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Global gyrokinetic particle simulation and nonlinear gyrokinetic theory find that electron
temperature gradiedETG) instability saturates via nonlinear toroidal coupling, which is a nonlocal
interaction in the wave vector space that transfers energy successively from unstable modes to
damped modes preferentially with lower toroidal mode numbers. The electrostatic ETG turbulence
is dominated by nonlinearly generated radial streamers. The length of the streamers scales with the
device size, which is longer than the distance between mode rational surfaces and electron radial
excursions. Both fluctuation intensity and transport level at saturation are independent of the
streamer length, and are much smaller than the mixing length estimates.
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I. INTRODUCTION factor of the square root of the electron-to-ion mass ratio,
. . , - ie., xSB~1/60y°" for deuterium plasmas. Since experimen-
Electron temperature gradients in magnetically confineq "¢ !

: . o . al measurements find, typically,~ x; on the order of°E,
plasmas provide expansion free energy for driving drift Waveth ETG instability h v b di ded ! N
instabilities® which may induce the high level electron heat € Instability has generally been discarded as a poten-

transport often observed in toroidal experiments. Identifyingt'al driver for the anomalous electron transport. Nonetheless,

the candidate instabilities and understanding the nonlinea#\he non\l/l\r;r(]aar evolution Olf ET\EGXagdC;-I.—fG couﬂd be-velr_)igdlf-
interactions are the first step toward predicting and contro ferent. ereas a zonal 1o rift_nonlinearity
ling the electron transport in fusion plasmas. dominates in the ITG turbulence, ETG turbulence is regu-

Background. Experimental evidence for the origin of lated by a Weaker. polarizqtion drift nonlinegﬂf’y. . -
electron transport is not conclusive. Instabilities with a char- | N€ renewed interest in the electrostatic ETG instability

acteristic length on the order of the ion gyroradius, driven bycomes from gyrokinetic continuum simulations using flux-
the trapped electron mod@EM) and/or ion temperature tube geometry? whl_ch found that radially extended eddies,
gradient(ITG) mode, have been invoked to account for the©" streamers, form in the abgenge of strong zonal flows. and
anomalous electron transport in ASDEX Upgradiend that large e[ectron transport is driven by the electrostatic
TCV* tokamaks. On the other hand, the eIectromagneti8<B convection. However, the scale length of ETG streamers
electron temperature gradiefETG) turbulence with a is comparable to the .simulation box size.. This viola.tes the
shorter characteristic length of the collisionless electron skifindamental assumption of the flux-tube simulatimhich
depth has been suggested as responsible for the electr§fSUmes that the radial correlgtlon I(_angth of t_urbulence ed-
transport in Tore Suprd tokamak. Short wavelength mea- dies is much shorter than the simulation box size and uses a
surement in TFTR tokamdkas observed fluctuations with a Periodic boundary condition in the radial direction. Mean-
characteristic length of the skin depth, however, with awhile, radially nonlocal, gl70bal simulations using fluid mod-
propagation in the ion diamagnetic direction. More recently€lS in a small tokamdk or a simplified equilibrium
diagnostics are being installed in major tokamaks to measurf@eometry” found that the ETG turbulent transport is smaller
electrostatic ETG fluctuations, which have an even shortefhan the flux-tube simulation result by more than an order of
characteristic length of the electron gyroradius and propagat@agnitude, and concluded that ETG turbulence is unlikely to
in the electron diamagnetic direction. Large electron transbe responsible for the electron anomalous transport.
port has also been observed in the absence of strong electron Key results from flux-tube simulatiotfsof the ETG tur-
temperature gradient, suggesting mecharfismos related to ~ bulence are the existence of radial streamers and large elec-
the electrostatic drift-wave turbulence. tron transport when the magnetic shear is positive. In addi-
Linear properties of the toroidal ETG instabifiare  tion, a mixing length argument was invoked to make the
well understood. The gyro-Bohm level of the ETG electronconnection between the streamer length and transport level,
heat conductivity xS® from a heuristic mixing length and a balance between the primary ETG instability and a

estimaté® is smaller than the ITG ion transpogf® by a  Kelvin—Helmholtz-type secondary instabiftwas proposed
as the saturation mechanism. Furthermore, a conjecture was

