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The effects of flow shear on the temperature gradient driven short waveleng®BWiiTG) modes

and electron temperature gradidBETG) modes are investigated in a sheared slab. The SWITG
mode can be stabilized at arbitrgBywhen theEXB velocity shearV¢, reaches above a critical
value. Since the SWITG mode has a lower frequency, a lafieis needed to stabilize the SWITG
mode than to stabilize the conventional ITG mode. However, the critical valueggofor
stabilization of both SWITG and conventional ITG modes are much lessthén, , wherev,; and

L, are ion thermal speed and the scale length of density gradient. Contrastively, the ETG mode
cannot be stabilized until thé(. is larger thany; /L,,. Similarly, a parallel velocity shear with order

vyi /L, has significant effects on the SWITG mode but is too small to influence the ETG mode. The
different behaviors of flow shear effects on the SWITG and ETG modes may indicate that the ETG
mode is more reasonable than the SWITG as the candidate responsible for anomalous electron
thermal transport. €2004 American Institute of Physic§DOI: 10.1063/1.1723422

I. INTRODUCTION is believed that the anomalous electron transport is governed
) ) by short wavelength turbulence, of course, after the stabili-
Progress in understanding the anomalous transport igation of long wavelength turbulence. Recently, electron in-
magnetically confined plasmas has been continuing for deermal transport barrieréelTBs) have been reported in the
cades. Itis now widely accepted that the anomalous transpogresence of localized electron heating in both tokaffaR®
is induced by turbulent plasma fluctuations with small scalesgng helical device® However, it seems that the formation
the so-called microinstabilitiesin particular, the tempera- of ¢|TBs is more likely to be triggered by the magnetic shear
ture gradient(TG) driven instabilities are proposed as the gptimization rather than by thEXB shear enhancement. In
plausible candidates responsible for anomalous thermal;.p 3° after onset of an elTB produced by ECH, fluctua-
transport and have been studied extensi¥elyExperimen-  tion measurement indicates that both low-k and high-k tur-
tally, many tokamaks have achieved reduced transport angjence are stabilized. However, the estimaadB shear-
enhanced confinemettt: The ion thermal diffusivity has jqq rate is too small to suppress the highEkTG), and even
been reduced to neoclassical level in advanced tokamak plagie |ow-k (ITG-TEM) mode alone. There is also no evidence
mas with internal transport barrietéTBs). Strong sheared ;, other device®2° that the EXB shear suppresses the
flows were usually observed accompanying the formation of ,;pulence after the onset of the elTBs. The- a
transport barriers. Thus, the influence of sheared flow oRiapilizatiod233 is considered to explain the electron trans-
plasma microinstabilities and turbulences has been one of ”}?ort reduction, and other negative or weak magnetic shear
. . C o 22 6 !
most Interesting topics in recent _decaa-éé. The mo_de“l effects also can influence the transport in many different
based on th&XB shear suppression effects on the ion tem-WayS_34—3e
perature gradientTG) turbulence was developed to explain  ~pservation of electron temperature profile stiffness in

the transport reduction in enhanced confinement plasmagyperiment¥ indicates that the short wavelength instability

since the measureBXB shearing rate eﬁzeeds the maxi- regponsible for electron transport is driven by finite electron

mum linear growth rate of the ITG mo&%._ temperature gradient. So, numerous studies have been per-
However, the electron transport continues to chaIIeng%rmed on the electron temperature gradigEG) instabili-

our understanding. In many cases, the electron transport {%s in recent year®-41The ETG mode in the electron dia-

still anomalous in discharges after the onset of the ITB. '”magnetic direction ¢,>0) is unstable in the very short

the Joint European TorudET) experiments after the forma- wavelength regionk,p.~1. However, another unstable

tion of an ITB, long wavelengtilow-k) modes are(?tgsup- mode driven by temperature gradients in the short wave-
pressed, while short wavelengthigh-k) modes are not It |gqih region [k,pi|>1 is recently identified both in a

