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Abstract

Tokamaks are magnetic confinement fusion devices which seek to produce power from fusion reactions between the isotopes
of hydrogen (deuterium and tritin). The understanding of turkerit transport processes which govern the energy, momentum
and current distributions in tokamak plasmas is important to optimising the economically viable design of future power plants
based on the tokamak concept. With the advent of powerful modern computers it has become possible to model the plasma
dynamics on the so-called “mesoscale” which consists of electromagnetic turbulence with wavelengths intermediate to the ion
gyro radius and the system size of typical tokamaks. This paper attempts to describe one such approach which evolves the two-
fluid model of a tokamak plasma globally (i.e., both on the macroscale and the mesoscale), using a nonlinear, electromagnetic,
three-dimensional code CUTIE. Recent researches, bothetieadrand experimental, on tokamaks indicate the spontaneous
(or, externally induced) genation of so-called “zonal flows”, which, under Weefined conditions, can lead to substantial
reduction of turbulent transport in localized regions known as transport barriers. This type of confinement enhancement is of
great importance in the design and construction of practical fusion power plants and has been the subject of intensive study.
In addition to the computational approach based on CUTIE simulations, we also describe some simpler paradigmatic models
which are designed to illustrate the genesis of zonal flows by characteristic drift wave fluctuations and the effects of such highly
sheared advective flows on the system dynamics. These models help one to understand in a much clearer fashion the rather
complex processes simulated by CUTIE.
0 2003 EURATOM/UKAEA Fusion Association. Published by Elsevier SAS. All rights reserved.

1. Introduction

Tokamaks are devices which are designed to confine veryhat Q.OB K) plasmas by a combination of external and
internally produced magnetic fields forming nested tori called ‘magnetic flux surfaces’ (Nb.: The following references give
accessible overviews of recent plasma physics researches related to tokamaks: [1-3]). They are strongly driven, dissipative
systems associated with transport rates across flux surfacediofgza momentum and energy far exceeding predictions based
on Coulomb collisional transport. There isabstantial body of experimental evideride7] which suggests thauch relatively
large transport rates are associated with electromagnetic plasma turbulence.

A crucial problem in building economically viable fusion power plants is the need to understand and control this ‘anomalous’
(i.e., turbulent) transport. Modern theoretical approaches to tokamak transport have been based on the use of powerful computer
codes extending analytic theories oftability mechanisms (see, foxample, [8—13]). Fluids and plasmas differ primarily due
to the presence of strong electromagnetic fields and kinegctsfhssociated with high temperatures. In recent years [13,14] a
systematic computational approach to the analysis and estimation of turbulent transport has been developed, based on the “two-
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fluid” [15] model of quasineutral plasandynamics. The purpose of this paper igiee an outlire of this approach [13,14]
to the simulation and analysis of ‘mesoscale’ tokamak ptafmbulence phenomena. The m&sales are characterized by
wavelengths intermediate between the ion Larmor radiths fim) and the system size-L m) and time-scales intermediate
between the Alfvén timex1-10 ns) and the confinement tim= @.1-10 s). We note that the aim here is to simulgitebal
(i.e., including both macro and mesocales) evolution phenomena observed in tokamak experiments.

We also attempt to elucidate the current understanding of so-called ‘internal transport barriers’ (ITB’s), which are regions of
substantiallyreducedransport caused (in part) by turbulence-generated flows (usually termed “zonal flows”, these are the result
of electric fields within the plasma and drifts caused by them in the presence of confining magnetic fields) [5,13,16]. The control
of such regions could significantly enhance the potential of future tokamak power plants. Our simulations illustrate the fact that
tokamak plasma turbulence is governed largely by the complex spectral interplay between zonal flows, sheared magnetic fields
and electromagnetic fluctuations driven by gradients and saturated by nonlinear effects. These dynamical processes are thought
to be mediated by interactions involving “direct” (i.e., low to high wave number/frequency) and “inverse” (high to low wave
number/frequency) spectral energy cascades. Several simple, but instructive models [17-19] have been used to explicate the
nature of these detailed processes. A brief discussion of the main conclusions from these analyses is also provided.

The paper is arranged as follows: in Section 2 we formulate the CUTIE model and state the assumptions underlying its
construction. Section 3 is devoted to an overview of the code and the numerical procedures employed. In Section 4 we present
some typical simulation results obtained with the help of CUTIE for the conditions of the RTP experiment [6,20] which has
provided a wealth of diagnostic detail for comparison with the computations. Section 5 takes up the description of two simpler
models for zonal flow generation and their possible effects. These paradigms have been investigated both numerically and
analytically. The results are reviewed here and put in context. We present some conclusions in Section 6.

2. Modelling mesoscale tokamak turbulence: key assumptions and equations of motion

The dynamics of a tokamak plasma is governed by Maxwell's equations and Newtonian conservation laws of electrons/ions,
momentum and energy. The two-fluid model represents a simplified approach to the complete nonlinear plasma dynamics of
the system which neglects several kinetic effects, but seeks to describe in some detail, the physics governing the mesoscales
(and the larger macroscales). There are many strong analogies between this model and the traditional fluid dynamical theories
based on the Navier—Stokes equations in aerodynamics [21], and more importantly, in meteorology. As in these earlier theories,
the key problems revolve around the need to simulate a very large number of dynamical degrees of freedom of a driven,
dissipative system, taking into accountmglex geometrical features and issuesaxiated wittboundary conditions, atomic
physics processes and kinetic (i.e., velocity space-dependent) considerations.

Given present computational resources, the gméctically feasible approach to modelling mesoscale tokamak turbulence
over time-scales which are long enough to describe evolutionary details remains the two-fluid approximation. In the future, as
parallel computing achieves maturityliadility and speed, it ray be possible to adopt“microscale” approach based on much
more detailed kinetic models. It should also be noted that any model, however detailed, has to be compared with experiment
in the last analysis. Measurements of turbulent fluctuations in high temperature plasmas are still in their infancy and detailed
theoretical predictions are often not directly comparable witlrently measurable observables. For example, it is not yet
feasible to measure, in sufficient detail, the turbulent electromagnetic figthis the plasma. The situation is not unlike that
in condensed matter theory, where microscopic theories are rarely of practical use in describing real materials and one resorts
to “semi-phenomenological” models such as the Ginzburg—Landau theory.

