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Short wavelength ion temperature gradient instability in toroidal plasmas
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Series of ion temperature gradiefG or ;) driven modes in the short wavelength region,

|k, pi|>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 IT&®VITG) modes, especially the fundamenitald mode.

At typical parameters, excitation of the0 mode requires that both and 7, exceed thresholds,

while thel=1 andl=2 modes with higher harmonic eigenfunctions persist unstable evep at

=0. Dependence of the SWITG modes on other parameters is also investigatéd 1Tinede with

an odd potential eigenfunction grows faster thanl th@ mode and may be dominant in lowy, high

B, weak positive magnetic shear, and/or weak toroidicity region085 American Institute of
Physics [DOI: 10.1063/1.1840687

I. INTRODUCTION periment results and theory model are also perfori@dme
results seem to agree with the ETG model, such asthe
Recently, intensive research attention is focused on undependence of1/Lto). in Tore Suprd® and some results
derstanding the anomalous electron transport in magneticalhow good agreement with the ITG/TEM model, such as the
confined plasmas.* Experimental evidencg’ shows that modulated electron temperature profile evolution in the
this anomalous electron transport is governed by short waveASDEX-Upgrade tokamak (axially symmetric divertor
length turbulence, of course, after the stabilization of longexperiment®
wavelength turbulence. Moreover, observation of electron  On the other hand, the electron transport might be con-
temperature profile stiffness in most experimér’ntﬂiicates trolled by multisource instabilities simultaneously or by dif-
that the short wavelength instability responsible for electrorferent instability depending on different discharge condition.
transport should have a threshold in electron temperaturghe case is more complicated when the ion and electron
gradient or 1L~ VT/Te. contribution cannot be absolutely separated. Results in the
Two kinds of instability are often considered to be can-Joint European Toru$JET) (Ref. 5 have shown the link
didates to explain electron transport in tokamak plasmas: theetween long and short wavelength density fluctuation, and
electron temperature gradiefETG) modes and the trapped the ion and electron transport channels. In the tokamak fu-
electron mode$TEMs). The TEMs have been well studied sjon test reactofTFTR), a similar link has also been ob-
for years, usually with the coupling to ion temperature gra-served, and the measured higfiuctuations propagate in the
dient(ITG) modes consideratioh’ The ITG-TEMs are char- jon diamagnetic directiofiw, <0).2
acterized by long wavelength, p;<1 and can induce elec- Recently, an unstable mode driven by temperature gra-
tron transport with a mixing length estimated coefficientdients is identified by Smolyakoet al’ in the short wave-
vip; /Ly However, the turbulence induced by long wave-length regiorik,p| > 1 in a shearless slab configuration. This
length instability is easily suppressed by tBexB flow  mode propagates in the ion diamagnetic direction and seems
shear'® In recent years, numerous studies are performed ofp be a continuous extension of the conventio(ﬂieyjpi| =1)
the ETG instabilities’** The ETG modes are unstable in |TG mode, so called the short wavelength ITSWITG)
the very short wavelength regidn p.~ 1. However, nonlin- - mode. Our recent work confirms that this “double-humped”
ear gyrokinetic simulatiort$ show that ETG turbulence can behavior in the growth rate can be attributable to the Landau
also yield a large electron heat flux through radially highly damping/resonance mechanism and the nonmonotonic be-
elongated vortices. Both the ETG modes and TEMs can prohavior of the real frequency dg varies. We have also iden-
vide a threshold in electron temperature gradient, but theified a series of SWITG modes with even or odd eigenfunc-
threshold depend on different parameters: temperature ratigon, respectively, with an integral eigenmode equation code
T/T; and ratio of magnetic shear to safety fackg for  in a sheared slab configuration. The fundamental even mode
ETG modes!*? scale length of density profile and fraction is excited by both finitey and %,, hardly stabilized bys, but
of trapped electrons for TEMSComparisons between ex- stabilized by magnetic shear. The odd mode has a higher
growth rate in lowB and weak magnetic shear regions. The
dElectronic mail: gaozhe@mail.tsinghua.edu.cn radial widths of the SWITG modes are found to be compa-
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rable with the conventional ITG modes, so the turbulenc v, 0 giFwmi T
driven by SWITG instabilities can produce a significant level{ @ ~ @pj * Iq_R<9_0 hy= T (0= @)
j

