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PREFACE 

This report is an extended version of a paper presented at the 19th European Physical 
Society Conference on Controlled Fusion and Plasma Physics, Innsbruck, Austria, 
June 29-July 3, 1992. A shorter version appears in the conference proceedings. 
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ABSTRACT 

Understanding the basic mechanisms of transport in toroidal confinement devices 
remains one of the more challenging scientific issues in magnetic confinement. At the 
same time, it is a critical issue for the magnetic fusion program. Recent progress in 
understanding fluctuations and transport has been fostered by the development and use of 
new diagnostics, bringing new perspectives on these studies. This has stimulated new 
theoretical developments. A view of the most recent issues and progress in this area is 
given. The role of long wavelengths in core transport and the relation between shear 
flows and turbulence at the plasma edge are the primary topics considered. 

vii 





1. INTRODUCTION 

Anomalous transport in magnetically confined plasmas is probably caused by 
plasma turbulence. Experimental proof of this requires detailed measurements of plasma 
fluctuations and fluxes. In recent years, considerable progress h& been made in the study 
of fluctuations and anomalous transport and in trying to bring theory and experiment 
closer. In comparing analytical models with experiments, one encounters some generic 
difficulties. The first one is that there are very few complete theoretical analyses of turbu- 
lent processes in plasmas. Most theoretical works have been focused on linear properties 
of instabilities, and the inferences for transport are based on the 'yk? ansatz. Another 
problem is the limited range of validity of theoretical models. The analytical calculations 
are carried out for well-defined regimes, while experiments run over multiple regimes. 
Therefore, one must beware of quick acceptance or rejection of theoretical models based 
on a single experimental test. Furthermore, the level of agreement with experiment shown 
by many transport models is directly proportional to the amount of empirical input 
included in these models. Agreement with experiment is an essential and real test for the 
models derived from first principles, but for empirical models, it is only a consistency 
test The joint work of theoreticians, experimentalists, and modelers is needed in facing 
these problems. In some recent reviews of the subject of fluctuations and tmnsport 
(CALLEN, 1990,1992; WAGNER, 1992) and of some particular aspects of it 
(HAWRYLUK, 1991; WOOTTON, 1992a), the reader can find detailed accounts of the 
progress being made. Here, I try to give a perspective on the most recent issues and 
progress in this area. 

In Sect. 2, some recent experimental results on core fluctuations and confinement 
are discussed. The role of long wavelengths has emerged as a critical question in under- 
standing transport. Theoretical models are presented in Sect. 3. The plasma edge transport 
is briefly discussed in Sect. 4. In this area, one of the more active topics of research is the 
effect of flows on turbulence and the potential relation of this effect to the transition from 
low (L-mode) to high (H-mode) confinement (L-H transition). This topic is discussed in 
Sect. 5, In Sect. 6,  a comparison of tokamak and stelarator transport is presented. Finally, 
the conclusions are given in Sect. 7. 

2. PLASMA CORE FLUCTUATIONS AND TRANSPORT: PHENOMENOLOGY 

One of the facts emerging from the plasma core fluctuation and transport studies is 
that long-wavelength fluctuations with long radial correlation lengths are present and play 
a role in controlling the core plasma transport. The present evidence comes from several 
experiments: (1) empirical scaling studies using dimensionally similar discharges, 
(2) electron temperature measurements, and (3) direct measurement of the radial correla- 
tion lengths of the core plasma fluctuations. 

In exploring the fundamental transport mechanisms in tokamaks, an important 
experimental approach is the use of dimensionally similar discharges (WALTZ, 1990; 
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PERKINS, 1990). The objective is to identify the scaling of the transport coefficients on 
the dimensionless plasma parameters pJa, p, v*, ..., by producing discharges with all 
dimensionless parameters the same, except for one that can be varied from discharge to 
discharge. The goal of the initial experiments has been to isolate the dependence of the 
diffusion coefficient on the radial scale length of the turbulence. If the characteristic 
length of the turbulence depends only on plasma parameters, it will scale as the gyro- 
radius ps, and the corresponding diffusivities will have a gyro-Bohm scaling, x = 
p @ ) F ( P 3 * *  ...). However, if the characteristic length of the turbulence scales with 

e size of the device, the corresponding diffusivity will have a Bohm-like scaling, x = 
Irp:v,)F(P,v*, ...). Detailed transport scaling experiments have been carried out in the 

okamak Fusion Test Reactor (TFTR) (PERKINS, 1992), the DIU-D tokamak (WALTZ, 
1992), and the Joint European Torus (JET) (CORDEY, 1992). Results from TFTR are 
plotted in Fig. 1. Bohm scaling is the simplest interpretation of these experiments. 
However, it is necessary to remark that the variations in ps are small, and similarity con- 
ditions and profiles are good but are not yet perfect. The present experimental evidence 
points to tokamak transport lengths that scale with the plasma minor radius. 

increasing, and it is possible to resolve length scales on the order of 1 cm. These mea- 
surements have brought forward more evidence of the presence of structures with long 
radial lengths in the plasma core. The measured electron temperature profiles in JET 
(NAVE, 1992) and TFTR (GREK, 1991) in high-q operation indicate the existence of 
numerous flat spots, a few centimeters in size, in the profile. 

