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Electron temperature gradient driven turbulence  *
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Collisionless electron-temperature-gradient-dri€MG) turbulence in toroidal geometry is studied

via nonlinear numerical simulations. To this aim, two massively parallel, fully gyrokinetic Vlasov
codes are used, both including electromagnetic effects. Somewhat surprisingly, and unlike in the
analogous case of ion-temperature-gradient-drig@its) turbulence, we find that the turbulent
electron heat flux is significantly underpredicted by simple mixing length estimates in a certain
parameter regimes(-1, low «). This observation is directly linked to the presence of radially
highly elongated vortice$"streamers”) which lead to very effective cross-field transport. The
simulations therefore indicate that ETG turbulence is likely to be relevant to magnetic confinement
fusion experiments. €2000 American Institute of Physids$S1070-664X00)95905-6

I. INTRODUCTION However, there are other potential stabilization mechanisms
such as negative magnetic shear or electromagnetic effects
As is well known, the cross-field particle and heat trans-which can stabilize the ETG modes and lead to an electron
port in magnetically confined fusion plasmas generally ex{TB. Results like these call for nonlinear numerical simula-
ceeds neoclassical predictions by up to two orders of magntions of ETG turbulence in order to quantify its experimental
tude. There is strong experimental evidence that theseelevance, and to test the above ideas.
anomalous confinement properties can be attributed to vari- In Sec. ll, we give a brief review of earlier ETG studies
ous kinds of small-scale turbulence driven by density or temincluding quasilinear estimates of the electron heat transport
perature gradients. Currently it is widely thought that twocaused by electromagnetic ETG modes as well as nonlinear,
types of instabilities are sufficient to explain the anomalougwo-dimensional fluid simulations of ETG turbulence. Both
transport in the core region of tokamak plasmas, i.e., ionlines of work indicate that the turbulent electron heat trans-
temperature-gradient-drivenITG) modes and trapped- port might be significantly underpredicted by simple mixing
electron modes. Recent experiments seem to indicate, howength estimates. In Sec. lll we give a brief description of the
ever, that this basic picture is incomplete. Among them arénodel equations and the numerical techniques used to solve
observations by Stallaret all in DIII-D tokamak plasmas them. Moreover, nonlinear simulation results are presented
with an internal transport barri¢fTB). They find that within ~ Which highlight the importance of radially highly elongated
the ITB, ion thermal transport can be reduced to the neoclag/ortices(“streamers’) in a certain parameter regimé-¢ 1,
sical level. Furthermore the region of reduced ion heat trandoW ). In Sec. IV, we discuss these results with respect to

port is well characterized by the conditio> /'S where  the linear behavior and nonlinear generation of poloidal

ve is the measure&XB flow shearing rate, anql'rlfxis the shear flows(“zonal flqws”) as well as _the breakup of
streamers due to Kelvin—Helmholtz physics. In Sec. V, we

calculated maximum linear growth rate for ITG modes in the . ;
absence of flow shear. At the same time, the electron thermaHMmarize and comment upon open questions left for future
transport hardly change®xcept for discharges with large WOrK.

negative magnetic sheaand the observed electron tempera-

ture gradient within the ITB is close to the critical value !l BRIEF REVIEW

provided by the linear theory of electron-temperature-  ETG modes are collisionless microinstabilities driven by
gradient-drivef ETG) modes. Similar observations were re- gjectron temperature gradients and basically electrostatic in
ported from the Tokamak Fusion Test React®FTR)>  nature. Their linear dynamics have been studied by various
These findings support the hypothésishat within an ITB,  authoré~8 and (in the electrostatic and adiabatic limbear

