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Abstract: This article summarizes the papersthat are related to the theory of magnetic confinement plasmas.
1. Introduction

In the 19th IAEA Fusion Energy Conference (Lyon, October 2002), approximately 100 papers
on the magnetic confinement theory are reported. They constitute a substantia part of the over-
al contributions in the conference (about 380 presentations). This conference covers mgority of
progress that has been made in the area of fusion theory after the previous |AEA Conference at
Sorrento in year 2000.

The magnetic confinement plasmas have shown complex structures and dynamics as is
illustrated in Fig.1. Plasma parameters vary from center to surface. In addition to this gradual
change of parameters, there are distinct steep variations in severa circumstances, e.g., the edge
transport barrier and interna transport barrier. The topology of magnetic surfaces changes at the
plasma surface. It is dso modified by the spontaneous gppearance of magnetic islands in the
core. Thetemporad evolution includes the slow change as well as abrupt transitions. Papers that
are related to the magnetic confinement theory try to clarify the mechanisms that govern the
structure and dynamics of plasmas. At the same time, these papers intend to provide methods
for control of and for improvement of confined plasmas for redizing the ignited plasmas. |ssues
which are covered by the theory-related papers might be arranged as follows:

. Transport and confinement

. Direct simulation of turbulence

. MHD models. Understanding and control

. Energetic particles

. Heating and current drive

. Edge modélling

. Statistical approaches.
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This summary is prepared to highlight the new progresses that have impacts on future research.
The view point of this summary is chosen, putting an emphasi s upon interactions between
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Fig. 1. Schematic illustration of the structuresin toroidal plasmas. Poloidal cross-section isshown.
Plasma parameters gradually change from center to surface, and there are distinct steep variation
at the edge transport barrier (ETB) and internal transport barrier (ITB). The topology of the
magnetic surfacesisalso modified by the magnetic islands.
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dynamics with different scae lengths and/or time scales. Such a direction of research is
essential for comprehensive understanding, and drives evolution of future research. Summary
and prospects are discussed in the last section.

2. Theory of Transport Phenomena
2.1 Transport-code Analysis

The understanding of the transport phenomena is one of the centra issues for redizing burning
plasmas. Based on the recent progress of the theory of anomalous transport in tokamaks [1-3],
transport-code anadyses have been extended world wide. Progress of integrated transport
modelling is reported. Hoang [4] and Parail [5] discuss the property of the transport modelling
by comparing the results with experimental observations. Kinsey [6] reports the test of the
modd with database and discusses the prediction of the performance of ITER plasmas.
Transport codes have shown maturity so that they would give dependable prediction assuming
that we have accurate knowledge of the transport barrier formation, of the appropriate
description of the plasmaboundary, and of the model for plasma transport.

2.2 Transport-barrier Mechanism

Theory of the transport barrier formation has attracted attentions. In the core, the dectron
barriers and ion barriers are known to behave in a different way under some circumstances.
This implies the presence of at least two dynamica mechanisms that control the ITB formation.
Newman [7] discusses the eectron and ion barriers considering two kinds of fluctuations. Yagi
[8] studied the direct nonlinear interactions between different kinds of fluctuations and reported
anew turbulence bifurcation. Mutua interactions between the multiple kinds of fluctuations are
the key for understanding the ITB formation.

The edge transport barrier, being associated with the H-mode, has been studied about two
decades. Radia eectric field bifurcation and suppression of turbulence are the centra thread of
theories for the transport barriers. Theforefront of the ETB theories is the establishment of the
model that can quantitatively explain experimental observations. The varieties of dynamical
processes that may influence the barrier formation at edge [2] still prevent from completing the
theoretica model, and key processes are investigated. Kasuya[9] and Daybelge [10] examined
the nonlinearity of radia eectric field. A testable result is presented [9] in relation with the
bifurcation driven by dectrode [11, 12], and the understanding of nonlinear response of radia
electric fidld was progressed. It has aso been wel known that the neutra particles play
essentid role in the H-mode transition. Influence of neutra particles on plasma flow is
discussed by Fulop [13]. Plasmaflow on amagnetic surface is composed of the flow aong the
magnetic field line and the rigid body rotation which is in proportion to the mgour radius. If
neutra particles decelerate the flow at particular poloidd angle, the flow might become stronger
a the different poloida angle. This effect is predicted to become prominent for spherica
tokamaks (STs). The gas-puffing at the inside of the tours was found effective in inducing the
H-mode of ST.

The suppression of turbulence by inhomogeneous radid eectric field is now widey accepted.

(See surveys [2, 14, 15].) The turbulence-driven flux is influenced by both the fluctuation
amplitude and the cross phase such as
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where o isthe cross phase between the dectric field and density. Terry [16] discusses that the
suppression of cross-phase in sheared flow isimportant in determining the plasma transport.
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2.3 Anomalous Torque, Off-diagonal Elements, etc.