In TFTR, microwave scattering experiments (BRETZ, 1988) have shown that the 
fluctuation spectrum is dominated by the long wavelengths (HAWRYLUK, 1991). 
However, the range of kl that can be spatially resolved by this diagnostic is limited. To 
explore the long-wavelength range (kl< 2 cm-I), density fluctuation measurements are 
being made using beam emission spectroscopy (BES) (FONCK, 1990; PAUL, 1990). 
These measurements show fluctuation levels in the range 0.1% to 1.0% in the plasma 
core in standard L-mode discharges, in agreement with other diagnostic measurements. 
Over the whole plasma radius, the measured radial and poloidal correlation lengths of the 
turbulence are about 2 cm, many times pi (Fig. 2). The turbulence is anisotropic, with the 
poloidal k spectrum peaking at ke 2 cm-I and the radial k spectrum at kr E 0 (FONCK, 
1992). The propagation in the poloidal direction is slow, and the decorrelation times are 
on the order of 10 ms to 100 ms. These measured plasma core density fluctuation levels 
arc correlated with the global confinement time; this is not the case for the edge density 
fluctuations. Present measurements in the supershot regime indicate that the characteristic 
properties of the long-wavelength density fluctuations are similar to those in the L-mode 
regime. Reflectometry measurements are under way in most of the major experiments. 
They should be able to identify the long-wavelength fluctuations (MAZZUCATO, 1991). 
At present, there is some controversy about the interpretation of the reflectometry results. 

Confronted with these experimental results, the first question we can ask is what is 
the underlying cause for the long-scale-length fluctuations? There are two different and 
broad lines of thought in interpreting fluctuation and transport experiments. On one hand, 

The experimental resolution in the measurement of electron temperature profiles is 
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Fig. 1. Comparison of normalized fluxes from two dimensionally 
similar discharges in TFTR. When the data are normalized to the cor- 
rect scaling law, the spread of data points should be minimal. These 
data clearly favor Bohm scaling (PERKINS, 1992). 

several theoretical (KADOMTSEV, 199 1; HEGNA, 1991) and semiempirical (REBUT, 
1986 and 1989) models are based solely on magnetic turbulence-induced transport; on the 
other hand, most of the theoretical turbulence studies are focused on electrostatic turbu- 
lence. The magnetic-island-based transport models offer a simple and direct interpretation 
to the electron temperature measurements, although there are alternative interpretations 
(discussed below). The experimental results in tokamaks in which Xi z xq E Xe 2 De z D, 
call into question models of tokamak heat transport based on stochastic magnetic fields 
(GOLDSTON, 1989; WAGNER, 1992). These results would be more consistent with 
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Fig. 2. Correlation lengths as a function of radius for L-mode 
(top) and supershot (bottom) discharges in TlTR (FONCK, 1992). 

transport predictions based on x ?i turbulence. Therefore, a critical issue to be resolved 
is the relative roles of magnetic and electrostatic turbulence in plasma transport. Direct 
measurement of magnetic fluctuations in the plasma core remains a major challenge. The 
use of the heavy ion beam probe (HIBP) for the measurement of magnetic fluctuations is 
being explored on the Texas Experimental Tokamak (TEXT) (CROWLEY, 1990). There 
are also indirect methods of measuring the magnetically induced transport, such as the 
use of runaway electrons (KWON, 1988; MYRA, 1991). The interpretation of the results 
from experiments based on runaway electrons is not simple and requires a refinement of 
the theoretical models for particle diffusion in stochastic magnetic fields. It would be 
interesting to see these techniques applied in more experiments. In particular, they could 



be tested in stellarators, where the magnetic field structure can be measured with preci- 
sion and modified with external controls. 

turbulence reveals that low-q resonant surfaces may support modes that self-bind to 
inhibit the magnetic and flow shear damping effects. This would cause spatial intermit- 
tency in the turbulence, with large fluctuation levels at the low-q resonances and lower 
levels in between (Fig. 3). At these resonances, the spectrum peaks at very long wave- 
length and the radial and poloidal correlation lengths are different, while between reso- 
nances the spectrum is more isotropic. This spatial intermittency in the turbulence may be 
the reason for the choppy electron temperature profiles. This offers an alternative expla- 
nation for the presence of magnetic islands in the plasma and allows for an interpretation 
of the experimental data based on electrostatic turbulence models. 