ITG turbulence is suppressed BB shear flow, whereas strong resemblance to those of ITG modes, with the roles of
ETG turbulence controls the electron thermal transport. DU%'ectrons and ions reversed_ At typ|ca| perpendicu|ar wave-
to their smaller spatial scales and larger linear growth rate§engths p,<\, <p; and frequenciesv~uv./L,, toroidal
ETG modes are not strongly affected by the shear flow angtTG modes are linearly unstable whRt_; exceeds a criti-
therefore set a lower limit on the electron heat diffusivity. cal value® Here, p, andp; are, respectiveI;}, the electron and

ion gyroradii,v is the electron thermal speed, and Lt,

:Papeé FI16 IEsull. Am. Phys. Sod4, 91 (1999. are, respectively, the background density and electron tem-
Invited speaker. ; ; ; i i _

dnstitute for Plasma Research, University of Maryland, College Park,p.e.rmur.e s?ale Iengths, aftls the m.ajor radius. Th|§ .mSta
Maryland 20742. bility criterion can be reformulated in terms of a criticg}
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why ETG modes are sometimes called modes). Because 1ll. NONLINEAR GYROKINETIC SIMULATIONS
of k pi>1 the ion response is almost adiabatic. Consexn podel equations and numerical techniques

quently, ETG modes do not drive significant ion thermal, , i ,
Our simulations are based on the electromagnetic non-

momentum, or particle transport linear gyrokinetic equatiof:~2° This equation describes the
Assuming a perfect isomorphism between ITG and ETG 9y g : q

_ ) 2 evolution of fluctuations which satisfy
turbulencé in a deuterium plasma, the ET&~ pevie/Ln
=DFTC is smaller than the ITG;~ pZv, /L, by a factor of h ep A B o p
60 for comparable deviations from criticality. It was found Fo T B_p~§”§~[<l' kiL~k.p~1, (D)
experimentally? that within an ITB,L; is very close to ~
N whereh is the nonadiabatic part of the perturbed distribution

L%';t. This result is difficult to reconcile with the isomorphic function. . is th librium distribution functiords and
. . nction [ ilibrium distribution functi n
model since they, that one obtains from ETG modes by oy ction, Fo Is the equ u stribution functiong a

analogy with ITG modes is too smalparticularly for the A, are the perturbed parts of the electrostatic and parallel

higher-field TFTR dischargge$o enforce marginality of . yector pott_a.nu:.:\IBH Is the petrtu.rbed parallel mg_gn.enc fiets,
e is the equilibrium magnetic field, is an equilibrium scale

However, a central result of this paper is that there are imrength (of density, temperature, or magnetic figlénd Q
portant differences in theonlinear dynamics of ETG and  —ep/(mc) and p=v,/Q are the cyclotron frequency and
ITG modes which break this isomorphism. Relaxing thethermal gyroradius of a given particle species with thermal
electrostatic and adiabatic assumptions leads to further difrelocity v2=T/m and chargee. The simulations are per-
ferences. formed in field-line-following coordinates using toroidal flux
An interesting development was triggered in 1978 bytubes’?*?"In such coordinates, the nonlinear gyrokinetic
Ohkawd (see, e.g., Refs. 10-L2General considerations of €quation may be written as
electron dynamics along perturbed magnetic field lines led
him to describe the anomalous electron heat transport by the
formula y.~ 5§vteED*, where §s=c/w, is the collision-
less skin depthy,e=v.e/qR s the electron transit frequency, Here, the distribution functiofr,=F(e, V) depends only
andq is the safety factor. Because bf* ~D&'%3, Ohka- 0N the energy=mu?/2 and the flux surface labdr, where
wa’s prediction fory, matches the experimentally observed ¥ 1S the equilibrium poloidal magnetic flux enclosed by the

transport levels much better than the naive ETG estimatéﬂagnetic surface of interest. The total time derivative is

