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ABSTRACT

Intensified studies of plasma transport in toroidal plasmas over the past three
to five years have progressed through increased understanding in some areas and
changed perceptions about the most important issues in other areas. Recent
developments are reviewed for six selected topics: edge fluctuations and transport;
L-H mode transition; core fluctuations; modern plasma turbulence theory; transient
transport; and global scaling. Some of the developments that are highlighted
include: the role of a strongly sheared poloidal flow in edge plasma turbulence,
transport and the L-H transition; change of focus from k;jps ~1to k ps<<1
fluctuations in tokamak plasmas; modern Direct-Interaction-Approximation plasma
turbulence and hybrid fluid/kinetic theoretical models; and transient transport
experiments that are raising fundamental questions about our conceptions of local

transport processes in tokamaks.

*This manuscript is a preliminary draft of a paper presented as oral review talk 1RV1 at the DPP-APS
Tampa meeting, 4-8 November 1991. It has been submitted to Physics of Fluids B: Plasma Physics for
publication in the Special Issue covering the invited and review talks at the Tampa meeting. The
author welcomes suggestions for corrections, clarifications and improvements during the period when
this manuscript is being reviewed for inclusion in the Special Issue.
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L Introduction

Developing an understanding of cross-field plasma transport is the
“ultimate” scientific issue! for toroidal magnetic confinement systems (tokamaks,
stellarators and reversed field pinches). Most other major plasma physics issues for
toroidal systems are reasonably well characterized, understood and quantified:
stable operating windows are determined by low q and high B ideal
magnetohydrodynamic (MHD) linear stability limits; macroscopic phenomenology
(sawteeth, Mirnov oscillations/locked modes, major disruptions, etc.) can be
described reasonably well by nonlinear resistive MHD models; the Ohm's law
parallel to the magnetic field is found experimentally to exhibit the predicted
Spitzer, trapped-particle and bootstrap current effects; and plasma heating and
current-drive can be quantified through the Coulomb collision effects on the neutral
beam injection of and ion cyclotron range of frequency wave effects on fast ions, and
the current responses to beam and wave momentum inputs. In contrast, cross-field
plasma transport,3 as a plasma physics subject, has been: not well characterized or
understood in toroidal confinement systems; in need of realistic models of plasma
turbulence and turbulent transport; and an outstanding physics conundrum of the
late 20th century. Also, with respect to future experimental device designs, plasma
transport has been: usually characterized by purely empirical energy ccnfinement
time (1) scaling relations; and a key determinant of the plasma size and parameters
needed for ignition.

The “standard” model of plasma turbulence, transport and confinement has
many levels: 1) At the lowest level, “local” (small radial extent compared to the
plasma radius, Ax << a) collective instabilities are driven by the local free energy
associated with the plasma pressure, temperature and other gradients inherent in a
confined plasma. The collective instabilities grow linearly from thermal noise in

the plasma. They initially grow independently on the assumed nested equilibrium
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magnetic flux surfaces. 2) The individual modes then saturate quasilinearly (at fi/n
~k1d ¢n n/dr yielding D ~ y/k2), or, in the Direct-Interaction-Approximation (DIA),
nonlinearly (at fi/n ~ Ac d ¢n n/dr yielding D ~ Ac2/1.). 3) Plasma turbulence with a
fully developed spectrum of modes grows up and comes into an equilibrium, which
is usually calculated via a DIA theory of the two-point correlation function. 4) The

turbulent fluctuations in the plasma induce turbulent transport (with heat, particle
diffusion coefficients %, D ~ (Ax)2/At ~ SA2/ k) that acts to reduce the “local” (Ax
k

<< a) plasma pressure, temperature and other gradients. 5) The turbulent “radial”
transport effects are incorporated into density, energy, etc. balance equations that are
solved to yield the plasma density, temperature, etc. profiles in the plasma. 6) And,
finally, the overall plasma confinement is determined by integrating these profiles
over volume and dividing by their respective sources to determine the relevant
confinement times [e.g., the energy confinement time tg = 3/2 [ d3x (neTe +
n;T;)/Jd3x £Q ~ a2/4x]. The first four levels (linear growth, saturation, spectrum
development and turbulent transport) must be developed self-consistently, even for
“local” plasma turbulence and transport. Investigations in these first four areas are
generally referred to as fluctuation studies. Those in the fifth level are called
transport modeling while those in the last level are referred to as confinement
studies.

The remainder of this brief review of our understanding of transport
processes in magnetically confined plasmas is organized as follows. First, the
reasons for increased emphasis on transport studies over the past three years are
discussed. Thereafter, the contrasting characters of plasma edge and core turbulence
and transport are discussed. Since space and time limitations do not permit a
comprehensive review of all areas of plasma turbulence and transport, the

following six sections highlight developments in six specific areas where there has



been notable recent (last three to five years) progress: edge fluctuations and
transport; L-H mode transition; core fluctuations; modern plasma turbulence
theory; transient transport; and global scaling. The areas of increased understanding
and changed ideas about the important concepts are summarized in the final

section.

IL Recent Status and Evolution Of Transport Studies

The transport status in the mid 1980s was characterized by success in
empirical global confinement scaling but little understanding of the basic transport
processes. Namely, the increase in tg by about an order of magnitude from the late
1970s and early 1980s experiments (a < 50 cm, plasma current < 500 kA) to the mid
1980s large-scale tokamaks (TFTR, JET, JT-69 with a 2 1 m, plasma current up to 5
MA) was predicted by empirical scaling relations developed from the smaller
devices [e.g., the Goldston scaling? tg ~ I/Payx!/2 for so-called L-mode confinement]
to within a factor of about two. However, the “standard” physics-based model of
plasma turbulence, transport and confinement outlined in the preceding paragraph
did not seem to be borne out since it was not clear: if fluctuations were responsible
for the local plasma transport; which theory (if any) of fluctuations and transport
was applicable; why the theoretical modeis mostly predicted turbulent diffusion
coefficients that decrease strongly from the center to the edge of the plasma while
experimental data indicated gently rising coefficients; the tendency of the electron
temperature profile to be approximately invariant (“profile consistency”’3) was not
theoretically predicted; the strong, nearly linear dependence of the energy
confinement time on plasma current (tg ~ I) did not seem to be predicted by the
most prevalent drift-wave instability models with k; ps < 1, etc. Also, there were
only very weak couplings between the experimental, modeling and theoretical

studies of plasma turbulence and transport. Thus, there was the feeling that, while



the empirical scaling relations had worked quite well previously and might, with
refinements, be sufficient for next generation devices and even perhaps reactors, the
physical basis for plasma transport was not well understood. Also, there was the
feeling that increased understanding should lead to enhanced, optimized plasma
confinement in the future even larger scale and more expensive devices.

The desire for a more physics-based understanding of transport and more
precise predictive confinement models in the late 1980s led to calls for increased
emphasis on transport studies. Namely, during the winter of 1987 and spring of
1988 the Ignition Physics Study Group (led by J. Sheffield, ORNL), Compact Ignition
Tokamak (physics part led by RR. Parker, MIT) and International Tokamak
Experimental Reactor (physics part led by D.E. Post, PPPL) future device design
studies, and the Office of Fusion Energy (OFE) of the Department of Energy (DOE,
initially W. Sadowski and later D.H. Crandall et al.) all highlighted the need for
greater understanding of plasma transport. Also, the Coo!font Magnetic Fusion
Advisory Committee (MFAC) Summer Study Panel called for4 (as its second most
important action initiative) a “National Confinement and Transport Task Force” to
“improve predictive capability for tokamak confinement.” In response, the author
of this paper formed a Transport Task Force under the auspices of the Office of
Fusion Energy of DOE in October of 1988. At about the same time, and essentially
independently, the recently installed new director of the higher level Office of
Energy Research in DOE decided that studies of transport should be the number une
priority within the magnetic fusion program and began to redirect substantially
program resources to reflect this prioritization. As a result of all these events, much
greater emphasis was placed on studies of plasma turbulence and transport within
the magnetic fusion program beginning from the fall of 1988.