The duality in theoretical approaches to tokamak transport is also present in the 
transport modeling efforts. Transport modeling based on critical We (TARONI, 199 1) 
has been successfui in explaining many features of the experimental data. Also, we have 
seen progress in modeling tokamak discharges based on theoretically derived transport 
models (SINGER, 1988; REDI, 1991; BATEMAN, 1992). These calculations combine 
the effect of multiple instabilities over their different regimes of applicability. Consid- 
ering the difficulty of this task, present results are encouraging. 

Recent analytical and numerical (CARRERAS, 1992a) work on electron drift wave 

ORNL-DWG 92M-3132 FED 

rlP 

Fig. 3. Saturation level of density fluctuations for long- 
wavelength drift wave turbulence, showing peaks associated with the 
position of the low-q monance. The numerical results have been time 
averaged, and the error bars reflect the variation of fluctuation levels in 
the time interval considered. 
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3. PLASMA CORE FLUCTUATIONS AND TRANSPORT: THEORY 

Electrostatic turbulence can be the main cause of the plasma fluctuations and trans- 
port. In low-collisionality plasmas, trapped-ion instabilities (KADOMTSEV, 1970; 
TANG, 1978) are a likely candidate to explain the long-wavelength fluctuations. 
Analyses of trapped-ion modes were popular in the 1970s. These instabilities were sup- 
posed to induce a particularly unfavorable temperature dependence of the diffusivities 
(COHEN, 1976) with condensation of the turbulence spectrum in the long wavelengths. 
As a consequence, the predicted transport losses were catastrophic, with Bohm-like scal- 
ing (SAISON, 1978). When high ion temperatures were achieved in the Princeton Large 
Torus (PLT) (EUBANK, 1979) without this deleterious confinement, the study of 
trapped-ion instabilities came to an impasse. Motivated by the recent experimental 
results, researchers have revisited the theory of trapped-ion turbulence. 

netic shear. The strong ion Landau damping at the resonant surfaces forces the mode to 
localize itself halfway between adjacent surfaces (GLADD, 1973). In toroidal geometry, 
this eigenfunction structure can change, acquiring a ballooning structure in the poloidal 
direction. Recently, full two-dimensional (2-D) calculations (TANG, 1992) have been 
performed for realistic TFTR parameters and low-wavelength modes. It has been found 
that the shear localization is not strong enough and the modes spread over many rational 
surfaces. These modes are radially localized by the equilibrium gradients. In this case, the 
relevant radial width of the trapped-ion mode is an order of magnitude larger than the ion 
gyroradius. These radial scale lengths are consistent with experimental measurements. 

Significant conceptual changes have occurred in the turbulence theory of the 
trapped-ion instability (DIAMOND, 1990; BIGLARI, 1991). Here, to explain some of 
these changes, I consider dissipative trapped-ion convective cells. In slab geometry, the 
nonlinear evolution of these instabilities can be described by a 2-D fluid equation 
(KADOMTSEV, 197 1). 

In one dimension, the radial structure of the trapped-ion modes is localized by mag- 

Here iii is the normalized tra ped-ion density perturbation, E = r/R is the inverse aspect 
ratio, Q o  = &E2(1 + 3qe/2) P v,, K = &VG /[1+ (VT)], and V; = Ev2kypiVq /& , 
z = G / q ,  with pi the ion Larmor radius and V q  the ion thermal velocity. This equation 
leads to the linear dispersion relation, 

This dispersion relation is valid in the fluid limit, and it shows that the trapped-ion modes 
are destabilized by electron collisions and stabilized by ion collisions. In a complete 
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linear stability analysis of these instabilities, other kinetic effects, such as Landau damp- 
ing by circulating ions, should be included. In the study of the basic nonlinear dynamics 
of the long-wavelength dissipative trapped-ion fluctuations, however, Eq. (1) is adequate. 
The analysis of Eq. (1) (DIAMOND, 1990) shows that the dominant nonlinear mecha- 
nism is strong turbulence mode coupling and that this equation can be solved using stan- 
dard strong turbulence renormalization methods. Even if Eq. (1) is essentially 2-D, there 
is only one conserved quantity, instead of two as in the Hasegawa-Mima equation 
(HASEGAWA, 1977), and, as a consequence, there is no dual cascade. The spectral. 
energy transfer is to the small scales, and no long-wavelength condensation of fluctuation 
energy is possible. The trapped-ion instabilities can grow to large fluctuation amplitude. 
Their fluctuation level at saturation is essentially given by the mixing length approxima- 
tion, 4 = A/&. In the case of eigenfunctions localized by the magnetic shear,'the mix- 
ing length is A = kF1 = (,?b)-', where = ( r/q2)( &/&) is the magnetic shear param- 
eter. Since the fluctuations have slow radial motion, the transport level is not catastrophic 
and is comparable to the trapped-electron-induced turbulence. The predicted transport 
coefficients are 