slal?*3 and in a toroiddf* configuration. This temperature
dElectronic mail: gaozhe@mail.tsinghua.edu.cn gradient driven short wavelength id8WITG) mode propa-
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gates in the ion diamagnetic directiom (<0) and requires Expanding the sheared flows and neglecting the higher
both finite 7; and 7, for excitation. Although the growth rate order derivatives, we obtaitVy(x) =Vy(0)+V(X, Ve(X)

of the SWITG mode is significantly smaller than that of the =Vg(0)+Vgx. The flow velocitiesVy(0)=Vg(0)=0 are
ETG mode, the cross-field wavelength of the SWITG modeused, since the emphasis is placed on the effects of the flow
is found to be much larger than that of the ETG mode. So thehears, including the parallel velocity shéBvVS), V, and
SWITG mode can produce a significant level of transportthe EXB velocity shear,V¢. In this case the effects of a
and should be paid more attention, especially in the presengsarallel flow and a toroidal flow should be equivalent. The

of sheared flows. effects of the parallel current and its gradient are not consid-
In this paper, the integral equatidngor the study of the ered. o
ITG mode in the presence of sheared flows in arbitrary Three fluctuating scalar fields are introducegfl; A,

plasmas are upgraded and then employed for the study of the- A.p), and A,(=AXe, )-b), where all perturbed quanti-
SWITG mode in a sheared slab. The ETG mode is also studies have the form p(r,t)=p(x) explky—iot), p(x)

ied with the same code. Then, a comparison between the 1/, 2771 p(k)exp(kx)dk, e, =k, /|k, |, k, =k, y+kX and
flow shear effect on the SWITG mode and that on the ETGy=p/|B|. For the fluctuations witho<| Q| arild k, Ng<1,

mode is given. we have derivetf the kinetic integral equations for the study
The organization of this paper is as follows. The eX-of the ITG mode at arbitrary3 value. Replacing the

tended integral eigenmode equations are presented in Sec. dyasineutrality condition with Poisson’s equation in the pre-

Numerical results and analyses are described in Sec. lll. Segjous equations, we get

tion 1V is devoted to conclusions and discussion.

ﬁﬂ—gfﬁ(kHE el o
Il. INTEGRAL EIGENMODE EQUATIONS IN THE 2 wZe
PRESENCE OF SHEARED FLOWS P

T

1
We consider a sheared magnetic fieRl=By[Z(1 +(ﬁ) f dk’J dxexfdi(k’—k)x]
+x/Lg) +Y(x/Lg)], whereL s andL g are the scale lengths of
the magnetic shear and the magnetic gradient, respectively.

L;(0,0,0,0(k")+ Z—;‘;Lj(o,l1 o) Ay(K')

The static equilibrium in a highB plasma slab requires a X X

magnetic gradient: L,/Lg=2_; o(B;/2)(1+ 5;). Here,

Ly'==(Un)dn;/dx, 7=dInT/dinn, and g vy NI

=8mn;T;/B?. The general form of the equilibrium distribu- * Vie L;(0.0.0.9A,(k%) | (=0, &

tions in the presence of the parallel flow and the electric field
E(x)X can be written &%

n(X,) v2+v2+ (v,~ Vo)? Ay(k)— > %Udk’f dxexi (k' —Kk)x]
fozg(Xg)TrTzvgex - vz J j
t t

X

% . E )A ’ . N ,
qd(x) vy '—1(1,02.0 (k') +1;(1,1,1,0A(k")

CT(Xy)

where v=V2T(Xg)/m, E(X)=—ad/ X, Ve
=—CE(Xy)/B, Vo=Vy(Xg), Xg=%x—(vy—Vg)/Q is the ra-
dial coordinate of the guiding center att=—qBy/mc is A B
the gyro-frequency. Here, th@, is positive and this defini- Au(k)—Z ﬁ[ f dk’f dxexdi(k’ —k)x]
tion is consistent with the expressionXf. Theg(X,) is a Iemh
Z—“_*Lj(o,o,o,1)¢(k')+Lj
tj

: D

+Lj(1,0%,1)A”(k’)H =0, (4)

function determined by the normalization conditighfdv
=n(x). Expanding the®(x) aboutXy and substituting it X

into Eq. (1), the equilibrium distributions for ions and elec- 2

1\«
0,1= 1)A2(k’)

trons are obtained as follows: .
2 +L;(0,0,0,2A(k") [ =0. (5)
fo=h(xg) 1) o5+ (vy=Ve)*+ (v~ Vo)?
o=h( g)ﬂ_TZUtSeX - vtz .
2 Here,

