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Detailed analysis of recent high beta discharges in the DIII-D [Plasma Physics Controlled Nuclear
Fusion Research, 1986 (International Atomic Energy Agency, Vienna, 1987), Vol. I, p. 1597 tokamak

demonstrates that

the resistive vacuum vessel can provide stabilization of low n

magnetohydrodynamic (MHD) modes. The experimental beta values reaching up to B7=12.6% are
more than 30% larger than the maximum stable beta calculated with no wall stabilization. Plasma
rotation is essential for stabilization. When the plasma rotation slows sufficiently, unstable modes
with the characteristics of the predicted “resistive wall”” mode are observed. Through slowing of the
plasma rotation between the ¢ =2 and ¢ =3 surfaces with the application of a nonaxisymmetric field,
it has been determined that the rotation at the outer rational surfaces is most important, and that the
critical rotation frequency is of the order of U/27=1 kHz. © 1995 American Institute of Physics.

I. INTRODUCTION

The economic viability of a tokamak reactor depends
upon the reliable operation with sufficient energy confine-
ment time, 7, for ignition margin, and sufficiently high vol-
ume average toroidal beta, 87, to attain the required fusion
power density. Here Br={(p)X2uo/B%; is the ratio of the
volume-average plasma pressure to the confining magnetic
field. The value of By used in this paper is the vacuum tor-
oidal field at the center of the last closed flux surface, By
= BT (Rgeo)s Rgeo=(R max T Rmin)/2. Although beta values
predicted by “Troyon scaling,”!? are sufficient for ignition
experiments and the design of tokamak power plants, signifi-
cant reductions in the size and cost of a tokamak power plant
can be realized if the maximum operating beta can be in-
creased beyond that given by Troyon scaling.® Recent toka-
mak experiments routinely obtain energy confinement val-
wes, which greatly exceed that predicted by low-mode
(L-mode) scaling relations, H = rgx"/ 7'? ER-89P>3 where H is
the ratio of the experimental confinement time to that pre-
dicted by the ITER-89P confinement scaling calculation.* In
these experimentally achieved improved energy confinement
regimes, the ability to increase the fusion power density is no
longer limited by transport or heating power, but instead by
stability at high beta.! To take advantage of these betier en-
ergy confinement regimes, reliable operation at higher values
of beta is thus required.

Although there are a number of techniques to avoid the
stability limit imposed by ideal internal modes (ballooning,
infernal, and internal kink), ultimately, beta is limited by
low-n ideal kink modes. Theory calculations have shown that
a nearby, ideal conducting wall can stabilize the external
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kink. In proposed “advanced tokamak regimes,” the calcu-
lated stabilization by an ideal conducting wall can increase
beta by more than a factor of 2.3 For example, in the simu-
lated DII-D second-stable-core very high-mode (VH-mode)
equilibria, values of normalized beta, By=pB(I/aB)”!
% m T/MA as high as By=5.7 are predicted to be stable,
with a conducting wall at the location of the vacusm vessel.
In contrast, the highest stable 8y predicted without conduct-
ing a wall is only By=2.8. Discharges have been produced
in DIII-D’ with reversed central magnetic shear as proposed
in the second stable core VH mode. Although By has not yet
been increased sufficiently in these discharges to test the sta-
bility limits, good confinement is obtained, H=3, and an
internal transport barrier has been observed in the ion tem-
perature profile.

Previous experiments had suggested that beta could ex-
ceed the ideal limit calculated without wall stabilization.®~1°
These experiments claimed a better agreement with ideal
theory if the real resistive wail were providing stabilization
as if it were an ideal conductor, However, in these experi-
ments, there was a lack of detailed pressure or ¢ profile data,
and a significant uncertainty in the value of the safety factor
on axis, 4(0). Given the known strong dependence of the
predicted beta limit on both the ¢ profile and the pressure
profile,!'~!3 and the ambiguity introduced in the ideal calcu-
lations by the presence of the internal kink instability when
q(0)<1, these early experimental results were not taken as
definitive. Furthermore, earlier theory work indicated that a
resistive wall would not increase the stability limit against
the ideal external kink, even in the presence of plasma
rotation.'4~7