The Transport Task Force (TTF), which was born amid the turmoil of major

changes in direction of the magnetic fusion program during 1988-89, has fostered



and guided work on plasma turbulence and transport over the past three years. Its
long-term goals are to:> Characterize local fluctuations and transport in toroidal
plasmas, Understand the processes responsible for transport, and Identify how to
Reduce transport in tokamaks -- that is, to CUIR transport in tokamaks. A key
element in this endeavor has been to work toward a synthesis of theoretical,
modeling and experimental studies of plasma turbulence and transport. The TTF
has been guided by a 12 member Steering Committee comprised of fusion program
leaders from most of the major programs in the U.S. During Phase I (October 1988
through March 1989) of the TTF, the status of transport studies were reviewed by
seven Task Groups (comprised of about 70 members); summaries of their findings
have been published.6 During Phase II (April 1989 through the present) the TTF has
promoted transport studies through bi-yearly workshops, for which some
summaries have been written and published,” and formation of six working groups
(beginning from March 1990) on edge fluctuations and transport, L-H transition,
core fluctuations, grad-T; modes (later changed to core transport), transient transport
and dimensionless variable scaling. Additional groups have been formed recently
as the author of this article resigned from the leadership of the TTF to go on

sabbatical and B.A. Carreras of ORNL became the new leader of the TTF in May 1991.

.  Differing Characteristics of Edge and Core Plasma Turbulence and Transport
Because the properties of plasma turbulence and trarsport in the hot plasma
core differ so much from those in the plasma edge (see Fig. 1), it is important to
distinguish and discuss them separately. The edge fluctuations6¢.8 and local
transport properties can be measured with metallic Langmuir probes inserted from
outside the plasma. In the edge the fluctuations are found to be very large (of order
the equibrium quantities), dominantly electrostatic and the cause of the local edge

particle and heat transport.8 The processes that generate plasma microinstabilities



in the edge plasma can be quite complex because the plasma is not fully ionized
there and is thus susceptible to radiation cooling, ionization, charge-exchange and
other atomic physics effects. These effects tend to reinforce the extant
microinstabilities, generate new ones, and increase the fluctuation levels relative to
those in the hot plasma core.?

In contrast, special diagnostics are required to measure the plazma
fluctuations and transport in the hot (> 100 eV say) plasma core, which burns : ~
metallic probes in a very short time (< 10 msec). Generally speaking, the
fluctuations in the hot plasma core are small (S 1%), and have significant electric
and magnetic (B/B ~ 10-4) components. At present, it is still not clear if the local
fluctuations are responsible for the local transport in the hot core of the plasma.
Since the edge and core regions are so different we discuss them separately in the
following six sections -- the following two sections (edge fluctuations and transport,
L-H mode transition) involve the edge, while the remaining four section sections

are primarily concerned with core fluctuations and transport.

IV.  Edge Fluctuations and Transport

Probe measurements in TEXT89 over the past few years have clarified and
expanded our previous knowledgeéc about fluctuations and their effects on
transport in the edge plasma. In particular, the edge fluctuations have been shown
to be non-Boltzmann in character; that is, the density perturbations are not adiabatic
with fi/n = e¢/Te. Instead, as shown in Fig. 1, just inside the limiter atr/a = 1 one
has e/Te ~ 0.7 >> fi/n ~ 0.25 >> Te/Te ~ 0.1. Further, previous indictions6¢,10 that
correlations between the edge density and potential fluctuations are responsible for
the anomalous local particle flux in the edge have been reconfirmed and
extended6c8 to show that correlations between the edge density, potential and

electron temperature fluctuations are responsible for the anomalous edge electron



heat flux. Thus, apparently the plasma fluctuations in the plasma edge (r/a 2 0.9) do
seem to be responsible for the anomalous transport fluxes there. [In contrast,
similar comparisons in the core plasma region (r/a < 0.9) seem to show that the
observed n, ¢, and T fluctuations are not able to account for the observed core
transport fluxes,6¢.8 largely because the fluctuations become so small in the core.
However, if the dominant core fluctuations have large enough perpendicular
wavenumbers (k;ps > 0.3) there is still some possibilityll they may account for the
observed transport fluxes.]

In attempting to develop theoretical models of edge plasma turbulence and
transport it has been found that the electric field and its gradient play an important
role in the plasma edge The equilibrium potential in toroidal plasmas!? is usually
negative (~ the ion temperature 2 1 keV) in the plasma center, rises gently with
radius to just inside the limiter where it rises quickly with radius to a small positive
value (2 50 eV), and then decreases rapidly thereafter. The rapid variation of the
potential at the edge leads to a large, negative electric field which however increases
to a positive value just inside the limiter. This leads to a strong polidal E x B flow
which is also quite strongly sheared [i.e., dVg/dr = - d(E;/B)/dr is large]. That this
could have a substantial effect on fluctuations in the vicinity of the limiter was
recognized some time ago.13 However, it has also been shown14,15 that the position
of this “shear layer” provides a good definition of the edge location for toroidal
plasmas of all types (tokamaks, stellarators and reversed field pinches).

It has been found both experimentally14.16 and theoretically17-21 that large
shear in the poloidal flow can tear apart turbulent eddies in the edge plasma and
thereby reduce the plasma turbulence and turbulent transport they induce. The
reduction in the radial decorrelation length of the turbulent eddies can be

understood as follows. First, consider a model equation describing the evolution of



a density perturbation fi subject to shear in the poloidal flow in the x (or radial)
direction and turbulent diffusion with coefficient D:
o 92 i dny

-a—t-+kng9 ﬁ-D——axz =-Vxgr - (1)

The sheared flow and turbulent diffusion (last two terms on the left) are comparable

within a radial “shear” layer of width
D /3
A- (ky VO') ' @

Since the scaling of D with Vg’ = dVg/dr is not yet determined, the scaling of the
layer width with poloidal flow shear is also not clear. In the absence of shear in the
poloidal flow (Vg = 0), a single growing mode (9fi/dt = ¥fi, with y assumed to be

independent of Vg) has a mixing length saturation amplitude given by

5 dno Do _
M~ Vg ~ Ag2 R
or
i~ AO dno/dr, i-',)('“ \.;AOI (3)
and hence
Do ~ YAOZ. (4)

In the presence of strong shear in the poloidal flow (kg Ao Vg’ = g >> ¥), using Eq. (2)

one obtains within the shear layer



D ~ yA? ~ yDy2 (i)? << D (5)

and hence
A -~ Ao(l) << Ao (©)
Wg

Thus, as shown in Fig. 2, a strong, externally imposed shear in the poloidal flow
reduces the radial correlation length of the fluctuations, and hence their induced
turbulent diffusion.

The real situation in the edge of toroidal plasmas is unfortunately usually
more complicated, mainly because in a steady-state turbulent situation the “drive” is
not a constant linear growth rate y but rather is influenced by turbulent mixing,
Reynolds stress flow generation and shear flow amplification effects due to radial
propagation of the turbulence (a dynamo type effect). Then, the y in Egs. (3-6) above
depends on Vg’ and the spectrum of the turbulence, and the entire problem must be
solved self-consistently.21 Experimentally there is evidencel4 that large poloidal
flow shear reduces the radial decorrelation length, the decorrelation time, the
fluctuation level, the local diffusion (since the density gradient increases there) and
hence forms a sort of “transport barrier” in the edge shear layer.

Numerical models of plasma edge turbulence and transport have evolved
considerably over the past few years. They began by considering rippling-mode
turbulence,?2 plus radiation effects, and have gradually evolved to a model
involving thermal-driven drift-wave instabilities with significant atomic physics
(radiation, ionization, charge-exchange, etc.) and edge realism (large dVg/dr, limiter)

effects.20,21 The atomic physics effects tend to reinforce extant edge instabilities,
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generate new ones, and create larger relative fluctuation levels in the edge than in
the hot plasma core.14 Nonetheless, the theoretically predicted fluctuation levels
and radial decorrelation lengths often seem to be a factor of order three less than
those experimentally observed. Work continues in this area with emphasis on
getting and us.uig more precise descriptions of the actual atomic physics effects in
particular edge plasmas in order to make more quantitative and conclusive

comparisons.

V. L-H Mode Transition

The normal mode of operation for auxiliary heated tokamak plasmas is called
L-mode (“low mode”) operation. It is characterized by energy confinement (tgl) that
degrades with increasing auxiliary heating power,2 and by temperature and density
profiles that go smoothly to very low values at the plasma edge (Te < 20 eV, ne <
1019 m-3). In contrast, the H-mode (“high mode”) of operation6¢,23 (primarily in
tokamak plasmas with divertors) is characterized by a factor of about two greater
energy confinement (tgH < 2 tgl) with a similar electron temperature profile but
with a nearly flat density profile24 that has a high boundary value (ne ~ 1020 m-3).
There is thus some indication that a “transport barrier” (at least for particle
transport) exists at the plasma edge in H-mode plasmas. A key question is: what
triggers the transition from L- to H-mode operation?

