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Radial and zonal modes in hyperfine-scale stellarator turbulence
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Electromagnetic plasma turbulence at hyperfine., electron gyroradiysscales is studied in the
geometry of an advanced stellarator fusion experiment, Wendelstein[#A®enner, Plasma Phys.
Controlled Fusion31, 1579 (1989], by means of nonlinear gyrokinetic simulations. It is
demonstrated that high-amplitude radial streamers may also exist in non-tokamak devices, raising
the electron heat flux to experimentally relevant values. Moreover, some statistical characteristics of
the fully developed turbulence are computed, highlighting (d@)existence, nature, and role of
self-generated zonal flows and fields. ZD02 American Institute of Physics.
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In contrast to the axisymmetric case of a tokamak, theamplitude radial streamers, yielding experimentally relevant
magnetic field configuration of a stellarator is characterizedlectron heat fluxes despite its low intrinsic mixing length
by greater complexity and higher dimensionality. This maylevel*® If this surprising finding also holds for stellarators,
have important consequences for the linear and nonline& TG modes should be considered as a possible source of
properties of microinstabilities. The geometric coefficients inelectron heat transport. Tokamak simulations show that the
the basic equations differ significantly from simple toroidic- presence or absence of ETG streamers is dependent on de-
ity, and do not, in general, allow to apply results found intails of the magnetic geometry, namely the value of the glo-
tokamak geometry to a stellarator. For example, it has beepal magnetic sheas, and the normalized pressure gradient,
demonstrated that the turbulent transport by drift-Atfve 4 * Therefore it is nota priori clear if one should expect
waves is affected by the local magnetic shelarthis work,  ETG transport to be relevant for stellarators or not. Direct
we want to study some aspects of electron temperature graumerical simulations will have to provide the answer. Be-
dient(ETG) turbulence in stellarator geometry, exploring dif- sijes this question, we will also address the-existence,
ferences and similarities with respect to the tokamak case. natyre, and role of turbulence-driven zonal flows and fields

Electron heat transport in present-day stellarators is ofgy pynerfine scales. These purely radial variations of the
ten dominated by neoclassical processes the other hand, . ~ ~ .
it is observed that turbulent contributions with a gyro—Bohm—p?rturbed electromagnetic po_ten_UaﬁsandAH are associated

with EXB flows and magnetic field fluctuations. They can

type scaling also play a rofe’ At this stage, our knowledge . .
about the mechanisms underlying anomalous electron thelg-e sglf-genera_ted by the turbulence and_may In turn act as its
dominant nonlinear saturation mechaniSH?

mal transport in stellarators is quite fragmentary, however. . .
P a g Y In the absence of generic model magnetohydrodynamic

One obvious candidate is the trapped electron m@dM), o ) o
but at least in some cases, it seems to leave the global cofauilibria for stellarators, we will focus specifically on Wen-

- 13 -
finement unaffected Moreover, attempts to reduce the neo- 9€ISt€in 7-AS,” which can be seen as a prototype for a cer-
classical transport in next-generation experiments via mag@n important class of magnetic fusion devices called “heli-

netic field optimization happens to also weaken the role of@! @dvanced stellarators.” Our nominal physical parameters
TEMs since regions of large magnetic curvature and higiffé based on the Wendelstein 7-AS discharge No. 49689 at

trapped particle fraction tend to be separated. So the questiéi! ffective minor radius of 6 cm, i.e., at about 1/3 of the
naturally arises if there are other microinstabilities poten-effective minor radius of the last closed flux surface. The

tially causing electron thermal transport. electron density and temperature are given Ioy
Nonlinear gyrokinetic simulations of tokamak plasmas=2.2-10 m~2 and T.=2.3 keV, respectively, their nor-

have shown that ETG turbulence at hyperfine scgde, Malized gradients ar&R/L, =—(R/ng)(dne/dr)=0 and

e.g., Ref. 4, and references thepjeimay exhibit high- R/LTE=—(R/Te)(dTe/dr)=1O, whereR=2.0 m is the ma-
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Wendelstein 7-AS flux tube cuts
poloidal cuts
FIG. 1. (Color) Poloidal cross sections of Wendelstein
7-AS together with representative flux tubes. The turbu-
lence exhibits high-amplitude radial streamers.
elliptical plane

jor plasma radius. The magnetic field strengttBis2.5 T, magnetic flux tube with perpendicular dimensions of
the rotational transform is=1/q~1/3, and the global mag- 128 pe, Wherep, is the gyroradius of thermal electrons. The
netic shear i$= —(r/.)(d«/dr)~0. The nominal value for ions are taken to respond adiabatically, and trapped electron
7=Zex(Te/T;) was chosen to be unity, and the electroneffects are neglected. We use 64 grid points in all three spa-
plasma beta is given bg.=8mn.T./B>=0.32%. From a tial directions, and 3810 points in ¢ ,x) space.

critical gradient formula for ETG modes in Wendelstein ~ Because of the low intrinsic mixing length level for ETG
W7-AS it can be inferred that the nomin&/L =10 is  modes, the presence of high-amplitude streamers is vital in
clearly above R/LTe)crit~2-5- ¢ order to achieve experimentally relevant values of the elec-