However, recent DIII-D experiments'®~?° have provided
convincing evidence of stabilization by a resistive wall. De-
tailed measurements of the g profile with the motional Stark
effect (MSE),”! have allowed more accurate equilibrium and
stability analysis, and made it possible to obtain convincing
evidence of stabilization by a resistive wall. We have ob-
served beta values 30% greater than those predicted to be
stable against the ideal kink in the absence of an ideal con-
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ducting wall for durations longer than ten wall penetration
times. Detailed rotation measurements with the charge ex-
change recombination spectroscopy (CER),?? have allowed
us to assess the importance of plasma rotation in the kink
stabilization process. We clearly see low m/n modes appear,
and lead to termination of the high beta phase when the
plasma rotation is sufficiently slowed. In addition, during the
slow plasma rotation, we have observed a mode growing at
approximately the resistive wall time scale, consistent with
the predictions from recent resistive-wall stabilization theory
mode. A six-segment error field correction coil to decrease
the existing nonaxisymmetric fields, or to produce large non-
axisymmetric fields,”® has recently been installed on the
DIII-D.% By using this coil to increase the nonaxisymmetric
fields and slow the rotation, we have demonstrated the im-
portance of the plasma rotation near the g =2 and 3 surfaces.

In the following section, we will briefly discuss the pre-
dictions of the recently developed theory, which includes
both plasma rotation and plasma dissipation. In Sec. III, we
will discuss the experiments performed on DII-D to evaluate
resistive wall stabilization. In Sec. IV, we discuss the equi-
librium reconstruction and stability analyses of two high beta
discharges: 80108, with ¢(0)<1, which reached
Br=12.6%, By=43; and 80111, with ¢(0)>1, which
reached By=3.8. The termination of these discharges and the
impact of the toroidal rotation is discussed in Sec. V. A dis-
cussion of these results is included in Sec. VL

II. THEORETICAL PREDICTIONS

Until recently, theoretical predictions showed no in-
crease in the stability limit of an ideal plasma with the addi-
tion of finite resistivity walls.'*~17 In the presence of a resis-
tive wall the unstable mode was predicted to have nearly
zero real frequency (w~0) and grow on the time scale for the
mode to penetrate the wall, y=7,!. Recently, it was recog-
nized that dissipation in a rotating plasma surrounded by a
resistive wall could result in stabilization.** The predictions
of stabilization by dissipation and rotation has been demon-
strated in numerical calculations,?*~2¢ and has also been pre-
dicted analytically.

To better understand the experiment, it is instructive to
understand the predictions from the theory. We have chosen
a form of the dispersion relation that follows that given by
Zakharov and Putvinskii'® and added a term to represent dis-
sipation. The resulting dispersion relation is

ri(d./d)

+inQ)2=T2 +(y+inQ)lpg = ——2 0
(7+ind) (y+inQ)lps Sdyryti

Ideal stability Plasma dissipation .
Resistive wall

Here the plasma is assumed to rotate uniformly with respect
to the wall with rotation frequency {2, while I, is the ideal
growth rate with the wall at infinity, I'pg is the dissipation
rate, d=b—a is the plasma to wall separation, d. is the
separation distance at which an ideal conducting wall is no
longer stabilizing, and 7= woobd, is the time constant of
the wall, where o is the wall conductivity, b is the wall
radius, and & is the wall thickness. The dispersion relation is
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written such that the “ideal” terms, the “resistive wall”
term, and the “dissipation” terms are separable as shown.
Here d, is the critical plasma wall separation for an ideal
wall; for d>d,, the plasma is ideal unstable and remains
unstable as wall resistivity and plasma dissipation are added.
When the wall is made resistive, but without plasma dissipa-
tion, there is instability at all wall positions. For d<<d_, the
mode is stationary with respect to the wall and the unstable
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approximately y=r,,": this mode is often called the “resis-
tive wall mode.” When dissipation is added with sufficient
plasma rotation, the plasma becomes stable over a narrow
range of wall positions with d just less than d, . The width of
this stable gap in the wall position increases as the plasma
dissipation and plasma rotation increases. A resistive wall
very close to the plasma is unfavorable for stability.

