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Abstract. Since the last H-mode workshop in 1991, there has been sig-
nificant progress in a number of areas. In addition to H-modes in toka-
maks, H-mode has been achieved in a current-free stellarator, a heliotron/
torsatron with some net toroidal current and in a linear, tandem mirror.
Because H-mode has been seen in a variety of magnetic confinement devices
and has been produced by a variety of methods, a universal explanation is
needed for the H-mode confinement improvement. The hypothesis of tur-
bulence stabilization by sheared E × B flow has this universality. New di-
agnostics have confirmed the structure of Er at the plasma edge in tokamaks
and have lead to direct determination of the reduction in turbulence-driven =
transport in the H-mode. Improved measurements of the edge rotation
and pressure gradients in tokamaks have lead to better understanding of
the physics of the Er formation and to tighter tests of L to H transition
theories. Significant improvements in core confinement have also been seen
in several tokamaks; the data here indicate that sheared E × B flow may be
playing a role in the core confinement improvement. Power balance studies
of the change in core thermal diffusivity after the L to H transition have
raised fundamental questions about the relationship between heat flux and
the temperature gradient. Finally, helium transport studies have shown
that helium transport is quite similar to deuterium tr_asport, indicating
that helium ash removal in a reactor operating in ELMing H-mode should
be feasible.

1. Introduction

The H-mode of confinement is one of the most robust and reactor compatible of the
improved tokamak confinement regimes, combining good energy confinement (Schissel
et al 1991) with high beta (Lazarus et al 1992) and with acceptable particle trans-
port rates for helium exhaust (Hillis et al 1993, 1994). Accordingly, the experimental
progress discussed in this workshop is important for developing a practical fusion reac-
tor. In addition to its practical importance, the attempt to explain the the turbulence
reduction and confinement improvement that occur in H-mode have lead to fundamen-
teL1insights in plasma physics.

The H-mode was first discovered in ASDEX, a divertor tokamak (Wagner et al
1982), but has now been seen in a variety of magnetic confinement devices. H-mode
has been obtained in all divertor tokamaks that have operated since 1982, in linfiter
discharges in several tokamaks (Matsumoto et al 1987; Toi et al 1988; BurreI1 et al
1989; Bush et al 1990, 1994), in a current-free stellarator (Erckmann et al 1993a, b;
Wagner et a/1994a), in a heliotron/torsatron (Toi et a/1993, 1994), and in a linear
tandem mirror machine (Sakai et al 1993). H-mode has also been produced with a
wide variety of techniques: heating with neutral beam injection, electron cyclotron
heating (Lohr et al 1988; Hoshino et al 1989; Erckmann et al 1993a, b), ion cyclotron
heating (Steinmetz et al 1987; Matsumoto et a11987), lower hybrid heating (Tsuji et al
1990) and Ohmic heating (Osborne et al 1990; Ashkinazi et al 1993; Kaufmann et al



1993; Caxolan et al 1994). Furthermore, H-mode has also been produced by biasing
the plasma using an external electrode (Taylor et a/1989; Weynants et al 1991) or by
biasing the limiter (Sakai et al 1993).

There is a Set of common features that are seen in "all devices which obtain

H-mode. The first to be identified was the formation of a transport barrier at the
plasma edge (Wagner et al 1984) where the density and temperature gradients steepen
after the transition. The formation of this barrier is associated with a drop in the D_
radiation all around the plasma, in_cating a sign;ficant decrease in the particle outflux.
In addition, later work showed that the density fluctuation amplitude decreases in the
region where the transport barrier forms (LeHecka et al 1989; Holzhauer et al 1990;
Manso et al 1991). Finally, at the same time as the formation of the transport barrier
and the reduction in fluctuations, a steep gradient region develops in the radial electric
field E_ at the plasma edge (Groebner et al 1990a, b, 1991; Ida et a11990, 1992). These
features have been seen in all tokamak discharges where diagnostics capabilities allow
it (Burrell et al 1992; Groebner 1993) and have also be_:n seen in the stellarator and
mirror results (Wagner et al 1994a; Sakai et al 1993).

Because the H-mode confinement improvement appears in many configurations
and has been produced by many means, an understanding of the confinement improve-
ment requires some universal mechanism. The leading hypothesis to date involves the
stabilization of turbulence by sheared, E x B flow (Shaing and Crume 1989; Shaing
et a11990; Biglari et a11990). The fundamental idea is that the sheared flow tears apart
the turbulent eddies in the plasma, reducing their radial extent and, hence, reducing
the transport that they cause. Both a nonzero first derivative (Shalng and Crume
1989; Shaing et al 1990; Biglari et al 1990) or second derivative (Diamond et al 1993;
Sidikman et al 1994) of the E x B flow can reduce transport. Because the shear in the
E x B flow can have the same effect on a wide variety of turbulence, this mechanism
has the universality needed to explain the transport decrease in a wide range of condi-
tions. This same sort of shear decorrelation by E x B flows has also been seen in the

edge of Ohmically heated limiter discharges in TEXT (Ritz et al 1990). It has further
been seen on the open field lines beyond the sepaxatrix in diverted plasmas (Ohdachi
et al 1994) when a sheared electric field is created with divertor bias.