An emphasis is made on the momentum transport in relation with the radid eectric fied
structure formation. In particular, the anomalous torque attracted attentions.  One issue is the
zond flow excitation. The generation mechanism is explained and experimental evidence is
discussed by Diamond [17]. A global scale transport of toroida angular momentum has been
observed experimentally. Angular momentum flux, which is induced by ion temperature
gradient (ITG) mode is discussed by Coppi [18]. Pinch of momentum is aso studied from the
aspects of zond flow generation. Generdization of the momentum structure formation will be
given future.

Plasma diffusion in the stochastic magnetic field is still achallenging problem. Vlad [19] studies
nonlinear diffusion regimes in stochastic magnetic fields, and describes the combined effects of
perpendicular transport and parallel dynamics.

2.4 Finite and Long Range Transportation

2.4.1 Finite correlation length

Diffusion modd does not aways suffice. Experimenta observations on transient response have
been surveyed [20], and a limitation of the locd diffusion modd of transport has been
discussed. This limit of local diffusion mode is considered to arise from the fact that the
fluctuations have finite correation length [14]. Deviation from local diffusion modd is aso
caused if fluctuations are excited by subcritical excitations (hysteresis).

Nonlinear instabilities in plasmas have been widely studied. The presence of nonlinear
instability is one of the reasons why the simple mode formula D =y k7 (v. : the linear

growthrate, k, : the perpendicular wave number) does not fit the plasma experiments. In this

conference, Moestam [21] discusses the nonlinear resistive drift instability. A finite correlaion
length is another key. Carreras [22] discusses that the superdiffusion, in which the separation
of elements X(t) has an asymptotic dependence

<(x(t)—x(o))2> <t with o >1

is possiblein plasmaturbulence. The Lyapunov exponent & finite distance d , A(d) , becomes
smaller if d becomes large. The fast decay of A(d) is originated from afinite-scae correlation
of fluctuations and sticking of plasma elementsto it.

2.4.2 Sf-organized criticality (SOC) model

The sdlf-organized criticdity (SOC) models have been gpplied to toroidd plasmas. SOC models
have captured features of plasma transport. The hysteresis and finite corrdation length of
plasmaturbulence are simplified in the form of SOC modds. Applications of SOC models are
discussed by Tangri [23], Dendy [24] and Sanchez [25]. Nondiffusive transport is modelled
and the speed of radia propagation of the transport pulse is anayzed [23]. Nonloca transport,
plausible structures, and probability density function (PDF) are discussed in [24]. Application
to ELMs is discussed in [25]. SOC models, if compared with experimental observations, would
be a useful method to extract dynamical correlation length from experimenta data.

2.4.3 Alternative modeling based on variational principle

If nonlocd nature is extended to its extreme, for instance in the case of fully-developed and
large-scale turbulence, a variationa principle could be constructed. The successful examples
include the Taylor's principle for RFP [26] or the minimum enstrophy principle in fluid

dynamics [14]. The former minimizes the total magnetic energy f \V X A\zdx under the

constraint of the constant magnetic hdicity, and the latter minimizes the total enstrophy
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f\VxV‘de under the constraint of the flow helicity. (A : vector potentid, V : fluid
velocity.) Anextension is proposed by Mahgan [27] where the volume integrd of canonica
enstrophy J ‘V X (V + eA ‘ dx is minimized with constraints of helicities. Access to the

minimum state is experimentally tested [28].
Gedankenexperiments of other variationa principles are also reported [29-31].
2.5 Large-orbit Neoclassical Transport Theory

The neoclassmd transport theory has been constructed upon expansion with respect to the
parameter pEL™°, where p, and L are the banana with and the gradient scae length,
respectively. In usua circumstances, the condition pgL “<<1 holds, and formulae of
neoclassical theory have been established [32]. However, the relation

pEL™?~1

is sdtisfied in modern toroida plasma experiments. In tokamaks, asis shown in Fig.1, p, can

be of theorder of L invarious cases. In this conference, efforts are reported in this direction of
research, including Shaing [33], Bergmann [34], Chang [35], Nuhrenberg [36], Murakami
[37]. These works are tabulated in Tablel| .

The finite-orbit-width neoclassica theory attracts attentions, because it is relevant for the
transport barriers (ETB, ITB), for the regions near axis and edge, and for the magnetic island.
The elaborated theory of helicd plasmasis aso subject to enthusiastic research.

TABLEI. WIDTH p, AND THE EXCURSION LENGTH OF BANANA PARTICLES CAN BE
OF THE ORDER OF GRADIENT SCALE LENGTHS IN MANY CIRCUMSTANCES.