Tpaper NIL 3, Bull. Am. Phys. Sod9, 247 (2004 ?nvoked to argue that the ETG turbulence coulq survive even
Pinvited speaker in the regime where the ITG/TEM turbulence is suppressed
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by strong equilibrium sheared flows. In this conjecture, theplings. Linear wave-particle resonance can be destroyed non-
condition for the turbulence suppression is that the flowlinearly. Consequently, electron radial excursions are diffu-
shearwg «g ~ yo, Wherevy, is the ETG linear growth rate. sive and much shorter than the streamer size, i.e., particles
Therefore, the causal relationship between the streamemnd fluid elements do not move together due to the parallel
length and transport level, as well as the mechanism for th&ee streaming motion. While wave-wave couplings deter-
instability saturation has not been established by direct numine fluctuation characteristics, transport is driven by wave-
merical simulations or by first-principles theories. Further-particle interactions. This is a crucial difference with fluid
more, the substitution of the nonlinear decorrelation rate byurbulence, where fluid elements move with velocity fields.
the linear growth rate in the condition for the flow shearFluid concepts, such as mixing length rule and eddy turnover
suppressio?r? of ETG turbulence is not supported by theoret-time, do not correctly describe transport processes in colli-
ical or computational evidence. We address all these issues #ionless plasma turbulence. Second, toroidal geometry must
our present studies utilizing a well-benchmarked, massivelye treated rigorously in studying toroidal drift-wave turbu-
parallel, global gyrokinetic toroidal cofe(GTC) to simulate  lence. The nonlinear toroidal coupling is strictly a geometry-
the electrostatic ETG turbulence in a realistic tokamak. specific effect because two parallel streamers cannot interact
Findings. Our global gyrokinetic particle simulation and in the slab geometry. All eigenmodes participate in nonlinear
nonlinear gyrokinetic theory find that the ETG instability toroidal coupling. Thus, the saturation amplitude may not be
saturates via nonlinear toroidal coupling, which transfers enpredicted accurately using a small number of modes. Finally,
ergy successively from unstable modes to damped moddbe contradictory results from ETG turbulence simulations
preferentially with lower toroidal mode numbers. The elec-between flux-tube and global codes are presumably conse-
trostatic ETG turbulence is dominated by nonlinearly generduences of differences in the respective geometry represen-
ated radial streamers, which have an eddy turn over tim&tions. While the toroidicity is treated rigorously in global
much longer than the linear growth time. Both fluctuationcodes, flux-tube codes make key approximations, the validity
intensity and transport level at saturation are independent dggime of which remains dubious for nonlinear simulations
the streamer length, which scales with the device size and i§volving fluctuations with low toroidal mode numbers and
longer than the distance between mode rational surfaces @@nlinear particle dynamics.
electron radial excursions. These findings from global simu- ~ The paper is organized as follows. Global GTC simula-
lations with realistic parameters are not consistent with fluxiions of electrostatic ETG turbulent transport is presented in
tube simulation result® Sec. Il. In Sec. Ill, we discuss the saturation of ETG insta-
The nonlinear toroidal Coup”ng found in this Study is ablllty via nonlinear toroidal couplings, as observed in GTC
novel nonlinear interaction underlying the toroidal spectralsimulations. The gyrokinetic theory of nonlinear toroidal
cascade. In this nonlinear mode coupling, two unstable highcouplings is presented in Sec. IV. Discussions and conclu-
n pump toroidal eigenmodes with toroidal mode numberssions are in Sec. V.
ng,n;>1 first drive a lown quasimode withn=ny—n;
~ né’z. Next, the scattc_aring of pump modes on the .quasimodcﬁ_ ETG TURBULENT TRANSPORT
creates secondary eigenmodes preferentially with a lower
mode numbem,=n;-n;. Then, the coupling oh, and n, Our studies utilize a well-benchmarked, massively par-
drives another quasimode with a mode number =2, allel, full torus GTC Both linear and nonlinear wave-
—-n,. This nonlinear process proceeds until almatching  particle resonances, and finite Larmor radius effects are
modes are populated, and results in a downshift of the toroitreated in gyrokinetic particle simulatiofiToroidal geom-
dal spectrum from linearly most unstable modes to nonlinetry is treated rigorously using magnetic coordinates which
early dominant modes with lower toroidal mode numbersprovide the most general coordinate system for any magnetic
This nonlocal interaction in the wave vector space is similarconfiguration possessing nested surfaces. The straight field
to the Compton scattering with quasimodes playing the roldines are desirable for describing the microinstabilities with
of quasiparticles. Three-mode resonant coupling is not operdield-aligned mode structures and for efficiently integrating
tive due to the frequency mismatch. Similar toroidal spectrathe electron and ion orbits. A challenge for full torus ETG
cascade occurs in the ITG/TEM turbuler‘?&e&lthough zonal turbulence simulations is that the computational cost grows
flows play a dominant role in saturating the ITG/TEM insta- rapidly with the device size. Global ETG turbulence simula-
bility, the toroidal spectrum cannot be determiffesblely by ~ tions only became feasible with an efficient global field-
interactions between ITG/TEM turbulence and zonal flowsaligned mesk? which provides the highest possible compu-
Therefore, the toroidal spectrum of any toroidal drift wavetational efficiency without any simplification in terms of
tubulence is ultimately determined by drift-wave—drift—-wave physics models or simulation geometry. Consequently, the
interactions. Because of this universal role, nonlinear toroiGTC code has a unique feature that the number of computa-
dal couplings represent a new paradigm for plasma turbutions N, has a quadratic, rather than the usual cubic, depen-
lence. dence on the device size, i.&.~ (a/p)?, wherea is the
Our GTC simulations and associated gyrokinetic theorytokamak minor radius ang, is the electron gyroradius. This
have important implications for plasma turbulence studiesreduces computational requirements by three orders of mag-
First, particle dynamics must be treated on the same footingitude for realistic ETG turbulence simulations. Further-
as fluid nonlinearity. Radial streamers, which repred€ent more, the particle-in-cell approach efficiently resolves the
X B velocity fields, are generated by nonlinear toroidal cou-five-dimensional(5D) phase space through a Monte Carlo
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samplingz,4 which reduces the number of velocity grids com- 12[
pared to that in continuum codes. As a result, all unstable
toroidal modes are treated in the global GTC code. Finally, 10
effective utilization of massively parallel computers allows [ elon/Te
nonlinear ETG simulation using billions of spatial grids and 8 [
particles. [