Decorrelation of turbulence by sheared flows is a mechanism that also functions in
ordinary fluids (Thompson, 1970). However, because the sheared flow is also a source of
free energy which can drive Kelvin-Helmholtz instabilities, situations in which net sta-
bilization of turbulence occurs axe infrequent. In magnetized plasmas, the stabilization
of Kelvin-Helmholtz instabilities by shear in the magnetic field allows the flow shear
decorrelation to produce net turbulence reduction (Biglari et al 1990). Accordingly,
this explanation of the H-mode confinement improvement has lead to a fundamental
contribution to the understanding of the physics of fluids.

Since the last H-mode workshop in 1991, there has been significant progress in
a number of areas. H-mode has been achieved in a current-free stellaxator, a he-
liotron/torsatron with some net toroidal current and in a linear, tandem mirror. New
diagnostics have confirmed the structure of E_ at the plasma edge in tokamaks and
have lead to direct determination of the reduction in turbulence-driven transport in
the H-mode. Improved measurements of the edge rotation and pressure gradients in
tokamaks have lead to better understanding of the physics of the E_ formation and to
tighter tests of L to H transition theories. In the last two years, significant improve-
ments in core confinement have been seen in several tokamaks; the data here indicate



that sheared E x B flow may be playing a role in the core confinement improvement,
too. Much of this core confinement improvement occurred after improvements in wall
conditioning techniques; how these improvements allowed the plasma to alter the core
E x B shear is not completely clear at present. Power balance studies of the change in
core thermal diffusivity after the L to H transition have raised fundamental questions
about the relationship between heat flux and the temperature gradient. Finally, he-
lium transport studies have shown that helium transport is quite similar to deuterium
transport, indicating that helium ash removal from an ELMing H-mode reactor plasma
should be feasible.

The goal of this paper is to draw together and to attempt to unify the various
results presented at this workshop. The summary was written based on the common
themes that have developed in H-mode physics over the last several years. The focus
is on the physics results that allow us to understand the confinement improvement;
the more directly reactor related issues [e.g. power thresholds, steady state operation
and Edge Localized Modes (ELMs)] are covered in the companion summary by F.
Wagner (1994b). Since one of the main goals of physics research is validation of theory,
an assessment of the present theoretical results from an experimental perspective has
been given. The assessment from a theoretical perspective is provided in the companion
summary by K. Itoh (1994). As with any summary written in a limited space, not all
topics can be covered. Fortunately, the complete details are available in the workshop
papers contained in this volume.

2. Results from improved edge measurements

H-mode in tokamaks is either produced spontaneously through heating of the plasma,
which is the most common method, or by direct biasing utilizing an electrode (Taylor
et a11989, 1994; Weynants et a/1991). Previous determinations of the Er structure had
been done using spectroscopic measurements in spontaneous H-mode (Groebner et al
1990a, b, 1991; Ida et a/1990, 1992; Field et a/1992; Hawkes et a/1993) or by using
Langmuir probes in biased H-mode plasmas (Taylor et a/ 1989; Van Nieuwenhove
et al 1991). Recent Langmuir probe measurements on DIII-D (Moyer et al 1994)
and on PBX-M (Tynan et a/1994) have confirmed the previous spectroscopic results
in spontaneous H-modes and have significantly improved the spatial resolution. On
DIII-D (Moyer et al 1994) a negative well in Er occurs just inside the separatrix in
H-mode. The width of this well is only about 8 mm in the case presented there. Such
a narrow Er well structure confirms the previous spectroscopic measurements (Burrell
et al 1992), where the minimum in Er occurred on only one spatial chord of an array
in which the chords were separated by 6 mm.

The Langmuir probe measurements (Moyer et a11994; Tynan et a/1994) have also
provided the first direct demonstration of reduction in turbulent driven transport in
spontaneous H-mode. The turbulent particle flux at the outside midplane of the plasma
is reduced significantly when the plasma goes from L-mode to H-mode. Although such
a reduction had been inferred previously from the steepening of the gradients in the
transport barrier, these measurements give a direct demonstration that the turbulence
driven flux has decreased in H-mode. These measurements are consistent with the

E x B shear stabilization hypothesis, which predicts reduction in turbulent transport
in the shear region. Interestingly enough, there is also a reduction in fluctuations
and turbulent particle flux in the plasma located on the open field lines beyond the



separatrix. Reduction of density fluctuations in this region has been seen both by
Langmuir probes (Moyer et al 1994; Tynan et al 1994) and by FIR scattering on
ASDEX (Holzhauer et al 1994). Either the small Er shear seen on the open field
lines is also effective in stabilizing turbulence there or, perhaps, the reduction of flux
from inside the main plasma has reduced the driving term producing the turbulence.
Holzhauer (1994) has speculated that the reduction in density fluctuations on the open
field lines is simply a result of the reduced density there in H-mode.