Pb of the order of Phenomena
Pressure gradient scale Internal TB
Magnetic idand width NC tearing, drag, etc.
Distance from separatrix Edge TB

Helical plasma NC transport

For instance, the competition between the banana width and width of magnetic island is
discussed for the Bootstrap current, ion polarization current and the drag of the flow. The
polarization current and Bootstrap current are crucid for the nonlinear evolution of the
neoclassica tearing mode [33, 34]. The drag effect on the flow is important [33] in the
generation of strongly inhomogeneous radid dectric fild at the magnetic island. The
bifurcation of E, at the magnetic islands has been predicted [38] for the explanation of the

SNAKE structure in tokamaks [39]. The X-point transport [35] is a key as a source of eectric
field bifurcation at the edge [2]. Quantitative analysis will be developed in future.

2.6 Linear Instabilities
Linear ingtabilities are basics of analysis of turbulence and turbulent transport.

2.6.1 Microscopic instabilities
Microscopic instabilities, the wave lengths of which are shorter than theion gyroradius p; , are

studied, being motivated by the understanding of eectron transport. Dong [40] discusses the
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integra-equation analysis of the eectron temperature gradient (ETG) mode. Smolyakov [41]
and Hirose [42] investigate the short-wave length ITG mode instabilities. In conventiona
andysis of short-wavelength modes p;k, > 1 , itis considered that the ion responseis screened
by the factor of 1/| pik l| and is unimportant. This is not the case, in redity, and the short wave

length instability appears owing to the temperature gradients of ions and electrons.

Other effects such as that of the safety factor (Wang [43]) and that of the drift reversa
(Yokoyama[44]) are discussed. Drift reversa which utilizes toroida helicd structure [44] waits
further studies.

2.6.2 Ballooning modes
Re-examination of balooning mode instability is performed to understand blobs and other
phenomena at edge.

The low-toroida-mode-number balooning mode is studied by Hastie [45]. The influences of
resistivity and of the coupling with ion sound mode are discussed. The mechanism of
stabilization by inhomogeneous flow is studied in detail (Furukawa [46]).

3. Direct Simulation and Turbulent Transport

Towards combined and comprehensive andysis of turbulence and transport, intensive studies
have been performed in the area of direct smulation of micro turbulence.

In toroida plasmas, there are many dynamica activities with various scade lengths and time
scaes. Figure 2 summarizes the scales and trends of research. In space, there are scae lengths
of globa inhomogeneities (represented by the plasma radius a ), ion gyroradius p; ,

collisionless skin depth /o, and eectron gyroradius p. . We cdl p;, Clo, and p.
microscopic lengths, and a macroscopic length. In between a and p;, there appears
characteristic scae length that is a hybrid mean of a and p; , eg., J/ap;, , which we cdl

mesoscae. (See, eg., [14].) In time scdes, we have the transport time scale, the typica
example of which is the energy confinement time t , the ion sound transit time a/c, , Alfven

transit time a/v, , and electron thermal transit time a/v ¢ .
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Fig.2. Various scale lengths and time scalesin plasmas
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New direction of the research is the andysis including different scaes simultaneously. The
most popular one is the investigation of ITG mode being screened by the self-generated zonal
flow. (See e.g., [47- 49].) The ITG mode is characterized by the ion gyroradius, and the
zond flow by the microscopic length p; or the mesoscale ,/ap; . The combined anaysis is

further extended recently. At the forefront of the andysis, inclusion of the three scaes is
challenged, and the coupling with global plasma profilesisinvestigated.

3.1 Progress of Codes and Benchmarking

The progress of code development is noted first. Table Il summarizes the direct nonlinear
simulation of turbulence and turbulent transport. More than 16 articles report the details of direct
simulation of turbulent transport. (There are many other articles which treet the direct nonlinear
simulation. Table Il illustrates efforts for turbulence and turbulent transport.)

TABLE Il. DIRECT NONLINEAR SIMULATION AND TURBULENT TRANSPORT.

Author Mode Specific subject Ref.
Yagi I TG+short scale modes Three-scales, 8]
Jenko ITGIETG Multiple-scales, finite- 50]
Kishimoto ETG/ITG Semi-three-scales, reduced X; [51]
Lin ITG/TEM Bohm, g-Bohm [52]
Wadtz ITG/TEM Bohm vs g-Bohm [53
Ottaviani ETG/ITG finite- , Bohm vs g-Bohm [54
Villard ITG/TEM Nonlocal transport, helica 55]
Garbet ITG/TEM Reversed-qand ITB [56]
Parker ITG/TEM finitef , kinetic electrons 57]
Mikkelsen ITG/TEM Comparison with experiments 58]
Idomura ITG Maxwellian canonical variable 59]
Beyer Resis. ball.  Stochastic magnetic field, 60]
Krasheninnikov Disspative  Blob and gection 61]
Ghendrih Interchange Bumps and PDF 62]
Nevins X-point mode 3D nonlocal ES 63]
Pastukhov Interchange 2D, large scale convection 64]

Analysis by the code has come to a certain established level. The andysis of ITG done provides
an over-estimated vaue of turbulencelevel, and simultaneous anadysis of ITG with zona flow
is now a standard procedure of andysis. A common knowledge has been obtained by gyro-
kinetic/fluid codes for the system of ITG mode and zona flows. This issue is reported in [8,
50-59].