As the second derivative ofg is neglectedh(Xg)=1/(1 .
—VE/Q), which is just the reciprocal of the Jacobian deter- L A —
minant of the transformation from the lab coordinates to the ~ 1i(M:MS1)= q;] 0 dttexp(—1)JIn(v2bjt)
guiding center coordinates. So tgéXy) can be eliminated

by the coordinate transformation. The detailed procedure is I
well documented in Ref. 46 and will not be repeated here. X In(2b50)

—*jKIj , (6)

(0]
»— wpjt
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( Woj ) 2, (2 1 d '
Koj= —1)[§Z(&)]—mn; §-+(§-——)§-Z(§-)} —— LV, Nz0
0j Wy J J 11 =] 27> J 0.06:':. (a) ______ Ao
L, 0.05 ---------- L:V:/v: 1.0
- ﬁj(t—l)[sz(fj)]+zvtj o7x |k | fj[ ii 004
<. 003}
L (7VE |k _q 0.02} E
+ 2 tl/Z_J rr——manze e
§2(&)1+ Utj ox ki { |QJ| oot A ““"'“ .
2t ) ° §Z(&), (7 - " k | ;
S &
K
K1j=m§j Koj+ ._1)—77j(t—1)}, (8)
II * ]
K
K2j:m§jKljv 9
w,*J ,(g T)/(Q m; Ln), Wpj= w*]L ILg, b k '2/21
b ki pJ/2 pi=vylQj, §&=(w— wD]t)/|k”|th, Ak”
—(x/LS)k KE=KHK?, KP=KCHKZ, p=¢, A, ol ¢ ]
=ivAs/c, Aj=—vAlcC, andZ(§) is the plasma disper- '
sion function. In Eq(6), § equals one or zero when used in 010 . .

Koj, depending on whether it is multiplied by, or by the kp
other terms, respectively. °

FIG. 1. Mode growth rateia) and frequencyb) of the SWITG mode as
functions ofk, for »=7.=2.0, m;/m=1836, T./T;=1, L,/Ls=0.025,

2/wpe 1 andBe 0. The solid, dashed, and dotted lines denote the results
The integral equations, Eq®)—(5), are solved using the o, 2 0.5, and 1.0, respectively.

Raleigh—Ritz technique. The parameters ge=2, 7,=2,
Te/Ti=1, QY w5.=1, andm;/m,=1836 unless otherwise
stated. The magnetic shear and poloidal wavenumber param-
eters are chosen differently;,/Ls=0.025 anck,p,=0.1 for -
SWITG modes and.,/Ls=0.1 and kyp,=0.8 for ETG the conventional ITG mode. In other words, thg with
modes approx|mate|y Correspond|ng to the max|mun'prdervt|/|_ is too small to influence the ETG mode. It is
growth rate of the two kinds of mode, respectively. When theeasily understood that the electron nonadiabatic kinetics is
effect of the PVS is examined, tHeXB velocity shear is dominant for the ETG mode.

null andvice versaThe dimensionless flow shear parameters ~ The effect of theeXB flow shear on the SWITG mode
areV)=_L,Vi/vyi, VL=L,VLlv, and the wavelength is nor- 1S shown in Fig. 5. The behavior of the SWITG mode in the