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 %, and 7, for excitation. Parallel electron transit
effect is conjectured to provide destabilization, which is not Where
consistent with the physical mechanism we dISCUjSBSBdhe b2 2
sheared slab configuration. Also, the magnetic shear is re- wp; = &)Dj<—i+—”),
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  wp; = 2€,w+j[COSH+ sin B(SH— a sin )],
equation for the further study of toroidal SWITG modes. The
magnetic curvature and gradient drift, the transit effect, and - v? 3
the finite Larmor radius effects are retained in the model for ~ @<j = @«j| 1+ 771( B 2) ’
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,,i:,
comparison with that in the sheared slab configuration.
Higher order modes will be introduced and parameter depen- vy 2T; g
dence of the toroidal SWITG modes will be investigated in 9= Kipj, pj= o' YiTN\N ' Q=
wider parameter regions. This work is an essential prepara-
tion for estimating the critical temperature gradient and pos- - CTiky

Al)Jow,-), (4)

U’[j

k2 =K1+ (30— asinh)?],

sible transport driven by the SWITG instability. quLn'
The organization of this paper is as follows. The integral
eigenmode equations are presented in Sec. Il. Numerical re- 1dn\! L, dinT.
sults and analyses are described in Sec. Ill. Section IV is Ln=-— ( ) v &= M= —
) . . ndr R dinn
devoted to conclusions and discussion.
._rd d
§= qdf' a=—q2Rd—/f. B=B+Be.
1. INTEGRAL EIGENMODE EQUATION FORMALISM 8m7nT. v2
= Fwj= Y 3ex;< _2>
The ballooning representation for an axisymmetric toroi- B 2 Uy

dal geometry with circular flux surface is employed. The
-a equilibrium model is applied. The derivation of the inte-
gral eigenmode equation had been given in many previous
works™ but still will be outlined here for the convenience of +oo A
the following discussion. The magnetic curvature and gradi- f= 2 mo [ grimé’ grin(d-ad")-itf( g1y g (5)
ent drift, the transit effect, and the finite Larmor radius effect me== —
are all retained for both ions and electrons, but the trappe
particle effect is neglected.

The dynamics of low frequency electromagnetic pertur-
bation in low{3 plasmas is described by the Poisson’s equa,

g is the safety factor and, is the Bessel function of zero
order. The well-known ballooning representation

Has been used in deriving E¢) and thes-« equilibrium
model with circular flux surface has been employed.

When the trapped particle effect is not considered, Eq.
(4) can be easily integrated with the boundary condition

tion h;(9)=0 as|6|— . Substituting the integral form df(6)
- into Egs.(1) and(2), we obtain the following coupled inte-
2 4 3
—Kig=- 47Tj§equ fid (1 gral eigenmode equations:
and the parallel component of the Ampeére’s law k2 QZ T dK
P P P 1+Zn+ 5 )9=2 | —
. E wp jmied - T
-kSA =- of f v, fid% (2) R .
D= X[H®(k k) + HOMKKHAT,  (6)
with ) -
6P SA=S | Enomk g+ HkAL ()
f;= ——Jﬂ(p(e) +hy(v,,0,0)3(8). (3) ZBe iTed o V7

J

The nonadiabatic respong(v , ,v;, 6) is determined from where ¢(k) and A (K) are the extended Fourier components
the gyrokinetic equation in ballooning space, in ballooning space ofb(r) and —vteA(r)/c and

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



022502-3 Short wavelength ion temperature gradient instability ... Phys. Plasmas 12, 022502 (2005)