All simulations reported in this paper use representative 6
parameters of tokamak plasmas which have a peak electror
temperature gradient at0.5a with the following local elec- 4|
tron parametersR,/Lt=6.9, Ry/L,=2.2, q=1.4, 5=(r/q) J
X(dg/dr)=0.78, T./T;=1, anda/R,=0.36. HereR, is the 2

s linear

major radius,Lt and L,, are the electron temperature and I Ko Pe
density gradient scale lengths, respectivé&yandT, are the oL ! . ! !
ion and electron temperatures, ané the safety factor. Our 0.0 0.1 0.2 0.3 0.4 0.5

global simulations use fixed boundary conditions with elec- _ o
trostatic potential 56=0 enforced forr<0.2% and r ' /1/0 £re sf;ﬁ‘;ig‘r’&igfcégﬁlé)”fgfgirzgggiems dotteg and att
>0.75. Modes with short perpendicular wavelendth pe
>1) are filtered out, wher@.=ve/Qe, ve=\To/Me With Q.
the electron cyclotron frequency amd, the electron mass. grows first to a high amplitude, then saturates, and decreases
Simplified physics models include a parabolic profde to a low level. The longer wavelength modes have two
=0.854+2.184/a)?, a temperature gradient profile of growth phases: first a fast growth and then a much slower
exp{—[(r-0.5a)/0.2a]%, a circular cross section, and electro- growth after the most unstable short wavelength mode am-
static fluctuations with an adiabatic ion response. Extensivglitude decreases. The fast growth in the first phase is non-
studies of numerical convergence have been carried out Uginearly driven since the growth rates are much larger than
ing relatively small device size with perpendicular grid sizesthe linear growth rates of the long wavelength modes. This
of (1-2)pe, (45-90 parallel grids per toroidal connection suggests that the short wavelength mode saturates via a non-
length, (5-20 particles per cell, and time steps |inear mode coupling to the longer wavelength modes. The
(0.1-0.3L¢/v,. The verification of true convergence is es- saturated amplitude of the long wavelength modes are much
pecially challenging for the simulations of ETG turbulence higher than that of the linearly most unstable modes, show-
due to the large ratio of the device size to the fluctuationing that the structures in the fully developed ETG turbulence
scale length. Nevertheless, the key nonlinear physics foungdre nonlinearly generated. Finally, an important clue for the
in this study, i.e., ETG saturation and transport mechanism&TG nonlinear physics is that the very long wavelength
has been carefully benchmarked to be free of numerical cormode with k,p,=0.02 grows before the shorter wavelength
vergence issues. mode withkgp,=0.15, suggesting that the downshift of the
The linear ETG dispersion relation for these plasma patoroidal spectrum is not the conventional inverse caséade,
rameters shows that the most unstable mode has a poloidial which the fluctuation energy flows orderly from short to
wave vector kgpe=0.33 with a linear growth ratey, long wavelengths due to local interactionsrirspace.

=0.038,/Ly and a real frequency, = 3y,. The growth rate The structure of the fully developed ETG turbulence is
decreases te=yo/4 atkgpe=0.1 and 0.6. The real frequency shown in Fig. 3, which is a poloidal contour plot of the
is roughly a linear function ok, for kyp.<0.6. electrostatic potentialor density. The seemingly coherent

In fully nonlinear simulations, random fluctuations with structure in Fig. 3 actually contains hundreds of toroidal
a very small amplitude first grow exponentially, then satu-
rate, and eventually reach a quasisteady state. In the toroidal
spectra shown in Fig. 1, each mode is represented by thel0™*F
amplitude of the harmonid®, m) with a toroidal mode num- F
bern and a poloidal mode numben such thatk,=ng/r, m
=ng, andq=1.4 atr=0.5a. In the linear phase, the spectrum
peaks atk,p.=0.3 and decreases to very low amplitude at 10_4;
kgpe=0.2 and 0.4. The spectral width is narrower than that
of the linear growth rate as expected in an initial value cal-
culation. In the nonlinear phase, the toroidal spectrum gradu-
ally downshifts to peak nedp.~= 0.1 with long wavelength 107° 3
modes down tk,p.=0 all excited. Similar nonlinear down- L
shift of the toroidal spectrum also occurs in the ITG

turbulence’* Therefore, we conjecture that toroidal spectral Sl time (Lt /Ve)
cascades in both ETG and ITG turbulence are governed by10 — . L -
same processes, i.e., nonlinear toroidal couplings. 0 200 400 600 800