and they scale like gyro-Bohm. The scaling of x with electron temperature given by 
Eq. (3) is x = %'I2. Although this dependence is rather unfavorable, it is not far from the 
one experimentally determined in the density modulation experiments (EFTHIMION, 
1991), x = Te5/2. The turbulence regime in which the eigenfunction is localized by the 
equilibrium profile must be investigated. In this regime, Bohm-like scaling is probably 
recovered. 

In higher collisionality regimes, long-wavelength electron drift waves could be the 
mechanism responsible for the transport losses. To study the nonlinear behavior of these 
instabilities, it is also useful to go to the fluid limit. For long-wavelength dissipative 
trapped-electron modes, an equation similar to E q  (1) can be derived (CARRERAS, 
1992a). In this regime, the trapped-electron response is laminar and the ions can be 
treated as a fluid. The equation governing long-wavelength dissipative trapped-electron 
turbulence is 

In this equation, the ion density perturbation has been normalized to its equilibrium value, 
no. The first and third terms in &. (4) represent ion density advection, the sixth term is 
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the E x B" nonlinearity, and the seventh term is the p larization drift onlinearity. The 
instability driving term is the fourth term, with 00 = P~E"(P,c,)~]:~,~,V,). This 
term introduces an effective i6 drive. The fifth term in Eq. (4) refers to the parallel flow 
damping. 

nonlinearity is the result of including the nonadiabatic electron contri- 
bution. This term qualitatively changes the character of the Hasegawa-Mima equation, so 
that enstrophy is no longer conserved by Eq. (4). This equation has only one conserved 
quantity, and as a consequence there is no dual cascade. The energy spectrum for both 
equations is greatly changed from the Hasegawa-Mima spectrum. The spectral properties 
have been investigated analytically (LIANG, 1992) and numerically (NEWMAN, 1992) 
in the 2-D limit. The character of each nonlinearity can be investigated by pulse propaga- 
tion in k space. The polarization drift nonlinearity causes a slow, dual-cascade-type prop- 
agation. The ,!? x nonlinearity causes a fast initial propagation to the high-k range of 
the spectrum (nonlocal propagation), followed by a slow inverse cascade. The saturated 
spectrum depends on the dominant nonlinearity, with a flatter spectrum in the (E x 'i) 
dominated region and a more sloping spectrum in the polarization drift nonlinearity 
dominated region. There is a very marked frequency upshift in the region where both 
nonlinearities are important. This frequency shift could have some relevance to present 
fluctuation measurements. 

Two more aspects of the long-wavelength turbulence are worth considering. First, it 
can drive short-wavelength turbulence by the transfer of energy to high k. Therefore, it is 
important to include this source of energy in the short-wavelength turbulence calcula- 
tions. A second point is that long wavelengths can modulate the short-wavelength turbu- 
lence (BALK, 1990; DIAMOND, 1990). This modulation can be responsible for some of 
the nonlocal effects observed in fluctuation (SING, 1991) and transport (LUCE, 1991) 
studies. In DIII-D, the inward heat flux cannot be explained by purely diffusive models, 
including those based on a critical temperature gradient. The experimental observations 
of nonlocal effects are mainly in experiments with electron cyclotron heating (ECH), and 
more work is needed to confirm the present results and to understand their consequences. 

In trying to understand the plasma core confinement, a great deal of theoretical and 
computational activity has been concentrated on ion-temperature-gradient-driven turbu- 
lence models. Opinion based on experimental comparison of the relevance of such 
models has been oscillating (ZARNSTORFF, 1990, 1991). The first analytical results for 
Xi were derived for qi larger than the stability threshold where a fluid approximation 
could be applied. This results in values for Xi that are too high compared with the values 
obtained in the experiment. The fact that Ti instabilities can lead to such high levels of 
losses suggests that a marginal stability condition could constrain the profiles (BIGLARI, 
1989). The determination of the marginal stability requires the use of kinetic theory in 
full toroidal geometry. Analytical work has progressed in refining the calculation of sta- 
bility thresholds (ROMANELLI, 1989; HAHM, 1989; XU, 1992). The nonlinear analyti- 
cal theory is not yet developed enough to allow the desirable detailed comparisons. The 
combined difficulties of including kinetic effects and realistic geometry make the analyti- 
cal nonlinear problem close to intractable. Systematic numerical calculations are needed. 