0 .
N dr exp(—iw7)
00_: | 7
Hj —|ijjS|gr(qj)J_w Y
xexp[ (k=k)* MaH Z 1+3
T o2 V) | @74 T 57
4722 2
"2
—ﬂl<)\-—b +b I_ll> —MT'M' o
)\jZ J aj ¢]] IOj 47’2L§ 1 0j»
(8
HOL= L (= )
7oA i
1 (a) kp
HO2= k—k')2H® 10 o
! (ZTLS)Z( ) ! ( ) T T T T T T T
with 0.0 —— /=0 mode 1
N 14a Ny =1 mode
2 0,6 1+a
aJ:1—I&,)TJZ], )\j:_l, ---------- =2 mode
(6-67) 2 02} —o— with adiabatic electrons
g(6,60')=(5+1)(sind-sin#’) —3(6 cosh— §' cose’) %
S
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a4 \qz2)
17 FIG. 1. Normalized growth ratéa) and frequencyb) vs kyp; for 7.,=2.5,
. 7,=2.5,1=M=Z4=1,5=0.8,q=1.5,¢6,=0.1, andB.=0. The solid, dashed,
A b A, _ €S 2 _ 47né? dotted lines denote the different harmonic modes WitQ, 1, and 2, respec-
k= kgsﬂ, k' = k030 v L=, Wpe—= , tively. The lines with squares are the corresponding results when electrons
q Me are assumed adiabatic.
T':le l\/l-:r—n.l Z-:|—qj-|.
J Tj ! J me, ] e

The parameters for the numerical results given here are
We have normalized the wave numbekg,k, andk’ to p.';  5,=2.5, 7=2.5, 7 =M=Zu=1, §=0.8,09=1.5, ,=0.1, B

the frequencyw to w.; and the integral intervat to w.., =0, Qg/wézo, and kyp; =2 (Kype=2/11836 unless other-
respectively. |, is the modified Bessel function of ordar  wise stated.

=0,1, and sign(q;) equals unity for electron species and
minus unity for ion species. Also, we defifd=M;/1836, 5 \10de spectrum
Z.+=2; for convenience in the following.

The normalized mode growth rate and frequency multi-
IIl. NUMERICAL RESULTS AND ANALYSES plied with kgp; vs kyp; are _shown !n Fig. 1. Th_ree u_nstable
branches are presented with or without nonadiabatic electron
Equations(6) and (7) are solved numerically with the effects consideration, respectively. Agp; increases, the
gyrokinetic integral equation code HD7. Previous results ofgrowth rate behaves double humps: the first peak,at
ETG (Ref. 12 and ITG (Ref. 13 modes can be recovered =1 is the conventional ITG mode, and the second peak at
from the integral equations presented here when ions ankp;>1 is the short wavelength ITEG&SWITG) mode. The
electrons are assumed to be adiabatic, respectively. Also, renstable SWITG mode still exists even with adiabatic elec-
sults from Hiroseet al® can be repeated, for example, the tron assumption. It implies that the ion contribution is essen-
normalized eigenfrequency for default parameters in Ref. 1%al for the SWITG mode although the electron response can
is —0.254i0.067 and our calculation gives —0.28%069. influence the mode especially at largg;. In fact, the ana-
The numerical parameters, especially the maximdmare lytical discussiof® for the slab mode indicates that the nona-
checked to ensure numerical convergence. As we will showdiabatic electron response is about proportional to
in the following discussion, the broadé#| region causes —im%w.q/Kv(1-76/2).
more calculation needed for the SWITG mode than for con-  Hirose et al* had also identified the fundamentat0
ventional ITG or ETG modes. mode in the toroidal configuration. In this paper, the behavior
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of real frequency is well consistent with theoretical analysisJarger thanw, the ion nonadiabatic response will decay ac-
but it is conjectured that the SWITG instability is destabi- cording to (R/L,)lo(b)exp(—b;) as b; increases. Then the
lized by the parallel electron transit effect. It seems not to besWITG will be stable in very largé, regions. For the slab
the case because the SWITG instability still exists in case ofnode, the similar stabilizing effect of lardg is introduced
adiabatic electrons. In our earlier wdfkin a sheared slab by kj=kyx/Ls, so the ion nonadiabatic response will decease
configuration, a series of SWITG modes are found and inwith about(L¢/L,)lo(b;)exp(—b;) asb; increases. The param-
vestigated. We consider that the double-humped behavior iaters we chose here and in the slab work Rfe,=10 and
the growth rate of ion modes can be attributable to the nonk¢/L,=40, so the nonadiabatic response in the slab is larger
monotonic behaviors of the real frequencylasvaries, al-  than in the toroidal geometry. This might be why the toroidal
though electron kinetics can influence the mode in shorBWITG mode has a narrowes, spectrum than the slab
wavelength regions. So it might be useful to compare thenode. Also, in largek, regions, electron contribution be-