In concert with the developing picture of edge electric field effects, Shaing et
al.17,25 and Diamond et al.18,19 have recently proposed and developed models for
the L-H transition based upon these effects. The development of these models was
stimulated and guided by careful edge studies26 on the DIII-D tokamak of the
properties of edge plasma flows, fluctuations and transport during the L-H mode
transition. The comprehensive models that have emerged have six key elemants:

1) A net radially outward ion current is induced in the edge layer plasma (due to ion
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orbit losses,17.25 asymmetric turbulencel? near a divertor separatrix, or from an
externally inserted biased probe). 2) This radial current leads to a J; x B force on the
plasma that is damped by the neoclassical viscous force27.28 on poloidal flows. 3) If
the induced poloidal force is large enough it can overcome the viscous damping and
induce a large (but usually still slightly subsonic) poloidal flow, and shear in the
poloidal flow in the edge layer. 4) For sufficiently strong poloidal flow shear,
turbulent eddies get torn apart by the electric field effects discussed in the preceding
section. 5) The shearing effect reduces the fluctuation level. 6) And, the reduced
fluctuation level reduces the anomalous transport in this edge layer and thus
produces a “transport” barrier. In the Shaing et al. model17.25 these are effectively
sequential steps that can be calculated somewhat independently because the
initiating radial ion current is externally imposed. In contrast, in the Diamond et al.
modell? since the initial radial ion current is induced by asymmetries in the
turbulence (about a given mode-rational surface), all of the elements must be
calculated self-consistently taking cognizance of the turbulence effects at each stage.
Both models can produce bifurcated solutions indicative of the L- and H-mode
operating regimes.

The basic elements of this L-H transition mod:l have been developed and
confirmed by DIII-D data,?? as shown in Figure 3. Namely, at the L-H transition the
edge poloidal flow rotation jumps (in a narrow layer a few cm in width), while
fluctuations and the particle flux out of the plasma (indicated by the Dy signal) drop
substantially. Perhaps the most critical test of any model is to use it to develop
methods for reducing transport -- the Identify how to Reduce part of CUIRing
transport. This critical test was provided30 by negatively biasing a probe inserted
into the plasma in the CCT tokamak. The result, as shown in Fig. 4, was that after a
short period the plasma changed from L- to H-mode operation, as would be

predicted by the six element model described in the preceding paragraph. In
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addition, a positive bias experimeni3! in the TEXTOR tokamak also succeeded in
inducing an L- to H-mode transition. Also, the poloidal flow-retarding force has
been shown32 to agree with neoclassical viscous force predictions. Further ancilliary
developments related to the L-H transition include determination33 of the
interrelationships between the poloidal (and toroidal) flows for various plasma
impurities (since it is the impurity not hydiogenic flows that are measured
spectroscopically), and localized transient transport modeling34 of the L-H transition
and of the edge plasma after an Edge Localized Mode35 (ELM) “crash.” The general
perspective that emerges from all these experimental results, tests and modeling
therecf is that while there is still considerable disagreement on the details of each of
the six basic elements of the L-H transition model and certa‘nly their causal
interrelationships, this comprehensive model explains many key features of the L-H

transition and provides a very useful framework for describing it.

VI.  Core Fluctuations

While low level (< 1%) core density fluctuations have been measured by
microwave scattering {or some time,5¢.36 a new generation of scattering diagnostics
on the TEXT, TFTR and ASDEX experiments in the late 1980s has helped clarify
some key aspects of these fluctuations. These new diagnostics have better spatial
resolution (small scattering volume, AX4et S a/3) and can measure smaller
wavenumbers (k;ps < 1, where ps = cs/ p;j is the ion gyroradius measured at the ion
sound speed) than previously. What has been found,37 as shown in Fig. 5, is that
the smallest measurable wavenumbers (kgps < 0.4) have the largest fluctuation
levels, and that these smallest wavenumber fluctuations increase mest strongly as
auxiliary heating power is applied (and tgl degrades). Also, it has been found38 that
the frequency spectrum (2 100 kHz) observed in the laboratory frame is almost

entirely determined by the shear-flow-induced (see section IV) Doppler frequency
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spread (A = kg AXdet dVg/dr). After subtracting out this effect, the net frequency
spread in the moving plasma rest frame often is obscured by the net diagnostic
resolution (“ghost” features) and must be less than about 50 kHz. Since the largest
fluctuations occur at the lowest wavenumbers measurable and are proportional to
k¢ and the width of the detection volume, the complicating sheared flow Doppler
shift effects found in this new generation of diagnostics indicated that in order to
make further progress smaller k (namely, k; < 2 cm-1) fluctuations needed to be
measured with much finer spatial resolution.

Thus, in the late 1980s three new types of fluctuation diagnostics were
developed with small detection volumes (AXget ~ 1 to 2 cm) to measure the k p; <<
1, ki < 2cm! part of the fluctuauon spectrum: iizavy Ion Beam Probe3? (HIBP) on
TEXT, Beam Emission Spectroscopy (BES)4041 on PBX-M, Phaedrus-T and TFTR
since 1989, and Correlation Reflectometry (CR)4243 on JET and TFIR since 1990.
The common features found from all these diagnostics are that the largest
fluctuations (fi/n ~ 1%) have kgps < 0.1 and radial correlation lengths that range up
to 2 to 3 cm (largest in the poorest confinement regimes). The perpendicular scale
lengths of the fluctuations can thus be at least of order 10 pg (ps < 0.2 cm), or a few
ion banana drift orbit widths (Art ~ 1 cm). In fact, the BES measurements4! in TFTR
L-mode plasmas indicate a radial correlation length of about 25 ps , density
fluctuation levels about a factor of 4 larger than the mixing length estimate [see Eq.
(3)], and that the absolute fluctuation level for k; <2 cm-! is apparently roughly as
would be implied by the extrapolation of the upper curve in Fig. 5 into this low kg
region. Also, the fluctuation levels in the plasma core (but not the edge) seem to be
correlated with the global energy confinement time tg -- BES measurements44 on
TFTR show that 1g ~ i-! while CR measurements42 on JET show that the radial
correlation lengths of the fluctuations are longest in L-mode plasmas and smaller in

H-mode and ohmic plasmas. The radial and poloidal arrays of BES detectors on
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TFIR yield additional information. Namely,4! the cross-phase frequency spectra
between different poloidal detectors show that the al-eady narrow frequency
spectrum (~ 30 kHz) is again dominated by Doppler shifts due to plasma flow effects.
The net frequency spread in the plasma rest frame after these effects are subtracted
out is below the experimental uncertainty of perhaps 5 kHz. (For the relevant
tokamak discharges a drift wave with a poloidal mode number m = 30 would have a
diamagnetic flow frequency of about 5 kHz). It should also be mentioned that
Thomson scattering systems on JET and TFTR have seen hints4445 of “flat-spots” on
the measured electron temperature profile with widths up to about 10 cm, which
would imply a radial correlation length of about 5 cm. However, it is difficult to
determine if such structures are really present since the photon statistics yield large
diagnostic uncertainties for such fine scale phenomena.

The picture that is emerging from these new diagnostics is thus that the
largest fluctuations in the hot core of tokamak plasmas have k; ps < 0.1, long radial
correlation lengths 2 10 ps, and very low frequencies in the plasma rest frame (less
than perhaps 5 kHz, comparable to the ion collision frequency v;). Using a mixing-
length-type estimate for the diffusion coefficient [cf., Eq. (4)] with a radial
decorrelation length for the turbulent fluctuations of 2 to 3 cm, a decorrelation time
of order 0.1 - 1 msec would be sufficient to yield the experimentally observed
anomalous diffusion coefficients (see Section VIII) of about 104 cm2/sec. Thus, the
largest fluctuations do not seem to be described by the kps 2 0.5 “collisionless” drift
wave (® ~ wxe >> vj) models that have usually been invoked to explain the plasma
core fluctuations and transport.46:47 Rather, they are of such low frequency and long
wavelengths that they should be describable primarily with fluidlike models, as will

be discussed in greater detail in the next section.

VII. Modern Plasma Turbulence Theory



Major advancements in theoretical studies of plasma turbulence and
transport over the past 5 years can be split into five categories: DIA-type models,
numerical calculations of drift-wave type turbulence, hybrid fluid /kinetic
descriptions, magnetic structure type models, and the beginning evolution to
models that emphasize small k;p. The following paragraphs give brief summaries
of recent developments in these respective areas.

