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The electron temperature gradientsETGd driven mode in the very short wavelength regionk're

.1 is identified with a gyrokinetic integral equation code in toroidal plasmas. This
“double-humped” growth rate of the conventional ETG and short wavelength ETG modes is
attributed to the toroidal drift resonance mechanism and the nonmonotonic behavior of normalized
real frequency as the poloidal wavelength varies. This instability provides a possibility existence of
a kind of turbulence source with very small size of cells. However, the wavelength of the short
wavelength ETG mode is too short and induced transport may be small unless there are inverse
cascade effects. In addition, the critical threshold of electron temperature gradientsR/LTedc for the
short wavelength ETG mode is higher than that for the conventional ETG mode. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1840709g

I. INTRODUCTION

Short wavelength microinstabilities with a characteristic
perpendicular wavelength of the order of electron Larmor
radius are much less studied than its ion counterpart since it
was believed that turbulence driven by such small size mi-
croinstabilities would not be able to drive a large transport.
However, nonlinear gyrokinetic simulation1 has shown that
the turbulence driven by electron temperature gradient
sETGd instabilities can yield a large electron heat flux
through radially highly elongated vortices, so called “stream-
ers.” Experimental evidence2–4 also shows that the anoma-
lous electron transport in magnetic confined plasmas is gov-
erned by short wavelength turbulence withk'ri .1, of
course, after the suppression of long wavelength turbulence.
Moreover, observation of electron temperature profile stiff-
ness in most experiments5 indicates that the short wavelength
instability responsible for electron transport should have a
threshold in electron temperature gradient or 1/LTe

, =Te/Te. One can also expect the linear critical tempera-
ture gradient is just same as the onset condition to excite the
ETG streamers. Therefore, recent studies6,7 have been per-
formed on the ETG instabilities and the results seem to be
consistent with some experimental observations.8 At the
same time, however, some experimental observations9 seem
to agree well with the model based on other instabilities, for
example, the trapped electron mode–ion temperature gradi-
ent sITGd driven mode.10 Moreover, it is noted that not all
tokamaks observed strong stiffness in electron temperature
profile.11,12 It might be attributed partly to the fact that it is
difficult to separate electron and ion transport channels.
However, it is also possible that the electron transport is

controlled by multisource instabilities simultaneously, or by
different instability depending on different discharge condi-
tion.

Recently, new unstable modes driven by temperature
gradientsshi or hed is identified by Smolyakovet al.13 These
modes represent ion and electron temperature gradient driven
modes destabilized in the short wavelength regions with
k'ri,e.1. The ion and electron nonadiabatic response still
exist due to thev* i,e~ku, which compensates for the decay-
ing of I0sbi,edexps−bi,ed,1/Î2pbi,e as bi,e increases at the
regionsbi,e@1, whereku is the poloidal wave number,bi,e

=k'
2 ri,e

2 /2 is the Larmor radius parameter, andI0 is the first-
order modified Bessel function. Among them, the ion mode,
we call it the short wavelength ITGsSWITGd mode, is fur-
ther investigated both in slab14 and toroidal15,16 configura-
tion, but the electron short wavelength mode has not identi-
fied in the toroidal geometry yet. Hirose and Elia17 have
reported a short wavelength electron mode, but that mode is
not the short wavelength ETGsSWETGd mode discussed in
Smolyakovet al.13 In fact, the mode introduced by Hirose
and Elia17 is just the conventional ETG mode in the regime
1,k'ri !Îmi /me. If we trace that mode by increasing the
ku to aboutre

−1, we can get the conventional ETG mode. Of
course, the conventional ETG mode in the regimek're!1
shows special behaviors, such as the influence of ion dynam-
ics and the weakening of the magnetic shear stabilization
effect. It is beyond our topic in this paper, for we would like
to identify the SWETG mode mentioned by Smolyakov
et al.13 in the regimek're.1. In principle, the SWETG
mode is similar with the SWITG mode except that the roles
of electrons and ions are exchanged. In our earlier works, the
SWITG mode has been investigated and the physical mecha-
nism is discussed both in slab14 and toroidal16 configuration.adElectronic mail: gaozhe@mail.tsinghua.edu.cn
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In short, the slab SWITG mode is excited by the Landau
stransitd resonance; and the toroidal SWITG mode is excited
mostly by the toroidal drift resonance. Since the normalized
frequency,v /kivti for the slab mode andv /vDi for the tor-
oidal mode, respectively, is nonmonotonic with respect toku,
wherekivti is the ion parallel transit frequency andvDi is the
ion toroidal smagnetic curvature and gradientd drift fre-
quency. When the real frequency passes the resonance re-
gime twice, the growth rate reveals two peaks: the first peak
at kuri u1 is the conventional ITG mode, and the second
peak atkuri .1 is the SWITG mode. The similar mechanism
works for electron dynamics in the regionkure.1 and one
can expect the existence of the short wavelength ETG mode
in the toroidal configuration. Moreover, the electron kinetics
can influence the SWITG mode in the regionk'ri .1, but
there is no contribution from other lighter particle atk're