toroidal SWITG mode with the slab mode. comes more important. In the local model, #yés fixed, so
From Eq.(4), we can get the localkj=cons} electro- the SWITG mode cannot be stabilized at lakgef electron
static response of ions nonadiabatic contribution is not includé@The influence of
T electron kinetics on the slab SWITG mode has already been
f=— GiFwi b+ q‘F'\’”( W7 Wi )Jz(g.);{, (11)  discussed in our earlier work.
1 o\Y 1
T Ti \o-wp—kp
and its rough integral for w«; > w> (wp;+ky,) yields B. Mode eigenfunction
_ q_(}s q-:ﬁw*-(nIZ _1) Figures 2a)-2(c) show eigenfunctions for three modes
= ——ny+ ————ly(b)exp- b). (12)  for kyp;=2: eveng(6) for thel=0 andl=2 modes; and odd
T T w ¢(0) for thel=1 mode. The central part of the eigenmode is
If electrons are adiabatic, the following mode exists from thezoomed in and simultaneously plotted in Figéa)22(c), re-
quasineutrality condition: spectively. Contrastively, the eigenfunctions from the adia-
batic electron model are shown in FiggdR-2(f). The nona-
0= (ﬂ)(ﬂ _ 1) wnlo(b)exp- by). (13  diabatic electron effect hardly changes the central part,
T e+ 1/\ 2 <4, of the eigenfunctions except the real part of the eigen-

function for thel =0 mode. However, the localization of the
\H (or k;) in small by regions and tends to be constant in elgenmodg in the ballooning space |s.strongl'y mfluen.ced py
| b . due toly(b) “b) 1/ b b the nonadiabatic electron effect. Obviously, if the adiabatic
arge by regions due tolg(byexp(—b) —1/\2aby asbi—  g040n assumption is adopted, the eigenfunctions are rather

+oo. This _analyt|c result qwtg agrees l’g'th the numgrlcal "€ smooth and localized i space. When the nonadiabatic
sult and is well given by Hiroset al™ However, in the

o . electron kinetics is considered, however, the eigenfunctions
above derivation from Eq¢11)-(13), we cons_ldered the real have broad structures along the magnetic field line and have
frequency only and the resonance mechanism have not be

. : %@cillatory tails with a periodicity aboutr. This long tail
considered yet. From Eq11), we can see different reso- structure might be explained by the electron kinetic effect

tnhanmle bmech?_msmts_ n tthhe slab an(il_ to(;q:c?zl conﬂg?rat!otns. I(glrough the ternkipjz:kﬁpjz(1+§202) within the finite Lar-
€ slab configuration, th€ magnetic driit does not exist angy, . ., 45 effect terndy in Eq. (4). As kzlpj2 increases with

thek LaT/Sﬁgn rfhsgnraer:ﬁ/r izrl]}g:]c?/ ;%igggﬁg tvc\)logkilr)iztiif:ale’ the ion or electron response decreases with the decay of
~ il strictly, its envelopg Sincek?p2<1, k? p2 becomes large
value (w/kjvy)., the growth rate reaches its maximum. Since( % pE oPe™ " *iPe 9

