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Series of ion temperature gradientsITG or hid driven modes in the short wavelength region,
uk'riu.1, are investigated with a gyrokinetic integral equation code in toroidal plasmas. These
instabilities exist even if electrons are assumed adiabatic. However, nonadiabatic electron response
can influence these short wavelength ITGsSWITGd modes, especially the fundamentall =0 mode.
At typical parameters, excitation of thel =0 mode requires that bothhi andhe exceed thresholds,
while the l =1 and l =2 modes with higher harmonic eigenfunctions persist unstable even athe

=0. Dependence of the SWITG modes on other parameters is also investigated. Thel =1 mode with
an odd potential eigenfunction grows faster than thel =0 mode and may be dominant in lowhe, high
b, weak positive magnetic shear, and/or weak toroidicity regions. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1840687g

I. INTRODUCTION

Recently, intensive research attention is focused on un-
derstanding the anomalous electron transport in magnetically
confined plasmas.1–4 Experimental evidence5–7 shows that
this anomalous electron transport is governed by short wave-
length turbulence, of course, after the stabilization of long
wavelength turbulence. Moreover, observation of electron
temperature profile stiffness in most experiments1 indicates
that the short wavelength instability responsible for electron
transport should have a threshold in electron temperature
gradient or 1/LTe, =Te/Te.

Two kinds of instability are often considered to be can-
didates to explain electron transport in tokamak plasmas: the
electron temperature gradientsETGd modes and the trapped
electron modessTEMsd. The TEMs have been well studied
for years, usually with the coupling to ion temperature gra-
dientsITGd modes consideration.8,9 The ITG-TEMs are char-
acterized by long wavelengthk'ri ø1 and can induce elec-
tron transport with a mixing length estimated coefficient
vtiri

2/Ln. However, the turbulence induced by long wave-
length instability is easily suppressed by theE3B flow
shear.10 In recent years, numerous studies are performed on
the ETG instabilities.11–13 The ETG modes are unstable in
the very short wavelength regionk're,1. However, nonlin-
ear gyrokinetic simulations14 show that ETG turbulence can
also yield a large electron heat flux through radially highly
elongated vortices. Both the ETG modes and TEMs can pro-
vide a threshold in electron temperature gradient, but the
threshold depend on different parameters: temperature ratio
Te/Ti and ratio of magnetic shear to safety factorŝ/q for
ETG modes,11,12 scale length of density profile and fraction
of trapped electrons for TEMs.9 Comparisons between ex-

periment results and theory model are also performed.1 Some
results seem to agree with the ETG model, such as theŝ/q
dependence ofs1/LTedc in Tore Supra,15 and some results
show good agreement with the ITG/TEM model, such as the
modulated electron temperature profile evolution in the
ASDEX-Upgrade tokamak saxially symmetric divertor
experimentd.16

On the other hand, the electron transport might be con-
trolled by multisource instabilities simultaneously or by dif-
ferent instability depending on different discharge condition.
The case is more complicated when the ion and electron
contribution cannot be absolutely separated. Results in the
Joint European TorussJETd sRef. 5d have shown the link
between long and short wavelength density fluctuation, and
the ion and electron transport channels. In the tokamak fu-
sion test reactorsTFTRd, a similar link has also been ob-
served, and the measured highk fluctuations propagate in the
ion diamagnetic directionsvr ,0d.6

Recently, an unstable mode driven by temperature gra-
dients is identified by Smolyakovet al.17 in the short wave-
length regionukyriu@1 in a shearless slab configuration. This
mode propagates in the ion diamagnetic direction and seems
to be a continuous extension of the conventionalsukyriuu1d
ITG mode, so called the short wavelength ITGsSWITGd
mode. Our recent work18 confirms that this “double-humped”
behavior in the growth rate can be attributable to the Landau
damping/resonance mechanism and the nonmonotonic be-
havior of the real frequency asky varies. We have also iden-
tified a series of SWITG modes with even or odd eigenfunc-
tion, respectively, with an integral eigenmode equation code
in a sheared slab configuration. The fundamental even mode
is excited by both finitehi andhe, hardly stabilized byb, but
stabilized by magnetic shear. The odd mode has a higher
growth rate in lowb and weak magnetic shear regions. The
radial widths of the SWITG modes are found to be compa-adElectronic mail: gaozhe@mail.tsinghua.edu.cn
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rable with the conventional ITG modes, so the turbulence
driven by SWITG instabilities can produce a significant level
of transport. Hiroseet al.19 also indicate the existence of a
temperature gradient driven mode in the short wavelength
region in toroidal plasmas. This toroidal mode also requires
both finite hi and he for excitation. Parallel electron transit
effect is conjectured19 to provide destabilization, which is not
consistent with the physical mechanism we discussed18 in the
sheared slab configuration. Also, the magnetic shear is re-
ported destabilizing for the toroidal mode there and high
order modes are not mentioned in this toroidal work.