_ !n the timg history of three representative modes showigg. 2. Time history of three toroidal modes wikhp,=0.3 (dashed, 0.15
in Fig. 2, the linearly most unstable short wavelength modésolid), and 0.02(dotted.
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FIG. 3. (Colon. Poloidal contour plots of electrostatic potential at  condition. Thus, we find that streamers only cause a small
=20/v, aftel_’ saturgtion. The poloidal proje(;ti_on of a typical electron orbit perturbation on the electron free streaming motion. To fur-
from saturation tdt is plotted. The length unt ipe ther demonstrate that the electron thermal transport is diffu-
sive, it is instructive to examine the statistics of radial excur-
sions of test particleS- The test particles have a Maxwellian
modes as shown in the nonlinear spectrum of Fig. 1. Clearlydistribution with a temperature of, and move under the
the ETG turbulence is dominated by nonlinearly generatedhfluences of the fluctuating potential. After an initial ballis-
radial streamers. By varying the simulation device size, wdic motion over a short radial distance, the volume averaged
find that the radial streamer length scales with the devicelectron radial excursion is diffusive. The range of the radial
size. This is in sharp contrast to the isotropic eddies of thexcursion is only about one-tenth of the streamer size. Dur-
ITG turbulence* where the shearing effects of spontane-ing the same period, ETG streamers should have completed a
ously generated zonal flows break up the linear toroidal ITGull rotation as estimated by the eddy turnover time. Again,
eigenmodes. this result supports the thesis that transport is induced by the
The nonlinear decorrelation ratg, is conventionally es- overlapping of phase-space islands of resonant electrons, and
timated from streamer eddy turnover time associated witHurther invalidates the transport scaling obtained from the
EXB drift, y,~Qek pkypeedp/ To. Using streamer enve- mixing length estimate, which assumes that particles rotate
lope kpe~4X 1073, kgpe~0.1, andedp/T,~8x 1073, we  around turbulence eddies. Plasma turbulence eddies are sim-
find that y,/ v, ~ 16 for the case 0d=200Q. Note that the ply amplitude contours of electrostatic potenfiai density
value of yy/ v, increases linearly witla/p, since bothk.p,  perturbations, or equivalentlf X B velocity fields. Due to
andedo/ T, are proportional tg./a. Therefore, the nonlin- free streaming motion along the magnetic field line in colli-
ear decorrelation rate,, is much smaller than the linear sionless plasmas, particles do not only move with the veloc-
growth ratewy,, contradicting the mixing length rule that the ity fields. In contrast, the fluid elements move exactly with
instability saturates wheny, balancesy, The fact that the velocity fields in the fluid turbulence because the colli-
vo! vyni=>1 also invalidates a common practice, whefgis  sional mean free path is typically much shorter than the fluc-
replaced byy, in the condition for the turbulence suppres- tuation scale length.
sion by shearet X B flows, i.e.,wgxg ~ yo. AN assumption The electron heat conductivity, (in gyroBohm unit
of v~ v, is @ key element of the conjectdrehat the ETG vep/Ly) at saturation is indeed insensitive to the device size
turbulence could survive when strong sheared flows suppresand thus the streamer lengtin Fig. 4, volume averageg.
the ITG/TEM turbulence in some tokamak operation re-is very similar fora/p,=1000 and 2000. The fluctuation in-
gimes. tensity in gyroBohm unit is also found to be insensitive to
A mixing length type of argument has been invoked tothe device size. Therefore, in contrast to the conventional
attribute the large electron transport observed in flux-tubavisdom, we find no direct causal relationship between the
simulation$® to the convection of plasma by the radial streamer length and the electron transport level, and that the
streamers. However, electrons do not rotate around th&ansport is well below that expected from the mixing length
streamers, as illustrated by a typical electron orbit during astimates. This is obviously due to the fact that transport is
period of 204y, in Fig. 3. This is due to the fact that elec- diffusive and driven by the local fluctuation intensity.
trons move predominantly along the magnetic field line andMeanwhile, the intensity is determined by the saturation
resonant electrons, which contribute to the transport, camechanism, i.e., nonlinear toroidal coupling which is not
decorrelate with streamers due to the overlapping of phasesensitive to the streamer length. We emphasize here the size
space islands or the nonlinear loss of the parallel resonarstaling of x. at saturation. Even the large, at the early
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nonlinear stage is an order of magnitude smaller than thesis, we first study the nonlinear saturation of a single toroi-
ITG/TEM transport with the same plasma parame%%#kf.— dal eigenmode ofy=110 withk,p.=0.31. In this test case,
ter the initial saturation, the electron heat conductivitywe initially only allow theny mode to grow from very small
evolves slowly and reaches a much lower |0 a process random noise, i.e., only the electric field associated with this
that is not well understood. mode is used in the calculation of particle orbits. The poloi-
For comparisons with flux-tube simulations, we madedal contour plot of density perturbation shows that the mode
several simplifications, i.e., neglecting the Debye shieldings dominated by an eigenmode with a ballooning angje
term in the gyrokinetic Poisson equatiotysing marker par- =0. The linear streamers®®>***are formed by linear toroi-
ticles with uniform temperature in the partially linearizéfl  dal couplings, where many poloidail harmonics of a single
schemé which removes parallel nonlinearﬁﬁ’/,assuming no n mode are linearly coupled because of the magnetic field
externally driven flows, and neglecting the coupling to ITG/dependence on the poloidal angle.At0.5a, the dominant
TEM turbulence’® All these additional effects could further m harmonic is My=qng=154. When the amplitude ofiy
reduce the ETG electron transport. Numerical convergencmode is much higher than any other mode,ralhodes are
studies indicate that 10 particles per cell are sufficient for allowed to grow. After saturation of the,;=110 mode, the
few tens of linear growth times after nonlinear saturation.linear streamer is well preserved. We do not find the signa-
Nevertheless, nonlinear interactions involving fine scaleure of the secondary KH instability. This is in contrast to the
structures in phase-space are difficult to resolve in particléTG where zonal flows, generated through a secondary insta-
simulations, on the other hand, are artifically destroyed irbility, breakup linear ITG streamers.
continuum simulations using coarse velocity grids. There- At the saturation of the pump eigenmode, two most sig-
fore, all these physics subtleties and the issue of numericalificant secondary modes at0.5a are that ofn=0, m
noise buildup in long timesf simulatiorf®?’*?*need to be =+1, or (0, 1) mode, and n=2n,=220, Mm=2my+1
further examined in order to quantitatively predict the ETG=307,309, or(2ny,2my+1) mode. They are evidently gen-
electron transport level. erated by the following mode coupling process:

