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Temperature gradient driven short wavelength modes in sheared
slab plasmas
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The temperature gradient (h i and he) driven instability in the short wavelength regime,ukyr i u
.1, is studied in a sheared slab. An analytical analysis is performed first to clarify the physics
mechanisms for the modes in a shearless slab. The correlation between the growth rate and the real
frequency of the modes is discussed in detail. The electron temperature gradient is found to have
strong influences on the modes in short wavelength regions. Several series of the short wavelength
modes are then identified with a kinetic integral equation code in a sheared slab. The radial widths
of the modes are found to be comparable with the conventionalh i modes and not short, although
the poloidal wavelengths are short. The lowest odd mode usually dominates in the weak magnetic
shear and lowb regime. However, the fundamental mode seems to be important in tokamak plasmas
because the higher order modes are easily stabilized by finiteb and/or by magnetic shear. The
fundamental short wavelength mode cannot be stabilized byb when the magnetic gradient drift
effect is taken into account. The modes are excited by both finiteh i andhe , and may be stabilized
by magnetic shear. ©2003 American Institute of Physics.@DOI: 10.1063/1.1583712#
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I. INTRODUCTION

Understanding the anomalous transport in magnetic
confined plasmas has been one of the major challenge
magnetic confinement fusion research for decades. It is
widely accepted that the anomalous transport is induced
turbulent plasma fluctuations with small scales, the so-ca
microinstabilities.1 In particular, the temperature gradie
~TG! driven instabilities are proposed as the plausible can
dates responsible for anomalous thermal transport and
been studied extensively.2–11 Recent experiments hav
shown that ion thermal diffusivity reduces to the neoclass
level in improved confinement tokamak plasmas.12,13 This
transport reduction is explained by the model based on
E3B shear suppression effects on the ion temperature gr
ent ~ITG! turbulence, since the measuredE3B shearing rate
exceeds the maximum linear growth rate of the IT
mode.14–16Also, nonlinear structures of zonal flows17 and/or
streamers18 are generated to regulate the turbulent transp
However, the electron transport is often still anomalous e
in discharges with an internal transport barrier~ITB!. It was
observed in the Joint European Torus that after the forma
of an ITB, long wavelength modes are suppressed, w
short wavelength modes are not.19 The anomalous electro
transport is possibly attributable to short wavelength mod

The electron temperature gradient~ETG! mode in the
electron diamagnetic direction (v r.0) is unstable in the
very short wavelength regimekyre;1. Therefore, numerou
studies have been performed on the ETG instabilities in
cent years.20–22 However, another unstable mode driven

a!Electronic mail: gaozhe@mail.tsinghua.edu.cn
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temperature gradients in the short wavelength regimeukyr i u
@1 was recently identified by Smolyakovet al.23 This mode
propagates in the ion diamagnetic direction (v r,0) and
seems to be a continuous extension of the conventio
(ukyr i u;1) ITG mode. In fact, in an early study of the loc
ITG mode, Pu and Migliuolo24 had pointed out the ‘‘double-
humped’’ behavior, with one peak of the growth rate in t
regimeukyr i u,1 and another peak in the regimeukyr i u@1.
This behavior was explained to be attributable to the n
monotonic behavior of the real frequency as the cross-fi
wavelength varies. So, the issue that needs to be clarifie
the relation between the ‘‘double-humped’’ behavior in P
and Migliuolo24 and the new short wavelength mode d
cussed by Smolyakovet al.23

Hirose et al.25 also indicate the existence of a temper
ture gradient driven mode in the short wavelength regi
using a kinetic electromagnetic integral code. The mo
propagates in the ion diamagnetic direction and requires b
finite h i andhe for excitation. The study is performed in th
toroidal geometry, but trapped electrons and toroidicity
not seem essential for this mode. Therefore, it may be ea
to identify and to investigate the modes in more detail, e
whether other unstable modes exist in the short wavelen
regime, how the electron kinetics influences the mode, e
in a sheared slab.