In this paper, we employ a set of integral eigenvalue
equation for the further study of toroidal SWITG modes. The
magnetic curvature and gradient drift, the transit effect, and
the finite Larmor radius effects are retained in the model for
both electron and ions. Also, the electron response is easily
switched to be adiabatic. Using this model, we would like to
investigate the SWITG modes in detail. The physical driving
mechanism in the toroidal geometry will be discussed with
comparison with that in the sheared slab configuration.
Higher order modes will be introduced and parameter depen-
dence of the toroidal SWITG modes will be investigated in
wider parameter regions. This work is an essential prepara-
tion for estimating the critical temperature gradient and pos-
sible transport driven by the SWITG instability.

The organization of this paper is as follows. The integral
eigenmode equations are presented in Sec. II. Numerical re-
sults and analyses are described in Sec. III. Section IV is
devoted to conclusions and discussion.

II. INTEGRAL EIGENMODE EQUATION FORMALISM

The ballooning representation for an axisymmetric toroi-
dal geometry with circular flux surface is employed. Thes
-a equilibrium model is applied. The derivation of the inte-
gral eigenmode equation had been given in many previous
works20 but still will be outlined here for the convenience of
the following discussion. The magnetic curvature and gradi-
ent drift, the transit effect, and the finite Larmor radius effect
are all retained for both ions and electrons, but the trapped
particle effect is neglected.

The dynamics of low frequency electromagnetic pertur-
bation in low-b plasmas is described by the Poisson’s equa-
tion

− k'
2 f

,

= − 4p o
j=i,e

qjE f jd
3v s1d

and the parallel component of the Ampère’s law
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The nonadiabatic responsehjsv' ,vi ,ud is determined from
the gyrokinetic equation in ballooning space,
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q is the safety factor andJ0 is the Bessel function of zero
order. The well-known ballooning representation

f̃ = o
m=−`

+`

eimuE
−`

+`

e−imu8e−insz−qu8d−ivt f̂su8ddu8 s5d

has been used in deriving Eq.s4d and thes-a equilibrium
model with circular flux surface has been employed.

When the trapped particle effect is not considered, Eq.
s4d can be easily integrated with the boundary condition
hjsud=0 as uuu→`. Substituting the integral form ofhjsud
into Eqs.s1d and s2d, we obtain the following coupled inte-
gral eigenmode equations:
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k'

2

2

Ve
2

vp
2Df̂ = o
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E
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wheref̂skd and Âiskd are the extended Fourier components

in ballooning space off̃srd and −vteÃsrd /c, and
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We have normalized the wave numbers,ku, k, andk8 to re
−1;

the frequencyv to v*e; and the integral intervalt to v*e
−1,

respectively. In is the modified Bessel function of ordern
=0,1, and signsqjd equals unity for electron species and
minus unity for ion species. Also, we defineM =Mi /1836,
Zef f=Zi for convenience in the following.

III. NUMERICAL RESULTS AND ANALYSES

Equationss6d and s7d are solved numerically with the
gyrokinetic integral equation code HD7. Previous results of
ETG sRef. 12d and ITG sRef. 13d modes can be recovered
from the integral equations presented here when ions and
electrons are assumed to be adiabatic, respectively. Also, re-
sults from Hiroseet al.19 can be repeated, for example, the
normalized eigenfrequency for default parameters in Ref. 19
is −0.25+i0.067 and our calculation gives −0.25+i0.069.
The numerical parameters, especially the maximumuuu, are
checked to ensure numerical convergence. As we will show
in the following discussion, the broadenuuu region causes
more calculation needed for the SWITG mode than for con-
ventional ITG or ETG modes.