Kk=kx/L. th lized f | . enough only in the larg® regime. In other words, the elec-
t”_. yXILs € norrrsaf]z? rgqgency) kv ;S r}lonmo_no- tron kinetic response has a much broader spectrum in the
onic, Increasing at 1irst and. decreasing finally lgsin- ballooning space than the ion response. If we use the formula
creases. If the maximum ob/kpy is large enough, the

wlkpy Will pass the critical value twice. This nonmonotonic (P = J & $(0)]*do

behavior of w/kyy results in the double-humped growth [1p(6))°de

rate: the conventional ITG mode and the SWITG mode, . . . )

which has been discussed in our earlier slab Wi the (O estimate the localization of the eigenmode in the balloon-
for nonadiabatic electron case is 6.44,

toroidal geometry, the resonance mechanism changes but %9 space:\wz)na Abatic
similar. The ion transit term in toroidal geomettky,  about 16 times of/(#?), for adiabatic electron case. In fact,

~v/qR) is rather smaller than the magnetic drift term the nonadiabatic electron effect also strongly influences the

(wpj~ €,0+;) at present parameters. Therefore, the toroidakigenfunction for the conventional ITG mode in thg;<1
mode is destabilized mostly by the magnetic drift resonanceegime, although the eigenfrequency is slightly influenced. In
at w~ wp; (Ref. 21). Similar as the slab case, the normalizedaddition, the oscillation in the tail leads to a large expendi-
frequencyw/ wp; increases witrk, in small k, regions and  ture of computer time. The maximufd| we used in calcu-
decreases finally in largk, regions due towp; >k, As a lations is 57.5 and the modes converge at ath@ut 40.
result, there are also two peaks in the growth rate, as sho
in Fig. 1.

The stabilization effect of largk, is also similar for the Dependence of the growth rate op is shown in Fig.
slab and toroidal mode. Wheq is so large thatup; is much  3(a) for 7,=2.5. Each of the three modes hag;ahreshold,

Since w«i=(-v/L,)Vbi/2, the real frequency increases with

(14)

WE. Temperature gradient dependence
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FIG. 2. Eigenfunctior{/)(a) for thel=0 [(a) and(d)], 1[(b) and(e)], and 2[(c) and(f)] modes fork,p;=2. (a), (b), and(c) are from the nonadiabatic electron
model, andd), (e), and(f) 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 @), (b), and(c), respectively. Other parameters are the same as in Fig. 1.

which implies the essential of ion temperature gradient Temperature gradient dependence of th® andl=1
driven modes. They; threshold of the fundamental mode is modes fork,p;=2 is more clearly demonstrated in FigcB
lower that those of higher order modes. Three critical lines divide theyp-7. diagram into five re-
Figure 3b) shows the growth rate as function gf for  gions: bothl=0 andl=1 modes are stable in the regiof;”
7;=2.5. Previous studié¥'?indicate that the SWITG mode thel=0 mode is unstable in the regionB,” “C,” and “D”;
is unstable when botly; and 7, exceed thresholds. This con and thel=1 mode is unstable in the region€,” “D,” and
clusion is still valid for the fundamental mode, but not for “E.” Obviously, electron kinetics strongly influences the
the higher order modes. The=1 and =2 modes persist =0 mode, so excitation of the=0 mode requires thaf,
unstable evem, decreases to zero. exceed a threshold. Contrastively, only slightly influences
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0.3 — T
0.2F T
\3"_
T
01} 1
0.0
0
(a)
-0.15 T T T T T T T T T T
=0 mode atZ_=1
------ =1 mode at Z =1
-0.20 |- T
---------- =2 mode at Z =1
T —c— /0 mode atT /T=1 1
§025F N --=-- =1 mode at T /T=1
= | m_m. o j=2modeat T /T=1 |
-0.30 | T
-0.35 - . , ! ! —
0 1 2 3 4 5
(b) ZarTdTi

FIG. 4. Normalized growth ratéa) and frequency(b) vs Z.T./T; for
kypi=2. The lines without squares are the resultsZgg=1 and the lines
with squares are those fdi./T;=1. Other parameters and denotations are
the same as in Fig. 1.