vo~DETC. Subsequently, it was proposed that various colli-J'V€" by dy=d,+(c/B)[x,-1, where[-,-] is the Poisson
: . N S bracket. The perpendicular curvature &8 drifts are given
sionless electromagnetic microinstabilities could be th - 2
fth i f . derlving Ohkawa’ wg=Kk,-BX(mvib-Vb+uVB)/(Bm(), where u
source 1c;)_lt7e rr?agnetlc. uctuations un erlying aW"’_‘Szmuf/(ZB) and the fields are represented by
formula: Particularly, it was shown that quasilinear esti-
mates for the turbulent transport due to collisionless electro- ~ U~ Ji(y) mov? B,
- i i imi - X=do(| o= A+ B
magnetic ETG modes yield scalings very similar to Okha c y e B
wa’s result’ 818 physically, it was argued that ETG electron
heat transport is dominantly by magnetic flutter.
Early nonlinear simulations of ETG modes suggeste
that a different physical process might be more important
An electromagnetic Braginskii fluid model in two-

J JF
——in)e}—‘):o. )

h+
ot * Jde

a‘l‘vub’V‘*’i(Od

)

Here,y=k, v, /Q and wI =ngCdyFq, whereng is the tor-
Goidal mode number of the perturbation. The self-consistent
electromagnetic field fluctuations are computed from the gy-
fokinetic Poisson—Ampe equations,

dimensional unsheared slab geometry exhibited turbulent o~ J’ ~ dFg ~
vortices with high elongation in the radial directihThese Vi¢_47723 €] dvied Z=+Jo(v)h|, @
“streamers” were found to producEXB transport which

e . . _ - 477- -
grgatly exceeded the quaS|!|near gstlmates. General consider Ly (——— E f dveo,Jo( V)P, (5)
ations of temperature-gradient-driven turbulence by Cowley C s

et al. show that such elongated eddies are the most unstable
and have the highest saturation amplitudes, even in the pres-
ence of magnetic she&t They further argue that the satura- B
tion of streamers is controlled by the nonlinear evolution of

B 4 J
—”=——2—2 J dvmvf 1)
B s 'y

; e The Bessel function§, andJ; arise because Eq&l—6) are
secondary instabilities. formulated in particle spaca, rather than in gyrocenter

- A deepgr understanding of-ET-G turpulence clearly re'spaceR. We retain the Debye-shielding terﬁ‘ﬁ?& in Pois-
quires nonlinear electromagnetic simulations. The EfG  gopg equation, since the electron Debye lengga can be
that we find is dominated by streameXB convection and  comparable tg, in laboratory fusion experiments. However,
turns out to be much larger than the isomorphic expectationsye find that space charge physics has a significant effect on
and in fact large enough to be experimentally relevant, parthe simulation results only fotpe> p. which is not satisfied
ticularly for the cases of Refs. 1 and 2. under typical tokamak conditions.

. (6)
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We present simulation results from two independent par- 500 T

allel codes, each based on the equations above, and each B 1
. . T . . 400 | ]

employing a fixed grid in five-dimensional phase space. Both F -
codes include velocity—space collision operators which were 300 2 ]
not used in this study. The first cod&yrokinetic Electro- Q .
magnetic Numerical ExperimenteNE) uses explicit finite- 200 | i
difference methods of the upwind and predictor—corrector C ]
type. The code is second-order accurate in phase space and 100 | -
time, and shows excellent parallel performance. The algo- E ]
rithm and parallelization strategy are similar to those used in 0 o = 100 200 300
the drift-kinetic Vlasov code described in Ref. 28. A linear t

Comb'_natlon th and?} 1S ad\_/anlced' to aVO'F’ dlﬁlcultle§ FIG. 1. The density response of the flux-surface averaged component affects
associated with the time derivative on the right-hand sid&ransport strongly. The upper curve has ¢, and the lower curve has
(RHS of Eq. (2). The linear terms are treated by a Lax— «(¢—(¢)).

Wendroff schemé? whereas the nonlinear advection term is

computed according to a multidimensional upwind metffod.