The parameters for the numerical results given here are
he=2.5, hi =2.5, ti =M =Zef f=1, ŝ=0.8, q=1.5, en=0.1, be

=0, Ve
2/vp

2=0, and kuri =2 skure=2/Î1836d unless other-
wise stated.

A. Mode spectrum

The normalized mode growth rate and frequency multi-
plied with kuri vs kuri are shown in Fig. 1. Three unstable
branches are presented with or without nonadiabatic electron
effects consideration, respectively. Askuri increases, the
growth rate behaves double humps: the first peak atkuri

u1 is the conventional ITG mode, and the second peak at
kuri .1 is the short wavelength ITGsSWITGd mode. The
unstable SWITG mode still exists even with adiabatic elec-
tron assumption. It implies that the ion contribution is essen-
tial for the SWITG mode although the electron response can
influence the mode especially at largekuri. In fact, the ana-
lytical discussion18 for the slab mode indicates that the nona-
diabatic electron response is about proportional to
−ip1/2v*e/kivtes1−he/2d.

Hirose et al.19 had also identified the fundamentall =0
mode in the toroidal configuration. In this paper, the behavior

FIG. 1. Normalized growth ratesad and frequencysbd vs kuri for he=2.5,
hi =2.5,ti =M =Zef f=1, ŝ=0.8,q=1.5,en=0.1, andbe=0. The solid, dashed,
dotted lines denote the different harmonic modes withl =0, 1, and 2, respec-
tively. The lines with squares are the corresponding results when electrons
are assumed adiabatic.
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of real frequency is well consistent with theoretical analysis,
but it is conjectured that the SWITG instability is destabi-
lized by the parallel electron transit effect. It seems not to be
the case because the SWITG instability still exists in case of
adiabatic electrons. In our earlier work18 in a sheared slab
configuration, a series of SWITG modes are found and in-
vestigated. We consider that the double-humped behavior in
the growth rate of ion modes can be attributable to the non-
monotonic behaviors of the real frequency ask' varies, al-
though electron kinetics can influence the mode in short
wavelength regions. So it might be useful to compare the
toroidal SWITG mode with the slab mode.

From Eq. s4d, we can get the localski=constd electro-
static response of ions

f i = −
qiFMi

Ti
f̂ +

qiFMi

Ti
S v − v* i

T

v − vDi − kivi

DJ0
2sdidf̂, s11d

and its rough integral19 for v* i .v. svDi +kivid yields

ñi =
− qif̂

Ti
n0 +

qif̂

Ti

v* ishi/2 − 1d
v

I0sbidexps− bid. s12d

If electrons are adiabatic, the following mode exists from the
quasineutrality condition:

v = S tiZef f

tiZef f + 1
DShi

2
− 1Dv* iI0sbidexps− bid. s13d

Sincev* i =s−vti /LndÎbi /2, the real frequency increases with
Îbi sor kud in small bi regions and tends to be constant in
large bi regions due toI0sbidexps−bid→1/Î2pbi as bi →
+`. This analytic result quite agrees with the numerical re-
sult and is well given by Hiroseet al.19 However, in the
above derivation from Eqs.s11d–s13d, we considered the real
frequency only and the resonance mechanism have not been
considered yet. From Eq.s11d, we can see different reso-
nance mechanisms in the slab and toroidal configurations. In
the slab configuration, the magnetic drift does not exist and
the Landau resonance/damping mechanism works atv
,kivti. When the real frequency approaches to a critical
valuesv /kivtidc, the growth rate reaches its maximum. Since
ki=kyx/Ls, the normalized frequencyv /kivti is nonmono-
tonic, increasing at first and decreasing finally asky in-
creases. If the maximum ofv /kivti is large enough, the
v /kivti will pass the critical value twice. This nonmonotonic
behavior of v /kivti results in the double-humped growth
rate: the conventional ITG mode and the SWITG mode,
which has been discussed in our earlier slab work.18 In the
toroidal geometry, the resonance mechanism changes but is
similar. The ion transit term in toroidal geometryskivti

,vti /qRd is rather smaller than the magnetic drift term
svDi ,env* id at present parameters. Therefore, the toroidal
mode is destabilized mostly by the magnetic drift resonance
at v,vDi sRef. 21d. Similar as the slab case, the normalized
frequencyv /vDi increases withku in small ku regions and
decreases finally in largeku regions due tovDi ~ku. As a
result, there are also two peaks in the growth rate, as shown
in Fig. 1.