malized top, 1 presence of sheareiXB flow is same as that of the con-

Shown in Fig. 1 are thi, spectra of the SWITG modes ventional ITG mode. The initial rise ME causes an increase
for dlﬁerentvo values. In the smak, region, the SWITG- in the growth rate and a decrease in the frequency. The
PVS mode couples to the conventional ITG-PVS mode an@fowth rate reaches its maximum values &t
the Vg is strongly destabilizing. As thi, increases, the de- ~0.013-0.017 depending on differegtvalues. After the
stabilizing effect ofV on the mode is weakemng, and even frequency approximately reverses its direction, any further
the V; reverses to be stabilizing the mode afkgp.>0.4. increase ofVg causes a decrease in the growth rate. Then,
However, the effect of the PVS is dramatically reduced at d¢he mode is fully stabilized by a large enoulglg As we
high B(B.~5%). Thereal frequencies and growth rates of know, theEXB velocity shear affects the mode mainly by
the SWITG modes are shown in Fig. 2 as function¥/pfor ~ changing the value of &=(Ls/Ly)(p;/|X|) @/20,
different B values. This behavior is similar to that of the —(x/p;)Vg]. Since the frequency of the SWITG mode is
conventional ITG® Also, the PVS destroys the symmetry in lower than that of the conventional ITG mode and the radial
mode structure. Figure 3 shows that the mode structure shifidth of the SWITG mode can be comparable with the con-
toward the+ x direction at a positivé/é, which is common  ventional ITG mode, the stabilization of the SWITG mode
physics even when the mode under consideration ifieeds much smallevg than the stabilization of the TG
different >4’ mode. For example, #.=0, 0.005, and 0.05, the critics

The real frequencies and growth rates of the ETG modesalues for stabilization of the SWITG mode are 0.068, 0.021,
are also shown in Fig. 4 in the presence/gffor different3  and 0.036, respectively, while those for the conventional ITG
values. TheV, with orderv./L, can significantly destabi- mode4® are 0.17, 0.14, and 0.075, respectively. TH¥B
lize the ETG modes just as thg with orderv,; /L, does for  velocity shear also destroys the symmetric mode structure.

IIl. NUMERICAL RESULTS
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FIG. 2. Moqe growth ratéa) and frequencyb) of the SWITG mode as
functions ofV, for k,=0.1. The solid, dashed, and dotted lines denote the

results forB.=0, 0.005, and 0.05, respectively. The other parameters are the
same as in Fig. 1.

laAl/ ¢

The mode structure shifts toward thex direction at positive
Vg, which is shown in Fig. 6. A
The k, spectra of the SWITG modes for differelft
values are shown jn Fig. 7. The shorter wavelength mode i§IG. 3. Mode structure of the SWITG mode fly=0.1, 8,=0.005 and
easily stabilized by/,’z. The longer wavelength mode can be v;=0.5: (a) ¢(x) vsx; (b) Ay(x) vsx; (c) A (x) vsx. The other parameters
excited by a finitevg and then stabilized by a larger enough are the same as in Fig. 1.
V. This trend can be explained by the fact that the modes at
higherk, regions have higher frequencies.
From the argument of;, we can also find that magnetic
shear strongly influences thé. effect. Figure 8 shows the

m fr nci nd growth rat functi t . for . ) . ; . .
ode frequencies and gro ates as functioris,dL. fo shearing rate in experiments. This result may provide us evi-

fdl{“:‘eretntt}/lg va:Ees. Indthevaeak shegr ;Eg'o?’ asrh@lr(l:an dence to choose a better possible candidate responsible for
ully stabiiize the mode. HOWEVEr, In the Sronger shear rey, . 5nomalous electron transport between the ETG and

gion a largerVe is required to stabilize the mode although \yTG instabilities. If the SWITG instability is the only
the growth rate is also depressed by the magnetic shear. Thig,gjqate, theEXB shear, which can fully stabilize the
is S|m|lar to 8that for conventional ITG modes in both $fab SWITG mode, will suppress the high-k turbulence due to the
and toroidal plasmas. - SWITG instability, and trigger the onset of elTBs easily.
For comparison, Fig. 9 shows the effect ¢ on the  opever, it seems to be inconsistent with the experimental
ETG mode for differenis values. When th&/g is less than  gpservation®-2! In contrast, if the anomalous electron
2vi/Ly, the growth rates are weakly changed but the freyransport is induced by the ETG instabilities, &B shear
quencies decrease gradually. When the frequencies becomeexperiments is not large enough to stabilize the unstable
low, any further increase of¢ causes a sharp decrease in themodes alone. Maybe it is the reason that the formation of
growth rate. The criticaV¢ values for stabilization of the elTBs is more likely to be triggered by the magnetic shear
ETG mode are 4.8, 3.3, and 2.8 At=0, 0.005, and 0.05, optimization rather than by th&XB shear enhancement.
respectively. These values are also consistent in order witlthe ETG mode, in this respect, is more reasonable than the
those for electrostatic ETG modes with slightly hollow den-SWITG as the candidate responsible for anomalous electron
sity profiles?® We emphasize that the criticell- for the ETG  thermal transport.

