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ABSTRACT 

Detailed analysis of recent high beta discharges in the DIII-Dl tokamak demonstrates that 

the resistive vacuum vessel can provide stabilization of low n magnetohydrodynamic (MHD) 

modes. The experimental beta values reaching up to PT = 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 q = 2 and 4 = 3 surfaces with the application of a non-axisymmetric 

field, we have determined that the rotation at the outer rational surfaces is most important, and 

that the critical rotation frequency is of the order of Q2n: = 1 kHz. 
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1. INTRODUCTION 

The economic viability of a tokamak reactor depends upon the reliable operation with 

sufficient energy confinement time, ZE, for ignition margin, and sufficiently high volume average 

toroidal beta, PT, to attain the required fusion power density. Here PT = (p) x 2 WBT; is the 2 

ratio of the volume average plasma pressure to the confining magnetic field. The value of BT 

used in this manuscript is the vacuum toroidal field at the center of the last closed flux surface, 

BT = BT (RGEo), RGEO = (Rma + Rmin)/2. Although beta values predicted by “Troyon 

scaling,”273 are sufficient for ignition experiments and the design of tokamak power plants, 

significant reductions in the size and cost of a tokamak power plant can be realized if the 

maximum operating beta can be increased beyond that given by Troyon scaling4 Recent 

tokamak experiments routinely obtain energy confinement values which greatly exceed that 

predicted by low-mode (L-mode) scaling relations,5 H = z~xp/z~ER-89p 2 3, where the ratio 

of the experimental confinement time to that predicted by the ITER-89P confinement scaling 

calc~lation.~ 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.2 To take advantage of these better energy confinement regimes, 

reliable operation at higher values of beta is thus required. 

vac 

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 

kink. In proposed “advanced tokamak regimes” the calculated stabilization by an ideal 

conducting wall can increase beta by more than a factor of 2.697 For example, the simulated 

DIII-D second-stable-core very high-mode (VH-mode) equilibria, values of normalized beta, PN 
= PT (I/aE3)-1 % m-T-MA as high as PN = 5.7 are predicted to be stable with a conducting wall 
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at the location of the vacuum vessel. In contrast the highest stable PN predicted without 

conducting a wall is only PN = 2.8. Discharges have been produced in DIII-D with reversed 

central magnetic shear as proposed in the second stable core VH-mode. Although PT has not yet 

been increased sufficiently in these discharges to test the stability limits, good confinement is 

obtained, H = 3, and an internal transport barrier has been observed in the ion temperature 

profile. 

Previous experiments had suggested that beta could exceed the ideal limit calculated 

without wall stabilization.8-10 These experiments claimed a better agreement with ideal theory 

if the real resistive wall were providing stabilization as if it were an ideal conductor. However, 

in these experiments, there was a lack of detailed pressure or q profile data, and a significant 

uncertainty in the value of the safety factor on axis, q(0). Given the known strong dependence of 

the predicted beta limit on both the q profile and the pressure profile1 1-13 and the ambiguity 

introduced in the ideal calculations by the presence of the internal kink instability when q(O)< 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.1417 

However, recent DIII-D experiments18-20 have provided convincing evidence of 

stabilization by a resistive wall. Detailed measurements of the q profile with the motional Stark 

effect (MSE),2 have allowed more accurate equilibrium and stability analysis and made it 

possible to obtain convincing evidence of stabilization by a resistive wall. We have observed 

beta values 30% greater than those predicted to be stable against the ideal kink in the absence of 

an ideal conducting wall for durations longer that 10 wall penetration times. Detailed rotation 

measurements with the charge exchange recombination spectroscopy (CER),22 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 
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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 non-axisymmetric fields, or to produce large non-axisymmetric ,fields,23 

has recently been installed on the DIII-D.23 By using this coil to increase the non-axisymmetric 

fields and slow the rotation, we have demonstrated the importance of the plasma rotation near the 

q = 2 and 3 surfaces. 

In the following section, we will briefly discuss the predictions of the recently developed 

theory that includes both plasma rotation and plasma dissipation. In Section III, we will discuss 

the experiments performed on DIII-D to evaluate resistive wall stabilization. In Section IV, we 

discuss the equilibrium reconstruction and stability analyses of two high beta discharges: 80108 

with q(O)< 1 which reached PT = 12.6 %, PN = 4.3; and 801 11 with 4(O) > 1 which reached PN = 

3.8. The termination of these discharges and the impact of the toroidal rotation is discussed in 

Section V. A discussion of these results is included in Section VI. 
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II. THEORETICAL PREDICTIONS 

Until recently, theoretical predictions showed no increase in the stability limit of an ideal 

plasma with the addition of finite resistivity walls.14-17 In the presence of a resistive wall the 

unstable mode was predicted to have nearly zero real frequency (o - 0) and grow on the time 

scale for the mode to penetrate the wall, y = 2, . Recently, it was recognized that dissipation in 

a rotating plasma surrounded by a resistive wall could result in high ~tabilization.2~ The 

prediction of stabilization by dissipation and rotation has been demonstrated in numerical 

calculations2426 and has also been predicted analytically. 