Langmuir probe measurements have also confirmed one of the earliest CO2 scat-
tering ol:servations on PDX (Slusher et al 1984) of a quasi-coherent mode localized at
the plasma edge. On PBX-M, this mode exists near the separatrix in neutral beam
heated plasmas (Tynan et al 1994). A similar mode has been seen on DIII-D (Moyer
et al 1994) as a nearly continuous oscillation in neutral beam heated plasmas; however,
the mode is intermittent in Ohmic H-modes. This mode has also been seen on ASDEX,
using FIR scattering (Holzhauer et al 1994). Langmuir probe measurements show that
the density and electrostatic potential oscillations in this mode are essentially out of
phase, so that no net particle transport results from this oscillation.

Measurements of plasma density and temperature profiles near the separatrix in
many machines show an increase inside the transport barrier but a decrease outside
the transport barrier after the L to H transition. Indeed, these observations are the
definition of the transport barrier. One key question for assessing theories of the L
to H transition is the sequence of events when the barrier forms. Do the fluctuations
decrease first, followed by a change in the profiles or does everything change together?

Measurements from ASDEX (Holzhaner et a11994) demonstrate that the density
and magnetic fluctuations decrease to their H-mode level in about 100 microseconds,
with the decrease starting at the time of the first detectable decrease in the D= radia-
tion. These measurements are consistent with those from other tokamaks (BurreU et al
1992; Groebner, 1993). Lithium beam measurements show the electron densiity outside
the separatrix decreasing along with the D_ while the electron density rise 1 cm inside
the separatrix starts about 200 microseconds after the intial Dr, decrease. Since the
D_ signal crudely measures the particle outflux from the plasma, theee measurements
are consistent with the idea that turbulence-driven fluxes decrease first and then the

plasma profiles respond to the decrease in the fluxes. The usual conservation equa-
tions for particles and heat demonstrate that a change in the cross-field fluxes must
accumulate for a certain time before the radial profiles exhibit an appreciable response.

The physics which influences Er is conventionally discussed in terms of the radial
force balance equation

= - + , (1)

where Zi is the charge of the ion, nl is the ion density, e is the electronic charge, Pi
is the ion pressure, vel and v_i are, respectively, the poloidal and toroidal rotation
velocities and Be and Be are, respectively, the poloidal and toroidal magnetic fields.
All quantities are specified for a specific ion, labeled i. This equation is valid at each
point on any given flux surface and the quantities involved are local quantities. Indeed,
Er itself is not a flux function.

This equation indicates that there is a connection between Er and the cross field

heat and particle transport (_7/_), cross field angular momentum transport (v¢i) and
poloidal flow (vei). Our working hypothesis is that sheared E × B flow can influence



turbulence, which in turn alters transport. Accordingly, there are several feedback
loops whereby Er and its shear can change, allowing the plasma access to different
confinement regimes. These include the usual cross field transport channels (particles,
angular momentum and heat) as well as direct neoclassical or turbulence effects on voi.
A key question for H-mode physics is which of these feedback loops are important in
various portions of the plasma in creating the sheared Er.

Measurements of the main ion poloidal rotation in helium plasmas (Kim et al
1994a, b; Burrell et al 1994) show that, within 3.5 ms of the L to H transition, both
the main ion poloidal rotation and the pressure gradient terms are important in deter-
mining Er. Throughout most of the H-mode, the pressure gradient term is the only
negative contribution to Er; both the poloidal rotation and the toroidal rotation terms
give positive contributions. Accordingly, these measurements show that both the main
ion poloidal rotation and pressure gradient terms are important in the H-mode near
the transition. There is some indication (Burrell et al 1994) that the poloidal rotation
term may be the dominant one right at the transition; however, better measurements
are needed to make these results conclusive.

The direct measurements of the main ion and impurity ion poloidal rotation
(Kim et al 1994a, b; Burrell et al 1994) show that the main ion and impurity rotation
differ in both sign and magnitude. In H-mode, the main ion poloidal rotation is in
the electron diamagnetic drift direction while the impurity poloidal rotation is in the
ion diamagnetic drift direction. These measurements call into question the modelling
done by (Ida et al 1994a, b) for the JFT-2M data. This work uses an equation for the
poloidal rotation based on the main ion poloidal momentum equation to model the
poloidal rotation measured for a carbon impurity in JFT-2M. As is shown in standard
neoclassical theory (Kim et al 1991), the impurity poloidal motion is affected both by
viscosity and by friction with the main ions. However, all interspecies frictional effects
are neglected by Ida et a/(1994a, b). Accordingly, although the model used by Ida et al
can be made to match the experimental results for appropriate choices of the adjustable
parameters, the significance of the results is not clear, since the dominant, interspecies
frictional force effects are left out of the model. The experimental measurements (Kim
et o2 1994a, b; BurreU et al 1994) show it is not correct to assume that the poloidal
rotation of the main ions and the impurity ions are the same.