The general features given by the dispersion relation are
reproduced by various models, although the detailed depen-
dencies of I'pig on plasma parameters are not yet well under-
stood. A number of dissipation models have been
evaluated,?® and stability is obtained, regardless of the type
of dissipation as long as the dissipation is sufficiently large.
With the addition of dissipation, the “resistive wall mode”
begins to rotate with the plasma, and it is the rotation of the
mode with respect to the wall that provides stability.

]_JCH.CU. atos

lil. EXPERIMENTS TO EVALUATE THE STABILIZING
INFLUENCE OF A RESISTIVE WALL

There are several experimental conditions required for a
demonstration and evaluation of stabilization by a resistive
wall. First, the experimental conditions must be such that the
presence or absence of a wall is predicted to provide a sub-
stantial measurable change in maximum stable beta. Ideal
stability calculations indicate that a conducting wall provides
a large gain in the maximum stable beta in discharges with a
broad current profile and low internal inductance, [;, as has
been shown for the simulated second stable core equilibria
Here [,;=(1/V)[dv B%/(B%,), where Bp,=puol/Cp and Cp
is the poloidal circumference. Large beta limit differences
are calculated for equilibria obtained on DIII-D. With
1;=0.7, the maximum beta calculated to be stable without a
wall is By=2.8, but the maximum beta calculated to be
stable with the DII-D wall is By=4.8. The gain in beta
provided by a conducting wall is much less significant at
higher /;. For a DII-D discharge at [;~1.2, the maximum
stable beta without a wall was found to be 8,=3.3; and with
the inclusion of the wall, the maximum stable beta was cal-
culated to be By=3.5. These calculations show that as /;
increases, the kink mode becomes more internal and there-
fore is less influenced by the presence of a wall. At yet
higher /;, the maximum stable beta is limited by high-n bal-
looning modes,13'27 and is independent of wall location. To
most clearly observe the stabilizing influence of a conduction
wall, low [;, [;=0.8 discharges are required.

Broad pressure profiles are also optimum for evaluating
the effect of wall stabilization. It is found that the stability of
discharge with peaked pressure profiles, in general, are de-
termined by internal modes and that the presence or absence
of a wall therefore does not affect the stability limit. In
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FIG. 1. Temporal evolution of wall stabilized discharge. (a) Normalized
plasma beta. By= By/({/aB}% m T/MA, and injected neutral beam power,
Pyg (b) calculated internal inductance /, and measured central safety factor,

q(0).

D1I-D H-mode discharges, the pressure profiles are typically
quite broad, with the pressure peaking factor, p(0)/{p)=~2.

The optimum plasma to wall distance for stabilization by
a resistive wall is not clear. Using a wall conformal to the
plasma, Bondeson et al.?> calculated a ratio of the wall to
plasma separation to plasma radius of d/a=0.3 is near the
optimum. For our wall stabilization experiments, we chose to
use the standard DIII-D double-null configuration with
a=0.62 m and the separation between the last closed flux
surface and the wall at the outer midplane d=5b—a=0.13 m.
This gives d/a=0.2 at the outer midplane, but the consider-
ation of the port openings in the wall and the fact that a
larger plasma to wall separation exists away from the mid-
plane increases the effective d/a.

Low /; was obtained in the experiments by beginning the
auxiliary heating very early in the current ramp. Immediately
following plasma breakdown, the current profile is typically
very broad, with /;~0.6. Deuterium neutral beam injection
beginning at r=0.3 s heats the plasma and greatly lengthens
the current penetration time of the plasma. An early H-mode
transition further increases the edge temperature, broadening
the temperature and the pressure profile, helping to maintain
a low /; target. Tangential beams, [tangency radius=1.16 m
(Ry=1.7 m)] are used for the early injection to maximize the
toroidal momentum input, and thus the rotation frequency.
Additional beam power, both tangential and perpendicular
(tangency radins=0.77 m), is added at a later time to in-
crease beta. The evolution for discharge 80 111 is shown in
Fig. 1. The early beam power also keeps g(0)>1, as shown
in Fig. 1(b).