.1. Therefore, it turns out, from the local model in shearless
slab configuration,13 that the SWETG cannot be stabilized at
very short wavelength regions sinceki is fixed. However, the
resonance frequenciesvDe for the toroidal mode, is propor-
tional to the poloidal wavenumber in the integral model. As
k' increases large enough, the mode is expected to be stable
because the resonance condition breaks down.

In this paper, we employ a set of integral eigenvalue
equations for the identification and study of toroidal SWETG
modes. The curvature and magnetic gradient drifts, the tran-
sit effect, and finite Larmor radius effects are retained in the
model for both electrons and ions. The SWETG mode is
identified and its characteristics are confirmed in this paper.

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. The
s-a equilibrium model is applied. The magnetic curvature
and gradient drifts, 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 coupled integral eigenmode equations for lowb
plasmas are obtained from Poisson equation and the parallel
component of Ampère’s law as follows:16
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k'

2

2
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,

q is the safety factor,In is the modified Bessel function of
order n=0,1, andsignsqjd equals unity for electron species
and minus unity for ion species. We have normalized the
wave numbersku, k, andk8 to re

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

−1, respectively. Also, we
defineM =Mi /1836,Zef f=Zi for convenience in the follow-
ing.
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III. NUMERICAL RESULTS AND ANALYSES

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, «n=0.1 be

=0, andkure=2 unless otherwise stated.
Figure 1 shows the normalized mode growth rate and

frequency multiplied withkure vs kure for he=2.5, 2.0, and
1.5, respectively. Obviously, as theku increases, the real fre-
quency tends to be constant and the growth rate behaves
double humps: the first peak atkureu1 is the conventional
ETG mode; and the second peak atkure.1 corresponds to
the short wavelength ETG mode. In fact, the SWETG mode
is rather similar to the SWITG mode we discussed in the
companion work.16 The physical mechanisms for these two
short wavelength modes are similar except that the roles of
ions and electrons are exchanged. For convenience, it is pre-
sented here in brief for the SWETG mode.

The electron density response to a fluctuating electro-
static potential is given as

ñe =
− ef̂

Te
n0 +

ef̂

Te

fv − v*efshedg
v − vDe − kivte

G0sbed,

wherev*efshed is the integral result of the diamagnetic drift
driven by pressure gradient,vDe,«nv*e is the toroidalsmag-
netic curvature and gradientd drift term, andkivte,vte/qR is

the electron parallel transit frequency. Usually, the condition
v*e.v. svDe+kivted is satisfied, so the real frequency tends
to be constant due to the fact thatv*e=svte/LndÎbe/2 and
G0sbed→1/Î2pbe as be→ +`. In this case, however, the
resonance mechanism should be considered. In the toroidal
configuration, the toroidal drift frequency is usually higher
than the transit frequency. Then, the toroidal drift resonance
destabilizes the toroidal mode, just like the Landau reso-
nance in which the electron parallel transit destabilizes the
slab mode. When the real frequency approaches to a critical
valuesv /vDedc, the growth rate reached its maximum. How-
ever, the normalized frequencyv /vDe is nonmonotonic: it
increases withku in smallku regions and decreases finally in
large ku regions because ofvDe~ku. As a result, two peaks
appear in the growth rate. Whenku increases further, the
conditionv.vDe breaks down, the nonadiabatic response of
electrons decays according to 1/Î2pbe.