Main ion measurements have also been made on JFT-2M (Miura et a11994) as an
extension of the previous time of flight measurements of low energy hydrogen neutrals
(Miura et al 1991, 1992). The new result shown at this conference is that the average
energy of the neutrals increases in L-mode whenever a sawtooth heat pulse hits the
plasma edge. This increase in neutral average energy was previously associated only
with the L to H transition (Miura et al 1991, 1992). The new result indicates that
this change in the average neutral energy is a consequence of the sawtooth heat pulse.
Accordingly, this change in the average energy of the neutrals is a precursor to the L to
H transition in the same way that the sawtooth heat pulse that triggers the transition
is a precursor. Changes in the floating potential in the scrape off layer measured by
a Langmuir probe are also seen after the sawtooth heat pulse hits the plasma edge
(Miura et al 1994). The authors speculate that this change in the floating potential
indicates ion loss into to the open field lines, which may correspond to the ion orbit loss
considered by (Shaing and Crume 1989). On the other hand, given that the change in
neutral energy and floating potential are seen at many sawtooth events in the L-mode
without an associated L to H transition, it is clear that some other criterion must be

f



met for a given sawtooth to trigger the transition. The JFT-2M data to date do not
provide information on what this criterion is.

8. Assessment of theories of the L to H transition

Theories of the L to H transition that are discussed in this section meet two criteria.

First, since previous comparisons of theory and experiment have been done (Burrell
et al 1989, 1990, 1992), new theoretical work had to be done since 1992 or new exper-
imental evidence bearing on the theories had to be available before a theory would be
included.

The theory of Shaing and Crume (Shaing and Crume 1989; Shaing et al 1990;
Shaing et al 1992) was the first theory including the Er which was able to correctly
explain the sign of Er in spontaneous H-mode. In addition, there are several features of

this theory which are in accord with experiments (Burrell et al 1992; Groebner 1993).
However, the version of this theory published prior to this meeting relies on having a
main ion poloidal rotation in the electron diamagnetic drift direction to generate the
negative Er seen in H-mode. Solution of the parallel force balance equation used in
this theory [cf. Eq. (6) in (Shaing et al 1990)] shows that the ion orbit loss term drives
a main ion poloidal rotation in the electron diamagnetic drift direction no matter how
big the pressure gradient term is. The DIII-D results (Kim et al 1994a, b; BurreU et al
1994) indicate that such a poloidal rotation might be consistent with the experimental
results fight at the transition, but that the main ion poloidal rotation is in the ion
diamagnetic drift direction within 3.5 ms of the transition. The extension of this

theory presented at this meeting (Shaing et al 1994) includes an extra effect due to
electron-ion friction which may improve agreement with the experiment.

The latest published version of the self-regulating shear flow theories has recently
been created by (Diamond et al 1994). This extension of previous work (Diamond
et al 1993; Carreras et al 1993) successfully creates a bifurcation scenario in which
turbulence levels are high in L-mode and low in H-mode while poloidal rotation and
Er have the opposite behavior. However, this theory also needs extension to include
the effects of the main ion pressure gradient to confront the DIII-D observations of
large pressure gradient effects on Er during most of the H-mode. Such an extension

of the theory was presented at this meeting (Carreras et al 1994).
A final theory which relies too much on poloidal rotation is the Stringer spin-up

theory (Hassam et al 1991; McCarthy et al 1993), which clearly predicts a main ion
poloidal rotation in the electron diamagnetic drift direction in the saturated, H-mode
state (McCarthy et al 1993). As we have seen, the main ion poloidal rotation is in the
ion diamagnetic drift direction throughout most of the H-mode.

Hinton and Staebler's transport bifurcation model (Hinton and Staebler 1993;
Staebler et al 1994; Hinton et al 1994b) was one of the first to point out the possible
importance of the main ion pressure gradient term in the H-mode. However, in utilizing
only the pressure gradient term, tllis theory misses the importance of the poloidal
rotation throughout the H-mode phase (Kim et al 1994a, b; BurreU et al 1994).