3.2 Multiple Scale Turbulence

Simulations that include the dynamics of multiple scale lengths are the one of the highlights of
this conference. Nonlinear interplay between different types of fluctuations is studied. Yagi [8]
reports the simulation that includes the three scales. zona flow and streamer (meso scae), ITG
mode (micro mode) and short wavelength ITG mode (much finer mode). The fluctuations of the
three scales are simultaneously excited in direct simulation. This alows the study of nonlinear
interactions of different type of turbulent fluctuations. Andytic modeling based on the
renormaization is aso included in [8], and possible bifurcation is predicted. This waits
confirmation by direct simulations. Three-scales dynamics are aso investigated by Jenko [50].
The evolution of ETG, zona flow and streamer is andyzed in [50], and the eectron therma
conductivity x. isstudied. If itiswritten as



Xe: F pévth, G/a ]

the form factor F is shown to have a dependence F « (qF\’/LTe)3 (Lte : electron temperature
gradient) in the limit of strong temperature gradient, Lio<<Lyq. (L Critica gradient
length). Interaction between ITG and ETG viadriven-zond flows is studied by Kishimoto [51].

The impact of ETG-driven zond flow on the ITG mode is studied. For a given amplitude of
ETG-driven zonal flow, the ITG-driven X issuppressed and shows intermittent burst in time.

3.3 Global Simulation and Bohm Diffusion vs Gyro-Bohm Diffusion

In the other direction, interactions between different scde lengths are studied by the globa
simulations [52-56]. Plasma profiles together with fluctuations are solved simultaneoudly.

The corrdation length is smal but finite in comparison with the globa gradient scae length.
One of the issues is the examination of the scale lengths. If the correlation length is much
shorter than the globa scae length and if fluctuations in different magnetic surfaces are

independently excited, the transport is described by the diffusion with the level of ¢ zrgolr (-
scae length, T, : correlaion time). For the case of drift wave fluctuations, e.g., ITG mode

turbulence, it provides x = X4 = p2cda=(p;/ajT/eB . This means that the transport coefficient

is of the order of gyro-reduced Bohm diffusion. If the scale length of correlation approaches to
a substantial fraction of the globad size, the transport deviates from gyro-reduced Bohm
diffusion. (This has been discussed for the cases when the humps appear [65], the action at
distance works [66], and the avalanche occurs [67, 68].) Enthusiastic verifications are reported.

Lin [52] reported the dependence of the normalized ion therma conductivity X/ Xge & a
function of p;/a . For the parameters of simulation, gyro-Bohm dependence is confirmed in the
range a/p; > 300 , but the Bohm-like dependence is found for smaller system sizes. In other
simulations (Wadtz [53], Ottaviani [54], Villard [55]), gyro-Bohm dependence continues to
smaller system size a/p; ~ 100 . Thecritica system size (a/pi)C , Where gyro-Bohm diffusion

change to Bohm-like behaviour for a/pi<(a/pi)c, if it exists, should depends on the

magnitude of inhomogeneity and models of the boundary of simulation domain. Discussion is
on-going, and conclusive result from numerical smulation is left for future study.

The other key issue is the combined dynamics with structure formation in globa profiles. This
is the microscopic basis for transport barriers. Garbet [56] reports the transport barrier
formation in the reversed shear plasmas, simulating the JET experiment. The reduction of
therma conductivity is reported to occur a the minimum of the safety factor g and at the

rationa surfaces where g takes integer numbers. In the vicinity of the integer-Q surface, the

mode rationd surface that resonates the medium mode numbers becomes less dense. An
example of multiple ITBsis demonstrated.

The finite-beta effect is discussed by several authors [50, 54, 57]. A gradud change of
transport coefficient is reported. Beyer [60] studies the dectrostatic turbulence in the static but
braided magnetic field. This is motivated by the ergodised divertor experiments. Comparison of
the result of direct nonlinear simulation (ITG mode and trapped eectron mode) with the
experimental observation is reported by Mikkelsen [58].

