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Although collisional drift waves in a sheared slab configuration are linearly damped, it is found that
the corresponding turbulence is self-sustaining if initialized at nonlinear amplitude. The influence of the
free-energy source represented by the temperature and density gradients on the turbulent system involv-
ing bidirectional spectral energy transfer is responsible for this change of regime. Several important
features of tokamak edge fluctuations are reproduced by these single-rational-surface nonlinear dynam-
ics. As a result, drift-wave turbulence must still be considered as an underlying dynamic of anomalous

transport in tokamak edges.

PACS numbers: 52.35.Kt, 52.35.Ra, 52.65.+z

It is a common perception in tokamak plasma physics
that drift-wave turbulence cannot be the agent behind
energy transport in tokamak edges.! That is, since the
sheared slab modes are linearly stable’ some interplay
with toroidal effects is needed to provide a nonadiabatic
electron response sufficient to drive them,>* and since
the growth rates and/or mode widths of such linear
waves fall rapidly with temperature, saturated fluctua-
tion amplitudes would drop towards the edge regions in
contrast to the observed rise.® This thinking is based on
linear mixing-length arguments® or more sophisticated
turbulent closure models’ which nevertheless require the
presence of unstable modes. Further, conventional wis-
dom usually considers drift-wave electron dynamics as
adiabatic, while the experimental evidence in tokamak
edge regions indicates otherwise. !>

Before closing judgement on the viability of drift
waves as an agent for transport, however, one should
take into account the possibility of enhanced free-energy
access by nonlinear processes, since the nonlinear mode
structure of the turbulence is vastly different from that
of linear drift waves. It was recently shown in the case
of neglecting temperature fluctuations (referred to here
as “pure Vn’) that the turbulence spontaneously self-
organizes under the influence of both shear and density
gradient to efficiently tap the free energy in the gra-
dient.® Nonlinear, nonadiabatic electron dynamics
occurring near the mode resonant surface were responsi-
ble for this new regime. As a result, the external drive
needed to support a turbulent state was much less than
that needed to drive individual modes unstable, although
a finite level was still needed in the pure-Vn case.

Herein we consider the combined effects of the elec-
tron temperature and density dynamics, in closer
correspondence to the realistic situation.® The tempera-
ture is much freer than the density to have its relative
phase with the potential set up by the turbulence in-
dependently of parallel dissipation, so its gradient is by
far the stronger free-energy source. It is found that un-
der its influence the turbulence needs no external drive at
all to sustain itself at saturation, provided it is initialized
at nonlinear amplitude. Further, with both gradients ac-
tive as free-energy sources, the turbulence at saturation

reproduces many important features of observed to-
kamak edge fluctuations, most particularly the amplitude
ordering, e¢/T > ii/n > T/T.

The fluidlike turbulence under study springs from the
nonlinear collisional drift-wave system, whose linear
aspects were studied previously.'®!" Collisional effects
are important if the electron conduction channel width is
as large as a typical gyroradius: Ap > psz, where Ap
= (ws/k'?Dy)"? is the width of the region near the mode
resonant surface within which the electron dynamics are
nonadiabatic and thermal conduction does not effectively
smooth out temperature variations. Here, ws =ckoT/
eBLr is the diamagnetic frequency, kg is the lowest wave
number on a resonant surface, DH=T/ne2n||, ps2=c2T
xM,/e’B?, k'y=ko/L,, and T is T.. The dynamics in a
2D sheared slab are described by the electrostatic, cold-
ion Braginskii equations, '

mJy=(T/ne)Vii+(a/e)V\T— V8, (1)
dVi(ﬁ/dt =47f(l‘,3/C2)Vuju , )
dii/dt =(cn'/B)3¢/dy + (1/e)V\J | — nVyii , (3)
dT/dt =(cT'/B)3¢/dy + + (aT/ne)V,J,

— 3 TViiy+xViT 4)
nM, diiy/dt = — TVyi —nVyT +nM;u, Vi, . (5)