The stabilization effect of largeku is also similar for the
slab and toroidal mode. Whenku is so large thatvDi is much

larger thanv, the ion nonadiabatic response will decay ac-
cording to sR/LndI0sbidexps−bid as bi increases. Then the
SWITG will be stable in very largeku regions. For the slab
mode, the similar stabilizing effect of largeky is introduced
by ki=kyx/Ls, so the ion nonadiabatic response will decease
with aboutsLs/LndI0sbidexps−bid asbi increases. The param-
eters we chose here and in the slab work areR/Ln=10 and
Ls/Ln=40, so the nonadiabatic response in the slab is larger
than in the toroidal geometry. This might be why the toroidal
SWITG mode has a narrowerku spectrum than the slab
mode. Also, in largerku regions, electron contribution be-
comes more important. In the local model, theki is fixed, so
the SWITG mode cannot be stabilized at largeku if electron
nonadiabatic contribution is not included.17 The influence of
electron kinetics on the slab SWITG mode has already been
discussed in our earlier work.18

B. Mode eigenfunction

Figures 2sad–2scd show eigenfunctions for three modes
for kuri =2: evenfsud for the l =0 andl =2 modes; and odd
fsud for the l =1 mode. The central part of the eigenmode is
zoomed in and simultaneously plotted in Figs. 2sad–2scd, re-
spectively. Contrastively, the eigenfunctions from the adia-
batic electron model are shown in Figs. 2sdd–2sfd. The nona-
diabatic electron effect hardly changes the central part,uuu
,4, of the eigenfunctions except the real part of the eigen-
function for thel =0 mode. However, the localization of the
eigenmode in the ballooning space is strongly influenced by
the nonadiabatic electron effect. Obviously, if the adiabatic
electron assumption is adopted, the eigenfunctions are rather
smooth and localized inu space. When the nonadiabatic
electron kinetics is considered, however, the eigenfunctions
have broad structures along the magnetic field line and have
oscillatory tails with a periodicity aboutp. This long tail
structure might be explained by the electron kinetic effect
through the termk'

2 r j
2=ku

2r j
2s1+ŝ2u2d within the finite Lar-

mor radius effect termJ0 in Eq. s4d. As k'
2 r j

2 increases with
u, the ion or electron response decreases with the decay ofJ0

sstrictly, its enveloped. Sinceku
2re

2!1, k'
2 re

2 becomes large
enough only in the largeu regime. In other words, the elec-
tron kinetic response has a much broader spectrum in the
ballooning space than the ion response. If we use the formula

ku2l =
eu2ufsudu2du

eufsudu2du
s14d

to estimate the localization of the eigenmode in the balloon-
ing space,Îku2lna for nonadiabatic electron case is 6.44,
about 16 times ofÎku2la for adiabatic electron case. In fact,
the nonadiabatic electron effect also strongly influences the

eigenfunction for the conventional ITG mode in thekuri,̃1
regime, although the eigenfrequency is slightly influenced. In
addition, the oscillation in the tail leads to a large expendi-
ture of computer time. The maximumuuu we used in calcu-
lations is 57.5 and the modes converge at aboutuuuù40.

C. Temperature gradient dependence

Dependence of the growth rate onhi is shown in Fig.
3sad for he=2.5. Each of the three modes has ahi threshold,
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which implies the essential of ion temperature gradient
driven modes. Thehi threshold of the fundamental mode is
lower that those of higher order modes.

Figure 3sbd shows the growth rate as function ofhe for
hi =2.5. Previous studies18,19 indicate that the SWITG mode
is unstable when bothhi andhe exceed thresholds. This con
clusion is still valid for the fundamental mode, but not for
the higher order modes. Thel =1 and l =2 modes persist
unstable evenhe decreases to zero.