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

Figure 4 shows the mode frequency and growth rate nor-
malized to|ws;| vs T¢/T; for kyp;=2. It is notedw; is nega-
tive in the definition in this paper. Same as the conventional
ITG mode, the SWITG mode can be stabilized by hot ions
(small T,/ T;). Here, we may distinguish two cases: varying
T, for fixed T; and varyingT; for fixed T,. Since the SWITG
mode is dominated by the ion dynamics, thecorrespond-
ing to the maximum growth rate may follow the changeiin

where the solid and dashed lines denote the critical stabilization boundary ofq kepi =2 is fixed and thé(gpe varies WithTe/Ti.

thel=0 andl=1 modes, respectively, and the dotted line denotes the border
where thel=0 andl=1 modes have same growth rat&g;=2 and other
parameters are the same as in Fig. 1.

thel=1 mode. As a result, in the regiodsandE, where,
is relatively smaller tham, thel=1 mode grows faster than
the =0 mode and might be the dominant mode.

In the adiabatic electron model, the ion effective charge
is always accompanied the temperature ratio in the expres-
sion Z.T./T;. Figure 4 shows the effect o on the
SWITG modes, which is roughly the same as the effect of
T/ T;. 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 ta-, is insensitive tom/m,,

that is, y/ w«e~ const. However, it is noted thdd,p;=2 is
fixed as mentioned in the discussion of the effect of tempera-
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FIG. 5. Normalized growth rate ws,/m, for k,p;=2. Other parameters and
denotations are the same as in Fig. 1.

021+ .
ture ratio. Sincew:>k, and piocmil/z, the growth rate is
proportional tony*?. This isotope scaling from SWITG  _»°
modes is also the same as that from conventional ITG .
2 8 -03f i
modes?
E. €, variation
044 i

In Fig. 6, the normalized growth rate and real frequency
as functions ofe, are shown. Hiroset al’® pointed out that o ose our  oue ozo
the SWITG mode is essentially a slab mode. Indeed, the b) €
SWITG mode becomes stable at larg€>0.19, where the
conventional ITG persists unstable. It is becausedpgin- FIG. 6. Normalized growth ratéa) and frequency(b) vs e, for kyp,=2.
creases withe, and offers a stabilizing effect whan< wp;. Other parameters and denotations are the same as in Fig. 1.

That is the same mechanism as the latgstabilization we
discussed in Sec. lll A. In fact, in the low, region, we can
also see that the normalized growth rate increases wyth
which implies the toroidal driving effect. The higher order
modes are stabilized by smalley since they have lower
frequencies. It is noticed that both thel andl=2 modes
grow faster than the fundamentisO mode in the lowe,
region.

n

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

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
harmonicl=1 andl=2 modes. The fundamental mode be-

F. Magnetic shear and safety factor variation comes stable in the regiap>3.0. It may be explained by the

. ) _contribution of electron parallel dynamics, for the transit fre-

The m.agnetlc shear effects are studied for. bot.h pos't!V‘%]uency(~vte/qR) decreases witly increasing. Since the

and negative shear and the results are shown in Fig. 7. Firsty and1=2 modes have lower frequencies, the growth rates
the sta}b|I|2|ng effect of shear is confirmed, which IS CONSiS-of them tend to be constant at high However, in finite3
te_nt with the results from the slab mobgehnd_also similar plasmas, a large is expected to be stabilizing the modes
with other te_rr_1perature gradiedTG or ETG) driven modes. througha(=—¢?Rda/dr) stabilization.
At weak positive shear, however, the growth rates of all three
modes increase with the magnetic shear. Especially, the mag- _. . I
netic shear corresponding to the maximum growth rate of thg;" Finite f stabilization
fundamental mode is rather strong, about 1.5. It may be the Figure 9 shows thg8 dependence of mode growth rate
reason why Hiroseet al’® concluded that the SWITG is and frequency. Finitg8 influences the mode by two ways:
destabilized by magnetic shear, where the calculation regioane is coupling to Alfven waves; the other is influencing the
for magnetic shear is only from-1.0 to 1.5" Second, the toroidal drift frequency through the ballooning parameter
growth rate of the fundamental mode at negative shear is(=—g?Rdg/dr). The lines with squares are the results from
almost the same as that at positive shear. Howevel,fér  the electrostatic model, E¢6) alone, but the effect o# is
mode, obvious lower growth rate exists in negative shearetained. The mode growth rates increase slightly wigen
regions and, even, no unstabte2 mode is founded in nega- increases from zero to a certain value, but a further increase
tive shear regions. Finally, the growth rate of f/el mode in B8 causes the decrease in the growth rate. Since the funda-