Trapped particles an®, fluctuations are neglected in the :
pped p ! g ~(me/m) 2y < xi~pZvy/L,. Thus, if ETG and ITG tur-

GENE simulations presented belovir, is chosen to be a bul isted and full | ¢ ETG
Maxwellian dependingweakly) on the background density vience co-existed and were TUlly analogois,rom =
guld probably be neglected for most magnetic confinement

and electron temperature, and as magnetic geometry we ta? )

the 8- model magnetohydrodynamic MHD equilibriuth. usion plasmas.
The second code iss2 a nonlinear generalization of a

widely used gyrokinetic stability cod®.An operator split-

ting scheme is used, so that the linear tefisluding Egs. In the presence of electric and perpendicular magnetic

(4)-(6)] may be treated implicitly. The nonlinear terms are field fluctuations, the turbulent electron heat flux in the radial

evaluated with a dealiased pseudospectral algorithm in thgirection (denoted byx) is given by

plane perpendicular to the field line. A second-order Adams—

Bashforth scheme is used to advance the nonlinear terms in  o— < <%f dv(vEX+va)vZfe> > (7)

time. Nonuniform coordinate meshes are used in velocity 2

space to improve the resolution, particularly for the trapped—

o bound " . nd diffusion i wheref=h+eJy$d.Fy. There is an “electrostatic” com-
passing boundary. A small amount of upwind diffusion is ,,nent que tdEXB convection and an “electromagnetic”
typically used, only in the direction along the field line. In

. o . ) component due to magnetic flutter. Here, the double angular
the absence of upwind diffusion, the algorithm is secondy, aces denote averaging over the entire simulation volume.
order accurate in space and time. Good parallel performanGge pave performed a few sheared-slab ETG simulations,
is achieved by employing multiple-domain decomposition inyith electrostatic gyrofluideryFFIN® and electromagnetic
four of the five dimensions at all times. - drift-kinetic?® codes. In this case, we find a typi¢aredomi-

In both codes, the Bessel functiotwhich represent the nantly electrostatictransport level ofy.~DETC. The toroi-
gyroaveragesare evaluated in Fourier space. This guaran-y5 simulations are more interesting.
tees the applicability of the algorithms to arbitrary perpen- | the electrostatic limit, the equations describing ETG
dicular length scales. This feature is very important for ETG3q 1TG modes are the sarfith the electron and ion roles
computations'that inc!ude ion dyna'mics. However, Unles%versed except for one term: the ion response in ETG
stated otherwise, the ion response is assumed to be purélyoges is purely adiabaticng:¢), while the electron re-
adiabatic. This assumption is reasonable as lonkas  sponse in ITG modes is adiabatic with a vanishing flux-
>1, which is satisfied for realistic electron—ion mass ratiosgyface averaged componéntx (p—( $))1.33% The purely
in simulations carried out in flux tubes with perpendicular agiabatic ion response in ETG modes inhibits saturation and
dimensionsL,,Ly=<p;. Typically we use 1-3. per grid  allows higher transport. Figure 1 shows the magnitude of this
cell, 16-32 grid points per along the parallel direction, - effect, by comparing twas2 simulations in which only the
50x10 points in velocity space, and up to°10me steps  form of the response of the adiabatic species is changed.
which are dynamically adjusted in both codes. Pictured is the heat fluQ [in units of (WT/L,)p%v/L,]

We normalize the perpendicular spatial scalepdothe  versus time. The parameters acg=1.4, $=0.8, R/Lt
parallell spatial sp_ales tb,, and.the time td_n/vte..The =6.9,R/IL,=2.2, T;=T,, Zez=1, B=0 (electrostatit, and
fluctuating quantities are normalized by the appropriate equiminor radiusr/R=0.18 (trapped particlés The simulation
librium values, with an additional scale factor that reflectsgomain had,=2L,=100p, with N,=2N,=54 gridpoints
the fundamental ordering. For example, the normalized flucin the perpendicular directions, and 32 gridpoints along the
tuating potential and density are defined bie|é/T,) field line. The average value of the lower curve corresponds
X(L,/p) and {i/n)(L,/p). Conventional mixing-length ar- to y=2.5%v,/L,, which is in good agreement with estab-
guments predict that the normalized, steady-state turbuletished gyrokinetic particle simulatioriS.The larger transport
fluctuations should be of order unity. In this case, the turbuindicated by the upper curve motivates the present study.

lent transport would be of orden.~DET™® and y.