III. NONLINEAR TOROIDAL COUPLING (Ng,Mg) + (Np,Mp£1) O (0, £1),(2ny,2my £ 1).

In order to understand why fluctuation intensity and This coupling can be easily identified in the upper panel of

electron transport are independent of the streamer length, wg9- 5 Which shows the amplitude of time harmonics in a
need to study the saturation mechanism for the toroidal ETGNar ETG toroidal eigenmode as a function of the radial
instability. The linear eigenmodes can be described witfFeordinate denoted by the safety facgir). Eachm har-
three degrees of freedom: a toroidal eigenmode number MONIC peaks at the mode rational surface whereqn, and

assuming axisymmetry, a parallel mode structure determine@€Creases to very low amplitudes at neighboring mode ratio-
by the radial width of the poloidal mode numbex and a nal s_urfaces fomz1 harmonics. The radial width of har-
ballooning angled, representing the radial envelope of the MoNics represents the parallel mode wave vegorThe
linearly coupledm harmonics. Correspondingly, nonlinear wider radial width corresponds to the larggr The radial
interactions can take the following three forms: a nonlineaProfile of them harmonics after nonlinear saturation in the
mode coupling between two toroidal eigenmodes, a modi- Middle panel of Fig. 5 clearly shows a widening of tre
fication of the parallel mode structure, and a modulation of?&rmonics, i.e., an increase ka Landau damping is then

the radial envelope. The envelope modulation, i.e., the gerfhanced since the ETG linear frequency is larger than the

eration of zonal flows, dominates in the ITG turbulence. Intransit frequency of thermal electrons. Therefore, the single-

the ETG turbulence, all these interactions are formally on th& ETC €igenmode could saturate through the modification of

same order. the parallel mode structure via a coupling to {Bel) mode,

The simulation results reported in Sec. Il suggest thatvhich is of particular interest since all linearly unstable

nonlinear mode coupling plays a key role in regulating themodes contribute to it in the fully nonlinear simulations. The

ETG turbulence. We study all these interactions and find thai2dial coherence length of t®, 1) mode is similar to the
the coupling of twon eigenmodes, labeled as nonlinear tor- distance between_mode rational surfaces_of the higlhvmp
oidal coupling, is the dominant nonlinear interaction in theM°de, as shown in the lower panel of Fig. 5, and thus the

ETG turbulence. All simulations in this section use the saméSSumption of an adiabatic ion response is valid even for the

parameters described in Sec. Il except that the tokamak siZ&=0 mode. Meanwhile, the zonal flow, ¢, 0 mode, is

is a=1000», with a simulation domain of/a=[0.4,0.4. All generated through modulation of the radial envelope. How-
e .4,0.9.

diagnostics in this section are at a reference minor radius €Ver. the amplitude of zonal flow is low and it does not
=0.5 with a safety factog=1.4. breakup the linear ETG streamer.

A. Saturation of a single toroidal eigenmode

It has been suggested that ETG instability saturates wheh Saturation in the presence of multiple eigenmodes

the linear growth of the primary ETG instability is balanced We now study the nonlinear interaction between two
by a slablike secondary Kelvin—HelmholtgH) instability.15 modes by adding another pump mode. We find that the satu-
In this process the linear streamer of a single toroidal eigenration amplitude of a single-mode is much higher than that
mode is broken up by the KH instability. To test this hypoth-in the presence of another eigenmode with a similar ampli-
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FIG. 5. Radial profiles ofn,m) harmonics ofe|¢|/ T, for n;=110 before
(panela, x10°) and after(panelb, xX10°%) saturation, and fof0,1) mode
(panelc, x10% before saturation. Each solid or dashed line describas an
harmonic.
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den” k, =56k, due to the localization of eacim harmonics
near the mode rational surface as shown in Fig. 5. This can
also be visualized in a poloidal contour plot of the superpo-
sition of two toroidal eigenmodes, which shows fine radial
structures away from the poloidal angle 0. Therefore, two
toroidal eigenmodes can nonlinearly interact because of the
unique ballooning mode structure. This nonlinear streamer
coupling is strictly geometry specific since there is no slab
counterpart. We thus call the nonlinear coupling between two
n modes a nonlinear toroidal coupling.

We now examine the nonlinear toroidal coupling of two
n modes. Two toroidal eigenmodeag,=110 andn,; =95, are
allowed to grow first, i.e., only these two pump modes feed
back to the particle dynamics. When the amplitudes of these
two modes are much higher than any other mode, all toroidal
modes are allowed to grow. The radial profiles of these two
eigenmode in linear phase are shown in the upper two panels
of Fig. 6. Eachmy harmonic of theny mode, in addition to
the coupling to theny£1 harmonics of theny mode itself,
interacts most strongly with onen; harmonic of then;
mode, wherem, and m; are the harmonics whose mode ra-
tional surfaces sit close to each other. The coupling proceeds,

(Ng,Mp) + (Ng,my) O (Ng £ Ny, My £ my).