In the two-fluid theory [12,13] (in the following, we use Gaussian CGS units which render comparisons with earlier works
easier), the electron and ion fluids are described by their (common) number depsityy; = n, temperatures7, ; (in
ergs), the plasma flow velocity, the magnetic field and the electrostatic potential, It is well known [22] that provided
one is interested in length-scales much greater than the Debye shielding lepghjd and frequencies small compared
with the electron plasma frequenayge), the electron and ion number densities are constrained by “quasineutrality”, which
implies, for hydrogen plasmas, the relation,~ n.. Here the plasma frequency and the Debye length are related to more
familiar properties bngez 47n.e2/m., Where—e is the electron charge in Gausssian units, is the electron mass and
ADebye= Vthe/ @pe, Wherevihe = (27, /me)Y/2. Electromagnetic turbulence in the mesoscale invariably satisfies the necessary
conditions for quasineutrality to be a rélay good approximatin. This also means that Maxwell's displacement current may
be neglected and the plasma current density satisfies “Ampére’s Law%V x B. To avoid misunderstanding, we are here
consideringurbulence Forwave propagationf high frequency electromagnetic waves, itigcial to include the displacement
current. The quasineutrality assumptionrisitngous (both maematically and physically) to tHamiliar “incompressible” flow
approximation for low Mach number fluid dynamics [21].

In conventional tokamaks, the ‘toroidal’ magnetic field is mostly externally produced by appropriate field coils and is much
larger than the plasma’s own ‘poloidal’ field (typicallBior/ Bpol =~ 10). The latter is created generally by the currents driven
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within the plasma by externally applied voltages, current drive or certain intrinsic effects due both to collisions (e.g., the so-
called “bootstrap current” [1]) and turbulence (e.g., the so-called “dynamo effect” [2]). Typically, the plasma internal energy is
smaller than the total magnetic energy, i~ 871[7/32 « 1, although, power plant economics demands that this parameter
should be as large as possible withire constraints of hydromagneticabtlity of the system (generallyg > (m./m;),
the electron—ion mass ratio) [1]. Furthermore, the mesoscale turbulent fluctuation frequencies observed experimentally are
considerably lower than the ion Larmor/gyro frequenoy € eB/m;c ~ 108 rady's) and the wavelengths generally somewhat
longer than the ion Larmor/gyro radius, (= (2T /(m;)Y/2/w; ~ 1-10 mm, whereT = T, + T;). A characteristic feature of
tokamak turbulence is that the wavelenggiasallel to the local magnetic field are of the order of the system size whilst those
in the perpendiculardirections are considerably smaller (ifg, < k).

The equations we use take the standard general forms:

on

5 TV v =Sp, (1)
dv .

mi"a=—vl7+] x B/c + Feff, 2)

gdgj’i + Pe.iV - Vei ==V Uei+ Peis (3)

E+Ve xB/c=—Vpe/en +Re, 4)

V x B=4rj/c. (%)

The following definitions hold(m; + m.)v = m;Vv; + m.V,.. This relates the plasma “fluid velocity” vectar, to the velocity

fields of the electronsv) and the ions\(;). Note that sincen./m; < 1, v >~ v;. The current density is obtained from the
obvious relationj = en(v; — V,). Typically, although there are exceptions, the electrons carry most of the current in a tokamak.
It is convenient to split the total magnetic fiell,= Vi x bt + Bgb;, whereb is the unit vector in the “toroidal” direction.

The electric field is given byg = —%%bt — V¢, and the plasma pressure= pe + p; = n(Te + T;). The external particle
source is represented ISy, whilst the effective force on the plasma is taken tcHag. The electron—ion friction force iR.,

whilst g, ; are the heat-flux vectors.

A brief description of the physics content of the above equations is useful. Eq. (1) evidently describes particle balance,
allowing for external particle sources like gas puffing and pellets. Eq. (2) describes momentum balance. The LHS represents
the plasma inertia (mainly due to the ions). The first term on the RHS is the scalar pressure gradient force, the second term is
the Lorentz force, whilst the third term contains both collisional and turbulent viscous effects. It can, in principle, also include
external momentum inputs due to neutral beams, charge-exchange and/or radio frequency waves (i.e., “ponderomotive forces”).
While gravity can be important in astrophysical problems, its effects are negligible for tokamak physics.

One needs to specify constitutive relations Fg; in order to close the system at this level. These can be empirical or
based on experiment or more detailed kinetic models (cf. [15]). Note that the ideal magnetohydrodynamic (“Ideal MHD")
approximation of this equation simply consists of dropping this last term. Egs. (3) represent a pair of “energy balance”
equations for the two species and are differential expressions of the Laws of Thermodynamics in the continuum limit. The
LHS terms are well known from ordinary fluid dynamics. Many complications of plasma physics arise from the extreme
anisotropy and complicated forms taken by the heat flux vectprs,and the energy sources/sinks embodiedPjn (cf.

[13,15]). Eqg. (4) is effectively a statement of the momentum balance ofkbetron fluid Electrons can be treated as
massless in tokamak physics, so long as the length-scales of interest are not shorter than the so-called “electron skin depth”,
¢/wpe == ps(me/mi)Y?g~12 ~ 0.1p;. In our model, electron inertia is neglected, as inclusion of this effect would only be
justified with considerably higher spatial resolution than practicable at present. The resultant partial differential equation is
often termed the “generalized Ohm'’s Law”, and is one of thed@yations of the model, incorporating various electron drift
effects (as before, the “friction forceR, on the electrons has to be specified by suitable constitutive relations [13,15]). The
final equation (5) is an expression of quasineutrality and provides the means to compute the plasma currentidéesitg

of the spatial derivatives of th®, .

3. Reduction of the equationsin the tokamak approximation and solution method

In the CUTIE turbulence code, the tokamak is represented by a ‘periodic cylinder’, where the polar coofdieatiesents
the ‘poloidal’ angle and = z/R is the ‘toroidal’ angle. The flux surfaces are labelled by the cylindrical radial coordinate,
This approximation is relevant when the “inverse aspect ratieZ a/R of the device is small. It has been widely used in
the literature as a good workingsis for tokamak analyses. As the main ie&trin our model is turbulence dynamicsisit
important to include certain geometrical effects due to field line curvature [1,15]. This is indeed done to a first approximation in
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the ordering parameter. The representation of the electric field in terms of the two potentalg, given above also follows
from “tokamak ordering”: in this, the magnetic field fluctuatigragallel to the equilibrium field are neglected compared to the
fluctuations in the-, 8 (or “poloidal”) plane. It then turns out that Eq. (4) can be manipulated to lead to an evolution equation
for ¢ and an expression far; in terms of¢. By some other reductions, one obtains an evolution equation for the “potential
vorticity” which is related tap. For the purpose of completeness, the equations of motion governing the dynamical evolution
of thefluctuating componentsf ¢ andy are given below.

