ve= —CcE(Xy)/B, Vo=V(Xq), Xq4 Oy |
=x—,/Q is the radial coordinate of guiding center and Xw—wD-t Kij 6)
J

Q=—qB/mcis the gyro-frequency. The normalization con-

dition, J fodv=n(x), indicates thag(X,) is the reciprocal W 1
g 0j 2 2
of the Jacobian determinant of the transformation from the KOj:<w _ [§Z(E)]—n| &+ &~ 5) §Z(§)
lab coordinates to the guiding center coordinates. So the *
g(Xy) can be eliminated by the coordinates transformation. (=1 £7 Lokn &VOJ K
_ We introduce three fluctuating scalar fieldsp, 7t DI&2(E)] vy x|k
A (=A-b), andA,(=(AXe,)-b), where all perturbed quan-
tittes have the form p(r t)=p(x)explky—iwt), p(X) XEL+2(¢)]
=127 [ p(k)expkx)dk, & =k, /|k, |, k, =k,y+kX, and Ly Ve iK' g —3.(J2b't
b=B/B. For fluctuations withw<|Q;| and k, Ay<1, the o —£ K { 1’2| qu ol _ )
linear eigenmode equations include the quasineutrality con- V“ X Al Jn( \/ijt)
dition 5
+=§2(§), (6)
> q+ J[¢(k)+ A Ak )fdk’f dx V2bj
] i
Vo, K -=ﬁg- K -+(ﬂ—1)—n(t—1)} @)
x exdi (k' —k)x]| L. (OOOQ((;S(k )+ 2 AH(k )) A T R PP ’
Vi Vi ~ K2'=ﬁ§'Kl‘ , (8)
+—1L;/015 ,o Az(k’)+—Lj(0,0,0,l)A”(k’) = ok S
Vie 2 v

@ ©xi= (gT)/(Qan) wpj=—wyjLa/lg, bj=K?p7/2,
b, k, pJ/ pj_vtj/le g] (0— wD]t)/l,IfH|thv ,\kH

the parallel components of the Anmés law —(x/Ls)ky kf=k2+k2 k’2 k2+k’2 d=d, A,
1 ~ y 1 1

A|,(k)—§j: Fbj[zw v (¢(k)+ A(k))

+f dk'f dxexdi (k' —K)x]

ﬁ( L,(0,0,0,0+ \:—:’_J'L,-(o,o,o,o) $(K')
J

th

1
Ll 0,151

Vo Ao
+-21(0,0,0,0 | Ay(K')
tj

=irArlc, Aj=—1i A lc, andZ(g) is the plasma disper-
sion function. In Eq(6), § equals one and zero when used in
Koj in terms multiplied byA, and by the other terms, respec-
tively.

This model governs the behavior of these modes driven
by temperature gradients and sheared flows in arbitgary
plasmas. Both the perturbed magnetic field and the magnetic
gradient effect are considered in the equations. Moreover,
kinetic effects such as particle—wave interaction, transit ef-
fect, and finite Larmor radius effect are taken into account
for both ions and electrons. The integral equation formula-
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tion is quite general and valid for modes in thegd/ x| VE is proportional to theLg/L,. Moreover, it is seen from
~0O(1) regime. As the sheared flow terms are eliminatedEqg. (9) that theV effect depends on the mode structure and
the model reduces to the eigenmode equations derived ke direction of mode frequency. The explicit dependence of
Gaoet al?° to analyze the high ITG mode. Also, the as- VE, the last term in Eq(6), is kept in the eigenmode equa-
sumption of the validity of local treatmenk€k’ =0, k; tions. This dependence is similar to the explicit dependence
=const) simplifies Eq92)—(4) to the local dispersion equa- of V(, but is smaller than the latter, especially in the case of

tions in Gaoet al!® k<k, ork, pi<1. Numerical results in Sec. IV indicate that
the influence of this explicit dependence is very weak in-
11l. SIMPLE ANALYSIS OF SHEARED FLOWS deed. It may be the reason that most preViOUS V\}Gfﬂg

omitted the explicit dependence Wt .