Direct-Interaction-Approximation (DIA) models of statistical plasma
turbulence have been very aggressively developed over the past 5 years.21 In a crude
manner of speaking, what the simplest of these models do is to use renormalization
techniques to determine the form of the turbulent diffusion coefficient D in Eq. (1)
in terms of sums (or integrals) over the turbulence spectrum. In contrast to fluid
turbulence where there is only one key turbulent field (the vorticity = V x V), in
plasma turbulence one needs to treat simultaneously48-50 a number of active and
passive scalar fields (e.g., vorticity Vz(.t;, density fi, magnetic flux \II, parallel flow {i||i,
parallel current Ju and other fluctuating quantities). Also, both fluidlike and
adiabatic4? nonlinear responses must be handled simultaneously50 for both the
electron and ion species in a plasma. Further, a DIA-theory of the two-point
correlation function has been developed to determine the fluctuation spectrum.
That these DIA-models are relevant for describing plasma turbulence has been
shown through comparison with numerical calculations of resistive-g mode
turbulence.52 There, it was shown that while mixing length models such as in Egs.
(3, 4) can give the dominant scaling of D with plasma parameters for fluidlike
turbulence, the DIA theory determines the coefficients -- by balancing the
fluctuation drives against the turbulent diffusion effects. Recently, the anomalous
transport induced by trapped-particle instabilities>3 has been reinvestigated using
these DIA procedures and it has been found that the induced transport is much

smaller than usually estimated, with the trapped-ion transport coming down to the
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previously estimated trapped-electron level.>4 Finally, the DIA theories have played
an important role in the investigation of the velocity shear effects17-22 on edge
plasma turbulence and transport that was discussed in Section III above.

Since estimates of the transport that ion-temperature-gradient (ITG)-driven
modes could induce48 were so large and there were some indications that, at least in
equilibrium situations,5> these modes might play an important role in L-mode
transport, a number of numerical calculations36 of the turbulence and transport that
these modes induce were developed over the past few years. While the first
calculations tended to confirm that these modes could cause substantial transport, as
more and more realistic effects (particularly kinetic ones) have been incorporated
into the calculations the net level of induced transport has gotten progressively
smaller. At present the general conclusion seems to be that the ITG modes are not
likely to roduce enough anomalous transport to account for the experimentally
observed levels (D, xi 2 104 cm2/sec) in tokamak plasmas, particularly over the outer
half of the plasma; however, in the hotter inner half of the plasma they may induce
enough transport to contribute significantly to anomalous transport there.

A major difficulty that arises in developing numerical calculations of plasma
turbulence is that truly realistic models of it would require computer resources well
beyond the largest and most powerful supercomputers presently available. Thus,
reduced phase-space models must be used and even then the calculations are at the
“grand challenge” level57 of computations. One of the key problems in developing
such models is that, apparently, some kinetic effects need to be included in the
computational models -- to take into account physically important effects (e.g., due
to trapped-particles, Landau damping and perhaps finite gyroradius), and to
dissipatively limit the mode-coupling effects which tend, in high temperature
plasma simulations, to couple all modes together, and to the plasma boundaries.

Thus, recently, methods have been developed>8-61 to include Landau damping and
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other kinetic effects in fluidlike models that involve only the lowest order fluid
moment equations (e.g., density, flow velocity, temperature), with closure moments
for the fluid moment hierarchy being determined kinetically. The pioneering
procedures 38.59 developed for doing this, while relatively successful for ITG-mode
applications, were s=omewhat ad hoc. A rigorous Chapman-Enskog-like
procedure>0.61 has now been developed to derive a rigorously valid equation for the
non-fluid kinetic distortion of the distribution function away from a “dynamic”
Maxwellian and to determine the needed semi-kinetic closure moments for the
fluid equations. This new procedure has also been used to derivet! extensions and
more exact forms of closure relations that have been used previously.48,58,59 This
work is also making possible a whole new generation of fluidlike descriptions of
tokamak plasmas including all the important neoclassical,60 kinetic61 and semi-
collisional61 effects. |

As discussed in Section II, in “standard” theoretical models of plasma
turbulence and transport one begins by assuming that the magnetic flux surface
topology consists of nested, well-defined surfaces. Recently, investigations have
begun into mocels where the “equilibrium” has a (perhaps time-varying) mix of
good flux surfaces, magnetic islands and stochastic magnetic field regions. The
radial scale sizes (the island widths) in these models range from very small62 (0.1 cm
~ ¢/ wpe S Axg < pg ~ 0.2 cm), through slightly larger than the ion gyroradius (Ax 2
ps ~ 0.2 cm) self-sustained situations,®3 to a more fluidlike “magnetic bubbling” of
bootstrap-current-driven interacting mini-magnetic islands®4 (Ax; ~ few cm). Also,
a statistical mechanics of interacting current filaments which leads to a “natural”
current profile has been set forth.65 While these models are still embryonic, they
provide an important new paradigm for theories of plasma turbulence and

transport in tokamaks.
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As the experimental data on core fluctuations has improved over the past few
years (see preceding section), it has become increasingly clear that whereas most
previous theoretical work on plasma turbulence and transport has concentrated on
kyps 2 0.5 drift-wave type instabilities and turbulence, much longer perpendicular
wavelength modes (k) ps < 0.1) have the largest fluctuation levels and need to be
considered in much greater detail. The only obvious candidate instabilities in this
long wavelength range are the trapped-ion modes,>3.5¢ which can produce primarily
electrostatic convective cells mostly localized between mode-rational surfaces, and
the neoclassical MHD tearing-type modes28.66 which can produce destructively-
interacting mini-magnetic islands®4 centered on mode-rational surfaces.
Alternatively, one could have an inverse cascade in k-space (due to the nonlinear
polarization drift67) feed the small k, ps region. However, below k;ps ~ 0.3 the Ex B
convection nonlinearity becomes dominanté8 and it produces a regular (i.e., neutral-
fluid-type) cascade to larger k. Clearly there needs to be much more theoretical work
on possible low k;ps (< 0.1) instab.lities and/or nonlinear excitations, and the

plasma turbulence and transport they induce.

VIII. Transient Transport

The transport responses due to localized transients in toroidal plasmas (e.g.,
due to sawtooth crashes, modulated electron cyclotron heating, oscillating gas puff,
pellet injection) are usually found to be governed by diffusive processes.6d.69-73
However, the diffusivity coefficients (~ 3 x 104 cm2/sec) so determined are usually
somewhat larger (by factors of about 2 to 5 or more) than their inferred equilibrium
values (~ 104 cm2/sec). Any comprehensive mcdel of plasma transport transient
responses should be able to explain both the equilibrium and transient responses (if
they are not so rapid or local as to be on the scale of the fluctuations causing the

transport). In this regard, incremental heat transport properties, nonlinear heat
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flux, and heat pinch models have been invoked to try to relate the two, although no
one model seems totaily successful.

Various types of electron (or total) heat diffusion coefficients have been
deduced from: the equilibrium power balance’4 (x¢IB) as the ratio of local heat flux
to -nVT; heat pulse propagation transients (xeHP) induced by sawtooth crashes;69-71
changes in -nVT with changes in heat flux71.75.76 (yflux); the global incremental
energy confinement time?5 for additional auxiliary heating (xinc ~ a2/47inc);
modulated electron cyclotron heat wave responses?’ (yeHW); etc. All these methods
of determining the heat diffusion coefficients seem to give slightly different results,
although sometimes many of the transiently determined ones agree to within the
experimental uncertaintier 71,7275 Diffusivities for transport processes other than
for electron and total heat have also been determined -- fast ions78 (Dgaet < 103
cm?2/sec), runaway electrons79.80 (Dyyp, ~ %ePB, but can be larger?? or smaller80),
impurities (Dimp ~ Dions), toroidal momentum (x4 ~ xiPB ~ xePB), etc. While there is
a tendency for the transient electron heat diffusivities to be the largest (xe/D ~ 10 in
JET72.81), and the fast ion and particle diffusivity (D) to be the smallest, most of the
other diffusivities are comparable and have intermediate values.

Recently, there has been some controversy and further developments
concerning the use of sawtooth crashes for investigating electron heat transport.
Namely, Fredrickson et al.82 have shown that there is an approximately 200 psec
“ballistic” response that extends significantly beyond the usual sawtooth mixing
radius and that this can complicate the subsequent transport analysis. In a different
vein, Sips et al.81.83 have shown that on JET the inclusion of coupled density as well
as electron temperature responses greatly improves the experimental fits to the
transient responses. The same authors also show how their model can be used to

reconciled3 the seemingly different results on JET8! (ye/D ~ 10 >> 1) and TEXT84
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(xe/D ~ 1) -- through the degree of initial excitation of the coupled density,
temperature eigenmodes.

Transport processes for the plasma density have also been explored -- through
oscillating gas puff experiments. Here, a nonlinear particle flux form [[ ~ - T¢2 (V
n)3/n2] was deduced?3 from such experiments with small perturbations on TFTR.
Perhaps more remarkable is the fact that use of this particle flux in transport
modeling of density profile responses to injection of a sequence of large pellets was
quite successful. Thus, a nonlinear model derived from “small” perturbations was
successful in modeling “large” transient responses.