The main ion and impurity ion measurements in H-mode (Kim et al 1994a, b)
have also been compared with standard neoclassical theory (Kim et a11991). In general,
the measurements agree with the theory in the region of the plasma where the basic
theoretical derivation is accurate. The derivation requires the poloidal gyroradius to
be small compared to the plasma scale lengths. However, this assumption is violated in



the outer 2 cm of the H-mode plasmas studied, which is where the poloidal rotation is
the largest. For example, at the separatrix, the density gradient scale length is about
3 times the poloidal gyroradius. As one might expect, the theory disagrees markedly
with the experiment in this region. In an attempt to improve the agreement in this
region, neoclassical theory has been extended to include the effects of orbit squeezing
on the parallel flow (Hinton et al 1904a, b; Kim et al 1004). This improves agreement
between theory and experiment right at the separatrix; however, there is still a region
1 to 2 cm inside the separatrix where the disagreement is still large (Hinton et al 1994a,
b).

The work of the Itohs (1988, 1989a, b, 1990, 1994) on the L to H transition has
been through several iterations. Most of these have been discussed previously (Burrell
et al 1992). The recent additions couple the L to H transition theory to an anomalous
transport theory (Itoh et ol 1994). However, as has been pointed out previously (Burrell
et a11992), the fundamental problem with the theory is that it cannot obtain the proper
sign of Er under reasonable plasma conditions. As is discussed in detail by (Burrell
et a/1992), under almost all con_tions, this theory predicts a positive Er at the plasma
edge. Negative Er is seen in all spontaneous H-modes and in the biased H-modes with

negative bias. Only in the biased H-mode with positive bias (Van Nieuwenhove et al
1991; Weynants et a11991) has a positive Er at the plasma edge been seen. Accordingly,
the Itohs' theory requires extension before it can predict the correct sign.

4. Core transport

The formation of an edge transport barrier is one of the clear signatures of the H-mode
(Wagner et a/1984). At this meeting, there were reports from JT--60U and PBX-M
of the formation of transport barriers internal to the plasma. In addition, there was
considerable discussion of the VH-mode results from DIII-D and JET, where the
edge H-mode transport barrier becomes considerably thicker and moves into the core
plasma. Unlike the edge transport barrier, these core barriers evolve over tens to
hundreds of milliseconds. The theory discussed to explain these transport barriers
involves E × B shear stabilization of turbulence.

Ion Bernstein Wave heating in PBX-M has resulted in the creation of H-mode
plasmas with peaked density profiles and with an internal region of steep density gra-
dient (Bernabei et al 1993; Le Blanc et a/1994; Kaye et a/1994). This internal steep
gradient region coincides with the region of maximum absorption of the Bernstein
waves (Le Blanc et al 1994). The overlap of these two regions is what theory predicts
(Biglari et al 1992) if the turbulence is stabilized by sheared E × B flow with the Er

shear layer created by if-induced ponderomotive forces. However, owing to diagnostic
limitations, the theory has not been tested by direct measurement of E_ on PBX-M.

The high poloidal beta shots developed in JT--60U have exhibited internal trans-

port barriers as shown by localized steep gradients in the ion temperature (Koide et al
1994). This barrier is also associated with a steep gradient region in the toroidal
rotation of the C VI impurity that is used for the charge exchange recombination spec-
troscopy measurement. Unlike the case in PBX-M, this internal transport barrier is
transient; an MHD event creates a heat pulse which moves the barrier to the plasma
edge, resulting in a high _/p H-mode plasma. Since the VH-mode transport barrier
in DIII-D is associated with a region of toroidal rotation and E: shear (Osborne et al



1994a, b), it is tempting to conclude, based on the JT--60U toroidal rotation mea-
surement, that this internal transport barrier is also a region of shear in the E x B
flow. However, since there are no poloidal rotation measurements at this radius, Er
cannot be computed. A bit later in the same shots and at a region slightly further
out in major radius, measurements show that the C VI poloidal rotation is quite large,
suggesting that it might be important in the internal transport barrier region as well.
Accordingly, one can only speculate about the possible effects of E x B. If E x B
shear is involved, it is not clear why the location of this barrier would be associated
with the q = 3 surface, as is seen experimentally (Koide et al 1994).

The VH-mode, an improved confinement H-mode, has been identified on both
DIII-D and JET (Jackson et al 1991, 1992; Greenfield et al 1993; Osborne et al 1994a,
b; JET Teara 1994; Thomsen et al 1994). A key feature of VH-mode is the penetration
of the H-mode edge transport barrier deeper into the plasma. Although access to
second stability in the plasma edge is a necessary condition to produce the VH-mode
(Greenfield et a11993), there is clear evidence from DIII-D that the region of improved
confinement is much wider than the second stable region (Osborne et 02 1994a, b).
This suggests that some other mechanism causes the confinement improvement. The
hypothesis that has been tested on DIII-D is E x B shear stabilization of turbulence.

The core confinement improvement seen when the DIII-D plasmas go from
H-mode to VH-mode is related to the change in the E × B shear. There are clear spa-
tial and temporal correlations between the change in the E × B flow and the change
in local thermal transport (Osborne et 02 1994a, b; Burrell et 02 1993). The region
where the local thermal diffusivity changes is between p - 0.6 and 0.9, which is the
same region where the E × B shear changes the most. This is also the region where
density fluctuations, measured by FIR scattering (Rettig et al 1993, 1994), change the
most. Furthermore, there is evidence (Burrell et al 1993) that Er begins to change 20
to 40 ms prior to the first change in the thermal transport.