Standard notation is used here, with d/dr=49/0t
+(c/B)VzxV¢-V, Vy=(x/L,)d/dy, xy=1.07Dy, and
a@=1.71. In rough correspondence to ion Landau damp-
ing, the parallel viscosity u is set to T/M;w«. The sys-
tem is 2D (x and y), with B=BI[Vz+(x/L,;)Vy] and the
gradients, n’ and T', in the direction of —Vx. As is cus-
tomary in treatments of electron drift-wave dynamics, no
attempt is made to address ion-temperature effects. The
time-dependent thermal force'? is also neglected.
Equations (1)-(5) are solved numerically— pseudo-
spectral in y, finite differenced in x, implicit for V7
terms, predictor-corrector for advection, and with a
small artificial damping in the form of a hyperviscosity,
—u. Vi, added to each equation—by a method which
passed linear as well as nonlinear tests.>'* The grid in x
runs from —20p, to 20p,, and the 85 Fourier modes in y
range from k,p; =0.07 to 5.95. The parameter control-
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ling collisionality is
C=A3/p?=0.51(v,/wx ) (m./M)(LZ/LE) ,
which is set to 10 (see ASDEX parameters below).
Specification is completed with L;/Ly=10 and Tn'/
nT'=1. A run is initialized with a broadband, random
phase® /i/n =e§/T at an rms amplitude of 1.5p,/Lr, with
f=ﬁu =0, and allowed to evolve self-consistently.
The system is diagnosed with the fluctuation energy:

E=3p,Vied/T|*+|a/n|*+ 3 |T/T|*+ |i/cs]|? ,

where ¢, =(T/M;)'? and the angular brackets indicate
integrations over all space. The energy evolves as

(2E) "'9E/8t =T, +T,—TI . =T\ —T,, (6a)
with sources and sinks given by

2ET, =3 (I/TLy)(T3,), 2ET,=(1/nL,){fAé,),
2ET.=D(|V\(GT/T+7/n—ed/T)|?, (6b)
2ET = 3 x|V T/T|?, 2ET, =u{|Vyiti/es]?)

where &, = — (c/B)34/dy. These are free-energy access
from temperature (I";) and density (I',) gradients, and
collisional (I, and I'y) and sound-wave (I'y) dissipation.
It is important to note that all of these I'’s are zero in the
initialization, allowing self-consistent evolution to deter-
mine their form and size in the saturated state. The
mismatch in Eq. (6), most of which is due to the
artificial damping, gives the error. This error was mea-
sured below 10 ~2wy, ie., lower than ', and 2 orders
down from I',. From Fig. 1, we can see the turbulence in
a very robust saturated state, with the rms amplitudes
[1(a)] near Ap/Lt for ed/T, fi/n, and T/T, in descending
order, and higher than their initial levels. The energetics
[1(b)] show that Ap-layer processes are dominant, with a
balance between free-energy feed and collisional dissipa-
tion describing nearly all the source-sink flow:
I''+I,=TI,+Tx. The sound-wave damping rate is
smaller, since nonlinear mode coupling and not the
parallel viscosity is responsible for mode localization. % '?

The sheared-slab drift-wave system, Egs. (1)-(5), ad-
mits no linear instabilities, the linear waves being
damped by collisional dissipation (V;J; and x; terms)
and coupling to shear-damped parallel ion motion.'®!!
Nevertheless, there remains the potent free-energy
sources represented by the gradients in density and tem-
perature. It is thereby clear that the access mechanism
for self-sustained turbulence must be inherently non-
linear, and that spectral transfer dynamics must play a
decisive role. On first sight, however, one might expect a
randomly turbulent bath of fluctuations to tend towards
a zero average correlation between any two independent
fields, e.g., T and &, so that a positive one would depend
on a linear instability. The reality, on the other hand, is
that both the gradients and the shear conspire to keep I,
and I'; at the levels seen in Fig. 1.