Itis aso noticed that the advancements of numerica schemes are reported adlowing much more
accurate computations [55, 59]. For instance, the energy conservation is studied in detail [55].
A scheme of loading particles which are Maxwélian with respect to canonicd variable [59] is
shown to give accurate damping rate of zonal flows.
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3.4 Mesoscales

Mesoscae dynamics, such as the zond flow, streamer, blob, bump and others attract attentions.
This is because they contribute to large deviation from average and yied considerable
contributions. Krasheninnikov [61] and Ghendrih [62] study the blobs in the scrape-off layer
(SoL) plasmas. Nevins [63] reports the simulation of turbulence at plasma boundary. Owing to
the dissipation a the sheath near the divertor plate and to the steep gradient, the strong
dissipative turbulence develops the SoL plasmas. Mesoscae blobs appear as a consequence of
excited instabilites. A time-averaged profile follows the exponentid decay,

n o exp (—(r—a)/A) , with the decay length of A . However, an instantaneous profile is

different from the exponentia form. The contribution of large scale deviation is shown to have
substantia contributions to the plasma flux [61, 62]. The radid velocity of blobs is calculated,
and the upper bound isgiven as V, <V, = cp25R~%5q-V5 [61].

3.5 ModellingHelical Plasmas

Turbulent fluctuations in stellarators (helica plasmas) are adso studied by direct simulations.
(The name “helica systems” is used in this article with the same meaning as “stellarators”.) This
is because the neoclassicd transport in helicad systems is reduced to a moderate level by
properly choosing the magnetic field configurations or by the strong radia dectric fiddd. The
historica concern of the neoclassica loss of ripple-trapped particlein hdical systems is resolved,
and the turbulence-driven transport is the main obstacle that limits the energy confinement time
in helical systems. In the present level of andysis, the three-dimensiona natures of the plasma
parameters are considered to be not essentia. With this simplification, the direct nonlinear
simulation is performed for W7-X model [50, 55].

4. MHD Models: Understanding and Control
4.1 Global Understanding Including Plasma Shapes

Progress of studies of MHD stability and dynamical evolution is noticeable. In the nonlinear
MHD simulation, the red plasmageometry is kept and the rapid evolution of large scale plasma
profile is clarified. Representative work, e.g., Park [69] and Hayashi [70], describes the
nonlinear MHD simulations of spherical tokamak and helical plasmas. Nonlinear simulation of
ST's attracts attentions, because the very high-8 plasmas are redized in ST's. In addition, a
relatively weak magnetic field (in comparison with conventional tokamaks) makes the ion
gyroradius larger. Thefinite-gyroradius effect on MHD mode could be more prominent in ST's,
stimulating the careful consideration of the physics resolution of the finite gyroradius effect and
other effects. Park [69] reports the nonlinear simulation studies of tokamaks and ST's. The
change of magnetic surfaces at the crash is shown, illuminaing the evolution of m=1

reconnection. The shift of the peak and flattening in the profile of toroida velocity are shown
for the first time. Hayashi [70] stimulates that the medium m (m=10~15 ) mode activity

simultaneously occurs at the onset. The simultaneous occurrence of higher-m mode is dso

emphasized in [69] for the case of high-B plasmas. Whether the higher-m modes precede the
m=1 mode or not depends on the choice of theinitid condition. The evolution of the higher-
m modes which is induced by the m=1 mode has been reported [71]. The nonlinear
evolution, in particular, whether therapidly growing higher-m modes saturate a lower leve or
not, criticaly depends on the presence of the m=1 mode activity. MHD phenomena and

transport of energetic ions in spherica tori are investigated by Kolesnichenko [72]. A large
scale stochastization is discussed.
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4.2 Fast Events, Nonlinear Instabilities

Although the evolution of the large scale MHD perturbation after the onset of the instability has
become more and more quantitative, the mechanism that leads to the onset of MHD instabilities
still requires theoretical and computational investigations.

The neoclassical tearing mode has been known to be a nonlinear instability and is subject to the
subcritical excitation. (Kruger [73] and Procdli [74].) The evolution in the nonlinear growth
phase is controlled by the resistance against the pardld eectron motions. In the resistive
plasmas, the resistive time scale applies, but the eectron inertia and other kinetic effects
influence the growth. Coupling with sound wave is favourable in larger devices when the
anaysis is extended for the future burning plasmas [74]. Better understanding has emerged, but
quantitative prediction for the growth and decay rates needs future studies.

The sawtooth crash is one of the typica examples of collgpse events in toroida plasmas. The
interaction between the m=1 mode and semi-micro modes has been known important in

understanding the onset of sawtooth collapse (see, e.g., [71], [75]-[77]). The excitation of the
Kevin-Hemholtz (K-H) instability has been observed associated with the m=1 mode [76].

Naitou [78] showed that the induced K-H instability (in the range of m=10 and beyond)
causes the saturation of the m=1 mode. The disappearance of the K-H fluctuations then leads
to the further growth of m=1 helica perturbations.

The high beta collapse is subject to the intensive studies. Ishii [79] studied the nonlinear
evolution of the m=3 double tearing mode in the reversed-shear tokamaks. Due to the

geometrical constraints of thepair of m=3 islands, the inclination angle of magnetic surfaces

a the x-point becomes larger, leading to nonlinear destabilization. The growth rate of the
nonlinear instability isfound to be insensitive to the resistivity.