This coupling produces both a very highmode, n,
=205, and a lowa mode,n,=15. The amplitude of the very
high-n mode is much smaller since the coupling coefficients
of then,, mode is much weaker than that to thenode. This
is because the intrinsic frequency, i.e., the inertia, ofrihe
mode is much higher than that of tinemode, and because
the interacting wave vectors of the two pump eigenmodes are
almost parallel in the coupling to thg, mode, whereas they
are almost perpendicular in the coupling to thenode. The
low-n mode is a forced oscillation, i.e., a quasimode, since
its intrinsic frequency is much smaller than the frequency
difference between the two pump eigenmodes, which is on
the order of their linear growth rates. As shown in the lower
panel of Fig. 6, eacim harmonic of the lowa quasimode is
localized near its own mode rational surface, and the radial
coherence length of the quasimode is similar to the distance
between the mode rational surfaces of pump modes, which is
the radial width of the interactions betweem harmonics.
This is also confirmed in a poloidal contour plot, which
shows that the radial eddy size of the quasimode is very
small. Therefore, the quasimode does not possess the bal-
looning mode structure and has a very long parallel wave-
length, k,~ 1/qRyn%’? (Sec. IV), near mode rational surface.

tude, suggesting that the nonlinear coupling between twdResolving these lom quasimodes with very long parallel
eigenmodes is the dominant process in the ETG saturationwavelength would requi?@ simulation box size orders of
Since the most unstable toroidal eigenmodes typicallymagnitude bigger than typical ETG flux-tube simulations.

have an envelopk, =0, a conceptual difficulty we must first

The generation of the low-quasimoden,=ny—n;=15

address regarding nonlinear mode couplings is whether twis just the first step of the nonlinear toroidal coupling. The

toroidal eigenmodes witk, =0 can nonlinearly interact. Two

quasimoden, couples back to the two pump modes and gen-

streamers in a slab geometry with parallel wave vectorgrates secondany, modes,n;—n,=80, andny+n,=125 (up-

would not nonlinearly interact due to the fact thatx k,

per panel of Fig. Ybefore the saturation of pump modes. In

=0. This concept of slab streamers has perhaps misled préirn, each secondarn, mode couples with the far-side pump
vious studies of toroidal drift-wave turbulence. In fact, themode to generate another quasimagte30. Then, the cou-
situation is quite different for toroidal eigenmodes. Althoughpling between the lowr quasimoden, =30 with the pump

toroidal streamers have an enveldge0, there is a “hid-

modes generates further secondary maoaes65 and 140.
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FIG. 7. Toroidal mode number spectra before and after saturation of the
pump modes at=0.5a. Solid line represents the harmonics mf=gn; m
=qgn+1 for dashed line.
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FIG. 6. Radial profiles ofn,m) harmonics of|¢|/ T, for n,=110(panela,  toroidal coupling can be viewed as a two-step process, first
x10°), n;=95 (panelb, x 10°), andn;=15 (panelc, x 10°) before saturation.  the generation of the low-quasimode, and the subsequent
Each solid or dashed line describesrarharmonic. energy transfer from pump modes to lowersecondary
modes. The second step is similar to the Compton
scatterind® with the quasimode playing the role of the qua-
These successive coupling processes proceed untih all siparticle.
modes that satisfy the-matching condition are populated The parallel mode structure of pump modes is also
with either a quasimode or a secondary mode, as shown imodified at saturation through coupling to tk@ 1) har-
the middle panel of Fig. 7 after the saturation of pumpmonic (middle panel of Fig. & However, its amplitude de-
modes. The amplitudes of the highersecondary modes, creases quickly due to Landau dampitmwver panel of Fig.
n,=125,140,..., aranuch smaller than lowen-secondary 6). The amplitude of the zonal flow, @, 0) mode, is always
modes,n,=80,65,....This indicates that the energy cas- very small, consistent with the fact that the envelope modu-
cades preferentially to lower-secondary modes. Each cou- lation is insignificant. At the steady state, the ETG turbulence
pling always involves a quasimode, a secondary balloonings dominated by nonlinearly-generated loweisecondary
mode and a pump ballooning mode. The lovguasimodes mode streamers, which have longer intrinsic characteristic
do not contain much energy or drive much transport. Rathetjme scales and could be prone to the shearing effects of the
they act as mediators that facilitate the transfer of energgquilibrium and zonal flows. Steady state is achieved both
from pump modes to secondary modes. Thus, the nonlineasia energy transfer to damped modes and via modification by
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the (0, 1) mode of the parallel mode structure of linearly demonstrated in the global GTC simulations. In the follow-
unstable modes, which enhances Landau damping. ing, we derive analytic expressions for the parallel mode
In summary, we find that the toroidal ETG instability structures of the low+ beat mode and construct nonlinear
saturates via nonlinear toroidal couplings, which transfer enevolution equations for the local amplitudég(t), A;(t), and
ergy from unstable to stable modes. The parallel wave vectoi(t).
also increases through coupling to ttte 1) mode, which is Due to the radially localized nature df, and®,, effec-
a weaker nonlinear interaction due to Landau damping of théive nonlinear coupling requires that significant spatial over-
(0, 1) mode. Finally, the generation of the zonal flow is thelap exists between the poloidal mode structures of the two
weakest nonlinear interaction because the amplitude of theonsidered ETG pump waves. This fact, in turn, can be ex-
sidebands with,# 0 is much smaller than those of the pressed as aelection rulevia ®, and @, representation. In
pump eigenmodes. other words, assuming; as the reference low-order mode
rational surface, i.e.q(rg=m/n;, ¢y, can be further ex-

pressed as, in the largg ; asymptotic limit,
IV. GYROKINETIC THEORY OF NONLINEAR '