The basis for the establishment of positive (77,) is a
homogeneous process, which is able to act in and is
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FIG. 1. (a) Evolution of the fluctuation amplitudes in units

of p;/Lr, showing growth from the initial level of 1.5 and satu-
ration. (b) Evolution of the source and sink terms, defined in
the text, showing vigorous transfer between free-energy feed
(', and T',) and collisional dissipation (I'. and I';). Losses in
parallel ion motion (I';) are comparatively small. The curves
have been smoothed within a window of wxAr =2.

confined to the hydrodynamic layer, since there and only
there are the parallel electron dynamics weak in compar-
ison to turbulent advection. In a hydrodynamic context
the dynamics of ¢ are those of a 2D fluid, while 7 and T
are passively advected. Hence, the cascade tendencies
are opposite—inverse for the former and direct (to small
scales) for the latter.®'¢ Considering the 7 or T sepa-
rately, the energy balance for a batch of modes near in-
verse scale k is struck between input due to cascade from
larger scales, output by cascade to smaller scales, and ex-
change with the gradient depending on the sign of the
correlation with down-gradient flow (5,). Clearly, a pos-
itive correlation in the ensemble average is favored since
it is preferentially driven by the free-energy source.
Evaluation of this energy balance for strong, homogene-
ous turbulence was carried out in Ref. 7, with the result
that the free-energy feed-rate spectrum should be pro-
portional to ix/k, with & an rms amplitude. Simulation
of the homogeneous model supported this physical pic-
ture by showing the feed-rate spectrum to take this form.

The second actor, the shear, confines such a homo-
geneous process to the hydrodynamic layer since beyond
this the parallel dynamics destroy the necessary indepen-
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dence of the fields (¢ and either 7 or 7). The layer
thickness Ap thereby becomes the largest available scale
for efficient free-energy feed. The shear also has the
effect of channeling the Ap-size fluctuations, which can-
not leave the layer. The inverse-cascade tendency of the
¢ puts much of its energy into low k, but these large-
scale flows can only dig temperature and density fluctua-
tions out of the gradients within the layer. The signature
is a strong enhancement in the population of Ap-sized
fluctuations. Since these must spend their lifetimes in
the layer, they can only decorrelate in the y direction, an
inefficient process, and linear coupling through the paral-
lel dynamics puts some of their energy back into the 4.
The result is an overall structure, shown in Fig. 2,
characterized by a predominance of Ap-sized fluctua-
tions and flows whose phases are locked in by the large-
scale flows which lead to their existence. Since so much
of I, comes from the two groups of fluctuations near
koy=n and 1.5z, it can be argued that this “self-
organization”® is the dominant process behind it.
Identification of this structure comes from the 2D
power spectrum S(k,,w) for the T, shown in Fig. 3(b).
It is immediately seen that all of the intermediate- to
small-scale activity lies on the linear dispersion curve
[w;, found from linearizations of Egs. (1)-(5)], indicat-
ing turbulence with no special phase behavior—the
dispersion (w/k,#const) shows that the Ap-sized fluc-
tuations cannot be coherent structures. The longer
wavelengths, however, are at least consistent with phase
locking. Although in the present case the turbulent am-
plitude is high enough to mask out a clear identification,
it has been made in the pure-Vn case.® As in that previ-
ous study, the time scale of the peak frequency for the
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FIG. 2. Contours of ¢ and T at wst =100, showing the
phase-locked relation between flow vortices and Ap-sized tem-
perature fluctuations. Solid lines are positive; dashed lines,
negative. Sense of flow is clockwise around a ¢ maximum.

lowest k. corresponds closely with the scale of temporal
fluctuations in I'; and I',, in Fig. 1. Further reestablished
is that the long-wavelength activity is entirely contained
in this feature in S(k,,w) which lies wholly below the
linear dispersion curve. This tells us the free-energy feed
I'; is being mediated through long-lived, self-organized
structure represented by the groups of Ap-sized fluctua-
tions discussed above. Finally, we note that the total-
input-rate spectrum [Fig. 3(a)l, I'=I,+T,—T.—T}
—TI, has the same form as that inferred from TEXT
measurements: a peak at intermediate scale (here, Ap)
with sinks to longer as well as shorter wavelengths. !’