Most of the preceding discussion of transient transport has involved
perturbing the plasma in various random ways and analyzing the resultant
transport responses to see what one can learn. In particular, the experiments have
mostly not been structured to probe particular plasma turbulence and transport
models. Recently, a new class of experiments especially designed to test particular
theoretical models have come into being.

In one of the first such experiments designed to test a particular theory,
Zarnstorff et al.86 attempted to explore the role of ion-temperature-gradient (ITG)
modes (see Section VII) in L-mode tokamak plasmas. The particular theoretical
attribute to be tested was the fact that these modes were predicted to dramatically
increase the ion heat transport when the ion temperature gradient parameter
[Ni=d énTi/dr) / (d ¢n n;/dr)] exceeds a critical value.48 In the experiment a pellet
was injected causing the ion density gradient to nearly vanish near where the pellet
stops in the plasma. This causes the parameter n; to rapidly increase from an
initially nearly critical value (j ~ Mj4; ~ 2) to a much larger value (n; 2 10 >> Nicrie)-
While the simplest theory predicts that the ion heat transport should have
increased dramatically, the ion temperature profile and ion heat transport were

nearly unchanged. Thus, the theoretically-predicted ITG mode was apparently not
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operative in these TFTR discharges. Subsequent numerica! calculations36 of ITG
mode turbulence and transport have concluded that these modes do not increase
the ion h=at transport so dramatically for n; 2 njc, and that the maximum transport
is not so large. The net conclusion seems to be that the ITG modes are not a
significant transport factor, at least in TFTR discharges.86

Another new type of experiment87.88 was designed to test the strong current
scaling in the global energy confinement? (tg ~ I). Namely, in TFTR the plasma
current was ramped down (or up) in a time (~ 0.3 sec) long compared to the energy
confinement time (~ 0.05 sec) but short compared to the magnetic skin diffusion
time to the q ~ 1 surface (~ 3 sec). It was thought that this experiment would test the
supposition that anomalous transport depends strongly on the poloidal magnetic
field in the outer regions of the plasma, such as would be predicted by various
resistive8? and neoclassical®0 MHD pressure-gradient-driven turbulence models.
What was found experimentally87.88 on TFTR was that the energy confinement
time 1g did not change significantly with the plasma current I, even though the
poloidal magnetic field and magnetic shear in the outer region did change
predictably. Rather, 1g apparently did not change until the internal inductance
changed on the magnetic diffusion time scale. Similar experiments on ASDEX, JET
and DIII-D have confirmed these results and shown that they are generic. There is
some possibility?1 that a local transport model, which depends on just the right
combination of poloidal field and magnetic shear to not change during the current-
ramp but still has the poloidal magnetic field dependence in equilibrium needed for
global confinement scaling, can be made to work. However, these quite remarkable
current-ramp results seem to imply that net, “equilibrium” transport is determined
by the current profile and its slow magnetic skin diffusion time scale -- global

control of local transport via the slowly evolving current profile?



Another class of transient transport experiments that is producing results
which are challenging our basic concepts of locally determined anomalous transport
are obtained with electron cyclotron heating (ECH). As shown in Figure 6, strong
off-axis ECH in DIII-D produces9293 a more highly peaked electron temperature
profile than would be predicted from a local electron heat transport model. (The
authors state specifically92 that the “peaked temperature profile in Fig. 6 cannot be
explained by 'profile consistency'3 since the shape of the electron temperature
profile varies with the ECH deposition location.”) The fact that the electron
temperature peaks so much inside the ECH heating radius implies a non-diffusive
inward flow of electron heat (but the total ion plus electron heat flow is still
outward) -- due to : a electron “heat pinch” or an unusual nonlocal response?
Another presently incomprehensible result from ECH has been produced in TEXT
where94 the fluctuation level at the center of the plasma becomes largest not when
the ECH heating is localized there, but rather when it is placed at about the half-
radius of the plasma. Again, ECH seems to induce a nonlocal response. Finally,
large temperature fluctuations have been induced? in the Dutch tokamak RTP by
highly localized ECH at the plasma center. The authors of this work suggest the
large fluctuations may be the result of filamentary®> or magnetic island type62-64
magnetic structures like those discussed at the end of Section VII. In summary,
while there are still some questions concerning whether the ECH power is all
getting deposited in the predicted (and sometimes verified experimentally, in the
initial phase) regions, it seems that highly localized ECH may be inducing
inexplicable nonlocal and/or nonlinear responses.

While definitive conclusions cannot yet be drawn from these transient
transport experiments, they do seem to be challenging the basic notions of locally
determined turbulence and turbulent transport in the “standard model” discussed

in Section II. Namely, while transport responses to localized transients do seem to
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be diffusive, they seem to be rapid compared to the net, equilibrium transport,
which may be governed by the very slowly evolving current profile. Also, there are
some indications from the current-ramp and off-axis ECH experiments that some
presently incomprehensible nonlocal effects may be operative -- globally determined

local fluctuations and diffusive transport?

IX.  Global Scaling

There have also been some developments in global scaling and other general
properties of tokamak plasma confinement over the past 3 to 5 years. Namely, the
question’5 of power law (tg ~ P-1/2) versus offset-linear scaling (W ~ W, + Tinc P) has
evolved from a discussion involving global parameters (where the experimental
uncertainties prevent concluding which is more appropriate) to the local level
(where, as discussed in the preceding section, it seems the plasma has both linear
and nonlinear transport flux responses). Also, many factors (fast ion components,
edge pedestal boundary conditions, sawteeih, ELMs, y(r) profile, etc.) have been
shown275 to contribute to g (or Tinc) and hence to cloud the global confinement
scaling issue.

Further, it has been found that rigid “profile consistency”3 does not
adequately characterize the T, profiles in tokamaks -- because Te does change slightly
in response to changes in the heating profile, and often does so roughly as
predicted’> given that the temperature profile results from a double integral of the
heating profile. However, since the Te profile does seem to be fairly hard to change,
it has been suggested% that “profile resiliency” would be a more appropriate
descriptor of the situation. A “profile data base” being assembled97 at the University
of Texas under DOE sponsorship may be helpful in exploring the degree and

veracity of this new characterization of the T, profile responsiveness.
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With regard to global scaling relations, the ITER program has developed
some comprehensive new L-mode scalings.98 Also, an ITER H-mode data base%?
comprised of experimental results from the ASDEX, DIII-D, JET and JFT-2M
tokamaks has been assembled. In interpreting the scaling relations obtained from
these data bases, plasma-physics-based dimensionless-variable100 forms have been
developed in addition to the usual “engineering variable” forms. The data are
found to fit the dimensionless-variable-forms with about the same variance as the
engineering variable forms. In addition, it has been shown102 that the inferred
scaling relations are consistent with the governing equations of plasma physics.
Finally, scaling experiments in which one attempts to hold all but one of the key
dimensionless variables (e g., B, collisionality or ratio of gyroradius to plasma
radius) constant have been undertaken.103 Changing heating profile effects
complicate these scaling studies. Also, there are still some disagreements about the
various results among the groups working in this area. Nonetheless, the concensus
seems to be that the results favor a Bohm-like (implying large-scale structures)
rather than gyro-Bohm-like (implying small-scale structures tied to the ion
gyroradius) scaling. I;Iowever, new types of experiments now being undertaken can

be expected to add to our knowledge in this area.

X. Summary

People ofien ask if we understand transport yet. This brief review of
developments over the past 3 to 5 years should make clear that while we are
approaching some understanding of plasma turbulence and transport in the edge,
we surely do not yet understand it in the core plasma. However, one should really
ask if we made any progress in CUIRing transport. Here the answer is surely yes

since our understanding has increased in some areas and in other areas new issues
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have emerged while some old issues have been resolved. Specific progress of this

type in the various areas reviewed here has been as follows:

1) Edge fluctuations and transport. It is now even clearer than before that
electrostatic fluctuations cause the particle and heat transport in the edge
plasma. Shear in the poloidal velocity has been found to play a very
important role in the edge fluctuations, turbulence and turbulent transport.

2) L-H mode transition. A comprehensive model based on the radial electric field
or poloidal flow velocity shear effects has begun to take shape.

3) Core fluctuations. The frequency spread due to the inhomogeneous Doppler
shift in the sheared flows has been shown to dominate the observed
frequency spectrum. A new generation of diagnostics has shown that the
largest fluctuations have k;ps < 0.1 and thus shifted attention to long-scale-
length (compared to the gyroradius) collective structures.

