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The electron temperature gradidi@TG) driven mode in the very short wavelength regiorp,

>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 greRliery). for the

short wavelength ETG mode is higher than that for the conventional ETG mo@80®American
Institute of Physics[DOI: 10.1063/1.1840709

I. INTRODUCTION controlled by multisource instabilities simultaneously, or by
different instability depending on different discharge condi-
Short wavelength microinstabilities with a characteristictjgp,_
perpendicular wavelength of the order of electron Larmor Recently, new unstable modes driven by temperature
radius are much less studied than its ion counterpart since Gradientdm or 7,) is identified by Smolyakoet al*3 These

was believed that turbulence driven by such small size mir,,qag represent ion and electron temperature gradient driven
croinstabilities would not be able to drive a large transport, .1 qes destabilized in the short wavelength regions with

However, nonlinear gyrokinetic simulatibimas shown that k. pie>1. The ion and electron nonadiabatic response stil

the turbulence driven by electron temperature gradienéxist due to thes; o>k, which compensates for the decay-
(ETG) instabilities can yield a large electron heat flux . f1-(b "E ’1/ b ash . i h
throuah radially highly el d ! lled * ing of lg(b; Jexp(=b; ) ~1/V27h; ¢ as by . increases at the
gh radially highly elongated vortices, so called “stream-_~. : .
, . idente _ regionsb; .>1, wherek, is the poloidal wave numbeb ¢
ers.” Experimental evidenteé also shows that the anoma _12 2 /2'is th di he fi
lous electron transport in magnetic confined plasmas is gov-  Fie is the Larmor radius parameter, alyds the first-
P 9 P g order modified Bessel function. Among them, the ion mode
erned by short wavelength turbulence wikhp,>1, of ' ' '

course, after the suppression of long wavelength turbulencg;.;e c_aII I the shdor:)wEv_elenlg%h IE@WILS:%sEOde’f.'S fur-
Moreover, observation of electron temperature profile stiff-"" Investigated both in slaband toroi configura-

ness in most experimefitmdicates that the short wavelength tion, but the electron short wavelength mode has not identi-
instability responsible for electron transport should have

Jied in the toroidal geometry yet. Hirose and Efidave
threshold in electron temperature gradient or L/ reported a short wavelength electron mode, but that mode is

~VT./T. One can also expect the linear critical tempera-10t the short Wal\gelength ETGWETG mode discussed in
ture gradient is just same as the onset condition to excite th@molyakgvet al.™ In fact, the mode introduced by Hirose
ETG streamers. Therefore, recent stulifesave been per- and Elid is just the conventional ETG mode in the regime
formed on the ETG instabilities and the results seem to bd <K pi<vm/m. If we trace that mode by increasing the
consistent with some experimental observatmst the K to aboutp,™, we can get the conventional ETG mode. Of
same time, however, some experimental observatisesm course, the conventional ETG mode in the regikn@.<1
to agree well with the model based on other instabilities, forshows special behaviors, such as the influence of ion dynam-
example, the trapped electron mode—ion temperature gradies and the weakening of the magnetic shear stabilization
ent (ITG) driven mode® Moreover, it is noted that not all effect. It is beyond our topic in this paper, for we would like
tokamaks observed strong stiffness in electron temperatutt® identify the SWETG mode mentioned by Smolyakov
profile 112 It might be attributed partly to the fact that it is et al’® in the regimek, p,>1. In principle, the SWETG
difficult to separate electron and ion transport channelsmode is similar with the SWITG mode except that the roles
However, it is also possible that the electron transport iof electrons and ions are exchanged. In our earlier works, the
SWITG mode has been investigated and the physical mecha-
dElectronic mail: gaozhe@mail.tsinghua.edu.cn nism is discussed both in sidand toroidat® configuration.
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In short, the slab SWITG mode is excited by the Landau 00— 0 drexp(-iwn
(transi) resonance; and the toroidal SWITG mode is excited Hj = '\’TiMJS'gF(Qj)f T oA
mostly by the toroidal drift resonance. Since the normalized - S
frequency,w/kuy for the slab mode and/ wp; for the tor- (k—k')?