4.3 Helical Systems and Others

The plasmain the large helica device (LHD) has been found more stable than predictions of
linear stability theory. [80] This has stimulated the MHD stability theory in helica plasmas.
(Ichiguchi [81], Nakamura [82], Strauss [83], Garcia [84].) The nonlinear evolution of the
pressure-gradient driven MHD instability in helica plasmas has not yet been fully understood.
In [81], it is shown that the globa perturbations appear if the critical parameter for the low-n

instability is exceeded. (n : toroida mode number) However, the loca flattening affects much

the kinetic energy of perturbations in comparison with the evolution which isinitiated from the
prescribed smooth plasma profile. Analyses of profiles including the corrugations, flattening
and flows are necessary in future.

Progress is aso reported on the nonlinear MHD analysis of reversed field pinch (RFP) plasmas.
(Mirnov [85]) Equilibrium, stability and evolution of field reversal configuration (FRC) are
discussed; detailed report of the stability analysis was given by Barnes [86]. Stability is
investigated by use of the methods of particle simulation by Ohtani [87]. Plasmas are more
stable against the tilting instability than the calculations. Coupled evolution of the profile and
MHD mode in the vicinity of the stability boundary is aso reported by use of the new set of
reduced equations [64].

4.4 Control

Understanding of the MHD modes in toroidal plasmas has progressed and is promoting
experimenta progresses. For instance, the experimenta improvement of plasma confinement in
RFP by current profile control through pulsed poloida current drive is tightly linked with the
theoretical understanding like[85]. Most typicd exampleis the resistive wal mode in tokamaks.
For increasing the beta limit, efforts have been made. Feedback control is discussed, and
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efficient control method is clarified (Chu [88], Liu [89] and Mauer [90]). For example, the
poloida sensor is found much efficient than the radia sensor, and the improved sensor is found
effectivein sustaining the beta limit in the rage of 90% of the ided wal limit. A new issue of
control of resistive wal mode (RWM) is pointed out by Wakatani [91]. The RWM stability is
strongly dependent on the plasma rotation. Wakatani shows that the perturbation-driven torque
(divergence of the Reynolds-Maxwéll stress) tends to decelerate the flow veocity at the rational
surface. Thiswould be an origin of the nonlinear instability.

Other exampleis the construction of three-dimensiona magnetic surface in high beta stellarators.
Hudson [92] demonstrated that by carefully choosing the shape of the coil, widths of low-m

magnetic islands are suppressed and nested magnetic surfaces could be redized nearly in the
entire region of plasmas in therange of afew % beta. The sensitivity of the shape of the coil on
the nested surfacesis found strong.

5. Energetic Particles and Alfven Eigenmodes

Dynamics of energetic particles and Alfven eigenmodes are subject to intensive studies, because
they are considered to be important in ignited plasmas.

5.1 Role of Plasma Geometry

In studying the Alfven eigenmodes, theradia profile of theloca Alfven frequency o ~ kv, is
akey. This radid structure is influenced by the safety factor through K and by the density
profilethrough v, . The plasma shape and geometry aso affect the gap through the couplings

of poloidal (and helica) harmonics. These dependencies on the shape and profile are now well
understood, and varieties of Alfven eigenmodes are found and reported.

In tokamaks, the impacts of ITB and new Alfven eigenmodes are discussed by many authors
(e.g., Fukuyama [93], Breizman [94], Zonca [95]). The new eigenmodes, called reversed-
shear Alfven eigenmodes (RSAE) after [93], is found to appear in the condition of ITB at
reversed magnetic shear configurations. This attracts attentions that the variation of K and vp

occurs in the case of reversed-shear ITB. Thetransition from TAE to RSAE's is reported.

In spherica tokamaks, Alfven eigenmodes are dso the key issue (McClements [96],
Gordenkov [97], Cheng [98]). In particular, the compressional Alfven eéigenmode can aso be
important in spherical tokamaks owing to it very high beta values [98]. Alfven eigenmodes in
helica systems are also investigated by Lutsenko[99] and Strauss [83].

Based on these studies, one may ask how unstable ITER is against the Alfven eigenmodes.
Comparison of stability between ITER and JET is reported by Cheng [98]. The linear growth
rate normalized to the characteristic Alfven frequency is afew tomeslarger in ITER.

5.2 Combined Analysis of Large-scale Dynamics of Waves and Particles

The Alfven eéigenmodes are considered to be possibly dangerous because they could lead to a
large-scae transportation of energetic particles. Figure 3 illustrates the nonloca interactions of
energetic particles and Alfven eigenmodes. One mode could be unstable in the centra region,
where the strong gradient of energetic ions exists dueto centraized supply. Resonant fast ions
movein radius, and this motion extends to asubstantial fraction of radius because of the long
radia correation length of the mode. This transportation leads to the induction of steeper
gradient of hot ions a distant radius, and can cause the destabilization of another Alfven
elgenmodes. As aresult of this successive excitation of afew Alfven eigenmodes, an avalanche
of hot ions takes place.