4) Modern plasma turbulence theory. DIA-based theories that take into account
multiple scalar fields, fluid and adiabatic species, and trapped-particle effects
have been developed. Hybrid fluid/kinetic models which include important
kinetic effects in fluidlike equations have become a reality. Studies of small
k1ps (S 0.1) instabilities and turbulence are beginning to be emphasized.

5) Transient transport. Transport responses to localized transients still seem
diffusive. However, current-ramp, off-axis ECH and other experiments
indicate that the net, equilibrium transport fluxes may have nonlinear
functionals and be determined by nonlocal processes, perhaps on the slow
current profile evolution time-scale. If borne out, these effects bring into
question the entire standard model (see Section II) of plasma turbulence and
transport based upon local processes. Also, if the plasma response is
nonlinear and nonlocal, how should we analyze experimental data to

determine the relevant characterizations of plasma transport?
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6) Global scaling. This has worked well in predicting the plasma confinement
properties of the present large-scale tokamaks (JET, JT-60 and TFTR). Also,
the scaling relations are being improved through the removal of extraneous
(non-transport) effects, casting of them in dimensionless variable forms, etc.
However, we still seem far short of being able to deduce them from a physics-
based local (or noniocal?) model.

Thus, while transport is certainly not yet a solved issue, considerable progress has

been made in CUIRing transport over the past 3 to 5 years. At present, a number of

diagnostic, experimental, modeling and theoretical studies that have been initiated
only recently are beginning to come to fruition. Hence, continued strong emphasis
on transport studies is needed for at least a few more years to obtain results from
these programs and thereby move substantially closer to the goal of CUIRing

transport.

ACKNOWLEDGEMENT
The author gratefully acknowledges useful discussions with and help in
preparing this review talk and manuscript from N. Bretz, B.A. Carreras, Z. Chang,
P.H. Diamond, RJ. Fonck, K.W. Gentle, T.C. Luce, K. McGuire, S.F. Paul, P. Schoch,
P.W. Terry and M.C. Zarnstorff. This research was supported through U.S.
Department of Energy grant number DE-FG02-86ER53218.

27




10.

11.

REFERENCES
J.D. Callen, B.A. Carreras and R.D. Stambaugh, “Stability and Transport
Processes in Tokamak Plasmas,” to be published in Physics Today, January
1992.

RJ. Goldston, Plasma Phys. and Controlled Fusion 26, 87 (1984); S. Kaye and
R.J. Goldston, Nuclear Fusion 25, 65 (1985); S. Kaye, Phys. Fluids 28, 2327
(1985).

B. Coppi, Comments on Plasma Physics and Controlled Fusion 5, 261 (1980);
B. Coppi and E. Mazzucato, Phys. Lett. 71A, 337 (1979).

Magnetic Fusion Advisory Committee Report on Coolfont Summer-Study
Panel, issued September, 1988 (unpublished).

Transport Task Force Issues and Recommendations, issued May, 1989
(unpublished).

a) J.D. Callen, “Anomalous transport in tokamaks: Transport Task Force
reviews,” Phys. Fluids B 2, 2869 (1990); b) A.H. Boozer et al., “Alternate
transport,” 2870-2878, ibid.; c) A.]. Wootton et al., “Fluctuations and
anomalous transport in tokamaks,” 2879-2903, ibid.; d) K.H. Burrell, et al.,
“Status of local transport measurements and analysis in toroidal devices,”
2904-2912; e) W.A. Houlberg et al., “Modeling transport in toroidal plasmas
status,” 2913-2925, ibid.; f) S.M. Kaye et al., “Status of global energy
confinement studies,” 2926-2940, ibid.; g) R.D. Stambaugh et al., “Enhanced
confinement in tokamaks,” 2941-2960, ibid.

R K. Linford, R.F. Schoenterg, S. Luckhardt, J.F. Lyon, G.A. Navratil,
Comrments on Plasma Physics and Controlled Fusion 18, 311 (1990); P.H.
Diamond, J.F. Drake, H. Matsumoto, J. Sheffield, P.W. Terry, A.]J. Wootton,
ibid. 18, 327 (1990); T.C. Simonen, D.L. Brower, P. Efthimion, J.C.M. deHaas, E.
Fredrickson, K.W. Gentle, E.B. Hooper, T. Luce, E. Marmar and R. Stambaugh,
ibid. 14, 57 (1991).

Ch.P. Ritz et al., Phys. Rev. Lett. 62, 1844 (1989).

Ch.P. Ritz et al., in Plasma Physics and Controlled Nuclear Fusion Research
1990 (IAEA), Vienna, 1991), Vol. II, p. 589.

A.]. Wootton, M. Austin, R.D. Bengston, J.A. Boedo, R.V. Bravenec et al., in
Plasma Physics and Controlled Nuclear Fusion Research 1988 (IAEA, Vienna,
1987), Vol. I, p. 193.

R.V. Bravenec, invited paper 411 at DPP-APS Tampa meeting.

28



12.

13.

14.

15.

16.

17.

18.

20.

21.

23.

24.

25.

G.A. Hallock, J. Mathew, W.C. Jennings, R.L. Hickock, A.J. Wootton and R.C.
Isler, Phys. Rev. Lett. 56, 1248 (1986).

T. Chiueh, P.W. Terry, P.H. Diamond and J.E. Sedlak, Phys. Fluids 29, 231
(1986).

Ch.P. Ritz, T.L. Rhodes, H. Lin, W.L. Rowan, A.]. Wootton, B.A. Carreras, J.N.
LeBoeuf, D.K. Lee, J.A. Holmes, J. Harris, C. Hidalgo, R. Isler, V.E. Lynch, T.
Uckan, P.H. Diamond, A.S. Ware and D.R. Thayer, in Plasma Physics and
Controlled Nuclear Fusion Research 1990 (IAEA, Vienna, 1991), Vol. II, p. 589.

R.C. Isler, invited paper 516 at DPP-APS Tampa meeting.

Ch.P. Ritz, H. Lin, T.L. Rhodes and A.]. Wootton, Phys. Rev. Lett., 65, 2543
(1990).

K.C. Shaing, G.S. Lee, B.A. Carreras, W.A. Houlberg, E.C. Crume, Jr., in
Plasma Physics and Controlled Nuclear Fusion Research 1988 (IAEA, Vienna,
1989), Vol. II, p. 13; K.C. Shaing, W.A. Houlberg, E.C. Crume, Comments on
Plasma Physics and Controlled Nuclear Fusion 12, 69 (1988).

H. Biglari, P.H. Diamond and P.W. Terry, Phys. Fluids B 2, 1 (1990); Y.B. Kim,
P.H. Diamond, H. Biglari and P.W. Terry, Phys. Fluids B 2, 2143 (1990).

H. Biglari, P.H. Diamond, Y.B. Kim, B.A. Carreras, V.E. Lynch et al,, in Plasma
Physics and Controlled Nuclear Fusion Research 1990 (IAEA, Vienna, 1991),
Vol. II, p. 191.

J.-N. Leboeuf, D.K. Lee, B.A. Carreras, N. Dominguez, ].H. Harris et al., Phys.
Fluids B 3, 2291 (1991).

P.H. Diamond, invited paper 811 at DPP-APS Tampa meeting.

L. Garcia, P.H. Diamond, B.A. Carreras and J.D. Callen, Phys. Fluids 28, 2147
(1985).

F. Wagner et al., Phys. Rev. Lett. 49, 1408 (1982).

P. Gohil, M. Ali Mahdavi, L. Lao, K.H.Burrell, M.S. Chu et al., Phys. Rev. Lett.
61, 1603 (1988). See also reference 29.

K.C. Shaing and E.C. Crume, Jr. Phys. Rev. Lett. 63, 2369 (1989); K.C. Shaing,
E.C. Crume, Jr., and W.A. Houlberg, Phys. Fluids B 2, 1492 (1990); K.C. Shaing,
Comments on Plasma Physics and Controlled Fusion 14, 41 (1991).

28]
\D



26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

R.A. Groebner, K.H. Burrell, and R.P. Seraydarian, Phys. Rev. Lett. 64, 3015
(1990). See also reference 29.

S.P. Hirshman and D.J. Sigmar, Nuclear Fusion 21, 1079 (1981); F.L. Hinton
and R.D. Hazeltine, Rev. Mod. Phys. 48, 239 (1976).

J.D. Callen, W.X. Qu, K.D. Siebert, B.A. Carreras, K.C. Shaing, D.A. Spong, in
Plasma Physics and Controlled Nuclear Fusion Research 1986 (IAEA, Vienna,
1987), Vol. 11, p. 157.