B. Nonlinear simulation results
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FIG. 4. Characteristieh contours in the outboarg-y plane. This snapshot
0 : : . : was taken at=180 of the run shown in Fig. 2. Positive and negative
0 100 200 300 400 500 fluctuations are drawn, respectively, with solid and dashed lines.

t

FIG. 2. Heat flux for an electromagnetic, single-species ETG simulation . . . .
employing a radially elongated simulation box with=4 L,=256p, . of ¢ and T, fluctuations having a given relative phaag
e[—m,7]. The maximum ofP(ky,«,) occurs for modes

with k,~0.2 anda,~ /3, yielding a large heat transport in

In Fig. 2, electromagnetic ETG results frogeNe are  the radial direction.
shown. The parameters are the same as in Fig. 1, except We also investigated the behavior @ in -« space
=0.45 (B is chosen accordingly The simulation domain is holding the other physical parameters constantatl.4,
larger (L,=4L,=256p,) and better resolved Ax=Ay L,/R=0.45, LTe/R=0.15, andT./T;=1. The qualitative
=pe). The steady-state transport corresponds @  results from more than 20 single-species simulations with the
~60 DT, For both GENE and Gs2, choosingL,=L, in  GenE code are summarized in Fig. ote that because
single-species runs results in nonsaturating streamer trans-—g?RgB’ is proportional toB, we varied both parameters
port for typical tokamak parameters. This effect is explainedsimultaneously. Generally, one observes that for higrand
in Sec. IV, where we identify the physical saturation mechajow § the transport is reduced to low level®{ 20) and that
nisms. streamers are absent. This corresponds to plasma parameters

Of course, the real ion response is not exactly adiabaticcharacteristic of ITB’s in “advanced” tokamaks, and of high
and the departure from adiabaticity is expected to be imporeonfinement modéH-mode pedestalgparticularly if boot-
tant. The turbulent electron heat flux for a two-species rurstrap currents are taken into acco?ﬁ)]t Interestingly, the
from GENEis shown in Fig. 3. The physics parameters are tharansition region between these two regimes is relatively nar-
same as in Fig. 2, except nonadiabatic ions with/m,  row; e.g., a change of by some 10% can cause a large
=1000 are included, and the box dimensions are increased hange in the transport. For points within the transition re-
Ly=Ly=400p, with Ax=Ay=3p.. The ion temperature gjon, the transport exhibits bursty behavior. The dependence
gradient WaER/LTi=0.55, which is below the ITG critical of Q on these parameters is also seen wagiz
gradient. With nonadiabatic ions, we find saturating turbu-  To evaluate the impact of different finig@effects on the
lence even withL,/L,=1 if wavenumbers smaller than ETG system, we repeated the run shown in Fig. 2, keeping
k, pi~1 are included. The resulting electron heat and parShafranov shift modifications of the magnetic geometry but
ticle transport is characterized by.~60DE'® and D/y.  neglecting electromagnetic effects on the dynamics. In this
~0.005. case, we obtained a much lower transport level. Switching

Figure 4, showing characteristis contours in the out- Off only the nonlinear magnetic flutter terms was also stabi-
boardx-y plane at =180 of the run shown in Fig. 2, reveals lizing. These results indicate that Fig. 6 cannot be explained
that the high transport levels are associated with streamert terms of geometry effects alongOur results are consis-
These radial flows are potentially able to transport plasma ufent with the idea that magnetic flutter nonlinearities
and down the temperature gradient very effectively. To ac{stressestend to suppress the secondary Kelvin—Helmholtz
tually be effective, however, there must be a phase shift be-
tween potential and temperature fluctuations. Figure 5 shows
the probability distributiorP (k, , ;) for the k, components