Expanding the sheared flows and neglecting the higher |y the local modet? the eigenvalue does not change
order derivatives, we obtailo;(x) =Vo;(0)+Vg;X, Ve(X)  when the signs of flow parameters akjdare simultaneously
=Vg(0)+Vex. In the following, the ion flow velocities reversed, that is, w(k,,V§,u,u’)=w(—k,—V,,—u,
V0i(0)=Vg(0)=0 are used since the emphasis is placed on- "), This relation can be applied to the nonlocal model
the effects of the flow shears. In this case the effects of &jith minor changes:
parallel flow and a toroidal flow should be equivalent. The C , , . ,
electron parallel flow is assumed to fully carry the current, ©@(Vo,Ve,uu")=w(—=Vo,=Vg,—u,—u’),

that is, j= —neVpe=neu Then, four flow parameters are QXVE VLU U = Q( =X, — V] —Vi—u,—u') (10
introduced:Vy=V¢;, V¢, u, andu’. The corresponding di- TOrTED o0 TR '
mensionless quantities ax=L,V{/ vy, VE=L,VE/ vy, U Q=¢,Az,A,.

— N !
=Ulvy, andu’=Lau/vy. These relations are also given in Artun and Tarfgr elec-

In the eigenmode equations, the flow shears and currenf,giatic modes, and are still valid for electromagnetic
affect the mode in two different ways. One is through themodes.

explicit dependencies in Eq$2)—(4), the other is through

thg argument of the plasma dispersion functién, Substi.— IV. NUMERICAL RESULTS

tuting the expansion of sheared flows and the expredsion

=(x/Lgk, into the ¢;, we get The integral equations, Eg®)—(4), are solved using the
Raleigh—Ritz technique. When the effect of one flow param-
eter is examined, the other flow parameters are null unless

y Lo X\ 2w, v pj Lswyp the coexistence of flows is mentioned. Besides the flow pa-
, rameters, the other parameters aie=2, n,=2, T./T;=1,
_ X LaVo (99 Mi/me=1836, andL,/Ls=0.1 unless otherwise stated. For
Lo vy convenience, all the lengths have been normalizejghtoin

whereu; equalsu and zero for electrons and ions, respec-the following.
tively. A. Parallel sheared flow effects

Since the eigenmode structure of microinstabilities is o )
usually several gyro-radius wide, thatis; p; , the last term Shown in Fig. 1 are the mode frequencies and growth
in Eq. (9) is of the order ofp; /L. As a result, the parallel rates as functions 0¥, for different 8 values. The parallel
velocity shear does not contribute to the plasma dispersioH6|OCity shear is destabilizing but its effect is dramatically
function, but affects the stability of the modes through thefeduced at highep(B.~5%). In other words, the finite3
explicit dependencies in Eqs(2)—(4), more precisely, stabilizing effect is dramatically enhanced in plasmas with
through the fourth term in Eq6). The effects of a parallel parallel velocity shear. Moreover, a weak magnetic shear en-
velocity shear on the local mode have been investigated if@nces the potential o8 to weaken the parallel velocity
our earlier work, which shows that a finife weakens the shear effect. Figure 2 gives the mode frequencies and growth
destabilizing effect ofv{.*° rates as functions df,, /L for different 3 values.V,=0 and

The current appears only in the expressionépf Eq. 0.4 are used. FoB=0, the growth rates fowy=0 and 0.4
(9), in electrostatic cases. Obviously, the current can changare significantly different while the differences are negligible
the value of¢; significantly only whenu~v. It is why  for 8.=0.005 and 0.05 at weak magnetic shear, /s
only a large current of the order afev,, can excite the =0.05).
current-driven drift instabilitied* However, the effect of the The parallel velocity shear destroys the symmetry in
current also appears explicitly for finif@ plasmas. This ex- mode structure. Figure 3 shows that the mode structure shifts
plicit dependence arises from the current response to diffetoward the+ x direction at a positivé/,, .
ent mean transfer velocities of the density fluctuations for  Another two parallel flow parameters are the parallel
ions and electrond)(Vq— Voe). Finite 8 enhances the ex- current and current gradient. Numerical results from the non-
plicit stabilizing effect, then reverses the effect of the currentocal model confirm the previous results of the local mddel.
from destabilizing to stabilizing® As Bincreases, the current effect changes from being weakly

The perpendicular velocity shear affects the modedestabilizing to stabilizing and finally becomes negligible.
mainly by changing the value df;. This effect is strength- Figure 4 shows that a large current can stabilize the ITG
ened at weak magnetic shear since the changg déie to a  mode at a moderaig value. Local resultS also indicate that
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.4
Ln Vo /vﬁ

FIG. 1. Mode growth ratda) and frequencyb) vs Vg for 7= 7.=2.0,
m; /me=1836,T/T;=1,L,/Ls=0.1,k,=1, andV¢={={’'=0. The solid,
dashed, and dotted lines denote the resultsBfor 0, 0.005, and 0.05, re-
spectively.