This type of dynamica evolution is studied by many authors. In [95], it is reported that the
radial location of the peak of Alfven eigenmodes moves about a quarter of plasma minor radius
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Fig.3. Ejection of energetic ions through successive excitation of Alfven eigenmodes.

within 30 Alfven-transit time. With the theoretica view of theinteraction of energetic ions and
Alfven eigenmodes in Fig.3, comparisons with experiments are reported to be successful. They
include the reversed shear plasmas [94], low aspect ratio plasma such as NSTX [97, 98], JT-
60U [93, 98] and TFTR [100]. In these studies, the quasi-linear method is successfully applied.
Owing to this feature, quantitative understanding is made by numerical simulations on the beam
ion loss due to Alfven eigenmode bursts (e.g., Todo [100]). Stochastization of ion orbit and
asymmetry between co-injected and counter-injected particles are clarified.

5.3 Runaway Electrons and Ions

Runaway particles are dso the key issue. In particular, energy distribution after the onset of
disruption is a serious problem. It is pointed out by Helander [101] that electron run-away
distribution is affected by the pitch-angle scattering of eectrons. The pitch-angle scattering
givesrise to the velocity perpendicular to the magnetic field, which is reduced by synchrotron
radiation. Runaway ions are possible to occur. Variaion of magnetic moments of fast ions in
spherical tori is also discussed [102].

6. Heating and Current Drive

Analysis of ICRF waves in redistic and complex geometry is necessary for the quantitative
understanding of the ICRF heating. Proper treatment of microscopic wave structure for accurate
evaluation of absorption is discussed by Batchelor [103]. Toroidd asymmetry in helica
systemsis aso taken into account in [103].

An improved cdculation of the rf-driven and Bootstrap currents is discussed by Peysson [104].
Magnetic braiding and current injection by anomaous current diffusivity are aso discussed by
Cohen [105], where the braided magnetic field has arole of increasing the current diffusivity.

7. Edge Modelling
7.1 Transport Analysis with Atomic and Molecular Processes

Transport andysis, with atomic and molecular processes, of the edge plasmas has shown
steady progress these years. In this conference, many authors reported the transport code
anaysis on this subject (Hatayama [106], Coster [107], Snyder [108] and Paral [5]).
Quantitative comparisons are reported by these authors. For instance, the degree of detachment,
ngepl“gl , Is analyzed by Hatayama. (Ngp : density a plasma surface, T : flux in the detached

state.) It is shown numericdly that the degree of detachment is enhanced by the W-shaped
divertor in JT-60U [106]
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7.2 Other Important Phenomena

Other related issues in the edge plasmas include the stability, the magnetic braiding and current
injection [105], the study on MARFE by Herrera[109], X-point transport [35], eic. A new
boundary concept, which could give a large expansion volume for tokamaks, is proposed by
Kotschenreuter [110].

7.3 ELMs and Pedestal

Among the various kinds of instabilities at the plasma edge, the edge locaized modes (ELMs)
are subject of intensive studies. (For instance, [5] and [108].) Analyses based on quasi-linear
pictures are reported. The onset of linear stability condition is studied in conjunction with the
transport code anaysis. A modd of an impact of one ELMs event is combined, and a periodic
evolution is studied.

The influence of shaping of the plasma cross-section is studied in detail by Snyder [108].
Characterizing the plasma state by two parameters, i.e., the edge pressure gradient and the
current density near edge, the kink-ballooning mode instability is investigated. The triangularity
is shown to be strongly influential in improving the stability. A comparison with D I11-D data is
made. Parall [5] studies the stability by use of the JET 1.5D and 2D transport codes. The
neutral gas density is found to increase the frequency of ELMs and reduces the size of one event
of ELMs. These modd anayses show a semi-quantitative agreement with experimenta
observation. The evolution of ELMs event (e.g., the mechanism of the sudden onset, the
identification of perturbation that leads to the ELMs event, avdlanche of energy and the recovery
to the improved confinement state) is yet unclarified, and theory of ELM events must be
explored in future.

8. Statistical Approaches

As aresult of the progress in toroidal plasma experiments, the importance of the tail component
in the probability density function in transport problems and in onsets of events is widdy
recognized. It iswell known that the statistical approach is needed.