250
200

150

100

0 100 200 300 400 500
t

FIG. 3. Heat flux for an electromagnetic, two-species ETG simulation. TheFIG. 5. Probability distributiorP(k, ,«,,) for the k, components of) and
physics parameters are the same as in Fig. 2 except for a mass ration ©f fluctuations having a given relative phasge [ — 7, 7]. The dominant
m; /mg=1000. modes haveék,~0.2 anda,~ 7/3.
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1.6 ‘ ‘ driven by the shear in the poloidal electric field of a streamer.
@ . s .
Other secondary instabilities appear to be stabilized by the
1ok i shear in the poloidal electric field. The perpendicular KH
’ ® @ i ili i -
. T o mste_lblhty leads dlre_ctly to streamer breakup, zonal flow gen
® eration, and saturation.
0.5F q @ e g W To quantify these ideas, we consider generic electrostatic
® high streamer dynamics, leaving normalizations in this section un-
o @ transport level specified. For either species, integrating E).over velocity
05 00 05 1.0 and considering only the nonlinear terms yielgs+[ ¢,n]
g =0, where the bar ove® indicates the gyroaverage. The

density in this equation is the density of guiding centers, and

FIG. 6: Qua_litativg behavior d@ in 3-a space as observeq in more than 20 not (necessamy the total density. Here, it is sufficient to
numerical simulationgdenoted by the symbab). The physical parameters —

wereq=1.4, L,/R=0.45,L; /R=0.15, andT,/T,=1. considerp= ¢. Although the resulting normalizations differ,
: this choice corresponds both to the smallT, limit for
ITG, and to thek, p.<1~Kk, Ap limit for ETG.

instability’” (discussed in Sec. IV A It is crucial to note Consider the fate of small perturbations of a dominant
here that for all our runs performed in the low-beta regimestreamer, which is an exponentially growing eddy that has
(B=10%) the electron heat flux is essentially electrostatick,=0, and a single finit&, . Linearizing around the streamer
This is found even when the peak of the fluctuation spectruntequilibrium,” f=f©(y)+ 8f(x,y) for f=(¢,n). We are
lies close tdk, d5. The quasilinear calculations mentioned in interested in the dynamics of the instability, which imply that
Sec. |l therefore do not explain our nonlinear simulation re-the perturbation will evolve on the time scale of the stream-

sults. er's growth. Small KH perturbations evolve according to
IV. DISCUSSION Yin O —iKy PO +ik 5V =gon+ikd4n{V=0,
There are five significant differences between ITG and ®)