FIG. 2. Mode growth ratéa) and frequencyb) vsL,/Lg. The lines with-

out symbols denote the results féf=0 and those with squares denote the
results forVy=0.4. The other parameters and denotations are the same as in
Fig. 1.

the current gradient effect is destabilizing at finBewhich -

is nearly opposite to the current effect. The line with crosse@nd growth rates as functions bf/L for different V¢ val-

in Fig. 4 also reveals this trend. But here, the effects of thdles atB.=0.005 and 0.05, respectively. In the weak shear
current and current gradient are very weak. In other wordsiegion, a smalV¢ can stabilize the mode. However, in the
the current that is needed to influence the stability propertiestrong shear region a larg®i is required since the growth
of the mode is so large, above 84y, that it is beyond the rate increaseSAWinz at the beginning. At moderaig (8.
currents in typical tokamaks. For example, in a plasma with=0.005), theVL effect is reduced by a strong magnetic
n=10°"m~3, T,=10keV, j=1 MAm™?, the electron drift ~shear, which is similar to the electrostatic cagh+0).23
velocity which carries the current i9610* ms 1, while the However, at high3 (8.=0.05) and strong magnetic shear, it
electron thermal velocity is aboub410’ms*. can be clearly seen that the mode is excited by a fivifte
and then stabilized by a larg®ft .

The effects ofVg on the modes of different poloidal
The effect of perpendicular flow shear on the ITG modewave vectors are shown in Fig. 7 gt=0.005 and 0.05,

is shown in Fig. 5. Unlike the effect of parallel flow shear, respectively. In the long wavelength, sm&jl, regime, the

the effect of\”/ifE is not weakened at finite, even high The growth rate almost monotonously decreases with an increas-

initial rise in VL. causes a slow increase in the growth rateid Ve, while in the largek, regime the growth rate in-

and a decrease in the frequency. After the frequency approxfreases at the beginning and then decreas¥ ascreases.

mately reverses its direction, any further increaseVgf N other words, the shorter wavelength mode can be excited

causes a sharp decrease in the growth rate. Then, the moded¥% finiteVe and then stabilized by a large enough. This

fully stabilized by a finiteV. at arbitrary3. Figure 5 also (rénd is more obvious at higf. R

shows the influence of the fourth term in E@) on the The increase of they; threshold due to finite/g also

electrostatic mode. The destabilizing effect of this explicitembodies the stabilizing effect &fg. For example, a,

VL term is similar to but weaker than the effect of parallel =0.005, thez; threshold values af¢=0, 0.08, and 0.12 are

velocity shear. At finiteg, this destabilizing effect is weak- about 0.97, 1.45, and 1.75, respectively. However, the

ened and can be omitted. . change of thep; threshold due to finit&/; is not significant
Magnetic shear strongly influences thg effect as is whenV| is less than 0.4. This is in agreement with the pre-

analyzed in Sec Ill. Figure 6 shows the mode frequenciesious electrostatic resulté:*® The perpendicular velocity

B. Perpendicular sheared flow effects
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(a)

10

FIG. 3. Mode structure foB,=0.05 and\/0 0.4: (&) ¢(x) vsx; (b) Ax(x)
vs x; (€) Aj(x) vs x. The other parameters are the same as in Fig. 1.
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— $,=0.005

0.006

0.004

Yo,

0.002

0.000
0

FIG. 4. Mode growth rate va—{’. The solid and dashed lines denote the
results forB,=0.005 and 0.01, respectively. The lines without symbols and

with crosses denote the results for=0 and(i=0, respectivelyf/ézo and
the other parameters are the same as in Fig. 1.

tively smaII\A/’E By contrast, the mode has a relatively low
growth rate but is stabilized by a relatively IargﬁE for
V(VEe<O. It is because the/E effect is enhanced by ‘do

with the same sign. This enhancement causes the growth rate
to reach a higher level when the growth rate increases with
VE in the smallV¢ regime. At the same time, it accelerates

the stabilizing course when the growth rate begins to decease

with further increasing of/’E. The trend is also more obvi-
ous at highes.