We first introduce nondimensional dependeatables and apply the decompositigi(y, 0, ¢, 1) = fo(r, 1) + f*(r, 0, ¢, 1),
where the (position space) “fluctuation amplitudeg®, are not necessarily small, but do depend on both angular variables. We
then develop them, using the double Fourier series:

fr= Z Z fonon (r, 1) €Xp(im0 +in¢). ©)

m=—0o0 n=—0o0
By definition, the ‘mean’fy(r, ) represents the: = n = 0 Fourier component of the variabje(r, 6, ¢, t), and consequently,

fo,o = 0. Since all plasma fields considered are real,Rbarier coefficients ssfy the reality condition,fm,n = f,m,,n,
where the over-bar denotes complex conjugation. The electromagnetic fields are described in terms of two pptemdigls,
These ardluctuatingparts(thusgE = —V¢ — %%e;; note thate, = bt). The corresponding ‘meaguantities @& denoted
by, @q(r, 1), ¥o(r, 1).

It should be clear that there is no length or tinoale separation impliedniwriting (for example)n = n,o(r, t) +
dne(r,0,¢,t). Formally, the “equilibrium” and the “fluctuation” equations are together equivalent to the complete two-fluid
conservation equations (1)—(5). The first term is merelysihe 0, n = O Fourier component of the complete electron density
field. Itis convenient to separate it out from the fluctuations (solved in the Fourier space), and solve the position-space “transport
equation” which governs it. The second, fluctuation term contains in principle, all other Fourier modes. The first term is indeed
forced by explicit external sources (particle source, for exapiplealso “feels” the flux surface averages of the turbulent fluxes
which are explicitly incorporated in the evolution equations for the equilibrium. These latter can (and generally do) fluctuate
rapidly in time and in- (compared with the inverse confinement time and the systemaizEpr this reason, quantities like
n.o(r,t), and more particularly their gradients can develop “fine structure” which we term corrugations. These back react on
the turbulence and have profound consequences for the evolution of the system as a whole as exemplified by our results.

We should make it clear that CUTIE modddeth the “mesoscale” and the macroscale and their mutual interactions self-
consistently. Indeed, the mesoscale variations crucially afiedtare in turn back-reacted by the macroscales. In this respect,
CUTIE differs decisively from simulations which calculate turbulent fluctuations (linearly or nonlinearly) whilst keeping the
background driving gradients likerg/dr, d;j/dr, dp/dr fixed

The following dimensional parameters occur naturally in the theory: the “Alfvén velocff',: B§/4nm,»n(0, 1);

the “sound velocity”,VIﬁ = (T.(0,t) + T;(0,1))/m;; “ion gyrofrequency”,w.; = eBg/m;c; “effective gyroradius”,ps =
Vin/wei; “plasma beta”,8 = (Vin/V4) 2. In addition, we introduce the ‘potential vorticity’ (with dimensions/T1]), ® =

V- (Zgé(’)?) ' %). We also define the nondimensional fluctuatiapis, y*, @*:

cp - 14 1/2 Vi 2 no(r, 1)
= = Viposdt, — = 12yx 9 =Ug* @*=p2v. vV, ¢*),
Bo thos® Bo ps BT Y o ps N 19
«_ One . 8T; . . no(r, 1)dv)

= Me T T =7 F

where,N* = n,(0, 1), T* = T, (0, ) + T; (0, ), andE = N* V4. Note that we nondimensionalize only tlependenvariables.
In principle, lengths can be made nondimensional using either the system size (e.g., “minor gdiughe typical Larmor
radius,ps . Similarly, the time can be made made nondimensional using either the Alfvéntireq/ V4, or the “sound time”,
7y = a/ V. The problem inherently depends upooth meso and macroscales, and it is usefol to render the independent
variables nondimensional.

The system is thus described completehtliiese variables and the correspondingam’ quantities, whit are conveniently
chosen to beyg(r, 1), T,o(r, 1), T;o(r, t), veo(r, 1), veo(r, 1), Ero(r, 1), Bao(r, ). Several different advection velocities occur in
the theory. By definitionfE,.q = —9®q/dr. The velocity,ug = —(cE,o/ B)&y + bov)o represents the equilibrium ‘MHD’ flow
of the plasma (ions), whilal.q represents the corresponding electron floyg = —(cE,q/B)€y + bo(vjo — jjo/eno). The
ion fluid flow (i.e., MHD flow + diamagnetic flow) is given by = ug + (¢/(engB))(dp;o/9r)es. We also have the relation,
00 = -2 ((rno(r.1)/N*)(c/B)d®o/dr). Finally, V.o = —[cE,0/B + ¢/(engB)dp.o/drley is the total electrorpoloidal
flow composed of the electroB x B equilibrium flow and the electron diamagnetic flow. In the following, =bg - V =
qAR(a/ae +qd/d¢) (i.e., the gradient in the direction of thmperturbed fielll The nonlinear terms account for the exact field
direction.
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The equations of motion governing the spatio-temporal evolution of the electromagnetic fluctuations, with these
conventions, are the following:

6% = p2V . (WV ¢> @)
8;)* +Vo - VO + V4V p2V2 y* = Vs ps 3 a;/;* Zﬁ Jjo+ Vmps}%:v;m

[0 (WO IO] B [0 ] g3
8(;/;* FVe0 - VYT + Va9t = VA(IZ;;: )Vnn + Vinos [i 8((;/;: :; ) (ZZTL*O) j 8(;/: 9)*)] +X5. O

The fluctuating source terms on the RHS contain self-consistent turbulent diffusion terms dependent on the local fluctuating
potential vorticity and current density. Thus, typicallys: ~ V- Dy,rpV f*, for the fluctuating quantityf*. Here, Dy, is taken

proportional to®*, p2V2 ¥*, the highest spatial derivatives ¢f, * in the system. It is analogous to eddy diffusivity terms
familiar from aerodynamlcs and meteargy. These sinks are needed to provide ‘thigh wave number cut off” required to
prevent well known undesirable (and unphysical) aliasing effects and Gibbs phenomena associated with truncated Fourier series.
Physically, there are many effective collisional and kinetic mechanisms which provide a strong sink at high wave numbers. In
an “exact” model, one would be using a physical cutoff. In reduced models such as the two-fluid theory, it is usual to employ
simpler forms based on physical intuition. The basic idethad if too much enstrophy (fluid and magnetic) piles up at the
high k of the modelled fluctuations, the turbulent eddy diffusivity must dissipate it by a self-consistent process. The principle
behind such a turbulence-dependent eddy viscosity reflects the fact that the direct cascade is actually driven by modulational
instabilities of the lowk spectrum and therefore the flux kaspace to the short wavelengths and the dissipation rate at the
subgrid range must depend on those amplitudes. We monitor lilnesvef this quantity during th&mulations and find that they
invariably remain smaller than typical constant eddy viscosities of the “Bohm diffusion” type. The eddy viscosity we employ
will be vanishingly small if the system happens to be locally linearly stable, for instance (as in an ITB). The actual forms used
and the complete set of equations including thosezforx* , €* can be found in [13].