Detailed profile information was obtained throughout the
discharge evolution. The electron temperature and density
profiles were measured using a multipulse Thomson system,
with a time interval between pulses of 8 ms. Additional den-
sity data came from two vertically and one radially viewing
two-color interferometers. The ion temperature and rotation
profiles are measured using a 32 channel CER spectrometer,
viewing a carbon impurity line. The toroidal rotation velocity
of the carbon impurity is nearly identical to that of the main
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FIG. 2. Scaling of the DIII-D beta limit with /;, and normalized current,
including the recent high beta experiments, solid circles.

ion, except in the very edge region of the plasma.”® Values of
toroidal rotation determined from the measured frequency of
Mirnov oscillations are found to agree remarkably well with
the fluid rotation, especially in the plasma core. The Z is
determined from visible bremsstrahlung measurements along
16 tangentially viewing chords. The internal field pitch is
calculated using the motional Stark effect: either an 8 or 16
chord system. The magnetic axis shift and the location of
rational g surfaces are determined from two poloidal arrays
of soft x-ray detectors. Magnetic measurements include 40
poloidal flux loops, 50 poloidal magnetic field probes,
plasma current Rogowski loops, diamagnetic flux loops, and
toroidal and poloidal coil current measurements. All the
above data are used in the equilibrium reconstruction per-
formed with the EFIT code.?

A scaling of DIII-D experimental data is shown in Fig. 2.
The crosses in this figure include data from the DII-D sta-
bility database prior to the recent wall stabilization experi-
ments. Most discharges are heated with beam heating only
during the plasma current flat top, with /; in the range of 1 to
2. The high [; DUI-D data, and data from other tokamaks led
to a scaling of the beta limit with peaking of the current
profile, By<4 [;.? As can be seen from the solid poinis in
Fig. 2, a number of discharges exceed the previous scaling
By=41; by 40%.

IV. STABILITY ANALYSIS

In order to show that a resistive wall provides stability,
we first show that the plasma is unstable in the absence of a
wall. Detailed equilibrium reconstruction and stability analy-
sis has been completed for two of the discharges, which sig-
nificantly exceed By=4 [;, discharge 80 111 with g(0)>1,
which reached 8=6.1%, By=3.8, and 80 108 with ¢(0)<1,
which reached 8;=12.6%, By=4.3. In discharge 80 111,
¢q(0) was intentionally maintained above unity by early
beam injection during the current ramp with g¢5~6. Main-
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FIG. 3. Calculated ideal kink mode limits (a) normalized beta, By, the
dashed line is the maximum achievable beta with no wall stabilization, the
dotted line is the maximum achievable beta with an ideal wall at the location
of the DIII-D vessel. (b) Variation of normalized growth rate, 'yl/wZA, with
wall position for the reconstructions of discharge 80 111 at =645 ms and at
t=704 ms.

taining ¢(0) above unity allows an unambiguous ideal sta-
bility analysis to be completed without the complication of
the internal kink.

Equilibrium reconstruction utilizing all the available data
was completed for five different times from 0.62 to 0.705 s
for discharge 80 111. The pressure profile is constrained by
the measured thermal pressure profile and the calculated fast
ion pressure. The g profile is constrained by the internal field
line pitch measurements from MSE. The equilibria were ob-
tained at high resolution, (129X129 grid), and were well
converged. They were then tested for stability against the
n=1 kink mode with the stability code GAT0.>® With no wall

stabilization, the equilibria from 0.645 to 0.704 s are all

found to be unstable to a global/external kink. The equilib-
rium at 0.62 s was found to be stable without a wall. The
predicted maximum stable B, with no wall is found to be at
Br=4.1%*02%, By=2.8. The attained maximum beta
value is B7=6.1%*0.2%, By=3.8; 35% higher than the pre-
dicted ideal limit in the absence of wall stabilization. With an
ideal conducting wall placed at the position of the DIII-D
Inconel vessel, all the attained equilibria are stable to the
n=1 ideal kink, as shown in Fig. 3(a). By maintaining the ¢
profile approximately constant, and increasing the magnitude
of the pressure, the maximum beta stable to the n=1 kink
with an ideal wall is found to be By=4.8.