oidal mode, respectively, is nonmonotonic with respedt;o Xexp{— —"JMJaJH‘”TJZJ
whereky is the ion parallel transit frequency ang; is the '
ion toroidal (magnetic curvature and gradigndrift fre- _ﬂj_<)\__b +b |_11) _ i(k=k") M.
quency. When the real frequency passes the resonance re- 2\ T o
gime twice, the growth rate reveals two peaks: the first peak 3)
at kyp;=1 is the conventional ITG mode, and the second

peak atk,p; > 1 is the SWITG mode. The similar mechanism

works for electron dynamics in the regidgp.>1 and one HOl= _—1(k— K YH®, (4)
can expect the existence of the short wavelength ETG mode 2

in the toroidal configuration. Moreover, the electron kinetics

can influence the SWITG mode in the regiknp;>1, but 02_

there is no contribution from other lighter particle latp, i (27L5)2
> 1. Therefore, it turns out, from the local model in shearless
slab configuratiort® that the SWETG cannot be stabilized at with
very short wavelength regions sinkgs fixed. However, the
resonance frequencies,, 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 a=1-
because the resonance condition breaks down. ) (6-0")

In this paper, we employ a set of integral eigenvalue
equations for the identification and study of toroidal SWETG  ¢(p,¢’) = (3+ 1)(sin 6-sin ') — 8(6 cos6 - ¢ cos@’)
modes. The curvature and magnetic gradient drifts, the tran-
sit effect, and finite Larmor radius effects are retained in the - E[(g_ 9') —sin(6- )],
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 b b... Kk'[ M
eigenmode equations are presented in Sec. Il. Numerical re- ' 0j = 'm(;\gl)exP( _al> by; = %(Eﬁ)
sults and analyses are described in Sec. lll. Section IV is 17
devoted to conclusions and discussion.

(k=K")2H (5)

k=k80, Kk =kg2¢,

2 0,0 1+a
MTJZ]’ i |

J

(G +KA [ M
baj = 4 L]
TJZJ

Il. INTEGRAL EIGENMODE EQUATION FORMALISM 5 R ) ) 5 R ) )
K =kq1+(30-asing?, k?=kjl+(30 -asing)?

The ballooning representation for an axisymmetric toroi-

dal geometry with circular flux surface is employed. The Ve T qB cTk
s-a equilibrium model is applied. The magnetic curvature  pj =§, Uy = Hl Q; =$, W+ :_-BJTH’
and gradient drifts, the transit effect, and the finite Larmor ) ! ! 955
radius effect are all retained for both ions and electrons, but L=— 1dn 1 _Lq _diInT;
the trapped particle effect is neglected. "\ nhar @ R T 4inn’
The coupled integral eigenmode equations for Igw
plasmas are obtained from Poisson equation and the parallel - _ 2Rd_'3 -3+ 8mnT;
N a=-q v BEBitBe Bi= 2 :
component of Ampére’s law as follow§: dr
. rd S 4mné T
K2 02 A s=o L= W =T =l
Lrzme 2 )9s 2 r[H (k) qor 9 M 1
j=ied -0 NTT
Ll
0l 1./ Mj=—=, 7= J
+H;j (k,k )AH], (1) Me e

g is the safety factorl, is the modified Bessel function of
. - ordern=0, 1, andsign(q;) equals unity for electron species
2/3 A= _[H?l(k,k )é+HAKK)AL, (2 and minus unity for ion species. We have normalized the
j=ied e N / -1

wave numbers,, k, andk’ to p, -, the frequencyw to w.,

and the integral intervaf to w*e'l, respectively. Also, we
where ¢(k) and A(K) are the extended Fourier componentsdefineM=M,/1836, Z.;=Z; for convenience in the follow-
in ballooning space o#(r) and -vteA(r)/c and ing.
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FIG. 2. Critical electron temperature scale len¢®iL+.). vs g, for kype
FIG. 1. Normalized growth ratéa) and frequency(b) vs kp, for =M =2 (&) and vskgp, for £,=0.2 (b). Other parameters are the same in Fig. 1.
=Z.=1,3=0.8,q=1.5,5,=0.1, B.=0, 5,=2.5, and7n.=2.5, 2.0, and 1.5,
respectively.