It is worth noting that the above equations contain some wamgdmental and robust physics. The equations (Egs. (7), (8))
for ¢* are simply consequences ofthuasineutrality conditiorly - j = 0, Newton’s laws and the “generalized Ohm’s Law”,
Eq. (3). Indeed, exactly similar equations also result in the more familiar “ideal MHD” approximation, where, the Ohm'’s Law
is greatly simplified and takes the forrE + v x B = 0. The equation fogy* (Eq. (9)) has an even more direct provenance:
it represents the combination of Faraday’s Law of Induction and the generalized Ohm’s Law in the toroidal direction. These
equations and the corresponding ones for the plasma proper‘tl,éskg &*) are believed to contain the essential macro-scale
modes in a tokamak. They duot describe some subtle kinetic effects (e.g., collisonless, “Landau damping” [22]) due to
velocity-space distributions and those arising from particle-trapping, which are the most important of the many kinetic effects.
They also do not contain the “fast” magnetosonic wave, which can only be modelled by greatly enlarging the model.

The above equations must be supplemented by the evolution equations governing the “mean potegtialy; ¢o(r, 1)),
and those relevant to*, A% ; etc. It suffices to sketch the general structure of the mean equationgplzet) be a typical
“mean” (e.g., particle den5|ty) It can be easily deduced from the full equations of motion by takimg=th& n = 0 Fourier
component (equivalently averaging over an equilibrium flux surfagehat this evolves according to,

3o 19 (10)

e —;5[rrf(r, D]+ Sy ).

Here, I'y represents theotal flux of the quantityf across the flux surface. In general, this flux is due to transport processes
due to collisions which are present even in the absence of turt®il@s well as turbulence-induced fluxes. Thus, one may write
generally,I'y = I‘fc.o" + ' The fluxes, "¢ include the so-called “classical” and “neoclassical” terms [1,15], which can
be advective and/or diffusive and may also involve bggtand its radial gradients as well as other fields, such as temperatures,
etc. Within the fluid model, turbulent fluxes are mainly advective ones, due essentially to the flucEuatBglrifts across the

flux surfaces. These take the general form,

1 21 21
ri = (v, £%) :m//(SVr(r,O,;,t)f*(r,@,;,t)d@d{, (1)

wheres§ V, is the turbulent radialg x B) velocity fluctuation and* is the fluctuating part of . Note that the average in question
is not a time-average, but one over the equilibrium flux surface &t principle, these turbulent componeieanand do vary
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rapidly, i.e., on the “fast” turbulent length (in the radial direction) and time-scales. This term is crucial in introducing local,
mesoscale “corrugations” iffip(r, t). In the special case of electrons, the lapgeallel heat transport implies, in the presence
of turbulence, an effectiveadial transport (i.e.{q;.) can make a substantial contribution to the heat flux across equilibrium
surfaces). This purelglectromagnetic transpottas been investigated by many authors (e.g., [23]), following the early work of
Kadomtsev and Pogutse [24] and Rechester and Rosenbluth [25]. The shuiselso the effective surface averaged source
derived from the full equations of motion. It too is, in general composed of all the mean effects as well as turbulent fluctuations.
A full discussion of these issues and constitutive properties would take us too far afield.

It is useful to summarise briefly the methods used to solve the above coupled system of nonlinear partial differential
equations. More details are available in [13]. As far as thetflations are concerned,etfboundary conditions employed
are relatively straightforward. Regularity near the magnetic axisQ implies that the fluctuation fields must tend to zero near
this real singular point (it is a poloidal field null, the only one in the periodic cylinder model). The plasma “edge” is actually
arranged to be at/a = 0.95. It is therefore permissible and practical to set all fluctuations to zer@at 1. The periodicity
with respect to the angles is already taketo account by the Fourier representati@ince radial diffusion (collisional or
turbulent) is always present, the twalial boundary conditions are necessary anfigaht. In the casefdhe meamuantities,
typically, the radial derivative is set to zerorat 0 and a small, physically appropriate “pedestal” edge value applies-at
The fluctuation equations for the variables, v*, ©*, n*, 17, A, £* can be written in the general symbolic form:

% =L ) +N(X), (12)

whereX denotes a column vector of the above dependent varidblisa linear parabolic operator which, in general, mixes
the fields and depends upon thaéan” quantitis as well as th@oloidal angle 6, butnot the toroidal angle. The nonlinear
operatorN involvesX quadratically as well as the corresponding meamtjties. These operatoraay also explicitly depend
uponr, 6 andt, although not . It is clear that Egs. (7)—(9) already suggest this general form. Adding the evolution equations
for the remaining dynamical variables does not modify the structure. IBatidN may depend upon spatial derivativesotip
to second order. The second order derivatives always occur linearly. The nonlinear terms have “conservation” properties typical
of the Jacobians in the governing equatidhshould be noted that elliptic effects akso involved in our system, since Eq. (7)
is effectively a “Poisson” equation fgr* when the “potential vorticity”®* is known everywhere in the solution domain.

This general structure is exploited in the pseudo-spectral, semi-implicit, iterative numerical scheme used to advance the
fields in time. At any time-step, using the (known) current valueX @nd the corresponding megunantities, tke nonlinear
terms are evaluated in position space gdime position space representation of thaalales. This evaluation uses a second-
order, conservative Arakawa scheme to evaluate various Jacobeans. Then, the equations are Fourier transformed in the angles
and finite-differenced with second order accuracy.i®ne then obtains systems of one-dimensional parabolic equations for
each Fourier mode:, n over the radial domain. Thinear operatorL is in principle inverted by a radial block-tridiagonal
scheme based on Gaussian elimination (it is thdsext method). The time-advancement uses a predictor—corrector iterative
scheme. Thus, the linear modes mnglicitly treated and the nonlinear terms are re-evaluated at each iteration, for each Fourier
mode, using the Fast Fourier Transform algorithm.