Further evidence supporting the E × B shear stabilization hypothesis comes
from magnetic braking experiments, where the Er and the shear in the E x B flow
were deliberately altered. Since Er in the plasma core is dominated by the effect of
toroidal rotation (Burrell et al 1993, 1994), the DIII-D group exploited the sensitivity
of the toroidal rotation to small nonaxisymmetric error fields to achieve control of Er

without changing the neutral beam input (La Haye et al 1993, 1994). In this case
as well, the local thermal diffusivity and density fluctuations increased in the region
where the shear in the E x B flow changed (La Haye et a/1994; Burrell et al 1994).
The experimental results demonstrate that direct effects of magnetic islands or ripple
loss of fast ions are negligible (Burrell et al 1994). Accordingly, these results show that
active control of the shear in the E x B flow can significantly modify local transport
in a tokamak.

The evidence from JET for effects due to sheared E x B flow is consider-

ably weaker (Thomsen et al 1994; Cordey et al 1994). In some neutral beam heated
VH-mode plasma, there is a sheared toroidal rotation in the outer half of the plasma,
which would give a sheared E x B flow (Greenfield et 02 1993; Thomsen et al 1994).
The best shots to test the E x B flow hypothesis, however, are the VH-mode cre-
ated with ion cyclotron heating alone, since there is no net angular momentum input
from the heating system. The central toroidal rotation speed in these shots is signifi-
cantly smaller than that in the neutral beam heated discharges (Thomsen et al 1994).
Unfortunately, there are no profile measurements of toroidal rotation or Er in these



1
plasmas. As will be discussed more in the next section, theory indicates that the pres- !
sure gradient contribution to Er alone might be enough to create the sheared E × B
flow and stabilize turbulence (Hinton and Staebler 1993; Staebler et al 1994; Hinton
et a/1994b). JET measurements do indicate large bootstrap currents in these high/3 r
ICH plasmas (JET Team 1994), which would be consistent with significant pressure
gradients. In this context, it is important to remember that it is the shear in the
E x B flow which is important in reducing transport, not the absolute magnitude of
Er.

5. Assessment of theories of H-mode to VH-mode transition

The theories of the of the H-mode to VH-mode confinement improvement developed
by Hinton and Staebler (Hinton and Staebler 1993; Staebler et al 1994; Hinton et al
1994b) and by (Shaing 1994) are both transport bifurcation theories. In such theories, a
feedback is established in which increased shear in E × B leads to reduced transport,
which then allows changes in the plasma profiles that further increase the shear in
E x B. Since transport time scales are involved, both these theories can match the
time scales seen in the experiments, where local confinement improves over periods
of tens to hundreds of milliseconds. The difference between the theories lies in which

transport equations are used. Shaing's theory concentrates on the angular momentum
transport equation; accordingly, it considers changes in the toroidal rotation only. This
theory is appropriate for neutral beam heated plasmas, where the toroidal rotation is
the dominant contribution to Er in the plasmas core.

Hinton and Staebler's theory considers all three transport equations for particles,
angular momentum and heat. Since the pressure gradient can, in principle, contribute
significantly to Er, this theory has a mechanism for creating a VH-mode in a plasma
with no angular momentum input. The JET VH-mode seen with ion cyclotron heating
(JET Team 1994; Thomsen et a/1994) might be explained this way. The theory pre-
dicts lower power threshold for VH-mode in plasmas with angular momentum input.
The structure of the transition curves for the case of combined particle, heat and mo-
mentum input may also allow one to understand the so-called "transitionless H-mode"
reported by JT--fi0U at this meeting (Moll et a11994). If the angular momentum input
is large enough, the bifurcation curve in Hinton and Staebler's theory becomes smooth
and exhibits no jumps between states.

The transport model developed by (Itoh et a/1994) has some similarities to the
work of Hinton and Staebler in that different transport barriers may exist, depend-
ing on whether the significant transport equation is the particle, angular momentum
or heat transport equation. In addition, as in the work of Hinton and Staebler, the
theory postulates an reduction in the transport coefficients in plasmas with significant
shear in Er. Unlike other work, this model also includes an expression for the anoma-
lous transport coefficients themselves. Numerical solution of these transport equations
by (Fukuyama et a/1994) has, however, not yet produced any evidence of transport
barriers inside the separatrix.

The self-regulating shear flow theory presented at this meeting (Carreras et al
1994) also has a structure that may allow a VH-mode. As the authors have recognized,
a more complete theory in this area would require consideration of angular momentum
transport.