In this paper, we first confirm the explanation in Pu a
Migliuolo24 for the short wavelength temperature gradie
modes. The growth rate hump in the short wavelength
gime in Pu and Migliuolo24 is much slighter than that in
Smolyakov et al.23 only due to differenthe and ki . This
local short wavelength mode is just attributable to the La
1 © 2003 American Institute of Physics
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dau damping/inverse Landau damping mechanism and
nonmonotonic behaviors of the real frequencies as the w
length varies. In addition, we also find that the electron
netics strongly influences the properties of the mode in
short wavelength regime. The mode displays various ki
of behaviors for choice of differenthe . It is stable in the
very short wavelength regimekyre.1 whenhe is very small
~!1! or larger thanh i .

The integral equation for the study of ITG modes
arbitraryb plasmas26 is upgraded and employed for the no
local study of short wavelength modes in a sheared sla
this work. We found other eigenmodes in the short wa
length regime. For typical tokamak parameters the sh
wavelength mode under consideration is separated from
conventional ITG mode. However, whenb or he is in-
creased, the coupling between the short wavelength m
and the conventional mode occurs. The coupling results
continuousky spectrum from the long wavelength regime
the short wavelength regime. Similar to what is found
Hirose et al.,25 the short wavelength modes require both
nite h i and he . However, the magnetic shear stabilizes t
short wavelength modes, that is not shown in Hiroseet al.25

The organization of this paper is as follows. The upda
integral equations are presented in Sec. II. The local res
and analyses are described in Sec. III. The nonlocal res
are given in Sec. IV. Section V is devoted to conclusions

II. ELECTROMAGNETIC INTEGRAL EQUATION
FORMALISM

We consider a sheared magnetic fieldB5B0@ ẑ(1
1x/LB)1 ŷ(x/Ls)#, whereLs andLB are the scale lengths o
the magnetic shear and the magnetic gradient, respecti
The static equilibrium in a highb plasma slab requires
magnetic gradient, Ln /LB5( j 5 i ,e(b j /2)(11h j ). Here,
Ln

2152(1/nj )dnj /dx, h j5d ln Tj /d ln nj and b j

58pnjTj /B2. The equilibrium distributions for ions an
electrons aref 0 j5 bn(Xg j)/(p

3/2v t j
3 ) cexp(2v2/vtj

2), wherev t j

5A2Tj (Xg j)/mj , Xg j5x2vy /V j , and V j52qjB/mjc.
Three fluctuating scalar fields are introduced:f̃, Ãi(5Ã
•b̂), and Ã2(5(Ã3ê')•b̂), where all perturbed quantitie
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
b̂5B/uBu. For the fluctuations withv!uV j u and k'ld!1,
we have derived26 the kinetic integral equations for arbitrar
b value. Replacing the quasineutrality condition with Po
son’s equation in the previous equations,26 we get

k'
2

2

Ve
2

vpe
2 f̂~k!1(

j

ZjTe

Tj

3H f̂~k!1S 1

2p D E dk8E dx exp@ i ~k82k!x#

3FL j~0,0,0,0!f̂~k8!1
v t j

v te
L j S 0,1,

1

2
,0D Â2~k8!

1
v t j

v te
L j~0,0,0,1!Âi~k8!G J 50, ~1!
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Â2~k!2(
j

b j

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

3Fv te

v 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, ~2!

Âi~k!2(
j

b j

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

3Fv te

v t j
L j~0,0,0,1!f̂~k8!1L j S 0,1,

1

2
,1D Â2~k8!

1L j~0,0,0,2!Âi~k8!G J 50. ~3!

Here,

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

uqj u
D m1nE

0

1`

dtts exp~2t !Jm~A2bj t !

3Jn~A2bj8t !
v* j

v2vD j t
Kl j , ~4!

K0 j5S v

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

21S j j
22

1

2D j jZ~j j !G
2h~ t21!@j jZ~j j !#, ~5!