ETG turbulence(1) The responses of the ITG electrons and
ETG ions differ. (2) Zonal flow physics differs because where g=y—ikx¢§,0). In general, numerical solutions are
shielding of (turbulen} sources varies strongly with radial required to find the fastest-growing KH perturbation. In
wavenumber(3) Magnetic flutter physics differs because of some limits, one can find analytical solutions. Before consid-
the disparate velocities of electrons and ions along the fieléring ETG or ITG modes, let us consider an artificial density
lines. (4) Magnetic well physics differs because the disparityresponsenoch¢, which when substituted into E¢8) gen-
in gyroradii allows self-dug wells at short wavelengtfs).  erates the basic KH instability. The reason for this choice
ETG instabilities can themselves be driven unstable by pemwill become clear. Then, Eq(8) may be written as
turbed radial electron temperature gradients which mighay[gzaye]z—kigze, where G=4¢/g. In the long-
arise from longer-wavelength turbulence. Less significanivavelength limit @yy>k)2(), the LHS vanishes i is inde-
differences include the role of Debye-scale physics. pendent ofy. That is, to zeroth order, the long-wavelength
Conclusive results regarding ited) require computa- KH mode is independent of. Averaging over one poloidal
tional resources that should become available within a yeavavelength of the primary mode, one findsyy
or two. While we have not investigated the difference in the=2"%,k,¢®). There is no instability fok,=>k, . Numeri-
magnetic well physicgitem (4)] numerically, this difference cal solutions show that perturbations which satiy
is not difficult to appreciate. Fdk, p;>1, the ion contribu-  ~0.6 k, are most unstable.
tion to the RHS of Eq(6) is neglible. As a result, the com- The secondary instability becomes relevant when it can
bination Of“’IEH and the termx ubXVB- Vh fails to pro-  overtake the primary instabilityy,;=y,. In this case, the
duce pure curvature in the vorticity equatipmhich can be  saturation amplitude scales likg2)~ y,/k? . The KH insta-
derived from Eq.(2)], and thus magnetic wells associated bility bends the streamer; a component of this bent streamer
with the ion pressure gradient can help stabilize shortis sheared zonal flow. In the presence of streamer-dominated
wavelength instabilities such as the ETG mode. It8rhas  turbulence, this is the basic dynamical mechanism which
not been explored adequately in the long-waveleriftis) leads to exponentially growing zonal flows. A quasi-static
limit, so that comparisons of ITG and ETG magnetic fluttercomponent of this burst of zonal flow is unshieldede Sec.
physics would be premature. Nevertheless, we note that od¥ C], and thus is particularly likely to contribute to the regu-
results in this regard are consistent with Ref. 37. The modlation of the fluctuations.

significant effects are itemél) and (2), to which we now Armed with these qualitative insights, we turn to the
turn. ETG and ITG limits. It is instructive to consider three differ-
ent relationships between the guiding center density and the

A. Streamer breakup potential

We find that the most important nonlinear process in the  Case 1 nx¢. In this case? the nonlinear term van-
electrostatic toroidal simulationdor typical parametejsis  ishes, so the secondary KH instability is eliminated. The
the secondary Kelvin—Helmholt@&H) instability which is  streamers grow to large amplitude, since the sheared flows
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(which would otherwise be KH unstablstabilize other sec- 1.0
ondary instabilities. For I/ETG turbulence, this assumption is X ]
unphysical. 0.8 - 7
Case 2 noc(l—Vf)dx This is the ETG case. The term I’ r ]
proportional tog is the adiabatic ion response, which comes = 06 .
from the highk, p; limit of Eq. (4). The presence of this term 7§ r ]
strongly suppresses KH instabilities at long wavelengths. Us- § 04 7
) : . . 2
ing the fastest growing modéound numerically, one finds i i ]
(O)N /k4 02 |- i D/e” plasma _|
sat ~ YITKL . / ]
Case 3nx[(1-V?)$p—(¢)]. Thisis the ITG casé>* ]
0.0 FRERETTTT N (T TTT| B A R T1TT| B SR T11

Here,(¢) is the flux-surface average gfwhich may depend o 10 10 100 1

uponx, so thatf ¢,(¢)] does not vanish. This term removes k, p,

the long-wavelength suppression of the KH instability found

in Case 2. For such wavelengths, the basic KH instability isFIG. 7. Unshielded component of unit electrostatic potenigt, p,). The

recovered. The normalized saturation amplitude is predictelywer curve has/R=0 (no trapped particlgs The upper curve has/R

to be only¢(0)~ Y /kf , which is well below the ETG pre- =0.2 andg=1.4. ETG modes may be sensitive to the rapidly changing part

sat
.. . of the curve aroundt, p;~1.
diction, for typical values ok, ~0.1—0.3. Lhi

We believe this is why ETG turbulence exhibits stream-

ers, and thus saturates at higher normalized levels than IT(e?’nhance streamer formation. In this case, streamer dynamics

trbulence. In fact, in a square simulation domain, theIS paramount. For toroidal parameters characteristic of the
longest-wavelength streamers are not KH unstable; the