The probability density function (PDF) is considered essentid in many articles. One may write a
Langevin equation to study the statistical property of the quantity X which is the subject of

interest:

d —

G X+AX=wlt]g.
In this equation A isthe (nonlinear) damping rate, g is the magnitude of the noise source and
W(r) represents the Gaussian white noise. Non-Gaussianity of the PDF is caused either by the

nonlinearity in the damping rate A , or by the nonlinearity in the noise source g . The former

process is investigated by Kim [111]. Theformation of drift wave modon is studied by use of
the reduced set of equations in the presence of anoise with fixed magnitude. Longer life-time is
expected for larger-amplitude modon, so that the stretched non-Gaussian PDF is obtained. The
PDF of thelocal Reynolds stress +~ is obtained as

P(R) ~ exp (— C R3’2) _

In this case, an exponentid tail is obtained. The nonlinearity in the noise source gives much
more prominent tails. In the renormaization model, g is given as afunction of the amplitude of

turbulence.  Stronger nonlinear noise appears for stronger fluctuations. This gives power-law
tails in the study of multiple-scale turbulence and bifurcation by Yagi [8]. The presence of non-
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Gaussian tail means that the statistical average is deviated from the peak of the PDF: In other
words, large-scale but rare events could play adominant role in determining the average.

Substantial tail of PDF is obtained in the anayses based on the SOC modelling. The hysteresis
nature that is inherent to the SOC model leads the avdanche of transported quantity (heet,
particle, etc.). Such an avalanche constitutes the tail in PDF and contributes to the considerable
part of the statistical average.

The PDF of the hest flux P(qr(x, y)) is observed in direct nonlinear simulations of turbulence,

where qr(X, y) is an instantaneous vaue of the locad hea flux at [x, y) . Abbreviaing
P(qr(x, y)) and a{x y) by P(q,) and g, , apower law tal P(q,) = ;¢ was found in the

result of the direct nonlinear simulation. The power index v. is an important parameter:
depending on the condition whether oo >2 or o <2, the statistical average (qr> changes its

nature. Consider that the power law P(q,) < g7 holds in the range Qmin <0 < dmax - If

o >2 holds, the contribution from the tail to the averageis given by 94 . If, on the contrary,
the rdation oo <2 holds, the teem g3z is dominant in it. The rare events (i.e., O; ~ Amax )
control the average. According to the Holland's report [17], the result is fitted to oo ~ 1.5 for
the case of weak shear flow and to o ~ 2.3 for the case of strong shear flow. In the former

case, the rare events (probably being associated with the larger spatia scale) play important
roles in determining the average. The statistical analysis has dso been performed on the bursty
flux in SoL [62]. In this case, exponentid tail for bursty flux is obtained. These results show
that the non-Gaussianity in PDF is commonly observed and is important, and that the specific
form of the tail depends on the explicit form of the nonlinearity that governs the dynamics.

Based on the progress of the statistical theory of transport, the statistical theory of L-H
transition is developed by Itoh [112]. A Langevin equation for the radia eectric field in the
plasma edge E, is derived. The PDF of E, and the transition rates between the L-mode and

the H-mode are calculated. The phase boundary is obtained by using the statistical average. The
stetistica average of the gradient-flux relation qup'J is derived. Although the deterministic

modd predicted a hysteresis in qup'J , Which is important in explaining the rapid jumps of
transport and E, a the onset of transition, the stetistical average (qr> is a single valued
functionof p .

9. Summary and Prospect

This conference covers mgority of progress that has been made in the area of fusion theory.
This summary paper is made by putting an emphasis on aspects as follows. First, the
integration is the area where many efforts were made. As is illustrated in Fig.4, many modes
have been developed in the history of theory of magnetic confinement plasmas, based on the
assumption of scale separation. Combination of dynamics that are describing various processes
with different scales (path A in Fig.4) provides the new dynamics and structures. Thus new
findings are made through integration of models. Thisis because the confined plasmaisin the
far-nonequilibrium state with strong nonlinearity and the integrated system is far away from the
linear superposition of parts. In addition to thisintegration, the importance of the mutual
interaction between different scalesis also highlighted in this conference, and is emphasized in
this summary. The path B in Fig.4, i.e., the study of the mutual interactions between different
scales, before closing amodel, is one of the main outcome of this conference. Examples of

such progress (e.g., the system of drift wave turbulence and zonal flows, the system with semi-
micro and micro fluctuations, the evolution of low-'" MHD mode associated with the small-
scale fluctuations, the emergence of blobs from fluctuations in SoL, the evolution of Alfven
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Fig.4. Trendsin evolution of theory of magnetic confinement plasmas.

elgenmodes and hot ions, the role of large scae events in PDF, etc.) show the direction of the
future progress in the fusion theory. If integrated after renormdizing the interna interactions
with different scale dynamics (path C in Fig.4), better understanding of the plasmas and more
dependable prediction will be provided. Much progress in such a direction will be reported in
the next IAEA conference. It might be helpful in illuminating the progress of theory of
magnetic confinement if the “Theory Overview Session” is prepared at the beginning of the
Next IAEA Conference.
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