K1 j5
ki

ukiu
j jFK0 j1S v0

v* j
21D2h~ t21!G , ~6!

K2 j5
ki

ukiu
j jK1 j , ~7!

v* j5~kyTj !/~V jmjLn!, vD j52v* jLn /LB ,

vpe
2 54pne2/me , bj5k'

2 r j
2/2, bj85k'8

2r j
2/2,

r j5v t j /V j , j j5~v2vD j t !/ukiuv t j ,

ki5~x/Ls!ky , k'
2 5ky

21k2, k'8
25ky

21k82,

Zj52qj /e, f̂5f, Â25 iv teA2 /c, Âi52v teAi /c, and
Z(j) is the plasma dispersion function.

We call Eqs.~1!–~3! full b model as in the previous
work.26 When the coupling to the compressional Alfve´n
waves~CAWs! and the magnetic gradient effects are omitte
that is,Â250 andLB→`, we get the lowb model.

III. LOCAL ANALYSIS

We first consider the local modes in the electrosta
limit, that is, we takek5k850, ki5const andb50. The
Debye shielding effect,Ve

2/vpe
2 , is also neglected. The sim

plified dispersion equation is the same as the electros
limit of the dispersion equation in Smolyakovet al.,23
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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De1tDi50, ~8!

where

D j512h j

vv* j

ki
2v t j

2 G~bj !1H 12
v

* j
T

v
2h j

v* j

v

3F12bj S 12
I 1 j

I 0 j
D G J G~bj !

v

kiv t j
ZS v

kiv t j
D , ~9!

and v
* j
T 5v* j@12h j (3/22v2/v t j

2 )#. When the quasifluid
assumption,v te.uvu/kiiv t i , is valid, we can neglect the
terms of order (ki

2v t i
2 /v2) and order (v2/ki

2v te
2 ) and get

Di512G0i1
v* i

v
~12h i« i !G0i

1 ip1/2
v

kiv t i
expS 2

v2

ki
2v t j

2 DG0id i , ~10!
o

c

,

-

e
e

d

,
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e
al
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De511
2v* ev

ki
2v te

2 @12he2he«e#G0e1 ip1/2
v

kiv te
G0ede ,

~11!

with

d i512
v* i

v S 12
h i

2
2h i« i1h i

v2

ki
2v t i

2 D , ~12!

de512
v* e

v S 12
he

2
2he«eD , ~13!

and

« j5bjF12
I 1 j~bj !

I 0 j~bj !
G . ~14!

For weakly growing modes,g,v r , we obtain
v r

kiv t i
52

~Abi /2/kiLn!~h i« i21!G0i

22G0i12~me /mi !~Abi /2/kiLn!~v r /kiv t i !~12he2he«e!
, ~15!
s
into
t

m-
g

kiv t i
5

p1/2

~Abi /2/kiLn!~h i« i21!G0i
S v r

3

ki
3v t i

3 D
3FexpS 2

v r
2

ki
2v t i

2 DG0id i1Ame

mi
G0edeG . ~16!

Here, the assumptiont51 and the relationv* j /kiv t j

5Abj /2/kiLn are used.
The real frequency is nonmonotonic mostly because

the nonomonotonic behavior ofbj
r« j asbj varies, wherer is

a rational number. The maximum value of the real frequen
(v r /kiv t i)max, mostly depends onh i andkiLn . The growth
rate g is principally decided by thev r in the form of
(v r /kiv t i)

m exp(2vr
2/ki

2vti
2). The initial rise in real frequency

from below to above (v r /kiv t i)c , causes an increase ing.
As v r /kiv t i>(v r /kiv t i)c , a further increase in real fre
quency will cause a decrease ing. If ( v r /kiv t i)max

,(vr /kivti)c , there is only one peak in the relation ofg vs bi ,
corresponding to the maximum frequency. Ifh i is large
enough, (v r /kiv t i)max>(vr /kivti)c , there will be a ‘‘double-
hump’’ behavior in the spectrum ofg vs bi . The first peak in
the regimebi&1 is called the conventional ITG mode. Th
second peak is just the short wavelength ITG mode m
tioned in Smolyakovet al.23 The mode frequency an
growth rate as functions ofbi are shown in Fig. 1 for differ-
enth i values atkiLn50.1 andhe54.6. When the maximum
frequency decreases withh i , theg turns out to have a hump
once asbi varies. Smolyakovet al.23 also gave a similar plot
but they explained it as the disappearance of the second
at low h i .