We now turn to some fundamental aspects of nonlinea r9rr16htea;1tt)clo ?\ducitr']\”tf(?l' ; :—k:re, Wne1 p;:esfe?islmutl)at\llonrf ?rfﬂ
gyrokinetic computations of turbulence and transport in urbuience In stetlarator geometry for the above no

Wendelstein 7-AS. The fact that we deal with perpendicula|n al parametgrslinvestigating Fhis issue. As can be seen from
scales of the order of only a few ion gyroradii in a configu- Shapshots o, Ti, andTe in Fig. 1 for the fully developed
ration with .~ 1/3 and~0 means that it is justified to em- turbulence, the system indeed exhibits high-amplitude
ploy the well-established method of flux-tube simulatiohs, [(e#/Teo)(Lt /pe)~10] radially elongated vortices. In
using periodic boundary conditions in the field-line follow- physical units, €@/Teg~Te/Ne~0.2% and Teo/Teo

ing coordinate after three toroidal turns and neglecting per--0.25% which significantly exceeds the mixing length ex-
pendicular variations of the geometric coefficients. This is apectations, e?i’/Teo~ﬁe/neo~'~re/Teo~Pe/LTEN0-023%-

significant simplification compared to global simulations .
. . . On the other hand, the average streamer aspect ratio com-
which may be needed in some cases, particularly for larger

scale turbulence in smaller devic®<.’ Note that despite the puted from .the FWHM values of the radla.l an-d poloidal
broken continuous axisymmetry, there remains a fivefold disgutocoirelatmn funcﬂons of [see Fig. 2a)] is given by
crete symmetry which ensures that a fair proportion of thetx/Ay=21pe/10.50¢=2.0. Obviously, ETG transport levels

flux surface is already sampled by only one representativi¥/@ beyond the mixing length estimate are due to both finite
flux tube. The situation is visualized in Fig. 1 by means of avortex aspect ratiomnd enhanced fluctuation amplitudes.

Poincareplot.

For our nonlinear simulations, we choose a flux tube®
(shown in red which intersects the outboard side of the el-
liptical plane because, for the nominal physical parameter__
given above, it exhibits the largest linear growth ratesé 0.5
Shown in orange are the other four equivalent flux tubes. Th™
geometric input data that specifies the three-dimension:é ¢.¢
magnetic field structure is generated by means of the Gou
don codé® as a Fourier expansion in straight-field-line coor- =0-50LLLLLLLLLLLLLL] e —
dinates. The nonlinear electromagnetic gyrokinetic Vlasov- ~ ~7° 0 0 R
Maxwell equation®?° are solved on a fixed grid in five- oz o
dimensional phase space by means of a massively paralleic. 2. Radial autocorrelation function @f as a function ofAx in units of
code,gene (see Ref. 4 The simulations are carried out in a p,, andk, spectra ofiZ andT2, denoted, respectively, by andt.
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gb(x) Q(r) be very similar to the ones displayed in FigbR except that
T T T T T T

0.6 03 15 they tend to peak at slightly lower values lgf.
0.4 02 10 Having established the existence of high-amplitude
o1t 5 streamers, and having studied some of their main properties,
0.2 00 0 we would now like to address the following question: How
0.0 01 _5 important are zonal flows and fields, i.e., purely radig) (
-0.2 o2l 10 =k;=0) fluctuations of¢ and’A? Both of these compo-
-04L WV 1 —[-03 -15 nents of the turbulent system are generated nonlinearly and

—64 0 64 —-64 0% B4 -84 0ZX B4 can decorrelate the turbulent eddies that drive them. Zonal
o _ flows and fields lead to radial variations of the poloidal
FIG. 3. Snapshot of flux surface averaged valueg0f} =T, andAjas  x B flow and magnetic shear, respectively, keeping the aver-
a function of the radial coordinate L . .
age deviation at zero at all times. A typical snapshot of the

clearly dominated by its electrostatic pdessociated with unitts) asa fun_ctio_n of the radial co_ordingste(normalized o
perpendicularEX B advection, with the electromagnetic pe) IS plotted in Fig. 3. From data like this, one can compute
component(due to fast electron motion along perturbed the radial profiles of both the X B shearing rate{)=7¢,,
magnetic field linescontributing only some 2% to the total and the magnetic shear quctuatiGi&,qRE/B, where the
Xe- This finding is consistent with earlier tokamak resultsprime stands fod/dx. The space and time averaged RMS
and has been discussed in Ref. 21. values are given by)™~0.12v,,/R~0.3 y"™ and 3™

Hence we have der_nonstrated that the occurrence ango_Ol& wherey™ is the maximum linear growth ratec)(
dominance of h|gh-amplltgde ETG streamers IS, 1N generalcan reach local and instantaneous peak values which are
not dependent on a particular kind of magnetic geometry, .+ three times larger than that as can be seen in Fig. 3
(i.e., that of a tokamak Here, we would like to stress once ~ . . .