E.J. Doyle, R.J. Groebner, K.H. Burrell, P. Gohil, T. Lehaca, et al., Phys. Fluids B
3, 2300 (1991); G.L. Jackson, invited paper 1I1 at DPP-APS Tampa meeting.

R.J. Taylor et al., Phys. Rev. Lett. 63, 2365 (1989).

R. Weynants, R.J. Taylor, P.E. Vandenplas, F. Durodie, B. Schweer et al., in
Proceedings of 17th EPS Conference on Controlled Fusion and Plasma
Heating, Amsterdam, 25-29 June 1990, Volume 14B, Part I, p. 287.

R. Weynants and R.J. Taylor, Nuclear Fusion 30, 945 (1990).

Y.B. Kim, P.H. Diamond, R.J. Groebner, Phys. Fluids B 3, 2050 (1991).

Z. Chang and J.D. Callen, “Modeling Particle Transport During the L-H
Transition and ELM Crashes,” UW Report CPTC 91-14, October 1991
(submitted to Nuclear Fusion).

F. Wagner, G. Becker, K. Behringer et al., in Plasma Physics and Controlled

Nuclear Fusion Research 1982 (IAEA, Vienna, 1982), Vol. 1, p. 43. See also
reference 24.

E. Mazzucato, Phys. Rev. Lett. 36, 792 (1976).

P.C. Efthimion, C.W. Barnes, M.G. Bell, H. Biglari, N. Bretz et al., Phys. Fluids
B 3, 2315 (1991).

N.L. Bretz, R. Nazikian, W. Bergin, M. Diesso, J. Felt and M. McCarthy, Rev.
Sci. Instrum. 61, 3031 (1990) -- additional work to be published later.

P. Schoch et al., Rev. Sci. Instrum. 9, 1646 (1988).
R.J. Fonck, P.A. Duperrex and S.F. Paul, Rev. Sci. Instr. 61, 347 (1990).

S.F. Paul invited talk 1I3 at DPP-APS Tampa meeting.

30



T T

42

43.

45.

47.

49.

50.

51.

52.

53.

54.

55.

P. Cripwell and A. Costley, in Conference Proceedings of 1991 EPS Berlin
Meeting on Controlled Fusion and Plasma Physics, Volume 14B, Part I, p. 1-
17.

E. Mazzucato and R. Nazikian, Plasma Physics and Controlled Fusion 33, 261
(1991).

M.F.F. Nave, A. Edwards, K. Hirsch, M. Hugon, A. Jacchia, E. Lazzaro, H.
Saltzmann, P. Smeulders, “Observation of MHD Structures in JET
Temperature Profiles,” JET-P(90)57 (submitted to Nuclear Fusion).

B. Grek, D. Johnson, G. Taylor, E. Fredrickson, Bull. Am. Phys. Soc. 36, 2378
(1991).

P.C. Liewer, Nuclear Fusion 25, 543 (1985).
W.M. Tang, N.L. Bretz, T.S. Hahm, W.W. Lee, F.W. Perkins et al., in Plasma

Physics and Controlled Nuclear Fusion Research 1988 (IAEA, Vienna, 1989),
Vol. II, p. 153.

See for example: G.S. Lee and P.H. Diamond, Phys. Fluids 29, 3291 (1986).
See for example: P.L. Similon and P.H. Diamond, Phys. Fluids 27, 916 (1984).

F.Y. Gang, B.D. Scott and P.H. Diamond, Phys. Fluids B 1, 1331 (1989); A.E.
Koniges, J.A. Crotinger, W.P. Dannevik, G.F. Carnevale, P.H. Diamond, F.Y.
Gang, Phys. Fluids B 3, 1297 (1991).

See for example: P.W. Terry, P.H. Diamond, K.C. Shaing, L. Garcia and B.A.
Carreras, Phys. Fluids 29, 2501 (1986).

P.H. Diamond and B.A. Carreras, Comments on Plasma Physics and
Controlled Fusion 10, 271 (1987); B.A. Carreras, L. Garcia and P.H. Diamond,
Phys. Fluids 30, 1388 (1987); B.A. Carreras and P.H. Diamond, Phys. Fluids B 1,
1011 (1989).

B.B Kadomtsev, O.P. Pogutse, Nuclear Fusion 11, 67 (1971); W.M. Tang,
Nuclear Fusion 18, 1089 (1978).

P.H. Diamond and H. Biglari, Phys. Rev. Lett. 65, 2865 (1990); H. Biglari and
P.H. Diamond, Phys. Fluids B 3, 1797 (1991). See also reference 49.

M.C. Zarnstorff, R.J. Goldston, M.G. Bell, M. Bitter, C.E. Bush et al., in

Conference Proceedings of 1989 EPS Venice meeting on Controlled Fusion
and Plasma Physics, Volume 13B, Part I, p. 35.

31



56.

57.

58.

59.

60.

61.

62.

63.

65.

S. Hamaguchi and W. Horton, Phys. Fluids B 2, 1833 (1990); R.E. Waltz, Phys.
Fluids 31, 1963 (1988); M. Kotschenreuther, in Plasma Physics and Controlled
Nuclear Fusion Research 1990 (IAEA, Vienna, 1991), Vol. II, p. 361.

“Grand Challenges: High Performance Computing and Communications” A
Report by the Committee on Physical, Mathematical, and Engineering
Sciences, Federal Coordinating Council for Science, Engineering, and
Technology, Office of Science and Technology Policy, Executive Branch of U.S.
Government. Copies available from Committee on Physical, Mathematical,
and Engineering Sciences, c¢/o National Science Foundation, Computer and
Information Science and Engineering, 1800 G Street, N.W., Washington, DC
20550.

G.W. Hammett and F.W. Perkins, Phys. Rev. Lett. 64, 3019 (1990). See alsc
references 48, 56.

G.W. Hammett, invited paper 813 at DPP-APS Tampa meeting.

J.P. Wang and ].D. Callen, “Fluid/Kinetic Moment Description of Plasmas Via
A Chapman-Enskog-like Approach,” UW-CPTC Report 90-8, November 1990
(submitted to Phys. Fluids B).

Z. Chang and ].D. Callen, “Unified Fluid/Kinetic Description of Magnetized
Plasmas. Part I: Basic Equations in a Sheared Slab Geometry,” UW-CPTC
Report 91-7, June 1991 (submitted to Phys. Fluids B); Z. Chang and J.D. Callen,
“Unified Fluid/Kinetic Description of Plasma Microinstabilities. Part II:
Applications,” UW-CPTC Report 91-10, July 1991 (submitted to Phys. Fluids
B).

B.B. Kadomtsev, Nuclear Fusion 31, 1301 (1991).

P.H. Rebut et al., in Plasma Physics and Controlled Nuclear Fusion Research
1986 (IAEA, Vienna, 1987), Vol. II, p. 187; M. Hugon and P.H. Rebut, in
Plasma Physics and Controlled Nuclear Fusion Research 1990 (IAEA, Vienna,
1991), Vol. 11, p. 45; M. Hugon, J.T. Mendonca and P.H. Rebut, C.R. Acad. Sdi.
Paris II 308, 1319 (1989); P.H. Rebut and M. Hugon, Plasma Physics and
Controlled Fusion 33, 1085 (1991).

C.C. Hegna and ].D. Callen, “Interaction of Bootstrap Current Driven
Magnetic Islands,” UW-CPTC Report 91-16, October 1991 (submitted to Phys.
Fluids B).

J.B. Taylor, “Natural Current Profiles in a Tokamak,” U. Texas Report IFSR
#447, August 1990 (to be published).

32



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

78.

79.

80.

R. Carreras, R.D. Hazeltine and M. Kotschenreuther, Phys. Fluids 29, 899
(1986); see also W.X. Qu and J.D. Callen, UW Report UWPR 85-5, October 1985
(unpublished) and reference 28.

A. Hasegawa and K. Mima, Phys. Fluids 21, 87 (1978).

P.W. Terry and C.W. Horton, Phys. Fluids 25, 491 (1982).

J.D. Callen and G.L. Jahns, Phys. Rev. Lett. 38, 971 (1977); M. Soler and J.D.
Callen, Nuclear Fusion 19, 703 (1979); ].D. Bell et al., Nuclear Fusion 24, 997
(1984). See also reference 84.

E.D. Fredrickson, J.D. Callen, K. McGuire et al., Nuclear Fusion 26, 849 (1986).

B.].D. Tubbing, N.]J. Lopes Cardozo, Nuclear Fusion 27, 1843 (1987); N.J. Lopes
Cardozo, J.C.M. deHaas, Nuclear Fusion 30, 521 (1990).