In fact, Pu and Migliuolo24 pointed out the ‘‘double-
hump’’ behavior correctly. However, the second peak in th
results is slight and not clear. One reason is that the par
f

y,

n-

ak

ir
lel

wave number used in the work is so much larger,kiLn

50.2, that (v r /kiv t i)max is very small. The other reason i
that the electron temperature gradient effect is not taken
account, that is,he50 is assumed in that work. We find tha

FIG. 1. Normalized growth rate~a! and frequency~b! of the local modes as
functions ofbi for h i52, 3, 3.5, 4.6, and 6, respectively. The other para
eters areb50, mi /me51836,Te /Ti51, kiLn50.1, andhe54.6.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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electron kinetics strongly influences the behavior of
modes in the short wavelength regime. Theky spectrum of
the modes is presented in Fig. 2 for differenthe . The abun-
dant behaviors of the modes can be explained qualitativ
or even quantitatively from the following analytical analys
of Eqs.~8!–~16!.

If the electrons are adiabatic, the real frequency a
growth rate tend to certain constant values forbi@1. It is
because limbi→1` G0i5(2pbi)

21/2 and limbi→1` « i51/2.
However, electrons become more effective asbi increases.
First, the electron Landau damping can directly influence
growth rate in Eq.~16!. Forv/kiv t i.1, bi@1 andbe,1, the
electron contribution to the growth rateAmi /meG0ede is
comparable to the ion contribution exp(2v2/ki

2vti
2)G0idi . The

electron response may be stabilizing or destabilizing,
pending on the sign of thede . Moreover, a largehe tends to
decrease the real frequency when the term 2(me /mi)
3(Abi /2/kzLn)(v r /kiv t i)(he1he«e21) is of the order of
unity.

At a very smallhe(,0.4), the mode is unstable in th
regimebe!1 and stable in the very short wavelength regim
be*1. Moreover, the second peak of the growth rate
slightly smaller than the first peak, which is similar to th
results in Pu and Migliuolo.24 This is becausede is always
stabilizing for very smallhe . Also, a small he hardly
changes the real frequency. The destabilizingd i is constant
in this parameter region. If the electron stabilizing effect
stronger than the ion destabilizing effect, the mode is fu
stabilized.

FIG. 2. The same as in Fig. 1 except thath i54.6 andhe50, 1, 2, 4.6, and
8, respectively, here. The solid lines denote the results from the model
adiabatic electrons.
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If he is about 1, thede is stabilizing in the smallbe

regime and destabilizing in the largebe regime. So the
growth rate decreases first and then increases asde increases.
Sinced i is constant at largebi , the growth rate reaches it
minimum at certain value ofde , namely dem, where
]de /]be50. Under the assumption ofbe,1, de;Abe(1
2he/22hebe), so ]de /]be50 gives bem5(22he)/6he .
For he51, the correspondingbem is 0.167, that is,bi

;300. It is well consistent with the numerical result.
When he.2, de,0, then the electron contribution i

always destabilizing. The growth rate is increased by both
the ion and electron destabilizing effects whenv/kiv t i.1.
However, the real frequency decreases asbi increases. When
the v/kiv t i approaches to 1, the sign ofd i in Eq. ~12! re-
verses, that is, the ion response becomes stabilizing. M
over, exp(2v2/ki