6. Change in core transport at_er the L to H transition

Both DIII-D (Groebner et al 1994) and JET (Cordey et at 1994) reported results on
the time scale for the change in the power balance transport coefficients in the plasma
core after the L to H transition. The reported reduction in core transport is consistent
with earlier work (Becker et al 1983; Kaye et al 1984; Watkins et a11989; Kurki-Suonio
et al 1992, 1993), which showed improvements in the transport coefficient determined
from power balance in both the plasma edge and the plasma core after the L to H
transition.

The remarkable feature of the JET results (Cordey et al 1994) was the extremely
rapid drop in the power balance electron thermal diffusivity on a time scale reported
to be <4 ms. The time scale for the change in the ion thermal diffusivity and the
angular momentum diffusivity was limited by the 50 ms time resolution of the mea-
surements. There was considerable controversy over the JET analysis in the discussion
session. However, the DIII-D data also show significant changes in the electron ther-
mal diffusivity in less than 20 ms (Kurki-Suonio et al 1992). There is little doubt that
the thermal diffusivity inferred from power balance can change on a time scale short
compared to the energy confinement time.

The JET results were interpreted as evidence for strong coupling between the
transport in the edge and plasma mid-regions, possibly due to "wave packets traveling
from the edge to the mid region or vice versa, or the formation of a stationary mode with
large radial extent" (Cordey et a11994). One model cited for this was the noise pumping
hypothesis of (Kadomtsev 1992). However, such an interpretation is at variance with
other data from several tokamaks including JET.

If there were a strong coupling in turbulent transport due to coupling of fluctua-
tions between the edge and the plasma mid-regions, one would expect that in L-mode
the radial correlation lengths of density fluctuations in the plasma mid-regions would
be comparable to the minor radius of the plasma. However, measurements from JET
(Cripwell et al 1991; Costley et al 1992), TFTR (Durst et al 1993) and DIII-D (Doyle
et al 1993) all indicate radial correlation lengths of only a few centimeters in L-mode.
These values are much smaller that the nearly 1 meter minor radius of JET, for exam-
ple.

In addition, if there were strong coupling between turbulence in the edge and
mid-regions, one would expect that the time history of the amplitude of the density
fluctuations at the plasma edge and in the mid-regions would be similar. Both ASDEX
(Holzhauer et a/1990, 1994) and DIII-D (Rettig et a11993) have far infra red scattering
measurements which show the time history of the density fluctuations in the plasma
edge and mid-regions is completely different. The DIII-D data are particularly clear
on this point, since the same laser beam and detectors are used for both measurements
with the core and edge signals being distinguished by their different Doppler shifts
(Rettig et a/1993). The edge signals drop within 0.1 ms of the L to H transition while
the core signals decrease over tens of milliseconds.

The problem with the power balance analysis used on both JET and DIII-D is
that it utilizes a model of heat transport which is incapable of accommodating several
other important features of tokamak transport. The power balance model assumes that
the heat flux q is related to the temperature gradient VT by qe = --neXpb VTe_ where
n is the density and Xpb is the power balance thermal diffusivity. However, such a model
is incapable of matching the speed of heat wave propagation produced by sawtooth or
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ECH modulation (Fredrickson et al 1986; Tubbing et al 1987; Luce et al 1993; Gorini
et al 1993). In addition, such a model is inconsistent with the negative values of q seen
in off-axis ECH experiments on DIII-D (Luce et al 1992). The observations of rapid
heat wave propagation axe particularly relevant here. In JET, for example, the first
indication of the heat pulse from a sawtooth crash shows up at p = 0.9 only 3-4 ms
after the initial indication is seen at p = 0.6. [This first indication is a change in slope
of the graph of temperature versus time, which is the measure used by (Cordey et al
1994) in their work.] In an environment that permits such rapid propagation in cases
where the plasma remains in L-mode, what meaning is there to the observation that
Xpb changes rapidly? It is not clear which portion of the observed change is truly due
to a change in transport and which portion is an apparent change produced by the
rapid heat pulse propagation.

One model which could encompass the heat pulse results, the negative electron
heat flux in off-axis ECH and the rapid change in the power balance X is a heat
transport model which explicitly includes an inward heat pinch,

q, = -nex, VT, - n, VT, , (2)

Because of the extra physics involved in the heat pinch, the net outward heat flux
in steady state can be much smaller than that given by the diffusive term in Eq. (2)
alone. This allows the possibility of rapid propagation of the heat pulse, consistent with
the modulated transport studies. In addition, such a model is capable of producing
the inward heat flux seen in the off axis heating experiments. Finally, Eq. (2) provides
a natural way for the Xpb to be reduced in H-mode. The edge transport barrier in
H-mode increases the temperature in the plasma core, thus increasing the heat pinch.
In steady state, VT must also increase to match the q value demanded by core heating.
If q remains the same while VT increases, then Xpb will decrease.