A. Gondhalekar et al., Plasma Physics and Controlled Fusion 31, 805 (1989).
P.C. Efthimion et al., Phys. Fluids B 3, 2315 (1991).

L.A. Berry, C.E. Bush, J.D. Callen, R.J. Colchin, J.L. Dunlap et al., in Plasma
Physics and Controlled Nuclear Fusion Research 1976 (IAEA, Vienna, 1977),

Vol. I, p. 49; R\]. Goldston, D.C. McCune, H.H. Towner et al., J. Comput. Phys.
43, 61 (1981).

].D. Callen, J.P. Christiansen, J.G. Cordey, P.R. Thomas, K. Thomsen, Nuclear
Fusion 27, 1857 (1987).

J.P. Christiansen, J.D. Callen, J.G. Cordey, K. Thomsen, Nuclear Fusion 28, 817
(1988); J.P. Christiansen, J].G. Cordey, D.G. Muir, Nuclear Fusion 29, 1505
(1989).

G.L. Jahns, S.K. Wong, R. Prater, S.H. Lin, S. Ejima, Nuclear Fusion 26, 226
(1986); H.]. Hartfuss, H. Maasberg, M. Tutter, WVII - A Team, Nuclear Fusion
26, 678 (1986); see also reference 92.

S.D. Scott et al., in Plasma Physics and Controlled Nuclear Fusion Research
1986 (IAEA, Vienna, 1991), Vol. I, p. 235.

C.W. Barnes, J.D. Strachan, Nuclear Fusion 22, 1090 (1982); O.J. Kwon, P.H.
Diamond, F. Wagner, G. Fussmann, ASDEX and NI Teams, Nuclear Fusion
28, 1931 (1988).

J. Myra, invited paper 412 at DPP-APS Tampa meeting.

33



81.

82.

83.

85.

87.

89.

90.

91.

92.

93.

94.

95.

96.

97.

J.CM. deHaas, J. O'Rourke, A.C.C. Sips, N.J. Lopes Cardozo, Nuclear Fuion 31,
1261 (1991).

E.D. Fredrickson et al., Phys. Rev. Lett. 65, 2869 (1990); N.J. Lopes Cardozo and
‘A.C.C. Sips, Plasma Physics and Controlled Fusion 33, 1337 (1991); E.D.
Fredrickson et al. (to be published).

A.C.C. Sips et al., JET report JET-P(91)01 (to be published in Nuclear Fusion).

S.K. Kim, D.L. Brower, W.A. Peebles, N.C. Luhmann, Jr., Phys. Rev. Lett. 60,
577 (1988).

R. Hulse, TTF Austin meeting invited paper (to be published).
M.C. Zarnstorff, N.L. Bretz, P.C. Efthimion, B. Grek, K. Hill, et al., in

Conference Proceedings of 1990 EPS Amsterdam meeting on Controlled
Fusion and Plasma Heating, Volume 14B, Part I, p. 42.

M.C. Zarnstorff et al., in Plasma Physics and Controlled Nuclear Fusion
Research 1990 (IAEA, Vienna, 1991), Vol. I, p. 109.

M.C. Zarnstorff, invited paper 112 at DPP-APS Tampa meeting.

B.A. Carreras and P.H. Diamond, Phys. Fluids B 1, 1011 (1989).

O.]J. Kwon, P.H. Diamond and H. Biglari, Phys. Fluids B 2, 291 (1990).

J.G. Cordey, J. O'Rourke, F. Tibone (private communication).

C.C. Petty, T.C. Luce, ].C.M. deHaas, R.A. James, J. Lohr, K. Matsuda, R. Prater

and R. Stockdale, in Proceedings of 18th European Conference on Controlled
Fusion and Plasma Physics, Berlin 3-7 June 1991, Volume 15C, Part I, p. I-241;

T.C. Luce et al.,, in Plasma Physics and Controlled Nuclear Fusion Research
1990 (IAEA, Vienna, 1991), Vol. I, p. 631.

T.C. Luce, invited paper 414 at DPP-APS Tampa meeting.

D.C. Sing, invited paper 413 at DPP-APS Tampa meeting.

F.C. Schiiller, N.]J. Lopes Cardozo, C.J. Barth, A.A.M. Oomens and RTP-team,
Bull. Am. Phys. Soc. 36, 2501 (1991).

R.J. Goldston (private communication).

W.H. Miner, Jr., “A tutorial Describing Access to the Magnetic Fusion Energy
Data Base,” Univ. of Texas Report FRCR #378, October 1990.

34



98.

99.

100.

101.

102.

103.

104.

P.N. Yushmanov, T. Takizuka, K.S. Riedel, O.J.W.F. Kardaun, J.G. Cordey,
S.M. Kaye, D.E. Post, Nuclear Fusion 30, 1999 (1990).

J.G. Cordey et al., in Plasma Physics and Controlled Nuclear Fusion Research
1990 (IAEA, Vienna, 1991), Vol. III, p. ...

B.B. Kadomtsev, Sov. J. Plasma Phys. 1, 295 (1975); J.W. Connor and J.B.
Taylor, Nuclear Fusion 17, 1047 (1977); Phys. Fluids 27, 2676 (1984); P.H. Rebut
and M. Brusati, Plasma Physics and Controlled Fusion 28, 113 (1986).

R.J. Goldston et al., in Proceedings of 18th European Conference on
Controlled Fusion and Plasma Physics, Berlin, 3-7 June 1991, Vol. 15C, Part I,
p. i-93.

J.P. Christiansen, J.G. Cordey, K. Thomsen, Nuclear Fusion 30, 1183 (1990).

R.E. Waltz et al., in Plasma Physics and Controlled Nuclear Fusion Research
1990 (IAEA, Vienna, 1991), Vol. II, p. 273.

F.W. Perkins et al., invited paper at DPP-APS Cincinnati (to be published).

(W]
U



0.8

x'
O
o
]
3131

0.6. n a~

4 Ly
0.4 105 —

0.2 ""’rg'
= e

0.0 =

T i T i T T ! T ] '

06 07 08 098 10 11 1.2
r'a

Figure 1. The electrostatic fluctuation level measured by externally inserted Langmuir
probes in the plasma edge (r/a 2 0.9) of the TEXT tokamak is large (up to 70%).
The fluctuation level drops sharply going inwards past the limiter (r/a ~ 1) and
the region of strong poloidal flow shear (r/a =~ 0.95). In the hot core (r/a < 0.8) of

the plasma the potential and density fluctuations are small (< 1%). In contrast,
the magnetic fluctuation level is very small at the plasma edge but apparently

rises to a significant level (B,/B > 104) in the hot core plasma (from refs. 6¢, 8).

36



ORNL-OWG 90-3021 FED

f/a

.fa

0 20 40 60 80 100 120 140 160 180
)

Figure 2. Numerically calculated changes in edge plasma turbulence characteristics caused
by a sheared poloidal flow Vg =dVg/dr. The lines show contours along which
the density fluctuations fi are constant. The poloidal (8) flow shear has a
shearing effect on the turbulent structures, which reduces the basic radial

correlation length of the turbulence and the plasma transport it induces (from
ref. 19).
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Figure 3. Changes in the radial plasma outflow (proportional to the Dy, signal),
fluctuations (reflectometer scattering power), edge poloidal flow, inferred
electric field and ion temperature at an L-H transition occurring at about 1859
msec in DIII-D. The poloidal flow jumps up and the ion temperature remains
unchanged while all the other signals decrease abruptly at the transition (from

ref. 29).
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Figure 4. Production of an H-mode in the CCT experiment through negative biasing of a
probe inserted into the plasma. The L-mode has a small negative potential
throughout the plasma and modest density. The H-mode has a large negative
electric field at the plasma edge, an edge density pedestal in this region, and
much higher plasma density overall (from ref. 30).
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Figure 5. Microwave scattering power (Sk ~ fik2) as a function of the perpendicular
wavenumber k). The lower line is for an ohmic plasma while the upper line is
for a 9.1 MW neutral-beam-heated L-mode plasma. The region k) <2 cm!
cannot be measured with the microwave scattering diagnostic, but is accessible
with the newly developed HIBP, BES and CR diagnostics discussed in the text.
Note that the lowest measurable k; fluctuations have the largest amplitudes
and increase the most with auxiliary heating power (from ref. 37).
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Figure 6. Electron temperature profile produced by strong off-axis ECH in DIII-D. The
dashed simulation curve indicates the profile that would be expected from a
purely diffusive model for electron heat transport for the indicated heating
profile. Apparently more electron heat is reaching (via a heat pinch?) the
central region than expected to produce the observed centrally peaked Te profile
(from ref. 92).
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