+ llv fail t turat Sarrier region of “advanced” tokamak@.e., largea, small
streamers generally fail to saturate. . _or negative magnetic sheathere is a widening region of
Parenthetically, we note that Case 2 appears in the lit

i . : nearly degeneratk,’s aroundk,=0. As a result, advanced
ergture in the Hasegawa—Mm@bl!\/l) gquatlorﬁg and as the tokamak microturbulence resembles sheared-slab microtur-
Frlemgn—ZChen toroidal general|zat|on of the HWCHM) bulence(streamers inhibited, zonal flows enhanced
equatior?> The HM and FCHM equations do not correctly
describe nonlinear streamer dynamics in the limit in which
they were derived, becauge) is not included. However, C. Linear zonal flow physics
the HM and FCHM equations may be reinterpreted to corre-

. Zonal flows arise from radially varying perturbations of
spond correctly to the limik, p;>1. y varying p

@ that satisfyb- V$=0. They are driverfand dampepby
turbulent fluctuations, and in turn tend to reduce the fluctua-
B. Advanced tokamak regime tions. For toroidal ITG turbulence, the importance of these
dynamics were emphasized first by Hammettal3* Re-

The interplay of streamers and secondary KH instabili- ) . .
ties does nofe;/plain the results shown in F)i/g. 6. The adgently, Rosenbluth and HintofRH) pointed out that in the

. . resence of trapped ions, and in the absence of collisions
vanced tokamak, low transport level regime arises from f PP ’ ’

different mechanism which is also dominant in sheared sla ong-wavelengt_h K pi<1) turbule_nce-drlven zonal ﬂO.WS
simulations. are not fully shieldeddamped by linear plasma dynamics,

Our simulations are carried out in the twisted eddyand thgt this is likely toég)e important for collisionless, elec-
framework®?® whose field-line coordinates we denote by trostatic ITG turbulence. Here, we note that the RH un-
(x.y,2). The relationship of these coordinates tof| ) is damped flows are@nhancedat short Wavelfangths. FIgULE 7
described in Refs. 20, 26, 27. Here, it is enough to know tha$nows the undamped component of a unit perturbatiop of

(1) in a tokamak with a sheared magnetic field, a mode with’S Krpe for a plasma composed of deuterium and electrons,

k,=0 is a mode which hak, =0 on the outboard midplane: with Ape/pe=0. The Iov_ver curve shows the response for
and that(2) in a sheared slab, the’s are degenerate. r/R=0 (no trapped particlgs The upper curve corresponds

Our simulation results are consistent with the following {0 T/R=0.18 andq=1.4. The long-wavelength residual is
qualitative model, which is closely related to ideas in Refshe value predicted by RF. Perturbations wittk,p;>1 are

20 and 37. In the sheared slab, there is no preferred value 8t damped by the ions. There is a trapped electron RH
k,, so streamers do not arise linearly. Also, since the lineafnalog at medium wavelengths. Perturbations Wiihe>1

frequency is independent &, for eachk,, the nonlinear @€ not damped at all. _

interactions are strong. That is, a nonlinear interaction time ~ However, density fluctuations at short wavelength gen-
that scales likery ~ (o' — ")t for two Fourier modes erate weaker zonal flows. F&fp;<1, a given density f~luc-
with differentk, andk] is large. This strong nonlinear inter- tuation (fi) corresponds to a largg¢), since (¢)
action directly drives zonal flows at all valueskyf. Conse-  «<(Ti)/(k,p;)?, whereas fork,p;>1>kp,, one finds(ZS}
quently, the fluctuations saturate at a low level. Conversely(fi). Thus, including nonadiabatic ions enhances zonal
for typical tokamak parameterss{1,a<1), modes with flows. As long as wavenumbers below the kneéat~1
k,=0 have the largest growth rates. Curvature introducesre retained in the simulation, multiple-species ETG simula-
strong dispersion in the linear frequeneyk,) for eachk, . tions readily saturate. Without including these wavenumbers,
These properties inhibit the direct drive of zonal flows, andnonsaturating streamers are observed. We have not investi-
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