As for the relevance of collisional drift-wave tur-
bulence to tokamaks, a good example is the edge region
of Ohmically heated ASDEX plasmas,'® where the pa-
rameter C is given by
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FIG. 3. (a) Net input (source-sink) rate. (b) Power spec-
trum S(k,,w) of the temperature fluctuations over the interval
60 < wxt < 140. The contour scale is logarithmic, with a fac-
tor of 10'* as the interval. Intermediate-scale activity is on
the linear dispersion curve (w.), but long-wavelength activity
lies entirely below it. Compare (b) with (a). Peaks in both
these measurements are well to the left of k,/p. =1, cementing
Ap (here about 3p;) as the preferred scale.
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with m the lowest poloidal mode number on the resonant
surface located at minor radius ro. Study of the pure-Vn
case showed that the dynamics in the hydrodynamic lay-
er play a dominant role in the system energetics even for
the marginal case of C=1.% The results given in this
work are to be considered valid for strict comparison to
observations if neighboring Ap’s (adjacent 1 numbers at
same n) do not overlap. With the toroidal definition,
ki(m,n) =(ng—m)/qR, the separation is X =ro/ms,
with §=rq'/q the shear parameter. In the code, mea-
sured mode widths show the Ap-sized fluctuations— the
random, isotropic component—in marginal overlap
(mode width A == 1/$k, for temperature and nonadia-
batic density) but the long wavelengths—the coherent
structures—are not, a situation entirely compatible with
the 2D self-organization process (note that ko deter-
mines Ap). For m =50 modes on ASDEX (above pa-
rameters), X is about 10p,, so the Ap’s are well separat-
ed. On TEXT near the limiter, by contrast, X~Ap, so
the layers marginally overlap. In the 15-eV scrape-off
layer for both machines, the entire region is hydro-
dynamic, which would explain the evidence from probes
that particle-flux “convection” can account for the ener-
gy flux.'® Analysis of TEXT observations suggests that
this ceases to be so inward of about 25 cm (Fig. 2 of Ref.
5), consistent with a supposed transition between overlap
and nonoverlap of neighboring hydrodynamic layers.
Indeed, the case of I, > I, has been listed as an impor-
tant observational constraint concerning ‘“what theory
must explain.”?°

These results show that strong turbulence near the
mixing level is a natural result in a magnetically sheared
plasma with a moderate temperature gradient, complete-
ly irrespective of linear stability since the mechanisms of
free-energy access, source-sink transfer, and mode locali-
zation are all inherently nonlinear. The model given
here reproduces several features of observed tokamak
edge fluctuations:">'720  (a) e¢/T>7i/n>T/T; (b)
I, >T, where Ap overlap is not suspected; (c) bidirec-
tional energy transfer out of a source range in k, space;
and, (d) fluctuation activity well to the long-wavelength
side of k,p;=1. In the first, e¢/T is largest because al-
though ¢ is not directly driven, it is coupled to both
driven fields by the shear. In the pure-Vn case, with only
one driven field present, e¢/T was smaller than i/n.®
The next largest is 7i/n since being partially adiabatic its
level is heavily influenced by that of e¢/T. The second
feature is due to the fact that T is forced merely to van-
ish at the edge of the hydrodynamic layer by thermal
conduction (only T feels both I’y and I'.), while 7 is
forced to track ¢ by resistive dissipation, i.e., merge into
adiabaticity. The T are thereby left freer to directly
correlate with &, (i.e., poloidal electric field), as suggest-
ed by observations.'” The third feature is a result of
both cascade tendencies being present— inverse for ¢ and
direct for /i and T—and of shear-induced coupling at all
scales. The last feature results from Ap > p;, i.e., C> 1
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in the edge regions of TEXT and ASDEX, from which
the data come. Besides the fact of self-sustained tur-
bulence (with a nonlinear start provided automatically
by the turbulent buildup phase of the discharge), the
first two of these, (a) and (b), could not have resulted
from a pure-Vn model. Moreover, if the fluctuation am-
plitude does turn out to scale with Ap/L7, a rising edge-
ward trend would result, since Ap<T =34 Further
work is required to confirm this, but this work as well as
Ref. 7 confirm Ap as the relevant cross-field scale, and a
rising trend is at least to be expected. These results sug-
gest persuasively that collisional drift-wave turbulence
stands as a viable candidate for the underlying dynamic
of edge turbulence in small- to medium-sized tokamaks.
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