Numerical results indicate that the nonadiabatic ion re-
sponse only slightly influences the conventional ETG modes
in the regionkureu0.4. In the very short wavelength regime
kure.1, the ion contribution can be completely ignored.
This is another difference between the SWITG and SWETG
modes. As shown in our earlier work,14 the nonadiabatic
electrons will influence the SWITG mode, especially in the
region bi @1, whereG0sbed is much larger thanG0sbid be-
causebe=bismeTe/miTid,1. This mechanism is especially

FIG. 2. Critical electron temperature scale lengthsR/LTedc vs «n for kure

=2 sad and vskure for «n=0.2 sbd. Other parameters are the same in Fig. 1.FIG. 1. Normalized growth ratesad and frequencysbd vs kure for ti =M
=Zef f=1, ŝ=0.8, q=1.5, «n=0.1, be=0, hi =2.5, andhe=2.5, 2.0, and 1.5,
respectively.
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important for the local slab mode identified by Smolyakov
et al.13 There exists no toroidal effect and the Landau
resonance/damping mechanism works. Moreover, the paral-
lel wave numberki is fixed by the local assumption. If the
electrons are assumed adiabatic, the frequency and growth
rate of the local slab SWITG mode tend to be constant due to
the constantv* iG0sbid in the regionbi @1. But the nonadia-
batic electron response strongly influences the local slab
SWITG mode, which is stabilizing or destabilizing in differ-
ent regions.14 However, the SWETG mode is excited by the
electron nonadiabatic response in the regionkure.1 only,
and the ion response hardly contributes the mode. As a re-
sult, the local slab SWETG mode tend to have constant fre-
quency and growth rate, as shown in Smolyakovet al.13

From Fig. 1, we also can see that the SWETG mode is
driven by he. The dependence of the growth rate onhe is
more clearly demonstrated in Fig. 2. Figure 2sad shows the
sR/LTedc=hec/«n as functions of«n. sR/LTedc decreases rap-
idly with «n for «n,0.15 and tend to be constant for«n

.0.15. This character is quite similar with that of the con-
ventional ETG mode, but the value ofsR/LTedc for the
SWETG mode is rather higher than that for the conventional
ETG mode.6 Generally, we should choose a set ofku s in the
fastest growing regions and find the minimum critical thresh-
old. However, there is no explicit boundary between the con-
ventional and short wave ETG mode. Figure 2sbd shows the

sR/LTedc vs ku for «n=0.2. Obviously, in theku region from
0.2 to 0.8, the minimumsR/LTedc exists with a value about
4.5, which is consistent with the results from conventional
ETG mode.6,7 When ku increases from 0.8 to 1.6,sR/LTedc

increases withku rapidly. However, it seems to be another
“substeady-state” region forku from 1.6 to 2.2, where
sR/LTedc is about 12.5 and slightly depending onku. Whenku

increases further,sR/LTedc increases again.
The eigenfunctions for the short wavelength ETG mode

skure=2d and the conventional ETG modeskure=0.8d are
shown in Figs. 3sad and 3sbd, respectively. Not similar to the
SWITG mode, the SWETG mode has a rather smooth and
localized structure due to no ion nonadiabatic response con-
tribution in such short wavelength regions. As the poloidal
wavelength decreases, that is,ku increases, the SWETG
mode is more localized along the field line than the conven-
tional ETG mode.

Figure 4 shows the normalized mode frequency and
growth rate vsTe/Ti sad and Ve

2/vp
2 sbd, respectively. Large

Te/Tis.3d can stabilize the SWETG mode for the present
parameters. Also, the Debye shielding effectVe

2/vp
2 can sta-

bilize the SWETG more easily than the conventional ETG
more, since the SWETG mode has a higherku.

FIG. 3. Eigenfunctionf̂sud for the SWETG mode atkure=2 sad and the
conventional ETG mode atkure=0.8. Other parameters are the same as in
Fig. 1.

FIG. 4. Normalized frequency and growth rate vsTe/Ti sad and vsVe
2/vp

2

sbd for kure=2. Other parameters and denotations are the same in Fig. 1.

022503-4 Gao et al. Phys. Plasmas 12, 022503 ~2005!

Downloaded 10 Jan 2005 to 166.111.232.122. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



The magnetic shear effects are studied for both cases
with positive and negative shear and the results are shown in
Fig. 5. The growth rate and real frequency seems to be con-
tinuous from negative shear regions to positive shear regions,
even though the case with zero shear cannot be solved from
the present model. The plot of growth rate vsŝ is rather
symmetrical aroundŝ=0.5. It might be explained by the de-
pendence of the toroidal drift frequency on the magnetic
shear. Since the mode is much localized inu space, the tor-
oidal drift frequencyv̂De=2«nv*efcosu+sinusŝu−a sinudg
=2«nv*eb1+sŝ−a−1/2du2c. As a result, the growth rate in
negative shear regions is lower than that in positive shear
regions. In addition, the stabilizing effect of magnetic shear
seems to be stronger for lowerq than for higherq, which is
similar with the conventional ETG mode. In fact, the de-
crease ofq increases the effective magnetic shearLs=«nŝ/q.
However, it is noted that the results in Fig. 5 are obtained
from the electrostatic model. At finiteb, q will influence the
mode not only through the effective magnetic shear but also
through the ballooning parameter, which will be discussed in
the following.