Temperature gradient dependence of thel =0 and l =1
modes forkuri =2 is more clearly demonstrated in Fig. 3scd.
Three critical lines divide thehi-he diagram into five re-
gions: bothl =0 andl =1 modes are stable in the region “A;”
the l =0 mode is unstable in the regions “B,” “ C,” and “D”;
and thel =1 mode is unstable in the regions “C,” “ D,” and
“E.” Obviously, electron kinetics strongly influences thel
=0 mode, so excitation of thel =0 mode requires thathe

exceed a threshold. Contrastively,he only slightly influences

FIG. 2. Eigenfunctionf̂sud for the l =0 fsad andsddg, 1fsbd andsedg, and 2fscd andsfdg modes forkuri =2. sad, sbd, andscd are from the nonadiabatic electron
model, andsdd, sed, andsfd are from the adiabatic electron model. The central part of the eigenfunctions from the nonadiabatic electron model is also zoomed
in and pasted in the corners ofsad, sbd, andscd, respectively. Other parameters are the same as in Fig. 1.
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the l =1 mode. As a result, in the regionsD andE, wherehe

is relatively smaller thanhi, the l =1 mode grows faster than
the l =0 mode and might be the dominant mode.

D. Dependence of temperature ratio, effective ion
charges, and isotope mass

Figure 4 shows the mode frequency and growth rate nor-
malized touv* iu vs Te/Ti for kuri =2. It is notedv* i is nega-
tive in the definition in this paper. Same as the conventional
ITG mode, the SWITG mode can be stabilized by hot ions
ssmall Te/Tid. Here, we may distinguish two cases: varying
Te for fixed Ti and varyingTi for fixed Te. Since the SWITG
mode is dominated by the ion dynamics, theku correspond-
ing to the maximum growth rate may follow the change inri.
So kuri =2 is fixed and thekure varies withTe/Ti.

In the adiabatic electron model, the ion effective charge
is always accompanied the temperature ratio in the expres-
sion Zef fTe/Ti. Figure 4 shows the effect ofZef f on the
SWITG modes, which is roughly the same as the effect of
Te/Ti. It indicates again that ion response is dominant for the
SWITG mode.

Figure 5 shows the isotope effect on the SWITG mode.
The growth rate normalized tov*e is insensitive tomi /me,
that is, g /v*e,const. However, it is noted thatkuri =2 is
fixed as mentioned in the discussion of the effect of tempera-

FIG. 3. sad Normalized growth ratesg /v*e vs hi for fixed he=2.5;sbd g /v*e

vs he for fixed hi =2.5; scd the stabilization diagram in thehi-he space,
where the solid and dashed lines denote the critical stabilization boundary of
the l =0 andl =1 modes, respectively, and the dotted line denotes the border
where thel =0 and l =1 modes have same growth rates.kuri =2 and other
parameters are the same as in Fig. 1.

FIG. 4. Normalized growth ratesad and frequencysbd vs Zef fTe/Ti for
kuri =2. The lines without squares are the results forZef f=1 and the lines
with squares are those forTe/Ti =1. Other parameters and denotations are
the same as in Fig. 1.
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ture ratio. Sincev*e~ku and ri ~mi
1/2, the growth rate is

proportional to mi
−1/2. This isotope scaling from SWITG

modes is also the same as that from conventional ITG
modes.22

E. en variation

In Fig. 6, the normalized growth rate and real frequency
as functions ofen are shown. Hiroseet al.19 pointed out that
the SWITG mode is essentially a slab mode. Indeed, the
SWITG mode becomes stable at largeens.0.19d, where the
conventional ITG persists unstable. It is because thevDi in-
creases withen and offers a stabilizing effect whenv,vDi.
That is the same mechanism as the largeku stabilization we
discussed in Sec. III A. In fact, in the lowen region, we can
also see that the normalized growth rate increases withen,
which implies the toroidal driving effect. The higher order
modes are stabilized by smalleren since they have lower
frequencies. It is noticed that both thel =1 and l =2 modes
grow faster than the fundamentall =0 mode in the lowen

region.

F. Magnetic shear and safety factor variation

The magnetic shear effects are studied for both positive
and negative shear and the results are shown in Fig. 7. First,
the stabilizing effect of shear is confirmed, which is consis-
tent with the results from the slab model18 and also similar
with other temperature gradientsITG or ETGd driven modes.
At weak positive shear, however, the growth rates of all three
modes increase with the magnetic shear. Especially, the mag-
netic shear corresponding to the maximum growth rate of the
fundamental mode is rather strong, about 1.5. It may be the
reason why Hiroseet al.19 concluded that the SWITG is
destabilized by magnetic shear, where the calculation region
for magnetic shear is only from21.0 to 1.5.19 Second, the
growth rate of the fundamental mode at negative shear is
almost the same as that at positive shear. However, forl =1
mode, obvious lower growth rate exists in negative shear
regions and, even, no unstablel =2 mode is founded in nega-
tive shear regions. Finally, the growth rate of thel =1 mode

is larger than that of the fundamental mode in the weak shear
region, which is also similar to the behavior of slab SWITG
modes.18