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



022502-8 Gao et al. Phys. Plasmas 12, 022502 (2005)
0.12 T T T T T T — T T
0.10 ]
0.10 R
0.08 |
o8 —— =0 mode]
*w 0061 /S N =1 mode]
\E, 0.06 \8«0’ .......... I=2 mode.
= 0.04 ]
0.04 .
0.02 4
0.02 ] :
0.00 U T SR SRR SR P SR |
0.00 L \ , , 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
' o 1 2 3 4 @) q
$
(a) -0.20 - r 1T r°r°-T1T 17T
-0.15
025 ]
. .
-0.20 | - 4 e
\\_
S 030} ]

e

o/o

025 F T v .
o -0.35

-0.30 | - (b)

-4 -3 -2 -1 4 FIG. 8. Normalized growth rat&) and frequencyb) vs q for k,p;=2. Other
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FIG. 7. Normalized growth ratéa) and frequency(b) vs § (positive and

negative for kyp;=2. Other parameters and denotations are the same as in
Fig. 1. the fundamental mode has a lower frequency and more

hardly to be stabilized by than thel=1 mode'®

mental mode has a higher frequency, it has a stronger abilitW CONCLUSIONS AND DISCUSSION

to satisfy the toroidal drift resonance condition. The numeri-  |n this paper, several unstable branches of temperature
cal result shows the growth rate of the fundamental mode i@radient driven modes in the short wavelength region,
slightly influenced by this purer effect. However, the cou- |k p|>1, are identified with a gyrokinetic integral equation
pling effect to shear Alfven wavelSAWSs) is also important  code in toroidal plasmas, which include the fundamental
at finite 8. The lines without symbols are the rgsults from theeven(1=0) mode, a oddl=1) mode and a higher order even
model with both the coupling effect to SAWgy) and the (I=2) mode. These modes propagate in the ion diamagnetic
effect of « inclusion. The fundamental mode is easily stabi-direction and have almost the same growth rate as the corre-
lized by finite B, which is consistent with the result from sponding conventional ITG modes. These unstable modes
Hirose et al®® Contrastively, the higher order modes arestill exist even if electrons are adiabatic, so-called SWITG
more hardly stabilized than the fundamental mode. It mighinodes. At typical parameters, excitation of the fundamental
be explained by the fact that the higher order modes haveode requires that both; and 7, exceed thresholds, while
lower frequencies. A conclusion is that, in the st"[f’chyf the  the higher order modes only require finiggand persist un-
slab ITG mode with the coupling to SAWSs, the cannot  stable even ai,=0. As a result, thé=1 mode dominates in
effectively change the frequency and growth rate of thethe region with relatively low,.. If nonadiabatic electron
mode with very low frequency. Physically, the frequency ofresponse is included, the SWITG modes have wide and os-
the SWITG modes for the present parameters is lower thaaillatory eigenfunctions along the field line.

the frequency of the SAWsgs~ v/ qR=v;;/ (QRVS;), where Parameter dependence of the SWITG modes is investi-
va is the Alfven velocity, so the coupling to SAWs will in- gated in detail. A decrease in temperature rdlig/'T;) can
fluence the fundamental mode with higher frequency morestabilize the modes, which is similar to the behavior of the
However, it is noted that, in the sheared slab configurationconventional ITG modes. Toroidicity shows a stabilizing ef-
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0.12 T T T T T resonance. Also, high order modes are investigated in this
paper and it is found that tHee1 SWITG mode grows faster
and maybe dominate in such cases as tfgtilat electron
temperature profilglow 7.), 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
4 wavelength and then can induce higher transport than the