Figure 6 shows thea dependence of mode growth rate
and frequency both for the SWETG and conventional ETG
modes. Obviously, the SWETG instability is also suppressed

by a and the threshold ofa seems to be slightly lower than
that for the conventional ETG. Of course, the thresholds ofa
for these two ETG driven instabilities are usually higher than
those for ITG driven instabilities, including the conventional
ITG and short wavelength ITG mode. This can be explained
by the finiteb effect. As known, the finiteb influences the
modes in the following two ways: one is the coupling to
Alfvén waves; the other is the ballooning parameter
a s=−q2Rdb /drd. The eigenfrequency of ITG instabilities is
of order nti /Ln and approaches to the frequency of sheared
Alfvén waves,vA,vA/qR=vti / sqRÎbid. Therefore, the cou-
pling to sheared Alfvén waves also provides a strong stabi-
lizing effect. However, the ETG instabilities withv
,vte/Ln is hardly influenced by the coupling effect to
sheared Alfvén waves. Figure 6 also show the results from
the electrostatic model, Eq.s1d alone, however, with the ef-
fect of a retained. These results are almost the same as those
from the finiteb model.

Due to the a stabilization effect, dependence of the
mode frequency on some parameters shows different behav-
iors between the electrostatic case and the finiteb case. Fig-
ure 7 shows the mode frequency as functions ofhi andq for

FIG. 5. Normalized growth ratesad and frequencysbd vs ŝ spositive and
negatived for kure=2 andq=1, 1.5, and 3, respectively. Other parameters
and denotations are the same in Fig. 1.

FIG. 6. Normalized growth ratesad and frequencysbd vs a for the SWETG
mode atkure=2 and the conventional ETG mode atkure=0.8, respectively.
The lines with crosses are the results from Eq.s6d alone, but thea is
retained. Other parameters are the same in Fig. 1.
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be=0, 0.01, and 0.02, respectively.hi offers no contribution
in the electrostatic case, but is stabilizing at finiteb sincea
(=sq2be/«ndf1+he+s1+hid /tig) increases withhi. Similarly,
the growth rate forb=0 tends to be constant in largeq re-
gions because the electron parallel transit effect becomes
rather small, while a largeq can stabilize the mode at finiteb
througha stabilization.

Figure 8 shows the dependence of growth rate and real
frequency on«n for be=0, 0.01, and 0.02. In the low«n

region, the normalized growth rate increases with«n, which
implies the toroidal driving effect. However, the SWETG
mode becomes stable at not very large«ns.0.19d, where the
conventional ETG persists unstable. It is because the nona-
diabatic electron response decays after thevDe increases so
much that the conditionv.vDe is broken. The influence of
b on the effect of«n seems to be different from the effect of
hi or q. It might be understood from the expression ofvDe,
where«n exists in two terms with opposite signs.

IV. CONCLUSIONS

The electron temperature gradient driven mode in the
very short wavelength region,k're.1, is identified with a
gyrokinetic integral equation code in toroidal plasmas. This

mode propagates in the electron diamagnetic direction and
seems to be a continuous extension of the conventional ETG
mode. This instability occurs due to the nonadiabatic elec-
tron response in the regionk're.1, so it might be the tor-
oidal mode from the integral code corresponding to the slab
mode with the localski=constd assumption by Smolyakov
et al. However, the toroidal drift resonance is dominant in
the toroidal configuration. When the normalized real fre-
quencyv /vDe approaches to a critical value, the growth rate
reached its maximum. Therefore, the nonmonotonic behavior
of v /vDe with respect toku results in the “double-humed”
growth rate: the conventional ETG mode and the SWETG
mode. This mechanism is quite similar to that for short
wavelength ITG mode except that the roles of ions and elec-
trons are exchanged and that the ion response hardly contrib-
utes the short wavelength ETG mode.

The short wavelength ETG mode is excited whenhe

exceeds the threshold. In the region nearkure,2, the short
wavelength ETG mode provides a quasisteady threshold
sR/LTedc,12.5 for typical parameters. However, this thresh-
old is larger than that from the conventional ETG mode.
Dependence of the mode stabilization property on other pa-
rameters has also been investigated. The short wavelength
ETG mode can be stabilized by strong magnetic shear, tem-

FIG. 7. Normalized growth rates vshi sad andq sbd for kure=2 andbe=0,
0.01, and 0.02, respectively. Other parameters and denotations are the same
in Fig. 1.