For instance, denoting bY; (m, n,t + Ar), the column vector formed by these five Fourier components (of the variables,
OF, ¢*, ¥*, n*, &% 1T , are obtained by a separate solution, as detailed below) at the radial mesti paite resultant system
of (nonlinear) algebralc equations takes the form,

AdX; (m,n,t + Aty = AT X 1(m,n,t + A1) + A X _1(m,n 1+ Ar) + S, (13)

whereA? A+ A are (5x 5) complex matrices (functions ef, , i, t) and$; is a ‘source’ column vector including nonlinear
and tor0|dal coupllng effects as well as terms |nvolvmg The semi-implicit differencing scheme (centred-space, backwards
time for implicit terms and centred time for the explicit ones) ensures that this block-tridiagonal system is always invertible i.e.,
non-singular) forX; at+ + At, given the values at and the boundary conditions. This linesystem is inverted by complex
block-tridiagonal, Gauss—Jordan pivoting femmax < m < mmax and 0< n < nmax. Reality conditions are used to determine
the values for the remaining harmonics. Having obtaineX;, the semi-implicitly differenced, Fourier-transformed versions
of the energy equations are solved by a radial block-tridiagonal Z2 matrix solver fori,-,e(r,', m,n,t + At). The complete
solution involves two predictor—corrector iterations at each time-step. Extensive experience with both linear and nonlinear
simulations has shown that the scheme described is stable and convergent. The prescription of the time-step is limited by
accuracy considerations, withiy Ar/a >~ 0.25, being a typical choice. Spatial resolutions are chosen to olair; py, at
least, away from the cool edge.

This procedure is relatively stable and has been bench-marked against known linear instabilities. It requires the storage of
three-dimensional arrays of the fluctuations both in position spad&ourier space at the “current time”and the “new time”,
t + Ar. At each iteration, the correspondingeanequations are solved using the latest estimates of the fluctuations and the
fluxes they imply in the mean equations. The cost of this is essentially the same as solving for @singleourier mode. The
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iterations at a time-step need not be large, provided the step length is small enough to resolve the principal turbulence frequencies
of interest K1 MHz typically, with Ar >~ 50 ns). Indeed, the scheme yields converged results as the mesh is successively refined,

up to the point when the equations of the model cease to represent the physics at the grid scales. The reader is referred to the
review by Thyagaraja [13] which discusses many of these technical points in greater detail.

4. Mesoscale evolution of tokamaks: CUTIE simulations and experiments

Experiments in the RTP tokamak [6] suggest that the ‘safety facte#'r Bt/ R Bp which measures the pitch of the magnetic
field lines plays an important role in the formation and dynamics of ITB’s. In the RTP experiment, when the plasma is heated
using electron—cyclotron resonanceating (350 kW ECH), it was found that whehe deposition radii crossed plasma
surfaces with low rational values @f, the central temperatures varied in ‘steps’, as if ‘quantized’. These results could be
phenomenologically represented by an advection—diffusion model calleq-#@mb’ model, in which the effective thermal
diffusivity varied with g in a step-like manner [6]. This was indicative of certain barrier phenomena associated with electron
transport.

Simulations using CUTIE [13] show that long wavelength electromagnetic turbulence generated near such ‘rational surfaces’
helps to ‘self-organize’ the plasma and acts to reduce the transport locally, leading to ITB’s close to rational surfaces located
near the deposition radius. Tharcent density and vorticity of the flows are algund to be radially lghly ‘structured’ or
‘corrugated’ [13]. CUTIE also accounts for significant advective transport effects indicated by experiment. The observations
show that when the electron heating is ‘off-axis’, the temperature profile haf§-aris maximunisee Fig. 1 where experimental
points are indicated by open triangles). Remarkably, CUTIE simulations reproduce (cf. Fig. 1, solid line) these results semi-
guantitatively and indicate outwagtivectionnear the axis to be the key effect. It is readily shown that if the electron heat flux
were purelyiffusive in the absence of sinks in the central region (ruled out by the experimentalists after carefully estimating all
other causes), it is impossible for the temperature profile to be “hollow” as observed experimentally. CUTIE simulations suggest
the existence of long wavelength modes to be the cause of the outward advective heat loss within the heating radius. The CUTIE
code has been applied to study thalutionof tokamak discharges under a variefyconditions in the RTP tokamak and other
machines. These investigations are on going and have been reported in detail elsewhere [28]. An interesting class of RTP
experiments in which radio frequency power sourceélulatedand the tokamak response measured, is reported by Mantica
etal.in[20]. In these experiments, the idea is to switch on and off an electron cyclotron heating source in a well-defined manner.
Thus the power is kept on for 2.8 ms and switched off for A@at the same deposition radius. This corresponds to a “duty
cycle” of 85% and period of 312 Hz. The temperature profilesraeasured with adequate spatio—temporal resolution and the
response of the plasma to thperiodic heat sourcean be analysed. By these means the time-averaged (over many cycles)
electron temperature profile and the fundamental and first two Fourier (time) harmonics of the temperature have been analysed
[20]. In particular, the behaviour of the amplitudes and relative phases enable one to discuss the effects of transport barriers.
Using CUTIE, we have simulated some of the experiments discussed by Mantica et al.

Considering a case where the heating was applied at the deposition ragligss r/a = 0.44 (350 kW, other plasma
conditions are set close to the experimental ones) we show, in Fig. 2, the calculated variation of the electron temperature as a
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Fig. 1. RTP simulationPgcy = 350 kW atr/a = 0.55. SimulatedZ, (solid line), V,ona (dotted line) profiles are shown. Experimental
values are indicated hsx.
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Fig. 2. RTP modulated heating simulatioAzcy = 350 kW atr/a = 0.44. Simulatedr, responses at different radii are shown (see text for
details).

function of time and-/a. It is seen that plasma response is “anharmonic’etoghe deposition radius, tending to be sinusoidal
further in and out. The perturbations tend to die out faster for> 0.44 as compared with inner locations. The profilgr, 1)

is Fourier analysed (both in the experiment and in the simulations) with respect to time. Of particular interest are the time-
averaged (or mean) profiles and the Fourier coefficients 8b, 3w, wherew /2w = 312 Hz, the modulation frequency. These
latter profiles are conventionally referred to as the “harmonics”.