The x 
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Recently, a more detailed comparison of the TFTR supershot profile modification exper- 
iment with toroidal Ti stability theory (HORTON, 1992) has resolved some of the appar- 
ent contradictions between theory and experiment, at least at the plasma core. The devel- 
opment of gyrofluid models with Landau closure (HAMMETT, 1990) has extended the 
computational capabilities for studying this type of turbulence with fluid models 
(WALTZ, 1991). Gyrokinetic calculations are also under way (COHEN, 1991a; 
PARKER, 1991). 

4. PLASMA EDGE FLUCTUATIONS AND TRANSPORT 

At the plasma edge in Ohmic-type discharges, a velocity shear layer is present. This 
velocity shear layer determines the characteristic edge confinement radius (RITZ, 1989) 
and provides a useful way of comparing results from different magnetic confinement 
devices. Around the velocity shear layer, the turbulence fluctuation levels are high (20% 
to 60%). In this region, tokamaks and stellarators show similar fluctuation levels and 
properties (WOOTTON, 1992b), and the particle edge transport is consistent with the 
fluxes calculated using the measured electrostatic fluctuations. In the Madison Symmetric 
Torus (MST), systematic measurements of fluctuation-induced fluxes are being carried 
out. Apart from the usual electrostatic particle and energy fluxes (RFMPEL, 1991), the 
particle flux induced by magnetic fluctuations has been measured (SHEN, 1992), and the 
measurement of electron energy flux induced by magnetic fluctuations is under way. 
These measurements can greatly improve our understanding of the edge transport 
mechanisms. 

The universal character of the edge turbulence eliminates turbulence models such as 
the rippling-mode-induced turbulence, which requires Ell # 0. The high level of fiuctua- 
tions is difficult to explain with only plasma drives. A nonlinear mechanism, like the one 
causing the self-sustainment of dissipative drift wave turbulence (SCOTI', 19901, could 
play a role in edge turbulence and should be further investigated in 3-D geometry. 
Atomic physics drives can lead to high fluctuation levels, and they have been used to 
reproduce some of the properties of Ohmic edge plasmas (LEBOEUF, 1991). Radiation 
and ionization can drive instabilities, and they could be responsible for the edge turbu- 
lence (WARE, 1992b). This could provide the link between the modification of edge 
confinement properties and the control of neutral gas and impurities, This edge fluctua- 
tion model is rather complex, and a detailed determination of these atomic physics drives 
is needed to make it a predictive model. The presence of limiters modifies the turbulence 
by introducing a geometrical dependence of the ionization source (MOROZOV, 1991; 
S m E R ,  1991) and/or by introducing a new instability mechanism, the gradient of the 
electron temperature at the limiter (COHEN, 1991b). These effects have not yet been 
incorporated into a detailed edge turbulence model. 

2-D array of probes show the existence of complex, large flow structures (TYNAN, 
1991). It is not clear whether these structures exist in all tokamaks or occur in only a few 

Measurements at the plasma edge in the Continuous Current Tokamak (CCT) with a 
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devices. In any case, the CCT edge flow measurements underline the importance of more 
detailed measurement of the fluctuations in the study of edge plasma turbulence. 

The equilibrium transport modeling of the plasma edge at the shadow of the limiter 
has made a great deal of progress in incorporating the magnetic geometry. Good coupling 
has not yet been obtained between these studies and edge turbulence modeling. Bringing 
these two approaches together in the description of the plasma edge is a challenge for the 
theorists and modelers. 

In auxiliary heated tokamaks and stellarators, and further inside the plasma where 
the temperature is too high for the atomic drives to be operative but where fluctuations 
are still relatively high (1% to lo%), other turbulence mechanisms must be acting. In 
L-mode discharges, the resistive ballooning turbulence (resistive interchange turbulence 
in stellarators) and/or ion-temperature-gradient-driven turbulence are possible candidates. 
Equilibrium transport modeling of TFI'R discharges (REDI, 1991; BATEMAN, 1992) 
identifies the resistive ballooning-induced transport, because of its magnetic shear and q 
dependence, as a possible mechanism to explain the current scaling of the global con- 
finement. One interesting property of transport models based on resistive pressure- 
gradient-driven turbulence (CARRERAS, 1989) is that the radial scale length of the mag- 
netic fluctuations, AM, is a hybrid of the electrostatic mixing length, &, and global 
scales, AM = ,/-. Therefore, these models lead to a transport scaling that is not 
the gyro-Bohm scaling. The resistive pressure-gradient-driven turbulence model has been 
extended to lower collisionality (KWON, 1990), introducing the bootstrap current drive 
and a plateau-type viscosity term. By coupling the resistive ballooning turbulence with a 
poloidal shear flow (DRAKE, 1991). the resistive pressure-gradient-driven turbulence has 
been advanced as a possible mechanism for the L-H transition. This is discussed in 
Sect. 5. 