2vti
2)G0idi is much larger thanAmi /meG0ede

for v/kiv t i;1. Since the ion stabilizing effect become
dominant, the growth rate consequently decreases. So
second hump occurs aroundv/kiv t i;1. Strictly speaking,
the analysis based on the fluid assumption breaks dow
that case. However, we can roughly estimate a scaling law
bi and he corresponding to these second peaks in Fig.
That is,Abi(he21)5const. Whenhe increases to very large
values, the second peak moves toward the long wavele
regime and then joins with the first peak. Whenbe is also
much larger than 1, the real frequency and growth rate t
to be constant, sinceG0iv* i /kiv t i52G0ev* e /kiv te

5const. Consequently, the electron effects decrease the
frequency to a very low level. Withv/kiv t i,1, the disper-
sion equation becomes

21
2v* iv

ki
2v t i

2 G0iF12
3

2
h i2

v t i

v te
S 12

3

2
heD G

1 ip1/2
v* i

kiv t i
G0i~h i2he!50, ~17!

then

v r

kiv t i
5

kiv t i

v* iG0i
Y F3

2
h i211

v t i

v te
S 3

2
he21D G , ~18!

th

FIG. 3. The eigenvalues of the nonlocal modes forkyre50.1, b50,
mi /me51836,Te /Ti51, Ls /Ln50.025, andh i5he52. The letters, C and
S denote different series and the numbers denote different harmonic or
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 4. Normalized growth rate~a! and frequency~b! of the nonlocal modes
as functions ofkyre for b50, mi /me51836,Te /Ti51, Ls /Ln50.025, and
h i5he52. The solid, dashed, dotted, and dashed–dotted lines denot
S0, S1, C0, and C1 modes, respectively.
g

kiv t i
5

p1/2

2
~h i2he!Y F3

2
h i211

v t i

v te
S 3

2
he21D G .

~19!

in

the
odd

om-
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Therefore, a largehe(.h i) can fully stabilize the mode in
the very short wavelength regime ofbe.1. The analytic re-
sult is in good agreement with the numerical results shown
Fig. 2.

IV. NONLOCAL ANALYSIS

In the nonlocal model, the parallel wave number,ki

5(x/Ls)ky , is related to the mode structure and the cro
field wave number,k'5Aky

21k2, includes poloidal and ra-
dial components. Then, there may exist several distinc
modes with different structures in different frequency r
gions. In the long wavelength regimeukyr i u&1, in fact, the
conventional ITG modes with different orders have be
identified and investigated.3,27,28 In this paper, we will iden-
tify a new series of short wavelength modes. For the non
cal mode, we only set theky , whereas thekx spectrum is
determined by the solutions to the eigenmode equations
the other hand, a highh i is not needed to destabilize th
short wavelength mode, since the mode structure can be
justed to makev/kiv t i large enough. In the following calcu
lations, we choose the parameters:he52, h i52, Te /Ti51,
mi /me51836, Ln /Ls50.025, andkyre50.1, unless other-
wise stated. The ion and electron temperature gradient
rameters employed are the usual ones seen in previous
ies of conventional ITG modes.3,26–28 The poloidal
wavelength employed is close to that in Hiroseet al.,25

whereukyr i u56.
Shown in Fig. 3 are the eigenvalues of the dispers

equations forkyre50.1, i.e., S0, S1, C0, C1, and so on,
the complex plane of the frequency normalized tov* e . The
letter, C or S, denotes a different series of the branch of
modes. The even and odd numbers denote the even and
modes, respectively. The mode structure becomes more c