the electron parallel transit frequency. Usually, the condition

lll. NUMERICAL RESULTS AND ANALYSES wre> 0> (wpetKye) is satisfied, so the real frequency tends
to be constant due to the fact that,=(v,/L,)Vb./2 and
- Bo(by) — 1/\27b, as by— +. In this case, however, the
7e=2.5, 1=2.5, 1=M=Zet=1, 5=0.8,4=15,£,=0.1 B egonance mechanism should be considered. In the toroidal
=0, a_ndkope:Z unless otherW|se_ stated. configuration, the toroidal drift frequency is usually higher

Figure 1 shows the normalized mode growth rate andy,p, the transit frequency. Then, the toroidal drift resonance
frequency multiplied withkpe VS kype for 7,=2.5, 2.0, and  yeqiapilizes the toroidal mode, just like the Landau reso-
1.5, respectively. Obviously, as thkgincreases, the real fre- 00 i which the electron parallel transit destabilizes the

quency tends to be constant and the growth rate behaveg,, mode. When the real frequency approaches to a critical

(é(_)rlgle hgmps:(jthi first pe%k K&Pekf lis ihe conventéonal value(w/ wpe)., the growth rate reached its maximum. How-
mode; and the second peakkgp,>1 corresponds to ever, the normalized frequenay/ wpe IS NONMonotonic: it

the short wavelength ETG mode. In fact, the SWETG mOdanreases withk, in smallk, regions and decreases finally in

is rather 5|m|Iark1£oT:]he iWI.TGl mOdr? we dISfCUS;]ed mt h9argek, regions because abpe k;. As a result, two peaks
companion Work.- The physical mechanisms for these Wo 55051 in the growth rate. Wheg, increases further, the

short wavelength modes are similar except that the roles g - : -
ions and electrons are exchanged. For convenience, it is pré?enc(::gﬁgaazca;';/zb;i?grsd?ﬁgv g\gwe_;onadlabanc response of
e o
sented here in brief for. the SWETG mode. . Numerical results indicate that the nonadiabatic ion re-
The eleqtro_n dpnsny response to a fluctuating eIecm'sponse only slightly influences the conventional ETG modes

static potential is given as in the regionk,p.= 0.4. In the very short wavelength regime
e&[w_w*ef(ne)] kepe>1, the ion contribution can be completely ignored.

+— L'o(be), This is another difference between the SWITG and SWETG

modes. As shown in our earlier wotk,the nonadiabatic

where w:.f(7,) is the integral result of the diamagnetic drift electrons will influence the SWITG mode, especially in the

driven by pressure gradienbpe~ £,w+¢ is the toroidakmag-  region b;>1, wherel'y(b,) is much larger thard'y(b;) be-

netic curvature and gradierdrift term, andkjv,e~vie/qRis  causeb,=b;(m.T./mT;)<1. This mechanism is especially

The parameters for the numerical results given here ar

. —ed
AR LR P
e e W™ Wpe ™ KiUte
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FIG. 3. Eigenfunctiong(6) for the SWETG mode ak,p,=2 (a) and the 0.0 R T S bt
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FIG. 4. Normalized frequency and growth rate NgT; (a) and stzlw
|mportant for the local slab mode identified by Smolyakov (b) for kyp.=2. Other parameters and denotations are the same in Flg 1.