about the use of these local diffusion mechanisms to explain the current scaling. After 
two years of experiments in several machines, there is agreement for all experiments on 
the effect of the current profile on the global confinement time. Specifically, ZE increases 
when li increases. Transport analysis finds that changes in confinement can be explained 
with a local heat diffusivity that depends on the magnetic shear, although it is not yet 
clear whether all time scales involved in these experiments are explained. For DIII-D 
results, the average heat diffusivity increases linearly with the shear length. For JET 
results, it should be proportional to q2/&. The TFTR measurement allowed a separa- 
tion of the electron and ion channels. It was found that there was no dependence on shear 
for the electrons and a linear dependence on the shear length for the ion heat diffusivity. 
The critical temperature gradient model adequately explains the JET experiments but 
does not agree with "R data (ZARNSTORFF, 1992). 

The first current ramp experiments (ZARNSTORFF, 1990) raised serious questions 
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5. TURBULENT FLUCTUATIONS AND POLOIDAL FLOWS 

In the last few years, the relationships between the radial electric field and plasma 
edge fluctuations, and their joint effect on transport, have attracted a great deal of atten- 
tion. The main motivation is the understanding of the L-H transition (WAGNER, 1982). 
After the causal relation between the radial electric field and the L-H transition was first 
suggested (ITOH, 1988), it was followed by more detailed models (SHAING, 1988) 
based on a two-step process: (1) at a certain level of injected power in a tokamak, the 
edge particle losses create or modify the radial electric field; and (2) this electric field is 
then responsible for the reduction of the fluctuation level and transport. These models did 
not consider in detail the dynamics of edge turbulence suppression. It had been shown 
(CHIUEH, 1986) that a poloidal shear flow in a plasma confined by a sheared magnetic 
field has, in general, a strong stabilizing effect. In general, a shear poloidal flow 
[ Vb(x) = Vex] introduces an asymmetry into the eigenfunction. This asymmetry causes 
modes with different radial wave numbers ( I )  to couple. When, in the absence of flow, 
the high4 modes are damped, the presence of the shear flow stabilizes. The shear flow is 
destabilizing when the high4 modes are more unstable than the lowest-! modes. To 
understand the effect of the shear flow on transport, the question is how the poloidal shear 
flow affects the nonlinear stability and turbulence levels. A general scaling model 
(BIGLARI, 1990) was used to study the effect of shear flow on turbulence. This model 
showed that, in the presence of a shear flow, the turbulence decorrelation time, zC, is a 
hybrid time scale of the shearing time scale, Z, = l/(bV’Ae), and the diffusive time 
scale, zg = A2/D. This decorrelation time is 1/~, z (kyVi 2 2 D) y3 = l/~g~z;’~. When 

\ 

the shearing effect dominates, z, < ZD, the effective turbulence decorrelation time is 
reduced. As a consequence, fluctuation levels should be reduced. In recent years, several 
turbulence models have been used to study the effects of shear flow on turbulence in a 
self-consistent way. The numerical and analytical results from these studies raise ques- 
tions about the simple scaling model because the stabilizing effects, which are always 
confirmed in the linear instability regime, do not always appear in the nonlinear regime. 
Turbulent suppression by shear flow has been confirmed in the numerical calculations of 
ion-temperature-gradient-driven turbulence (WALTZ, 199 1 ; HAMAGUCHI, 1992), 
h igh4  drift-resistive ballooning turbulence (DRAKE, 1992b), and drift-thermal turbu- 
lence (WARE, 1992a). However, no nonlinear suppression of turbulence by pure shear 
flow, I($ ;c 0 and 7t 0, has been observed for long-wavelength drift wave turbulence 
(CARRERAS, 1992a) or resistive interchange turbulence (CARRERAS, 1992b). In these 
cases, the single-helicity effects at the low-4 resonances are important, nonlinearly the 
instabilities self-bind, the radial shift of the eigenfunction is reduced, and the shear 

stabilization effects are inhibited. In the case of a flow with curvature Vi (x) = V<x2/2], 

the linear stabilization is through the change in the eigenfunction width. The flow curva- 
ture, which is naturally generated by diamagnetic effects, seems to be more effective in 
turbulence suppression for these latter examples. 