The mechanism could be illuminated through the mode
structures for different signs &f Vg . SinceV¢ is multiplied

020

shear also destroys the symmetric mode structure. The mode

structure shifts toward the-x direction at positive\?’E

C. Coexistence of parallel and perpendicular flows

Artun and Tanf studied the combined effects of paral-
lel and perpendicular sheared flows on electrostatic modes. It
is found that the flow effect is stabilizing or destabilizing
depending on the relative sign of the parallel and perpendicu-
lar velocity shears and that the modes are completely stabi-
lized for sufficiently large values of the perpendicular veloc-
ity shear regardless of the shear signs. This conclusion is also
verified in our results for electrostatic modes. Moreover, it is
also valid for electromagnetic modes in finite or higiplas-

0.05

o 0.00
£
3 -0.05
-0.10
0.00 0.05 0.10 0.15 0.20
!
LV,

FIG. 5. Mode growth ratda) and frequency(b) vs \7E

The line with
mas, as shown in Figs. 8 and 9. ¥§V¢>0, the mode has a crosses denotes the results from the model without the exiciterm.
relatively high growth rate but is easily stabilized by a rela-v{=0 and the other parameters and denotations are the same as in Fig. 1
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FIG. 6. Mode growth rate vd ,/Lg for different \7’E values andp,

=0.005(a) and 0.05(b), respectivelyVy=0 and the other parameters are
the same as in Fig. 1.
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FIG. 7. Mode growth rate vk, for different\A/’E values and3.=0.005(a)

and 0.05b), respectively§/5=0 and the other parameters are the same as in
Fig. 1.
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FIG. 9. The same as in Fig. 8 except 6= 0.05.
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FIG. 8. Mode growth ratéa) and frequenc;(lg) Vs \7’E for B.=0.005. The
solid and dashed lines denote the results\fgr=0 and 0.4, respectively.
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@ — Real part sl i‘ (d)
------- Imaginary | i

FIG. 10. The same as in Fig. 3 except
that(a)—(c)Aare forVE=0.04 and(d)—
(f) are forVg=—0.04.

x°r
xOoF s

by x/pj in Eq.(9), higher efficiency of\A/'E is expected for the present paper, the equations are extended to investigate the
mode with more asymmetric structure. As noted in Secseffects of sheared flows on the ion temperature gradient
IVAand IV B, a positiveV, shifts the mode structure toward mode. The sheared flow parameters include the ion parallel
+x direction, as well as a positiy\a’é does. That is, at a Velocity shear, perpendicular velocity shear, current, and cur-
given V[, the mode structure withyV£>0 is more asym- rent gradient.
metric than that withouV/g, so the effect of sheared flow is N summary, the parallel velocity shear is destabilizing
strengthened. By contrast, the effect is weakene&’[)a&,’z while the destabilizing effect is weakened by finjge The
<0 since the asymmetries caused by flows with opposité&ffects of current parameters are very weak not only for the
signs counteract each other. Figure 10 shows the mode struglectrostatics modes but also for the electromagnetic modes.
tures atB,=0.05, {/620_4' and(/ézio.04 while Fig. 3  The current in typical tokamak devices hardly influences the
shows the mode structures\}&(§=0.4 andVé=0. Itis clear  Stability properties of the mode. The perpendicular velocity
that the whole structure a‘,rE:JFO_OAf is almost in thex ~ shear is stabilizing. Although the growth rate increases in
>0 region while the structure atz=—0.04 is nearly sym- 10w Vg regime, a large enougtfe can completely stabilize
metric. the ion temperature gradient mode. Moreover, this effect is
not weakened at finite even high. At a weak magnetic
shear, the destabilizing effect of the parallel velocity shear is
further weakened while the stabilizing effect of the perpen-
We have derived a set of integral equations in Ref. 20 talicular velocity shear is highly strengthened. This trend is
study the slab drift instabilities in arbitragy plasmas. In the consistent with the experimental observations in

V. SUMMARY AND DISCUSSION
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