TOROIDAL COUPLING Sebo 4(F.1) = €0t M0 0A () &l 0(z5 ),

In this section, we develop a gyrokinetic theory of the .

nonlinear toroidal coupling. To delineate the mode-couplingwith ~ mg 1=ng10(r), 2o 1=(r-r9/Ag;, and Ag;
process, let us first consider the nonlinear couplings betweea1/n, ,q'(ry).

three modes with toroidal mode numbgy ny, andn;. Thus, The governing field equation is the quasineutrality con-
we have in mindng~n;~O(10°>1 being the spontane- dition, for k=0,1 ], assuming that ion response is adiabatic
ously excited ETG modegpump waves and n=n,—n;  (sincek, p;~\Vm/mgk, po>1),

~0(n3? > 1 being the lowa beat mode. In addition, noting

that ETG normal mode real frequeney scales linearly with eNe 1+ 7 8dy + (] linear . sy = () 1
ny (Sec. I), we adopt the following frequency and wave- Te (1470 + Jo 0 Gic))s =0, @
length ordering: B yol wo~ y1l w1~k pe~ng 4

> |wo— 3]/ |wg] ~ ng~ 2, which will be used in the following wherfa =T/ T;, and Neo is t_he glectron_(ion) equilibrium
to solve the electron nonlinear gyrokinetic equation in thed€nsity.{); denotes integration in velocity space, afgks
fluid limit. satisfy the electron nonlinear gyrokinetic equatidhs,

Within the three-wave coupling model, we have,
SP(F,1) = Sepo(T,1) + Sy (1) + S¢hy(F,t) + c.c.,

where 8¢, and 8¢, take the following ballooning-mode o .
representatiof® assuming circular magnetic surfaces and ~ Lgd9 =~ (8Ug - V &Q)x, (3

(r, 6,0 being a right handed toroidal flux coordinate system:With Lg:at+v”au+5d-v and standard notations. In the linear

Lodgk ™= = = Fu(d +i0:) Jod, @
e

Scho(F,t) = €MolAN(1) D) €MD y(ngg — M), limit, Eg. (1) can be formally written ageNy/T)L P =0,
my with L, the linear eigenmode operator. Specifically, we note
that Lod(zy) =L1®(z;) =0. Here, we assume thdi(z) is the
Scpy (1) = € M4A (1), €™M0, (n,q— my), normalized linear eigenmode, i.¢]®|?dz=1.
my Assuming fluid approximation foﬁgﬂ' on the left-hand
side of Eq.(3), consistently with the frequency and wave-

Sy(F,1) = e MEMOA (1) > ei10<1>|j(F)_ length ordering assumed above, we have the following
j Hasegawa—Mima-like equation,

We have thus ignored envelope modulations due to either Comr e oo o
equilibrium variations or zonal flow dynamics, which occurs  — Lkdi= aeﬁpe(kl X Ky) - (K™= K) Sy by,
at a longer time scale for ETG.
In fact, the crucial difference between ITG and ETGwith a,=[6P, o/ (ENyedh)—1], i.., ae={r(1+7)/[(37
zonal flow dynamics is that massless electron zonal responsey)| /R+1/2]+1},*® andk=k’ +K". Here,k’ andKk” should
is identically zero in the ITG case, whereas large orbit iony . strictly interpreted as operators, i.i&’,5¢k,=§5¢k,.
ZE(?I_rgl dynalm]ilcs is a(I:iia_bati_c for IﬁTS qu;f this reason, the  \ye now proceed with specific calculations. For the low-
5 zonal flow polarization will be different, ie., an mode,k=k,, k. =(k, ), andk’ =—(k, ), [complex con-
O(kzzpez) larger, with respect to that of ITGRef. 37 and jugate of(knl)i], we caon ignore variatilons on the scale of

. . _2 _2 .
zonal flow dynamics will occur on &(k;“p,°) longer time 1/nq’ and concentrate only on the0 term,

scale with respect to the toroidal three-wave couplings dis-
cussed here. Herd, is the wave vector of the zonal flow. J (ko) 9

Contrary to ITG, where zonal flows interactions with a co- L@ Piolr) = a3 e A, 50[51&]0‘1’0,

herent ITG determine the shortest nonlinear time scale, ETG

nonlinear dynamics is dominated by nonlinear scattering prowhere a,=eA/Te, &= adQdpa, V=3[ Dgl% Po=P(z9
cesses to longer wavelengths, via a truly toroidal process, asj), and
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2n . W, are, respectively, the radial scalesdgf and®,. Noting,
[k JoWo = n—'kz(,o(l +FWA) W, typically W,<1, and3~1, we haved(r)~|®,(2)[? and
0 hence,W,~W,/2 andkzm>0, i.e.,v,<0. So wave energy
— @kz W, + 2> n2d ﬁq) cascades from high to lowervalues. We emphasize that the
g 20T i Lt iz ¥ low-n forced oscillation having rapid radial variation is cru-

cial in terms of, not only determining the direction of the
Dy, energy cascade, but also the cascading rate,[d,g+ W,