[ 
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The ideas of turbulence suppression by poloidal shear flow as a model for the L-H 
transition attracted a great deal of attention after the observations in DIU-D of the correla- 
tion between a jump in the measured poloidal rotation velocity and the transition 
(GROEBNER, 1990) and the demonstration in CCT that the transition to an improved 
confinement regime could be externally triggered by the injection of electrons into the 
plasma, creating a radial electric field (TAYLOR, 1989). Similar results have been 
obtained in the TEXTOR tokamak (WEYNANTS, 1990). Experimental work at DIII-D 
has proceeded with continuous improvement in the measurements and their resolution. 
Within the time resolution of present experiments, the increase in the poloidal shear flow 
occurs simultaneously with the decrease in plasma edge fluctuation level and with the 
improvement in confinement, the L-H transition. During the H-mode, the edge poloidal 
velocity, VQ, as a function of the radius has a minimum (BURRELL, 1991). More details 
on the present experimental status of the L-H transition can be found in a review paper on 
this topic (BURRELL, 1992). 

plasma edge. There are several possible sources for the generation of this poloidal shear 
flow. One possible explanation is the ion orbit loss at the plasma edge (SHAING, 1992a). 
In this case, the radial scale length is given by the banana width. Another suggested 
mechanism for the increase in poloidal rotation is the poloidal asymmetry in the particle 
anomalous diffusion (HASSAM, 199 1). An alternative or complementary explanation is 
the modification of the flow profile by the plasma turbulence via the Reynolds stress 
(CARRERAS, 1991, DLAMOND, 1991a). This latter mechanism ha5 been invoked in 
fluid dynamics to explain the differential rotation of the solar atmosphere (RUDIGER, 
1989). It implies a strong coupling between turbulent fluctuations and averaged flows. 
The turbulent fluctuations modify the mean poloidal flow profile, which simultaneously 
controls the level of fluctuations. Therefore, self-consistent calculations of plasma turbu- 
lence in the presence of flows are needed to identify the mechanism of confinement 
improvement. These calculations must be done for each particular turbulence model, 
because the flow profile modification depends on the radial structure of the turbulence. 

The poloidal flow profde evolution equation is derived by taking the flux surface 
average of the momentum balance equation: 

Let us now turn to the origin of the poloidal flow and its radial localization at the 

- a(v0) = - -((V&) a - - (Br&))  1 . 
at ar PmPo 

Here, the angular brackets, ( ) , indicate the poloidal and the toroidal angle average over a 
magnetic flux surface. No explicit form for the damping has been included in Eq. (5). The 
nonlinear terms in the momentum balance equation generate the nondiagonal 1-8 terms of 
the Reynolds stress tensor Sg = (@) - ( BiBj)/plnp0 . The first term results from the 
convective nonlinearity and the second term from the magnetic nonlinearity in the paral- 
lel derivative of the parallel current density. In the case of electromagnetic turbulence, 
these terms tend to cancel each other (CRADDOCK, 1991). Therefore, it is important to 
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accurately calculate both contributions. The Reynolds stress does not contribute a net 
momentum source, as can be Seen by integrating Eq. (5) over the radius. The Reynolds 
stress does not create momentum, but it redistributes momentum along the radial 
direction. 

stress tensor must be nonzero, S d  # 0. This requires a symmetry-breaking effect on the 
advection and the radial inhomogeneity of the turbulence. The latter sets the radial scale 
length of the shear flow, and it is of the order of the radial width of the underlying insta- 
bility, that is, a few times ps. This mechanism, because of its nonlinear character, is 
expected to be dominant at the edge, where the fluctuation levels are high. The symmetry 
breaking can be produced by several mechanisms. One example is the existence of an 
initial "seed" flow with radial structure, that is, Vd f 0 and/or VJ f 0 (DRAKE$ 1992a). 
In this case and for the mode represented by Eq. (4), the flow profile modification can be 
written (DIAMOND, 1992a) as 

For an effective modification of the average poloidal flow profile, the Reynolds 

This equation indicates that the symmetry-breaking effect introduced by Vg leads to an 
amplification of the flow curvature. This is a dynamo-type instability, an effect similar to 
the anisotropic kinetic alpha instability (GALANTI, 1991). The instability is controlled 
by the fluctuation level. An analogous equation has been derived for (%),=o. Another 
symmetry-breaking effect is the radial propagation induced by electron diamagnetic rota- 
tion (HASEGAWA, 1987; CARRERAS, 1991). There is evidence of radial inhomogene- 
ity of the turbulence at the low-q surface and at the plasma edge (Fig. 4). 

bifurcated solutions. The bifurcation can be caused by different nonlinearities in the 
model. Several particular nonlinearities have been studied. 

which is a nonlinear function of the poloidal velocity for large ion poloidal rotation; when 
balanced with the ion orbit loss it leads to a bifurcated solution (SHAING, 1989). This 
model predicts high poloidal rotation velocities that lead to shock formation (SHAING, 
1992b) in agreement with some of the experimental observations in CCT (TAYLOR, 
1992). 