The time-averaged, profile and the first three harmonics (from the simulations) are shown to scale in Fig. 3. The first
harmonic extends well into the central core. In Fig. 4(a) we show the first three harmonic amplitudes profiles. The maximum
amplitude of the first harmonic (i.e., “fundamental”) is about 45 eV, somewhat smaller than the experimental value of 60 eV
(Fig. 4 in [20]). The calculated second and third harmonic amplitudes agree rather better with experiment. The code does not
however get the inward shift of the maximum of the first harmonic, seen in experiment (op. cit, Fig. 4). Furthermore, in the
experiment, the fundamental does not decay as expected from energy conservation (as seen in the simulations; see, Fig. 4(a))
for r/a > 0.44. The reasons for the discrepancy are not understood. However, the relative phases of the perturbations in the
simulations (see Fig. 4(b)) agree reasonably well with those measured.

In summary, the evolutionary behaviour of tokamaks subject to time-dependent sources (and sinks when laser ablated pellets
are used to send “cold pulses” into steady discharges) are being studied using CUTIE. Generally the simulations appear to lead
to qualitative agreement with experiment, at least in small deVike&fTP. This area is under intsa investigations, especially
concerned with transport barrier physics in the Joint European Torus, JET, where experiments have revealed the role played by
both theg profile and zonal flows [7].
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Fig. 3. RTP modulated heating simulation: time-averafie@solid) first three Fourier harmonics (keV) (see text for details).

The code also reproduces mesoscale instabilities qualitatively (the most important of these are the so-called drift modes
driven by temperature gradients and electromagnetic modes driven by current and pressure gradients), as illustrated by movies
made from the solutions. It is known from other experimental data (see references in Ref. [13]) that the radial component of
the electric field plays a key role in suppressing turbulence locally. Such fields |&ad ® plasma flows in the poloidal (i.e.,

0) direction. If strongly sheared, these flows act to decorrelate the turbulent fluctuations which transport particles and energy
across the flux surfaces (see [2] and references therein). CEilfillations demonstrate that highly radially ‘corrugated’
poloidal flows can be spontaneously generated by the turbulence via an “inverse cascade” (see Fig. 1 for the ‘jet-like’ zonal
flow profile close to heating radius obtained from CUTIE). They also show that these flows do indeed tend to locally suppress
the turbulent transport.

There are two separate issues which arise in connection with the dynamics of zonal flows and their interactions with
plasma turbulence: firstly, it is desirable to construct a gemaodel based on drift-wave physics which explicitly exhibits
the generation of “zonal flows” by drift waves; secondly, one seeks to haira@eexplanation of the effects due to a highly
sheared transverse flow on tfalial transportof turbulence and fluxes. A brief outline of investigations which seek to answer
these questions is given in the next section.

5. Paradigmatics of zonal flows

The equations solved by CUTIE are, in spite of many simplifying assumptions, rather complicated. As stated at the end of
the previous section, it is desirable to have a model for undeistg the genesis of zonal flows by turbulent fluctuations. Such
a model was studied by one of the authors and co-workers [19]. The model consists of the so-called Generalized Charney—
Hasegawa—Mima equation (GCHME), which is a simplified, conservative nonlinear partial differential equation in two spatial
dimensions. Unlike the two-fluid equations solved by CUTIE, GCHME is dissipationless. It possesses small amplitude drift-
wave solutions when linearized about a suitable, exact, steady state. The equation is also known to be a model of Rossby waves in
geophysics [18]. It describes the time-evolution of the electrostatic poteptialy, 1) = ¢(x, t) + ¢(x, y, ), whereg denotes
the “mean” potential, related to the zonal flow velocity,, = %q‘;x. Here,c denotes the speed of light, aldis the magnetic
field (assumed uniform and constant) along skexis. The subscript denotes the “radial” derivative. The fluctuation potential
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blue-936 Hz.

is ¢, depending on both andy. All quantities are taken to be periodic in these directions, except for the equilibrium electron

number densityi, which is assumed to vary with over a length-scald, ,, (L,j1 = Tlx) | %;ic |). The electron temperaturg, is
assumed uniform and constant, whilst the ions are taken to & ‘@e., their temperature is neglected in comparison \Fjth
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With these conventiond/g = Vo, is the y-averagecE x B drift (this will be consistently referred to in this paper as the
‘zonal flow’), whilst\~/E = ¢z x V¢/B represents the fluctuatirig) x B drift, andV,; = V,y is the diamagnetic drift. We set
ps = Cs/Rei, andeg = (2T, /mi)Y2, Q. = eB/mjc, V4 = csps/Ly. Here,m; is the ion mass.

The nonlinear behaviour of the electrostatic potential is then described by the GCHME

24

3 b d ~
<—+V0~V+Vd~v>@—<—+V0~V+VE~V>,0S2VJ_T—O. (14)
e

at T ot
In [19] this equation is cast into a non-dimensional form and a pair of coupled nonlinear equatigng fare derived. The
equations admit a simple steadyltion. Linear pertupations about this “equilibrium” statgeld drift waves whose frequency
and wave number are given kg, ko) where kg = (ky, ky, 0) and,

aky
o= —2—, 15
1y k3 (15)
with,
kg =k2 + k2. (16)

wherea = a/L,, p = ps/a, anda represents the size of thedomain. It was also shown in the work cited that there are two
exactintegral invariants of the system which depend quadratically on the potential and its spatial derivatives up to second order.
These are physically identified with energy and “enstrophy” (i.e., the integrated square of the vorticity, here along the magnetic
field). The existence of the integrals guarantees the linear stability of the drift waves at small amplitude, as wethalfier
saturationof the system after a sufficiently long time starting from an arbitrary initial state. In this respect, the model differs
from CUTIE which representsdriven, dissipative system

The key finding of the work can be summarised thus: starting witall but finite amplituderift-wave with given wave
numberkg, wg, when itsside bandwith wave numberskg + gx are considered, thdyeatwith the drift wave and produce a
zonal flowpotential perturbation at a wave number= ¢gx. This is a “degenerate” drift wave with nominally zero frequency,
asky = 0 for zonal flow potentialsp, by definition. It is now possible for the original finite-amplitude drift wave (called the
“pump wave”) to steadily lose energy due to the “modulationally unstable” trio formed by the zonal flow and the two side
bands. Although eventilg such an instabilitymustsaturate when the amplitudes of the side bands become comparable with
the pump, the initial phases of the instability can be analysed by linear theory, treating the “pump amplitude” as constant. The
criterion for modulational instality can be obtained from the folaing expression (cf. [19], Eq48)) for the growth rate in
terms of the initial “pump” amplitudedg:

y2%k2a2q2< 243 _qzﬁz). (17)
y a2/32
Reverting to dimensional expressions for clarity, it is clear that the threshold condition on the pump wave is,
2 244 2
2_ “04°P 2 Vi
|Aol® > > (psq) =5 (18)
22 02