FIG. 8. Normalized growth ratessad and real frequencysbd vs «n for kure

=2 andbe=0, 0.01, and 0.02, respectively. Other parameters and denota-
tions are the same in Fig. 1.
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perature ratio, Debye shielding effect, and finitea. It seems
that the short wavelength ETG mode is quite similar and
more stable than the conventional ETG mode. In addition,
the wavelength of the short wavelength ETG mode it much
shorter and induced transport may be smaller unless there is
inverse cascade effects. However, The study of the short
wavelength ETG mode indicates the existence of a kind of
turbulence source with very small size of cells. On the other
hand, the investigation of short wavelength ETG instability
also indirectly identifies the short wavelength ITG instability
due to the similar mechanism. The latter might be important
since the short wavelength ITG mode has intermediate wave-
length betweenre and ri and might induce a high level
transport.16

ACKNOWLEDGMENTS

One of the authourssZ.G.d is grateful for the hospitality
by many staff members during his visit at the National Insti-
tute for Fusion Science, Japan. His work was supported by
the Visiting Professorship form Japanese Ministry of Educa-
tion, Science, and Culture and by the Improving Tsinghua to
Top-ranking University Fund. This work was also partly sup-
ported by the National Natural Science Foundation of China
sNSFCd grant Nos. 10405014 and 10135020.

1F. Jenko, W. Dorland, M. Kotschereuther, and B. N. Rogers, Phys.
Plasmas7, 1904s2000d.

2G. D. Conway, D. N. Borba, B. Alperet al., Phys. Rev. Lett.84, 1463
s2000d.

3K. L. Wong, N. L. Bretz, T. S. Hahm, and E. Synakowski, Phys. Lett. A
236, 339 s1997d.

4C. M. Greenfield, K. H. Burrell, T. A. Casperet al., Proceeding of 27th
EPS Conference on Controlled Fusion and Plasma Physics, Budapest
2000, edited by K. Szegő, T. N. Todd, and S. ZoletniksEuropean Physical
Society, Petit-Lancy, 2000d, ECA Vol. 24B, p. 544.

5F. Ryter, C. Angioni, M. Beurskenset al., Plasma Phys. Controlled Fusion
43, A323 s2001d.

6J. Q. Dong, G. D. Jian, A. K. Wang, H. Sanuki, and K. Itoh, Nucl. Fusion
43, 1185s2003d.

7F. Jenko, W. Dorland, and G. W. Hammett, Phys. Plasmas8, 4096s2001d.
8W. Horton, G. T. Hoang, C. Bourdelleet al., Phys. Plasmas11, 2600
s2004d.

9F. Ryter, G. Tardini, F. De Lucaet al., Nucl. Fusion 43, 1936s2003d.
10H. Nordman, J. Weiland, and A. Jarmen, Nucl. Fusion30, 983 s1990d.
11J. C. DeBoo, M. E. Austin, R. V. Bravencet al., Proceeding of 29th EPS

Conference on Controlled Fusion and Plasma Physics, Montreux 2002,
edited by R. Behn and C. VarandassEuropean Physical Society, Petit-
Lancy, 2002d, ECA Vol. 26B, p. 2064.

12W. Suttrop, R. Budny, J. G. Cordeyet al., Proceeding of 28th EPS Con-
ference on Controlled Fusion and Plasma Physics, Funchal 2001, edited
by C. Silva, C. Varandas, and D. CampbellsEuropean Physical Society,
Petit-Lancy, 2001d, ECA Vol. 25A, p. 989.

13A. I. Smolyakov, M. Yagi, and Y. Kishimoto, Phys. Rev. Lett.89, 125005
s2002d.

14Zhe Gao, H. Sanuki, K. Itoh, and J. Q. Dong, Phys. Plasmas10, 2831
s2003d.

15A. Hirose, M. Elia, A. I. Smolyakov, and M. Yagi, Phys. Plasmas9, 1659
s2002d.

16Z. Gao, H. Sanuki, K. Itoh, and J. Q. Dong, Phys. Plasmas12, 022502
s2005d.

17A. Hirose and M. Elia, Phys. Plasmas9, 4664s2002d.

022503-7 Short wavelength electron temperature gradient… Phys. Plasmas 12, 022503 ~2005!

Downloaded 10 Jan 2005 to 166.111.232.122. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