It is known that the stability results depend on details of
the profiles,'® especially the g profile. We determined that
modest variations in the pressure profile did not significantly
alter the predicted growth rate of the n=1 ideal kink, but
that variations in the g profile, especially ¢(0) did have an
impact on the predicted growth rate. Variations in the equi-
librid, around the best fit equilibria were generated by vary-
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ing g(0) within the bounds allowed by the uncertainty in the
MSE data. For discharge 80 111, at 0.645 s the acceptable
values ranged from 1.5 to 2.2 around the best fit value of
g(0)=1.65, while at 0.704 s the acceptable range was 1.2 to
1.7, with the best fit at g(0)=1.35. Equilibria were generated
with g(0) over this “acceptable” range, and in some cases
outside the acceptable range, and tested for ideal stability.

The conclusions of the ideal kink stability analysis do
not change for the allowable variations in the equilibria. In
Fig. 3(b), we show the growth rate of the n=1 ideal kink
calculated by the stability code GaTO,*® as the radius of the
wall is increased. As can be seen, at both r=0.643 and
t=0.704 s, the equilibria are unstable with no wall. The
growth rate does depend on the profiles, but for both cases
instability is clearly predicted over the entire range of the
equilibria calculated. Furthermore, the critical wall location
for stability varies very little over this range of equilibria. It
is important to note that decreasing q(0) below the accept-
able range decreased the predicted ideal growth rate. For
t=0.704 s the lower bound on the growth rate shown in Fig.
3(b) is for g(0)= 1.1, for which the MSE »? increases nearly
a factor of 3 over the best fit value, ¢(0)=1.35.

The highest beta discharge in DIII-D, discharge 80 108,
Br=12.6%, By=4.3, is also apparently wall stabilized. This
discharge has ¢(0) <1, making the interpretation of ideal sta-
bility analysis difficult because of the presence of the internal
m/n=1/1 kink. With no wall stabilization, the equilibrium is
grossly unstable to an ideal kink with a very global structure.
With an ideal wall at the DIII-D vessel location, stability
analysis shows an internal kink with a smaller growth rate
and a much smaller relative amplitude at the boundary, sug-
gesting that the external kink has been stabilized. The inter-
nal kink is difficult to avoid in these stability calculations.
All the equilibrium reconstructions give g near the axis be-
low 1, with a minimum ¢ in the range 0.87<q;,<<0.93. If
q(0) is below approximately 0.9, the profile is monotonic,
and g(0)=g¢g;,. Increasing g(0) is acceptable, consistent
with the experimental data, but then the g profile becomes
nonmonotonic with decreasing ¢, as g(0) increases. All of
these equilibria with g;,<<1 are predicted to be unstable to
an ideal n=1. To determine an upper bound on maximum
stable beta with no wall it was necessary to eliminate the
internal kink. We generated equilibria with a monotonic g
profile and g(0)>1: however, these equilibria have unac-
ceptably high fitting errors. Nonetheless, by increasing g(0)
to 1.05, we were able to obtain equilibria stable to the n=1
ideal kink with B, up to 3.3. Decreasing ¢(0) toward the
value obtained in the experiment reduces the maximum
stable beta. The experimental value is Bf,XP=4.3, SO we con-
clude that this discharge is stabilized by the resistive wall.