N ETG mode’’ However, we cannot curtly derive the charac-
\ o ] teristic radial scale length from the eigenfunction in the bal-

0.08

Yo,

0.04 k"

looning space unless we go into the two-dimension work.
0.00 — ! | L Early studie& introduced the radial-variation component of
0.000 0.002 0004 0006 0.008 0.010 the eikonal,S(x) (sometimes written in terms of the radial
@ P, Fourier transform wave numbég, or the ballooning angle
r T — 77 label 6y) to describe the two-dimension structure of eigen-

— 0 mode modes. The total radial wave number is composed of two
015 —----- E1 mode _ parts,k,=k,o+kS0=Kk,S(6- 6,), so the radial structure of the

: 2 eigenmode in the real space depends on not onlythgec-

trum but also the choice @,. Results in Sec. Il B show that
. the nonadiabatic electrons strongly modify the mode struc-
ture with oscillatory profile atf,=0, which induces a dra-
matic increase in the spectral width in thepace. Moreover,
i the mechanism of the nonadiabatic electron effect seems to
be irrelative to#,. 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

-0.20
0oL

-0.30

0.000 0.002 0.004 0.0068 0.008 0.010 open issue and a further and more careful investigation is
(b) B, needed.
The electric field shear, oV, stabilization of the slab
FIG. 9. Normalized growth ratés) and frequencyb) vs B, for ky,=2. The  SWITG has been studi€d.Since the SWITG mode has a
lines with squares are the results from Eg). alone, buta is retained. The  |gwer frequency than the conventional ITG mode in the

th t d denotati th in Fig. 1. : . . -
Ommer parameters and denotations are fie same as in F1g sheared slab configuration, a lowék 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
fect on the SWITG mode when the toroidal drift frequency ismode frequency is lower, th¥z more easily changes the
apart from the resonance region. Although the growth rate ohrgument of the plasma dispersion functiod=(w
the fundamental mode increases with magnetic shear in weakk Vix)/kp;. If this mechanism is still valid in the toroidal
and medium shear regions, strong magnetic shear can stalgieometry, the toroidal SWITG mode might more hardly be
lize the mode. Thd=1 mode with an odd eigenfunction stabilized withE X B flow shear than the toroidal conven-
grows faster than the fundamental mode in weak magnetitional ITG mode might be. It has mentioned in Fig. 1 that the
shear regions. The growth rate of the fundamental mode dbroidal SWITG mode has a higher frequency than the toroi-
negative shear is almost the same as that at positive shedal conventional ITG mode.
while the higher order modes have lower growth rate at However, it seems that the SWITG mode depends upon
negative shear than at positive shear. The fundamental modlee ion dynamics much although the fundamental SWITG
seems more easily to be stabilized by fint¢han the higher mode also has aj, threshold. Indeed, some experiments
order modes with lower frequencies due to the coupling efshow the correlation between ion transport and electron
fect to sheared Alfven waves. transport. Especially, in TFTR the measured fluctuations re-

Hirose et al'® has already confirmed and investigated sponsible for anomalous electron transport propagate in the

the fundamental SWITG modes at low beta. Some concluion diamagnetic directiolfiw, <0) and withk, p;~5, which
sions are similar as the results shown in this paper, and sonagrees with the behaviors of the SWITG mode. However, in
are improved through wider parameter scan, for example, theome ECH plasmas where electron dynamics are decoupled
magnetic shear stabilization effect. Moreover, the physicafrom ion dynamics, the SWITG mode seems hardly to be
mechanism is discussed according to analytical and numeréexcited. Anyway, the SWITG instability provides a possible
cal results. The ion response is essential for the SWIT@hannel of electron transport. Further investigation is needed,
mode. The toroidal SWITG mode has a similar physicalespecially the critical electron temperature gradient at differ-
mechanism as the slab mode, except that the toroidal drignt temperature ratio and different ion temperature profile.
resonance plays an important role instead of the Landatihis work will be performed soon.
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