Such rapid radial oscillations are, of course, due to the fact
that the spontaneously excited pump ETG modes are com-
posed of radially localized poloidal harmonics with nearly
flat envelope, i.e., the ballooning-mode structure unique to
uEnhe toroidal geometry. It is also worthwhile noticing that, in
the present analysis leading to K@), the lown mode have

&
2 *
-nédb.—

0 0j 82(2)
where we have considere#t;;=ky and ky=kgp—Kkp
=kgo(N/ng). Furthermores=rg./qs, andWy~ O(1) denotes
the typical width of®(z,). Strictly speaking, 1IW, must be
considered as an operator, as it is implicitly assumed witho

loss of generality in its definition above. Noting= 7, and . . o
defining(I),o(r)=i(&/azo)(1+§2/vvé)llf0, we have, _the role of_medlatorsm the_spectral casca_ldlng. they are un-
important in terms of amplitudes but crucial in the sense they
day(t)  ae2n kz’o . make nonlocal transfers of energy possible in wave vector
S o A Ay (4) space. The resulting downshifted nonlinéaith respect to
) ) the lineaj spectrum, see Fig. 1, is characterized by radially
The feedback equation for the pump modé,, using  elongated-streamer-like structures. Thus these structures can

k=kKn,, K'=kq,, andk’=ky, is given by be considered as nonlinear streamers. However, we empha-
P Koy P2 2 size that their characteristic radial extension is due to linear
ELoao(t)CD(zo) = &eala{A_[kil](D(zo)gg<l + W)‘I’o, toroidal mode couplings, as in the linear phase, since nonlin-
1 0

ear distortions to toroidal equilibrium variations is small, as
with  [K2 ]f(z0)9(z0) = -K2[9(1-&* 973 f +FfPgl z5].  discussed below. Further proof of this are the weak effects of

Projecting with®"(zy), we obtain, nonlinear dynamics on the streamers envelope structure.
R 5 Another important issue to be discussed is the nonlinear
(d = Yo)ao(t) = = (& aray(ku/Ay) (KT /W), (5 generation of(n,m)=(0,1) low frequency fluctuations by
wherey, is the linear growth/damping rate, and beatings of neighboring poloidal harmonics of the samk
. can be shown that theg€, 1) low frequency quasimodes
(K2 1/VV|2) _ —szoq)*[kz ﬂq)i(lJri)q,o_ alter the ETG potential well structure parallel to magnetic
+ o\ W3 field lines and, thus, their parallel mode structure and

growth/damping rate. At saturation, the amplitude(@f 1)
Co . : i low frequency fluctuations is still small compared with tor-
and wodDo/ dwo=7 is noted withD, being the Hermitian ;. equilibrium variations in the poloidal plane. For this

g::rt]eOf rt:fetljlﬂreeaereTcGandE:gitlnc dggces'[ﬁ]n;' f;ﬁ;wyg'nzvtgli_reason, the effect dD, 1) low frequency modes is marginal
. proc ' y 9 on ETG streamers envelope structures. Detailed analysis of
tion equation of another pump mode(t):

these issues will be presented in a future publication.
(0= yDay (D) = (& Daga, (Kol Ao) (k7 o/ W) . (6)

With evolution equations fog,, ay, a; derived, we can V. DISCUSSION AND CONCLUSION
readily extend the results to the case of malppump modes
interacting with a singlen, quasimode. In this case each
mode will interact with then+n; mode, as well as with the
n—-n, mode. Thea; mode, meanwhile, will interact with all
the n and n—n, pairs. Noting thatn>n;, we can take the
continuum limit and obtain the final set of spectral-cascadin
equations for the wave energy dendity|a,|?/2,

Thus,W, corresponds to the typical radial scaledgf or 6¢,

Key findings from global gyrokinetic particle simula-
tions are that ETG instability saturates via nonlinear toroidal
couplings and that radially extended streamers do not drive a
large electron thermal transport expected from mixing length
estimates. The nonlinear gyrokinetic theory confirms qualita-
%vely key simulation results, among others, that the ETG
spectral energy cascades to lower toroidal mode numbers.
(_ 2y, >| 0.2 =0 7) Our. gtudies focgs on tAoroidaI ETQ turbulence \(vith a_strong

at /LR R positive magnetic she&r~ 1, of which flux-tube simulations
predict large electron transport. The mechanism of instability
saturation and electron transport could be very different in

9 A the weak shear region with~ 0, where the dominant insta-

(5 + 7|)Ia|(t)| = M ad 1)ds f Kol ndin. (8)  npility is a slab ETG™®

The crucial role of lowa quasimodes as mediators in
In Eq. (8), we have introduced; as the damping rate of the nonlinear toroidal couplings is a possible explanation of the
forcedn; mode viakyy, Landau damping. difference between flux-tube and global simulations. In fact,

Equation(7) indicates cascades toward lowemodes if the quasimode has an optimal mode numberré’z, where
v,<0. Meanwhile, sgtv,)=-sgr(k? ), and, approximately, n,~ 1000, and a parallel wave vecterl /qRn"/? (Sec. IV).
k2, ~K2[8/WP-(1+8/WA)]. Here, we recall tha and  Thus, ETG simulations requit®that radial box size scales

whereuv,(t) =—{(2a,/ 733,(K2 ./ WAn]|a ()], and
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