et al®® There exists no toroidal effect and the Landau
resonance/damping mechanism works. Moreover, the paral-
lel wave numbel, is fixed by the local assumption. If the (R/Lto. Vs Kk, for £,=0.2. Obviously, in thek, region from
electrons are assumed adiabatic, the frequency and growfh2 to 0.8, the minimun{R/L+e). exists with a value about
rate of the local slab SWITG mode tend to be constant due td.5, which is consistent with the results from conventional
the constant.;[x(b;) in the regionb,>1. But the nonadia- ETG mode®’ Whenk, increases from 0.8 to 1.6R/L+o).
batic electron response strongly influences the local slabcreases withk, rapidly. However, it seems to be another
SWITG mode, which is stabilizing or destabilizing in differ- “substeady-state” region fok, from 1.6 to 2.2, where
ent regions:* However, the SWETG mode is excited by the (R/Lto). is about 12.5 and slightly depending kp Whenk,
electron nonadiabatic response in the redign.>1 only, increases furthefR/Lt). increases again.
and the ion response hardly contributes the mode. As a re- The eigenfunctions for the short wavelength ETG mode
sult, the local slab SWETG mode tend to have constant fretk,p.=2) and the conventional ETG modg,p.=0.8) are
quency and growth rate, as shown in Smolyaketbwal.l3 shown in Figs. 8) and 3b), respectively. Not similar to the
From Fig. 1, we also can see that the SWETG mode iSWITG mode, the SWETG mode has a rather smooth and
driven by 7.. The dependence of the growth rate gnis  localized structure due to no ion nonadiabatic response con-
more clearly demonstrated in Fig. 2. Figur@2shows the tribution in such short wavelength regions. As the poloidal
(RIL1oc=7med €, a@s functions of,,. (R/L+.). decreases rap- wavelength decreases, that is, increases, the SWETG
idly with ¢, for £,<0.15 and tend to be constant fey, mode is more localized along the field line than the conven-
>0.15. This character is quite similar with that of the con-tional ETG mode.
ventional ETG mode, but the value @¢R/L+y). for the Figure 4 shows the normalized mode frequency and
SWETG mode is rather higher than that for the conventionagrowth rate vsT/T; (&) and 92/ wj (b), respectively. Large
ETG mode® Generally, we should choose a setkgfs inthe  T./T;(>3) can stabilize the SWETG mode for the present
fastest growing regions and find the minimum critical thresh-parameters. Also, the Debye shielding ef‘féxf;r/wf3 can sta-
old. However, there is no explicit boundary between the conbilize the SWETG more easily than the conventional ETG
ventional and short wave ETG mode. Figui®)2shows the more, since the SWETG mode has a higkgr
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FIG. 5. Normalized growth ratéa) and frequency(b) vs § (positive and

negative for kyp.=2 andq=1, 1.5, and 3, respectively. Other parameters FIG. 6. Normalized growth raté) and frequencyb) vs « for the SWETG

and denotations are the same in Fig. 1. mode atkyp.=2 and the conventional ETG modelap,=0.8, respectively.
The lines with crosses are the results from ). alone, but thea is
retained. Other parameters are the same in Fig. 1.

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 coBy « and the threshold o& seems to be slightly lower than
tinuous from negative shear regions to positive shear regionghat for the conventional ETG. Of course, the thresholds of
even though the case with zero shear cannot be solved frofor these two ETG driven instabilities are usually higher than
the present model. The plot of growth rate ¥3s rather  those for ITG driven instabilities, including the conventional
symmetrical aroun@=0.5. It might be explained by the de- ITG and short wavelength ITG mode. This can be explained
pendence of the toroidal drift frequency on the magnetidy the finite 8 effect. As known, the finitg8 influences the
shear. Since the mode is much localizedispace, the tor- modes in the following two ways: one is the coupling to
oidal drift frequencywpe=2e,w+ C0SO+Ssin A(SH—a sin )] Alfvén waves; the other is the ballooning parameter
=2e,w:d1+(3-a—1/2)?]. As a result, the growth rate in a (=—g?RdB/dr). The eigenfrequency of ITG instabilities is
negative shear regions is lower than that in positive sheaof order v;/L,, and approaches toLhe frequency of sheared
regions. In addition, the stabilizing effect of magnetic shearAlfvén waves,wp~uva/gR=v;i/(QRVS;). Therefore, the cou-
seems to be stronger for lowgrthan for higherg, which is  pling to sheared Alfvén waves also provides a strong stabi-
similar with the conventional ETG mode. In fact, the de-lizing effect. However, the ETG instabilities withw
crease ofj increases the effective magnetic sheare,S/q. ~ve/L, is hardly influenced by the coupling effect to
However, it is noted that the results in Fig. 5 are obtainecsheared Alfvén waves. Figure 6 also show the results from
from the electrostatic model. At finitg, q will influence the  the electrostatic model, E¢l) alone, however, with the ef-
mode not only through the effective magnetic shear but alséect of « retained. These results are almost the same as those
through the ballooning parameter, which will be discussed irfrom the finite 3 model.
the following. Due to the « stabilization effect, dependence of the