the
e

FIG. 5. Mode structures of the S0~a!,
S1 ~b!, C0 ~c!, and C1~d! modes for
kyre50.1. The parameters are th
same as in Fig. 3.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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plicated as the number increases. The solutions with hig
frequencies, the C series, seem to be on the short wavele
tail of the conventional ITG modes, e.g., the C0, C1, and
are verified to be the conventional ITG modes atkyre50.1
with the harmonic order numberl 50, 1, and 2, respectively
However, only the fundamental mode is unstable in the sh
wavelength regime. The higher order modes are rather sta
The other solutions with lower frequencies, the S series,
considered to be short wavelength modes. Theky spectra of
the lowest even and odd short wavelength modes are sh
in Fig. 4, along with those for the lowest even and odd c
ventional ITG modes. The index C0, C1, S0, and S1 cha
tering these modes are also marked in Fig. 4 and the co
sponding mode structures are shown in Fig. 5. The gro
rate of the unstable modes reaches the maximum valu
short wavelength regions. Although the wavelengths
y-direction are short, the radial widths of the modes can
comparable with those of the conventional ITG modes, a
much larger than those of the ETG modes.

Similar with the conventional ITG mode, the higher o
der short wavelength mode is unstable only in case of v
weak magnetic shear. In other words, the higher order m
is more easily stabilized by magnetic shear. The magn
shear stabilization of the S0, S1, S2, and S3 modes
shown in Fig. 6. Not shown in the figure is that the high
order modes, S4 and S5, are unstable at much weaker

FIG. 6. Normalized growth rate~a! and frequency~b! as functions ofLs /Ln

for the S0~the solid lines!, S1 ~the dashed lines!, S2 ~the dotted lines!, and
S3 ~the dashed–dotted lines! modes, respectively. The other parameters
the same as in Fig. 3.
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netic shear regions, and that the S6 and S7 modes are al
always stable.

From Fig. 6, we see that the S1 mode, the lowest o
mode, is more easily stabilized by magnetic shear than
S0 mode, although the S1 mode has a higher growth rat
weak magnetic shear. The same is true for finiteb stabiliza-
tion. Shown in Fig. 7 are the frequencies and growth rate
the S0 and S1 modes as functions ofbe , obtained from the
low b and full b models. The S1 mode may be stabilized
a finite b in both of the models. The fundamental mod
cannot be stabilized byb when the magnetic gradient effec
is considered in the fullb model. Therefore, the S1 mode
more unstable at lowb and weak magnetic shear region
than the fundamental mode, while the latter is dominant
tokamak-type plasmas where low shear regimes usually e
in the interior with highb. A similar conclusion was reache
for the conventional ITG modes.28

There is an obvious difference between the local a
nonlocal results. The frequency of the local mode is conti
ous asbi varies, while the conventional mode and the sh
wavelength mode are separated, as shown in Fig. 4. H
ever, the conventional and short wavelength modes coup
each other whenhe increases. Figure 8 shows theky spectra
of the modes at a higher value ofhe(54). The coupling
results in a continuousky spectrum with two humps in the
short wavelength and long wavelength regimes, respectiv
The coupling also introduces another series with low

FIG. 7. Normalized growth rate~a! and frequency~b! as functions ofbe .
Solid lines: the S0 mode from the fullb model; dashed lines: the S1 mod
from the full b model; dotted lines: the S0 mode from the lowb model;
dashed–dotted lines: the S1 mode from the lowb model. The other param-
eters are the same as in Fig. 3.
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growth rate in the medium wavelength regime, which
shown in Fig. 8 by the lines with squares.

Whenb increases, a similar coupling occurs. Shown
Fig. 9 are theky spectra forbe50.001, 0.005, and 0.05
respectively. Forbe50.001, the series with lower frequenc
and higher growth rate in Fig. 9 may corresponds to
nonlocal toroidal mode at finite beta found by Hiroseet al.25

Accompanying this dominant mode, a novel mode w
higher frequency and lower growth rate is unstable in
medium wavelength regime. This mode is fully suppresse
higher b. So, there is only one continuous mode in highb
plasmas. This mode is just the same as the highb ITG mode
we studied earlier.26