mode is much larger than that for the SWITG and conven-
tional ITG modes and is also larger than the obsef®B
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IV. CONCLUSIONS AND DISCUSSION

In this paper, the effects of flow shear
modes are investigated. Usually, a strong
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FIG. 5. Moqe growth ratéa) and frequencyb) of the SWITG mode as
functions of V¢ for k,=0.1. The solid, dashed, and dotted lines denote the
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FIG. 6. Mode structure of the SWITG mode fly=0.1, 8,=0.005 and
VE=0.02: (a) ¢(x) vsx; (b) Ay(x) vsx; (c) Aj(x) vsx. The other param-
eters are the same as in Fig. 1.

shear is destabilizing, while the destabilizing effect is de-
pressed or even turned into the stabilizing effectkasn-
creases fromp;| ! to p,*. Also, the effect of the parallel
velocity shear is weakened by high The effect of theeXB
velocity shear on the SWITG modes is similar to that on the
conventional ITG mode. The growth rate increases in the low
VE region but a large enoug¥iz can completely stabilize the
mode. At a weak magnetic shear, the stabilizing effect of the
EXB velocity shear is highly strengthened. With lower fre-
guencies, the SWITG modes need lowr to be stabilized
than the conventional ITG modes do.

The effects of sheared flows on the ETG modes are also
studied using the same code. Since the electron kinetics is
dominant for the ETG mode, a very strong flow shear is
needed to influence the stabilization properties of the ETG
modes. In detail, th&/y with orderuv,; /L, is too small to
influence the ETG mode and the critid4l values for stabi-

results forB,=0, 0.005, and 0.05, respectively. The other parameters are thézation of the ETG modes are also much larger than those

same as in Fig. 1.

for the SWITG and conventional ITG modes.
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FIG. 7. Mode growth ratéa) and frequency(b) of the SWITG mode as FIG. 9. Mode growth ratéa) and frequencyb) of the ETG mode as func-
functions Of\‘/,E for differentL,, /L =0.025(solid), 0.05(dashed} and 0.075 tions of V¢ for k,=0.8 andL, /Ls=0.1. The parameters and denotations are

(dotted, respectively,8.=0.005,k,=0.1 and the other parameters are the the same as in Fig. 1.
same as in Fig. 1.

7 .3
LnVE/Vﬂ

Recent work® indicates that the growth rate of the ETG port induced by these short wavelength modes may be much
mode is about 20 times larger than that of the SWITG modehigher than that by ETG turbulence. It is expected that the
while the radial width of the latter is about ten times largerSWITG mode could contribute much to electron transport.
than that of the ETG mode. Therefore, the turbulence trang-lowever, in present work, we find that the SWITG mode is

easily stabilized by th&XB velocity shear, especially in the
weak magnetic shear region. Therefore, if the SWITG mode

——L/L=0025 were responsible for anomalous electron transportER&

0.0008 .- | /1L =0.050 (@ 1 shear should be an effective trigger of the elTBs. It seems to

be inconsistent with the experimental observations although

4 there is no direct comparison between th¥B shear rate

and the growth rate of the SWITG instability. In contrast, the

ETG mode seems to be more reasonable than the SWITG as

the candidate responsible for anomalous electron thermal

transport.

Sos However, it is noted that not all tokamaks observed stiff-
ness in electron temperature profi?e® On the other hand,
some ITG-TEM-basednot ETG-based transport models
have successfully simulated the experimental results with

L,

0.0004 y T - T y electron heating’ It implies that the mechanism of electron
0.0000 | 1 transport may be not universal. Those complicated transport
0.0004 (b) ] phenomena for electrons need further research, especially
~-00008k with the collaboration of profile control, diagnostics, theoret-
2 ical analyses, and simulations.
o~ 00012k i}
0.0016 1
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