Figure 6 shows thex dependence of mode growth rate mode frequency on some parameters shows different behav-
and frequency both for the SWETG and conventional ETGors between the electrostatic case and the figitase. Fig-
modes. Obviously, the SWETG instability is also suppressedre 7 shows the mode frequency as functiong;adndq for
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) FIG. 8. Normalized growth rate®) and real frequencyb) vs ¢, for kype
FIG. 7. Normalized growth rates v (a) andq (b) for kype=2 andB.=0, =2 andB,=0, 0.01, and 0.02, respectively. Other parameters and denota-
0.01, and 0.02, respectively. Other parameters and denotations are the safhs are the same in Fig. 1.
in Fig. 1.

Be=0, 0.01, and 0.02, respectively, offers no contribution ~Mode propagates in the electron diamagnetic direction and
in the electrostatic case, but is stabilizing at finitsincea ~ S€ems to be a continuous extension of the conventional ETG
(=(0PBol £n)[ 1+ 3o+ (1 +7;)/ 7]) increases withy,. Similarly, mode. This instability occurs due to the nonadiabatic elec-
the growth rate for3=0 tends to be constant in largere-  tron response in the regidn p.> 1, so it might be the tor-
gions because the electron parallel transit effect becomegdal mode from the integral code corresponding to the slab
rather small, while a largg can stabilize the mode at finig  mode with the localk;=cons} assumption by Smolyakov
througha stabilization. et al. However, the toroidal drift resonance is dominant in
Figure 8 shows the dependence of growth rate and redhe toroidal configuration. When the normalized real fre-
frequency one, for B,=0, 0.01, and 0.02. In the low, quencyw/ wpe approaches to a critical value, the growth rate
region, the normalized growth rate increases withwhich ~ reached its maximum. Therefore, the nonmonotonic behavior
implies the toroidal driving effect. However, the SWETG Of w/wpe With respect tok, results in the “double-humed”
mode becomes stable at not very lasge>0.19, where the  growth rate: the conventional ETG mode and the SWETG
conventional ETG persists unstable. It is because the non&ode. This mechanism is quite similar to that for short
diabatic electron response decays after dhg increases so Wavelength ITG mode except that the roles of ions and elec-
much that the conditiom > wp, is broken. The influence of trons are exchanged and that the ion response hardly contrib-
B on the effect of, seems to be different from the effect of utes the short wavelength ETG mode.
7 or g. It might be understood from the expressionagf, The short wavelength ETG mode is excited whgn
whereg, exists in two terms with opposite signs. exceeds the threshold. In the region nkgi.,~ 2, the short
wavelength ETG mode provides a quasisteady threshold
(R/L1e¢)c~12.5 for typical parameters. However, this thresh-
old is larger than that from the conventional ETG mode.
The electron temperature gradient driven mode in thédependence of the mode stabilization property on other pa-
very short wavelength regioik, p.>1, is identified with a rameters has also been investigated. The short wavelength
gyrokinetic integral equation code in toroidal plasmas. ThisETG mode can be stabilized by strong magnetic shear, tem-

IV. CONCLUSIONS
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