Hirose et al.25 indicates that both finiteh i and he are
required for the excitation of the toroidal short waveleng
mode. Here, the slab mode also requires finiteh i and he .
The normalized growth rate,g/v* e , vs he for fixed h i and
g/v* e vs h i for fixed he are shown in Figs. 10~a! and 10~b!,
respectively. In Hiroseet al.,25 the magnetic shear has dest
bilizing effects on the toroidal modes. However, in a sl
configuration, a large enough magnetic shear stabilizes
short wavelength modes, although the growth rates incre
with the shear parameter at very weak shear regions.
shown in Fig. 11~a! that the stabilizing effect of magneti
shear is also effective at finiteb. The real frequency in-
creases with the magnetic shear. This dependence of the

FIG. 8. Normalized growth rate~a! and frequency~b! of the nonlocal modes
as functions ofkyre for he54. The solid lines denote the dominant mod
and the lines with squares denote the other weak growing mode due t
coupling between the fundamental short wavelength mode and the con
tional mode.
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e

e
at
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se
is

re-

quency on the shear parameter may be attributed to
electron transit frequencykiv t . However, the growth rate
increases first and decreases finally as the real frequenc
creases.

For short wavelength modes, the Debye shielding eff
is usually important. For example, the Debye shielding ha
clear stabilization effect on the ETG mode.22 Shown in Fig.
11~b! is the Debye shielding effect on the short waveleng
modes. The Debye shielding parameterVe

2/vpe
2 with order

unity can suppress the mode, especially in short wavelen
regions, but cannot fully stabilize the mode.

V. CONCLUSIONS

In this paper, the short wavelength ion mode driven
temperature gradients is studied in a sheared slab. The
short wavelength mode is attributable to the Land
damping/inverse Landau damping mechanism and the n
monotonic behaviors of the real frequency with wavelen
variation. Whenh i is large enough, the growth rate has t
humps in both the long wavelength regimeukyr i u&1 and the
short wavelength regimeukyr i u.1. The electron temperatur
gradient strongly influences the properties of the modes
the short wavelength regions. The mode behaves differe
for different electron temperature gradient. The mode
stable in the very short wavelength regimekyre*1 for he

value very small~!1! or larger thanh i only.

the
n-

FIG. 9. Normalized growth rate~a! and frequency~b! of the nonlocal modes
as functions ofkyre for be50.001~the solid lines!, 0.005~the dashed lines!,
and 0.05~the dotted lines!. The weak-growing mode due to the couplin
between the fundamental short wavelength mode and the conventional m
for be50.001~the lines with squares! vanishes asbe increases.
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FIG. 10. Normalized growth rate of the fundamental short wavelength m
as functions ofhe ~a! and h i ~b! for be50.005, respectively. The othe
parameters are the same in Fig. 3.

FIG. 11. Normalized growth rate of the fundamental short wavelength m
as functions ofLn /Ls ~a! andVe

2/vpe
2 ~b! for be50.005 andkyre50.1 ~the

solid lines! and 0.6~the dashed lines!, respectively. The other parameters a
the same as in Fig. 3.
Downloaded 22 Oct 2004 to 166.111.33.26. Redistribution subject to AIP
From the integral eigenmode equations, we have a
identified a series of eigenmodes in the short wavelen
regime. Although the lowest odd mode has a higher grow
rate in low b and weak magnetic shear regions, the fund
mental mode, i.e., the lowest even mode, seems to be im
tant in tokamak-type plasmas. The fundamental mode can
be stabilized byb, but can be stabilized by magnetic she
However, the higher order modes are easily stabilized
magnetic shear and by finiteb. The short wavelength mod
is separate from the conventional ITG mode in some par
eter regimes. However, the coupling occurs between th
two series when theb or he increases. Then the dominan
mode has a continuousky spectrum from long wavelength t
short wavelength regions, which is similar to the short wa
length mode in the toroidal geometry. Although the poloid
wavelength is short, the radial width of the mode is found
be comparable with that of the conventional ITG mode a
much larger than that of the ETG mode. Bothh i andhe over
the threshold are required for the excitation of unsta
modes. The Debye shielding effect can compress the m
but cannot fully stabilize the mode.
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