Clearly the threshold is very low sindt—i'd2 < cf, and(psq)? < 1. We note that the threshold amplitude is proportional to the
‘drift Mach number’ defined byM,; = |V,4|/cs and to|g|.
Sincey2 is parabolic inq2, it is straightforward to show that the maximum growth rate occurs for
A
gmax ™~ —Aoz (19)
ap

The threshold condition also implidsat for modulatnal instability,g (the dimensional radial wave number of the zonal flow)
must be in the unstable band given by,

0<psqg < «/EC—S|A0|. (20)
Va
Furthermore, the wave number corresponding to maximum growth is,
Cs
(psq)max= —|Aol. (21)
Va

This modulational instabilithas long been known as the “Benjamin—Feirstability in fluid mechanics [26] as well as in
plasma physics (see also other references cited in [19]).
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This model leads to a rather generic mechanism for the spontaneous creation of not only zonal flows (i.e., perturb3tions of
but more generatascade processeperating in nonlinear systems. In particular, the “inverse cascade” to longer wavelength
modes and to zonal flows is more likely to be robust to dissipation, than “direct cascades” to short wavelengths. Work in progress
on this model both numerically and analytically confirms this mode of generation of zonal flow by nonlinear “beat” processes,
even when there is manifestly fiaear instability mechanism present to drive zonal flows.

In summary, the numerical and analytical study by Lashmore—Davies et al. [19] of GCHME leads to the following findings:
for an initial monochromatic drift wave pump with small but firdeplitude, a modulational indidity can occur, characterized
by growing zonal flow and sideband perturbations (i.e., a four-wave interaction). The pump threshold for instability is readily
satisfied, depending on the zonal flow wave number. The fully nonlinear GCHME is then solved with a numerical scheme, which
has been validated by demonstrating the conservation of the two exact invariants. The simulations show that the validity of the
four-wave model is limited to approximately three instability growth times. The radial structure of the zonal flow can be “jet-
like” or highly oscillatory in radius depending upon the ratio af 8ystem size to the density scale length and initial conditions.

It is found that zonal flows can be dramatically reduced if the most unstable zonal flow wave number does not fit into the

system. In CUTIE, the equilibrium radial electric field (and consequent zonal flow) is generated by several different mechanisms
operating simultaneously and in turn “back-reacts” on the turbulence in complex ways (both linearly and nonlinearly). The

paradigm provided by GCHME enables the rather tangled physics of the two-fluid turbulence to be understood in a relatively
simple way.

We next turn to theffectso be expected when a strongly sheared zonal flows exist in a system. Here again, the consideration
of a simple advection—diffusion equation has thrown considerable light on the key issues. Such a model was discussed in detail
by the authors in Ref. [17]. The simplest system which exhibits the relevant features shown in the CUTIE simulations of zonal
flow effects in turbulence evolution is the ‘passive scalar’ equation:

of of _ 9%f

§+vy(x)@_Dax—2, (22)
where f stands for a generic ‘fluctuation’ amplitude, (x) is a ‘sheared zonal flow’ and is a diffusivity (taken spatially
uniform for simplicity). The variablex corresponds to “radius” in the CUTIE context, whilstrepresents the “poloidal
angle”,d. The system is assumed periodicjimnd satisfies homogeneous b.c’s in a finite slab<.0< a.

Although the model is highly simplified and two-dimensional, the essential physics lofi¢lae effects of sheared advection
transverse to the difusion can be understood with its use. The spectral propertiediné#tiparabolic equatiorhave been
examined both analytically (in simple but illuminating analytically soluble cases), and numerically. We have used both time-
marching and numerical eigenvalue solution methods. The eigenvalue problem is non-selfadjoint, but was discussed in [17]
using a contour integral method. Whénis small, in the absence of, (i.e., ‘Peclet number'Pe= a2|v3,|/D =0; in some
contexts involving momentum transport, the Peclet number may also be referred to as the Reynolds number), the ‘damping rate’
of f is proportional toD/a2. However, in the presence of flow-she®e(s 1), the effective damping rate is proportional to
DY/3 (i.e., much faster!).

This general conclusion is shown by time-marching solutions of the equation (analogous to the much more complicated
CUTIE simulations) as being due to a ‘direct cascade’ into high radial wave numbers. The sheared advective flow strongly
“phase-mixes” in the radial wave number spectrum (transverse to it). This transfers modal energy in the long radial wavelengths
to the short wavelengths which are rapidly damped by radial diffusion. In effect, the advection “facilitates” the damping by
collisional/diffusive effects by its direct cascading of energy to the very short wavelengths. This process is clearly illustrated
in Fig. 5(a)—(c) where we show the time-evolution calculated by the CADENCE time-marching code (cf. [17]). The advection
equation is solved by a conservative method setiing 0 in this case. The advection velocity has a simple, constant shearing
rate (i.e., vorticity perpendicular to the flow). The direct cascade into the#ids clearly seem. Note that in this model we
arenot concerned witthow the sheared advection might have arisen in the first place, only what happens to quantities (like
turbulent fluctuations) which are subject to advective transport. It is, in this sense, complementary to the GCHME described
previously.

By a “jet” profile we mean a velocity field that is zero everywhere except in a small region of the domain, where it assumes
a high value. Physically, this kind of profile in CUTIE is due to both turbulent Reynolds and Lorentz forces/stresses and
corrugations in the ion pressure gradient. In the case of electron physics, current gradients and dynamo effects produce similar
changes in advective (i.e., electron inertial) terms involved in “generalized Ohm’s Law” which represents electron momentum
balance.