V. DISCHARGE TERMINATION AND ROTATION

With few exceptions, all the wall stabilization experi-
ment discharges ultimately terminated, either in a disruption
for the cases of g(0)=1, or through a large-energy collapse,
for cases of g(0)>1. A common feature in the terminations
is the appearance of a slowly growing, locked, or slowly
rotating low m, n=1 mode, which continued growing until
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FIG. 4. The temporal evolution of discharge 80 111, showing the correlation
between the rotation, and the growth of the unstable mode. (a) Normalized
beta, By, and central SXR; (b) toroidal rotation frequencies at several ra-
tional surfaces from magnetic (Mirnov) oscillations and CER spectroscopy;
and (c) measurement of B, from two magnetic probes separated toroidally
by 170°, the separation of the two signals at #~712 ms indicates the growth
of an n=1 mode.

discharge termination. The growth of these modes is always
associated with a slowing in the plasma rotation,

The high By phase of discharge #80 111 is terminated by
a slowly growing, very slowly rotating 3/1 mode. During the
high By phase, the plasma rotation steadily decreased, as
inferred from CER measurements and the frequencies of
saturated, rotating 2/1 and 5/2 tearing modes [see Fig. 4(b)].
The rotation of the g=2 surface is slowing, but remains
greater than 5 kHz, sufficient to provide stabilization of the
m/n=2/1 mode. However, the plasma rotation velocity at the
g =3 surface, as determined from charge exchange recombi-
nation (CER) spectroscopy, decreases to zero shortly before
the onset of the instability. At 711 ms, a 3/1 mode appears
and grows with a 6 ms growth time, Fig. 4(c). By examining
the slow evolution of these nonaxisymmetric poloidal field
fluctuations, as measured by a toroidal Mirnov array, the ob-
served 3/1 mode is found to have a rotation frequency of 25
Hz. Both the growth rate and the real frequency are in ap-
proximate agreement with the recent theory for the resistive
wall mode, which includes both rotation and dissipation. The
major loss of energy in 80 111, as seen from the decay in the
central SXR, occurs when the m/n=2/1 mode appears. Al-
though not shown for this case, we expect that the slowing of
the rotation at the g =2 surface is the important element in
the loss of m/n=2/1 stability.

The appearance of the slowly rotating 3/1 mode in dis-
charge #80 111 is associated with the very slow rotation at
the g=3 surface. On the basis of theory prior to 1993, which
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did not include dissipation, instabilities were expected to ap-
pear during the entire high By phase independent of plasma
rotation. However, the mode appeared only when the rotation
was approximately zero. More recent theory and numerical
calculations'® now suggest that the resistive wall mode can
be stabilized for a range of wall positions if there is sufficient
plasma rotation. The critical magnitude of the plasma rota-
tion depends on the details of the model, but the early cal-
culations suggest a few percent of the Alfvén velocity or a
substantial fraction of the sound speed. However, the mea-

1 the /1 enrface in diccherse N0 111
sured rotation rate Gf i€ S5/i SuriaC in Qiscnargé ov ili

appears to be very low before the instability appears.

To more accurately evaluate the magnitude of the rota-
tion required for stabilization, magnetic braking by an ap-
plied nonaxisymmetric field was used to systematically re-
duce the plasma rotation. 2% Recently, an error field
correction coil (C coil)®® was installed on DIII-D to reduce
the inherent error field produced from a very small misalign-
ment of the poloidal field coils. The C coil can also be used
to increase the nonaxisymmetric field, and thus provide ad-
ditional magnetic drag on the plasma.’'? With the C-coil
segments connected to produce an n=1 field, we can pro-
duce primarily m=1, 2, and 3 poloidal harmonics, with the
higher poloidal harmonics very nearly zero. The field pro-
duced by the C coil therefore will interact with the plasma
primarily at the g =1, 2, and 3 rational surfaces and provides
a momentum “drag” at these locations.