Whether a model like that in Eq. (2) is capable of matching the data quantita-
tively remains to be seen. However, looking for models which can encompass a broader
range of transport results seems more fruitful than attempting to explain the rapid
decrease in power balance X with a model of edge-core coupling which violates other
experimental observations.

7. Importance of wall conditioning

Although the improvement in plasma performance seen in the last two years may be
correlated with changes in sheared E x B flow, the technique used to produce that
improvement was actually improved conditioning of the vacuum chamber walls. The
biggest effects were produced by adding coatings of low atomic number materials to the
vessel walls. Beryllium was used in JET (Thomsen et a11994) while boron was used in
ASDEX-Upgrade (Kaufmarm et al 1993), DIII-D (Jackson et al 1991, 1992), JT-60U
(Moil et a/1994), PBX-M (Kaye et al 1994), and Tuman 3 (Andrejko et al 1994).
Additional wall conditioning has had several beneficial effects. It aided in producing
the record fusion triple product in JT-60U (Naito et al 1993), lowered the H-mode
power threshold in ASDEX-Upgrade by a factor of two (Ryter et al 1994), and allowed
creation of an Ohmic H-mode in the Tuman 3 limiter tokamak with excellent energy
confinement more than 10 times higher than the neo-Alcator scaling value (Andrejko
et al 1994). In addition, good wall conditions are required for the VH-mode in both
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DIII-D (Jackson et al 1991, 1992; Greenfield el al 1993) and JET (Greenfield et al
1993; Thomsen e_ al 1994).

At present, it is not entirely clear what the mechanisms are that allow wall condi-
tioning to affect core confinement. It is clear that low wall recycling is beneficial. This
is easiest to establish with low atomic number coatings although extensive conditioning
of graphite walls has, for example, also allowed the creation of VH-mode plasmas in
JET (Thomsen et a/1994) and DIII-D (Greenfield et al 1993; Osborne et al 1994b)
without the use of these coatings. In addition, there has been speculation that reduc-
tion of oxygen impurities in the plasma is also beneficial. One area of research that has
been neglected theoretically is the effect of deuterium neutrals on the H-mode. This
area could use more emphasis in the future.

8. Suggestions for future work

Although we have made significant progress in the past two years, we have by no means
achieved a complete, quantitative understanding of the H-mode. The need for such an
understanding and the results presented at this meeting lead to a series of suggestions
for future work.

We need to continue to improve theory-experiment comparison to further en-
hance understanding of the L to H transition. We have made significant progress in
understanding the confinement improvement at the plasma edge that occurs at the L
to H transition. The hypothesis of E x B shear stabilization has given us a semi-
quantitative understanding of the transport improvement at the transition. However,
having achieved that understanding, we are ready to ask the next question: How is the
sheared Er field formed?

In order to better compare existing theories of the L to H transition with exper-
iment, we need better time resolution in measurements of Er and V/_ at the plasma
edge to determine quantitative when voi and V/_ are important. In addition, we
ne_:d means of measuring theoretically interesting quantities [e.g. fluctuation driven
Reynold's stress (Carreras et al 1993)].

In order to have better theories of the L to H transition to compare with exper-
iment, we need theories which can predict the spatial structure and time evolution of
Er. These theories need to include both the effects of v0i and V/_.

Since the core confinement improvement is also an important feature of the
H-mode plasmas seen in the past two years, we also need to understand and exploit
this core transport improvement. This requires, first, additional investigations of the
mechanism underlying this improvement. Although sheared E × B flow appears to
be playing a role here, too, this hypothesis needs further tests. These tests require
improved diagnostics to study core fluctuations and the transport that they produce.
If E × B flow proves to be important, we will need active means to control E_ in the
plasma core to optimize confinement further.

Especially in the core transport area, we need a proper generalization of the
E × B shear stabilization criterion to finite aspect ratio, toroidal geometry. Most of
our ideas on E × B shear stabilization have come from slab or, at best, cylindrical
models. There have been some attempts to include effects of shear in the parallel flow
as well as Er shear effects into one model (Shaing et a/1993). This indicates that
magnetic shear, activated by a large parallel flow, may also be important. However,
this model (Shaing et al 1993) is still basically cylindrical.
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The core transport area also needs transport models which car, encompass the
physics needed to explain the modulated transport results, the off-axis heating results
and the rapid change in the power balance transport coefficients in the core plasma
after the L to H ti'ansition.

We need to devote more effort to a detailed investigation of ELMs. If an H-mode
is to be used in a long pulse reactor, it will almost certainly require operation with
ELMs in order to facilitate helium ash removal. The intrinsic helium transport rates
in ELMing H-mode appear to be fast enough to remove helium from a reactor (Hillis
et al 1993, 1994); however, proper control of the ELMs is needed to insure long pulse
operation. This area also requires further work on helium transport.

Finally, we need to confront and solve the great practical problem of devising a
reactor compatible divertor in which the heat loads are reduced to an acceptable level.
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