We have studied the effect of a profile composed of two of these jets, that is:

_ | Vo1, x01—8 <x <xp1+3,
V(x)_{VOZ, X02—8 <X <x02+36, (23)

where Vg1 and Vo are the constant heights of the jetgg and >, their centres and&2the total width of a jet (supposed the
same for both jets). Elsewhel&(x) = 0. Given that the profile is either zero or constant, solution to the governing advection—
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@ (b)

Fig. 5. CADENCE calculation of the evolution of a functigitx, y) with transverse advection, (x) = —x, in the absence of diffusion. Fig. 5(a)
shows initial state off, Fig. 5(b) that off atr = 30 s, and Fig. 5(c) shows the evolution in timeoft a fixedy. The increase in radial wave
numberk, is immediately apparent.

diffusion equation is trivial in each sub-region of the domain. Eigenvalues can thus be obtained by matching solutions from
the different regions and using the boundary conditions. \gagd agreement was obtainedweéen numerical and analytic
eigenvalues.

Main results may be summarised as follows: (1) The spectrum has as many branches as the number of regions into which
the domain is divided. (2) Geometric degeneracy occurs if the domain is invariant under rotation/reflection. For example, in
the case of a double jet profile, there will be degeneradfyif= Voo and jets are equally spaced from the boundaries of the
domain (say, for instanceg1 = 0.35 andxgy = 0.65). In this situation there are two obvious ways to remove the degeneracy:
either makeVp, # Vo2 or make the distances of the jets’ centres to the boundary walls different. In, Fig. 6(a), for example, the
real and imaginary parts of the complex frequency eigenvalues are plotted. In this model, the modes are always damped by the
combined effect of diffusion and transverse advection. (3) Different regions of the domain are isolated from each other, implying
that eigenfunctions will approach zero values near the jets, as can be seen in Fig. 6(b). For high enough Reynolds/Peclet numbers
(R = 10P is already sufficient) eigenfunctions will only exist in one of the three regions in which the jets divide the domain. We
have thus found that this kind of velocity profile “confines” the eigenfunctions in the regions between the jets. Each branch of
the eigenspectrum stands for one of these regions.

The confinement of the eigenfunctions is an interestiesult and should be of importance in the limiting of radial
correlations and propagation effects associated with the turbulence. Hence, it may alter the turbulent transport. It is believed that
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Fig. 6. (a) Double jet spectr&y; = Vg2 = 500; xg1 = 0.35; xg2 = 0.80; = 0.005. Three independent branclsb®wn: degeneracy is removed
by breaking the symmetry of the jets. (b) Timewohing solution of Eq. (22) for a ‘jet-likedy (x). Dotted line showsfinit and solid lineffin,
demonstrating ‘confinement’ by the jets.

this effect may significantly contribute to the “stopping” of radially propagating hot/cold pulses at transport barriers observed
in experiment [7] and simulated by CUTIE. Results are obviously generalizable for an arbitrary number of jets. It should be
noted that this type of “ghetto-isation” of transported scalars by advection—diffusion equations was already foreshadowed in an
astrophysical context in an earlier investigation by Parker and one of the authors [27].

Both simulations and rigorous analysis show that ‘jet-like’ flows can ‘confine’ the fluctuations to the zones where they occur
(cf. Fig. 6(b)), preventing them from crossing regions of highly sheared flows. These results help understand ITB dynamics
predicted by CUTIE qualitatively, as being due to a synergy of electromagnetic effects associated with gatiahsds
(i.e., electron) and zonal flow-shear suppression effects due to electrostatic (i.e., ion) effects. Thus when highly “corrugated”
current density and radial electric fields are produced, either by the turbulence itself through “dynamo effects” or “modulational
instabilities” (as discusskearlier), or through external current-drives andmentum sources, theskectron and ion flows act
on the equations governing the fluctuations and help to damp the turbulence by enhancing the capacity of radial diffusion to
cause saturation at lower amplitudes than would be possible otherwise. In addition to thislipeeglyand therefore rather
robust mechanism), there is alsonlinearradialdecorrelationcaused by the breaking up of the turbulent eddies in the radial
direction in to smaller scale structures. This reduction in the radial correlation lengths is one way in which the radial transport
due to the turbulent electric fields is reduced. Thusdirect cascadénto higher radial wave numbers is equivalent to effectively
asmallerradial step-length, and therefore, of turbulent “diffusion”.

It is not yet clear from CUTIE simulations whether it is the linear or nonlinear effect of sheared advective flow which is
operative. It is probable that both effects operate simultaneously and synergistically in the “self-organization” process clearly
seen in CUTIE simulations of long term evolution.

6. Conclusions

The studies described using CUTIE and the simpler advection—diffusion model lead to the identification of a purely linear,
phase-mixing/direct cascade mechanism which amplifies the effect of any viscous or resistive dissipative damping by a self-
generated or externally driven, sheared zonal flow (an idea going back to Hasegawa et al. [18] which originally arose from
models of the Jovian atmosphere). Coupled with the moduldtinatabilities d the type exhibited by GCHME, resulting in
‘inverse cascades’ of plasma turbulence, a quantitative unddistpof the principafeatures of mesosaatokamak transport
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phenomena such as ITB’s is beginning to emerge. The assumptions used in CUTIE can be relaxed, although the computational
costs of doing so would be usually prohibitive. The approach adopted by the authors (cf. [13,14]) can be succinctly described
as “minimalist”, in the sense that we only include physical effects in the equations which appear to be crucially important to
describe the phenomena discussed. It is possible that a more accurate quantitative model must include many more of the terms
and effects neglected in our description. We are primarily interested in discovering the empirically determined limits to which
we can take our “reduced” nonlinear electromagnetic model. The advantages of such an “Occam’s Razor” philosophy are too
obvious to need further justification. Clearly a systematic comparison of results obtained from our model with experiment will,

by itself, point to further improvements and future developments. The point of the paper is to pose the quektbdpts

the proposed two-fluid model say about mesoscale tokamak turbulence and trahspadt?o describe results which seek

to answer it. The key thesis of a turbulence-based theory of tokamak plasma transport like the present model is that the self-
consistent determination of plasma properties like /* and the electromagnetic field fluctuations leads, for given sources,

to a very different plasma evolution than would be obtained when the turbulent components to the flukgsdikeentirely

neglected. Furthermore, the efficacy of any such model should be judged by comparison of the prgfilemadfturbulent

spectra of f* predicted by the model subject to the given sources, with experimental observation szntieequatities,

obtained under similar conditions. While such a program is fanfommplete at the present time, we have discussed results
obtained with the help of our model, which tend to support the claim that it represents a variety of mesoscale phenomena in a
tokamak in a qualitative fashion. It is clear that the concepts identified in this study have direct relevance to many other fields
such as meteorology and astrophysics where the occurrence of inhomogeneous turbulence is the norm, rather than the exception.
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