where() is shown in units ofy./R.) This is in contrast to

again that given th&-a dependence in the tokamak case = o
(see Ref. 4 this result is by no means trivial. In particular, "esults from ITG turbulence wher@ can significantly ex-

for a tokamak with no significant global magnetic shear, oneceedy™ (e.g.,00™/y">~14 in Ref. 24. In the latter case,
would not observe streamers. As is shown in Ref. 22, theone obtains the zonal flow saturation criterifims~ ymax
ETG transport levels are generally explained well by a modebnly after correcting for the ineffectiveness of the high fre-
which simply balances the linear growth rates,, of long-  quency component dd. Moreover, the zonal components of
wavelength streamers with the growth rates of secondary inETG turbulence contribute only 1% or so to the tofals
stabilities, ys (see also Ref. JsAmong the latter are Kelvin— This is again in contrast to the findings in the ITG case

Helmholtz-type modes driven by gradients of thewhere zonal modes witk,p;~0.1 tend to contribute signifi-

perpen_d_lcular_and p_arallel vel_ocny gradients O.f the prlmarycantly or even dominate the fluctuation free energy contained
instabilities. Sinceyg is proportional to the amplitude of the -

primary, the saturation amplitude follows fropa~ 7y, . Itis 1N ¢ (se€, e.g., Ref. 24, and references therein
hard if not impossible to predict the outcome of this interplay 't 1S Well known that low-amplitude ITG streamers are

10
in a magnetic geometry as complex as the one under inve&roken up by zonal flows?In the ETG case, however, the
tigation here. self-generated zonal flows are too weakout 15-20 times

In Fig. 2(b), the k, spectra of two quantities are pre- weaker than in.the ITG_case as we have s_hown _a)btn/e
sented:ﬁg andrl'g denoted, respectively, by andt. Both break up the high-amplitude streamers as is obvious from

: Fig. 1. Moreover, since magnetic shear variations primarily
spectra have pronounced peaks arokpd.~0.2 (despite . o
the fact that the linearly most unstable modes hiayg affect the linear growth rates of the ETG modes driving the

2 rms__ i i
~0.4) and display a strong drop f&yp.=0.3 which can be turbuII(?_ml:del, ta V?lue OfTS 'F0.0t18 IIS cSe_rta_LllnIy too T‘?a”/:.orld
approximately described by a power Ia&eck;2‘4. ltisin-  zonalfields to play a significant role. Similar zonal flow/fie

teresting to note that almost the same exponent has be?ﬁlturatlon levels as the ones reported here have also been

found in tokamak simulations of both ETG and drift-wave ound in ETG simulations of tokamak plasmas. Thus, we

turbulence as described, respectively, in Refs. 22 and 23nay conclude th?t’ a:jleast folr asgmﬂcant(;ggmn 'T pabrarr:"n—
This agreement of the scaling exponents is not surprising‘?ter space, zonal modes on electron gyroradius scales behave

however, given the fact that the role of the perpendicEar more or less passively. A notable exception could .be thg ETG
xB nonlinearity controlling the cascade dynamics is theSimulations for tokamak edge parameters described in Ref.

same in all three cases. The central importance of long=— hel it is still of | h |
wavelength ETG modes in the turbulent system has an inter- Nevertheless, it is still of interest to study the spectra

esting implication: Repeating the above simulation, takingpropertl_es of zo_naI flows_and flel_ds, e.g., m_orderto allow for
into account finite electron Debye length effectspf/p. comparisons with analytic theories of nonlinear zonal mode

=1.7 for our nominal parametersy, is only reduced by a generation and saturation. Tke spectra of these zonal fluc-
. e

factor of 2(reflecting the change of the linear growth rates attuations are plotted in Figs(# and 4b). Whereas zonap's
kype=0.2), despite the fact that all modes withp,=0.4  are excited over a wide range kf values (0.Ek,p.=1),
are linearly stabilized. The nonlineky spectra are found to zonal Aj's tend to be dominated by the lowegnite) k,
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107} 2 10°F A2 tics of gyrokinetic ETG turbulence in the geometry of Wen-
. _25 \, N\ 3 delstein 7-AS. We find that high-amplitude ETG streamers
2 ~/ } ] AR may also appear in a magnetic geometry other than that of a
0 Nt AN tokamak, raisingye to experimentally relevant values. Given
| N ‘\W\ 3 the 8-« dependence in the tokamak case, this result is by no
1073 (8) : 1o-of (0) S means trivial. In particular, for a tokamak with no significant
1072 107! 10° 10! 107 107! 10° 10! global magnetic shear, one woultbt observe streamers.
kype kype ETG turbulence should therefore be considered as a possible
10 ' ‘ 10— ' source of electron heat transport in stellarators. Zonal flows
¢ A : ) )
o ; 3 and fields tend to play a subdominant role in the turbulent
10%F ‘\«/\,A 3 L ] dynamics, at least for a significant region in parameter space.
. ) 3 i ] Many of the spectral properties of zonal modes are observed
o 3 i 3 to be quite universal, indicating that a generic theory of zonal
10-2t ©) T @ modes at hyperfine scales might be constructable on the basis
107 107t 10° ot 10 107t 10° 10! of cascade physics.
kype ke pe
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