High beta discharges very similar to discharge 80 111
with g(0) above 1| were produced. During the high beta
phase, the C coil was energized to reduce the rotation. Since
g is everywhere above unity, the braking from the applied
nonaxisymmetric fields is localized to the g=2 and 3 sur-
faces. With increasing coil curtent, or increasing nonaxisym-
metric fields, it is found that the high beta phase terminates
sooner: The temporal evolution of B for two similar dis-
charges with a different C-coil current is displayed in Fig. 5.
On examining the toroidal rotation profiles, it is found that
although the central rotation in these discharges remains
high, the rotation at the ¢=2 and 3 surfaces is greatly re-
duced, as shown in Fig. 5(b). When the rotation frequency
near the ¢ =2 and 3 surfaces is reduced below approximately
1 kHz, an unstable n =1 mode is observed to grow and limit
beta. It is important to note that the rotation outside of the
g=2 and 3 surfaces continues as a consequence of the nature
of the local interaction between the fields from the coil and
the plasma, but it appears to be the rotation near the g =2 and
3 surfaces that is important for influencing stability kink [see
Fig. 5(b)].

This experiment suggests that the rotation near the low-
order rational surfaces (¢ =2 and 3) is important, and that the
critical rotation speed of these surfaces is near {/27r=1 kHz.,
This rotation speed is significantly lower than the expected
critical rotation speed from many of the theoretical predic-
tions. But, recent numerical calculations by Chu using the
MARs code indicate much slower rotation than originally ex-
pected appears to suffice for these highly shaped DIII-D
equilibria in the presence of large perpendicular viscosity.?
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FIG. 5. (a) Temporal evolution of two similar discharges: one with a large C-coil current and one with a smaller C~coil current; (b) toroidal rotation profile

of the two discharges shown at the time of the arrow in (a).

VI. DISCUSSION

These recent experiments with detailed profile measure-
ments indicate that the DIII-D high beta discharges are wall
stabilized. The experimental beta values achieved exceed by
greater than 30% those values predicted by the ideal calcu-
lations with no wall stabilization. This result is insensitive to
variations in the range of possible equilibria, consistent with
the experiment measurements. The unstable modes, which
are observed when the rotation velocity becomes too small,
have both a growth rate and a real rotation frequency that is
consistent with recent theoretical predictions.

Rotation is a key essential feature necessary for wall
stabilization to occur. The onset of the unstable “resistive
wall mode” occurs when the rotation of the outer low-order
rational surfaces decreases below a critical value. The critical
rotation speed is significantly lower than originally expected,
near )/27=1 kHz. A significant amount of additional re-
search, both experimental and theoretical, remains to be
completed to develop an understanding of the required rota-
tion speed as a function of plasma properties and profiles.
Theoretically, the rotation speed required depends critically
on the magnitude of the dissipation. Precise models for the
plasma dissipation remain to be established.

High beta wall stabilized discharges have not yet been
obtained in steady state. Maintaining the plasma rotation at
high beta clearly remains a challenge. There are a number of
known causes leading to the plasma slowing down: nonaxi-
symmetric error fields, saturated tearing modes, loss of mo-
mentum input as a consequence of Alfvén eigenmodes, and
edge localized modes (ELMs). Ways to avoid some of these
angular momentum losses are known. For example, we are
confident that the error fields can be reduced by appropri-
ately designed compensation coils and that the tearing modes
can be eliminated by small modifications in the current den-
sity profile. We also expect that for moderate g discharges,
ELMs would contribute primarily to slowing the rotation at
the edge and not significantly reduce the rotation near the
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g=2 and 3 surfaces. However, at lower values of edge ¢,
ELMs might remain a concern. Innovative ideas of how to
robustly maintain the plasma rotation clearly can have a
large impact on the realizable plasma beta.

- The validation of stabilization of the external kink by a
resistive wall in the presence of plasma rotation removes a
longstanding discrepancy between the theoretical predictions
of the beta limit and the experimentally obtained beta values.
With resistive wall stabilization of the external kink, a cred-
ible path toward the simultaneous achievement of high beta
and good confinement, in self-consistent steady-state high
bootstrap fraction discharges emerges, as have been pre-
dicted for future work in DIII-D*? and the planned Tokamak
Physics Experiment (TPX).3*
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