bulence suppression by shear flow induces a nonlinear dependence in the anomalous heat 
diffusion coefficients on the poloidal shear velocity. For high shear flow, bifurcated solu- 
tions have been found (HINTON, 1990). 

and for the turbulence dynamics in the presence of flows is intrinsically nonlinear and can 
lead to multiple steady-state turbulence solutions with different levels of fluctuations and 
shear flow. Taking into account the flow curvature only, DIAMOND (1991b) used 

Another important ingn=dient in a model for the L-H transition is the existence of 

The fust nonlinearity considered was the one in the magnetic pumping dissipation, 

, Another possible source for bifurcation is in the basic transport equations. The tur- 

Finally, the system of equations for flow profile modification via Reynolds stress 
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Eq. (6); it is analogous for ( Vi),=o, and the condition for nonlinear saturation of the 
long-wavelength drift waves in the presence of flows, 

as a simple model that includes the basic nonlinearities (DIAMOND, 1991b). Here d is 
the nonlinear diffusivity normalized to p:os. These three equations lead to bifurcated 
solutions for the level of fluctuations ($no). For low values of (f iho), the flow curvature 
(Vi? dominates, but for high (filno), the shear ( V i )  is dominant. A numerical solution of 
resistive pressure-gradient-driven turbulence showing a transition from low to high levels 
of fluctuations associated with high and low values of V{ is shown in Fig. 4. 

There is not yet an L-H transition model that incorporates all needed ingredients 
(poloidal flow generation, profile modification, turbulence suppression, and bifurcated 
solution) in a self-consistent way and for a realistic geometry. However, at present, most 
of the components for such a model seem to be under detailed study. 
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6. COMPARISON OF TOKAMAK AND STELLARATOR TRANSPORT 

The present generation of stellarator devices is characterized by average plasma 
minor radii of 10 cm to 27 cm. In this size plasma, transport studies can be carried out 
without being dominated by edge plasma effects. The energy confinement time in these 
stellarators is the same as in tokamaks of the same minor radius. However, there are some 
differences in the underlying transport mechanism that lead to somewhat different trans- 
port scalings and properties of the equilibrium profiles. 

Most of the stellarator discharges have L-mode-type behavior. However, in contrast 
to tokamaks, the local transport scaling seems to be closer to gyro-Bohm than to Bohm, 
as has been shown in the Advanced Toroidal Facility (ATF) (MURAKAMI, 1992), in the 
Compact Helical System (CHS) (MATSUOKA, 19921, and in the Wendelstein VII- 
Advanced Stellarator (WVII-AS) (WAGNER, 1992). Therefore, the transport scaling in 
stellarators is somewhat more optimistic than L-mode scaling in tokamaks. This is 
reflected in a positive scaling with density, which is absent in tokamaks and compensates 
for the negative power scaling. The absence of a density limit in stellarators makes this 
compensation significant. In dimensionless parameters, modulation experiments in ATF 
giveTE = Szi -' ps -3v50*2p0.4. That is, the scaling with p and collisiondity is favorable. It 
is important to test this scaling at a significant p level. In WVII-AS, H-mode-type dis- 
charges have been obtained. The confinement improvement is still small when compared 
with the tokamak H-mode, about a 1.3 enhancement factor. However, these results are 
very recent, and a systematic study has not yet been carried out. 

A second characteristic of the stellarator transport is the lack of the electron tem- 
perature profile resilience that has been observed in tokamaks. In WVII-AS and 
Heliotron-E, it has been shown that the electron temperature profile depends on the heat 
deposition profile. However, stellarators show a correlation between the electron tem- 
perature and density profiles. This correlation could be the result of a marginal stability 
condition to helically trapped electron modes (DOMINGUEZ, 1992). 

. 

7. CONCLUSIONS 

Understanding the basic mechanisms of transport in toroidal confinement devices 
remains one of the more challenging scientific issues in magnetic confinement. The 
complexity of the problem makes progress slow. In recent years, we have seen a great 
increase in diagnostic capabilities. We have begun to get the benefits of these new diag- 
nostics, but we can still expect a great deal more in the near future. In spite of the 
progress in diagnostics, further development is needed in some critical areas. This is par- 
ticularly important in the area of magnetic fluctuations and their overall effect on 
transport. 

and the study of their linear properties. A great deal remains to be done to advance the 
theory of nonlinear instabilities, turbulence, and the induced transport. Computational 

Theory has been an active force for many years in the identification of instabilities 



16 

science is emerging as a powerful new approach in these studies. The next generation of 
computers will bring us closer to the capabilities needed for simulation of a confined 
plasma. Although another decade is probably needed to reach this goal, a great deal of 
understanding can be gained at present by solving simpler models that can help in sorting 
out the underlying physical mechanisms of the theoretical models. 
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