Dependence of the normalized growth rate and fre-
quency on the safety factor is shown in Fig. 8. The funda-
mental mode shows the different behavior from the higher
harmonic l =1 and l =2 modes. The fundamental mode be-

comes stable in the regionq.̃3.0. It may be explained by the
contribution of electron parallel dynamics, for the transit fre-
quencys,vte/qRd decreases withq increasing. Since thel
=1 andl =2 modes have lower frequencies, the growth rates
of them tend to be constant at highq. However, in finiteb
plasmas, a largeq is expected to be stabilizing the modes
throughas=−q2Rdb /drd stabilization.

G. Finite b stabilization

Figure 9 shows theb dependence of mode growth rate
and frequency. Finiteb influences the mode by two ways:
one is coupling to Alfven waves; the other is influencing the
toroidal drift frequency through the ballooning parameter
as=−q2Rdb /drd. The lines with squares are the results from
the electrostatic model, Eq.s6d alone, but the effect ofa is
retained. The mode growth rates increase slightly whenb
increases from zero to a certain value, but a further increase
in b causes the decrease in the growth rate. Since the funda-

FIG. 5. Normalized growth rate vsmi /me for kuri =2. Other parameters and
denotations are the same as in Fig. 1.

FIG. 6. Normalized growth ratesad and frequencysbd vs en for kuri =2.
Other parameters and denotations are the same as in Fig. 1.
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mental mode has a higher frequency, it has a stronger ability
to satisfy the toroidal drift resonance condition. The numeri-
cal result shows the growth rate of the fundamental mode is
slightly influenced by this purea effect. However, the cou-
pling effect to shear Alfven wavessSAWsd is also important
at finiteb. The lines without symbols are the results from the

model with both the coupling effect to SAWssÃid and the
effect of a inclusion. The fundamental mode is easily stabi-
lized by finite b, which is consistent with the result from
Hirose et al.19 Contrastively, the higher order modes are
more hardly stabilized than the fundamental mode. It might
be explained by the fact that the higher order modes have
lower frequencies. A conclusion is that, in the study23 of the
slab ITG mode with the coupling to SAWs, theb cannot
effectively change the frequency and growth rate of the
mode with very low frequency. Physically, the frequency of
the SWITG modes for the present parameters is lower than
the frequency of the SAWs,vA,vA/qR=vti / sqRÎbid, where
vA is the Alfven velocity, so the coupling to SAWs will in-
fluence the fundamental mode with higher frequency more.
However, it is noted that, in the sheared slab configuration,

the fundamental mode has a lower frequency and more
hardly to be stabilized byb than thel =1 mode.18

IV. CONCLUSIONS AND DISCUSSION

In this paper, several unstable branches of temperature
gradient driven modes in the short wavelength region,
uk'riu.1, are identified with a gyrokinetic integral equation
code in toroidal plasmas, which include the fundamental
evensl =0d mode, a oddsl =1d mode and a higher order even
sl =2d mode. These modes propagate in the ion diamagnetic
direction and have almost the same growth rate as the corre-
sponding conventional ITG modes. These unstable modes
still exist even if electrons are adiabatic, so-called SWITG
modes. At typical parameters, excitation of the fundamental
mode requires that bothhi and he exceed thresholds, while
the higher order modes only require finitehi and persist un-
stable even athe=0. As a result, thel =1 mode dominates in
the region with relatively lowhe. If nonadiabatic electron
response is included, the SWITG modes have wide and os-
cillatory eigenfunctions along the field line.

Parameter dependence of the SWITG modes is investi-
gated in detail. A decrease in temperature ratiosTe/Tid can
stabilize the modes, which is similar to the behavior of the
conventional ITG modes. Toroidicity shows a stabilizing ef-

FIG. 7. Normalized growth ratesad and frequencysbd vs ŝ spositive and
negatived for kuri =2. Other parameters and denotations are the same as in
Fig. 1.

FIG. 8. Normalized growth ratesad and frequencysbd vs q for kuri =2. Other
parameters and denotations are the same in as Fig. 1.
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fect on the SWITG mode when the toroidal drift frequency is
apart from the resonance region. Although the growth rate of
the fundamental mode increases with magnetic shear in weak
and medium shear regions, strong magnetic shear can stabi-
lize the mode. Thel =1 mode with an odd eigenfunction
grows faster than the fundamental mode in weak magnetic
shear regions. The growth rate of the fundamental mode at
negative shear is almost the same as that at positive shear,
while the higher order modes have lower growth rate at
negative shear than at positive shear. The fundamental mode
seems more easily to be stabilized by finiteb than the higher
order modes with lower frequencies due to the coupling ef-
fect to sheared Alfven waves.

Hirose et al.18 has already confirmed and investigated
the fundamental SWITG modes at low beta. Some conclu-
sions are similar as the results shown in this paper, and some
are improved through wider parameter scan, for example, the
magnetic shear stabilization effect. Moreover, the physical
mechanism is discussed according to analytical and numeri-
cal results. The ion response is essential for the SWITG
mode. The toroidal SWITG mode has a similar physical
mechanism as the slab mode, except that the toroidal drift
resonance plays an important role instead of the Landau

resonance. Also, high order modes are investigated in this
paper and it is found that thel =1 SWITG mode grows faster
and maybe dominate in such cases as highb, flat electron
temperature profileslow hed, weak positive magnetic shear
and/or weak toroidicity.

Considering the possibility of the SWITG instability as a
candidate to explain electron transport is necessary. It is
naturally considered that the SWITG mode has a longer
wavelength and then can induce higher transport than the
ETG mode.17 However, we cannot curtly derive the charac-
teristic radial scale length from the eigenfunction in the bal-
looning space unless we go into the two-dimension work.
Early studies24 introduced the radial-variation component of
the eikonal,Ssxd ssometimes written in terms of the radial
Fourier transform wave numberkx0 or the ballooning angle
label u0d to describe the two-dimension structure of eigen-
modes. The total radial wave number is composed of two
parts,kx=kx0+kuŝu;kuŝsu−u0d, so the radial structure of the
eigenmode in the real space depends on not only theu spec-
trum but also the choice ofu0. Results in Sec. III B show that
the nonadiabatic electrons strongly modify the mode struc-
ture with oscillatory profile atu0=0, which induces a dra-
matic increase in the spectral width in theu space. Moreover,
the mechanism of the nonadiabatic electron effect seems to
be irrelative tou0. Therefore, nonadiabatic electrons might
cause a decrease in the radial scale length of the unstable
eigenmode, which implies the reduction of thermal conduc-
tivity due to non-adiabatic electrons. However, this is an
open issue and a further and more careful investigation is
needed.

The electric field shear, orVE8, stabilization of the slab
SWITG has been studied.25 Since the SWITG mode has a
lower frequency than the conventional ITG mode in the
sheared slab configuration, a lowerVE8 is needed to stabilize
the slab SWITG mode than that to stabilize the slab conven-
tional ITG mode. The physical mechanism is that, when the
mode frequency is lower, theVE8 more easily changes the
argument of the plasma dispersion function,j=sv
−kyVE8xd /kivt. If this mechanism is still valid in the toroidal
geometry, the toroidal SWITG mode might more hardly be
stabilized withE3B flow shear than the toroidal conven-
tional ITG mode might be. It has mentioned in Fig. 1 that the
toroidal SWITG mode has a higher frequency than the toroi-
dal conventional ITG mode.

However, it seems that the SWITG mode depends upon
the ion dynamics much although the fundamental SWITG
mode also has ahe threshold. Indeed, some experiments
show the correlation between ion transport and electron
transport. Especially, in TFTR the measured fluctuations re-
sponsible for anomalous electron transport propagate in the
ion diamagnetic directionsvr ,0d and withk'ri ,5, which
agrees with the behaviors of the SWITG mode. However, in
some ECH plasmas where electron dynamics are decoupled
from ion dynamics, the SWITG mode seems hardly to be
excited. Anyway, the SWITG instability provides a possible
channel of electron transport. Further investigation is needed,
especially the critical electron temperature gradient at differ-
ent temperature ratio and different ion temperature profile.
This work will be performed soon.

FIG. 9. Normalized growth ratesad and frequencysbd vs be for kuri =2. The
lines with squares are the results from Eq.s6d alone, buta is retained. The
other parameters and denotations are the same as in Fig. 1.
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