-1 

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 Putvinskiil3 and added a term to represent dissipation. The resulting dispersion relation is: 

(y + inn)2 - r i  + (y + inn) rDIs = e (dc/d) 
L J 

Y 2 d F W +  1 
Ideal Stability Plasma Dissipation - 

Resistive Wall 

Here the plasma is assumed to rotate uniformly with respect to the wall with rotation frequency 

R, while r, is the ideal growth rate with the wall at infinity, rDIs is the dissipation rate, d = 

b-a is the plasma to wall separation, dc is the separation distance at which an ideal conducting 

wall is no longer stabilizing, and TW = cr b 6, is the time constant of the wall, where 0 is the 

wall conductivity, b is the wall radius, and 6 is the wall thickness. The dispersion relation is 

written such that the “ideal” terms, the “resistive wall” term and the “dissipation” terms are 

separable as shown. 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 dissipation, there is instability at all 
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wall positions. For d e  dc the mode is stationary with respect to the wall and the unstable mode 

“penetrates” through the wall with a growth rate of approximately y = 2, : this mode is often 

called the “resistive wall mode.” When dissipation is added without sufficient plasma rotation, 

the plasma becomes stable over a narrow range of wall positions with d just less than dc. 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. 

-1 

The general features given by the dispersion relation are reproduced by various models, 

although the detailed dependencies of rDIS on plasma parameters are not yet well understood. A 

number of dissipation models have been evaluated,26 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. 

I 6 GENERAL ATOMICS REPORT GA-A2 1 9 1 4 
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111. 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 substantial 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, 

Pi, as has been shown for the simulated second stable core equilibria.6 Here Pi = 
(1N) dvB$/(BgA), where BPA = po UCp, and Cp is the poloidal circumference. Large beta 

limit differences are calculated for equilibria obtained on DIII-D. With Pi = 0.7, the maximum 

beta calculated to be stable without a wall is PN = 2.8 but the maximum beta calculated to be 

stable with the DIII-D wall is PN = 4.8. The gain in beta provided by a conducting wall is much 

less significant at higher Pi. For a DIII-D discharge at Pi c- 1.2, the maximum stable beta without 

a wall was found to be PN = 3.3; and with the inclusion of the wall, the maximum stable beta was 

calculated to be PN = 3.5. These calculations show that as ti increases, the kink mode becomes 

more internal and therefore is less influenced by the presence of a wall. At yet higher Pi, the 

maximum stable beta is limited by high n ballooning modes,l3,27 and is independent of the all 

location. To most clearly observe the stabilizing influence of a conduction wall, low Pi, Pi 5 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 determined by 

internal modes and that the presence or absence of a wall therefore does not affect the stability 
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limit. In DIII-D H-mode discharges, the pressure profiles are typically quite broad, with the 

pressure peaking factor, p(O)/(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.23 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 DID-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 = b-a = 

0.13 m. This gives d/a = 0.2 at the outer midplane, but the consideration of the port openings in 

the wall and the fact that a larger plasma to wall separation exists away from the midplane 

increases the effective &a 

Low ti was obtained in the experiments by beginning the auxiliary heating very early in the 

current ramp. Immediately following plasma breakdown, the current profile is typical very broad 

with ti = 0.6. Deuterium neutral beam injection beginning at t = 0.3 s heats the plasma and 

greatly lengthens the current shear 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 ti target. Tangential beams, [tangency radius = 1.16 m (Ro = 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 radius = 0.77 m) is added at 

a later time to increase beta. The evolution for discharge 801 11 is shown in Fig. 1. The early 

beam power also keeps q(0) > 1 as shown in Fig. l(b). 

Detailed profile information was obtained throughout the discharge evolution. The electron 

temperature and density profiles were measured using a multi-pulse Thomson system, with a 

time interval between pulses of 8 ms. Additional density data came from two vertically and one 

radially viewing two-color interferometers. The ion temperature and rotation profiles are 
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80111 
5 
4 -  
3 -  
2 -, 
1-  
0 I I I I 0 

a n  

.J t 
t 
8 

1 1.0 - 
0.5 I I I I 

0.50 0.55 0.60 0.65 0.70 0.75 
Time (s) 

Fig.1. Temporal evolution of wall stabilized discharge. (a) normalized plasma beta, PN = 
PT/(l/aB) %-m-T/MA), and injected neutral beam power, PNB (b) calculated internal 
inductance Ci and measured central safety factor, 9(O) 

measured using a 32 channel CERspectrometer, viewing a carbon impurity line. The toroidal 

rotation velocity of the carbon impurity is nearly identical to that of the main ion except in the 

very edge region of the plasma.28 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 &ff 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 

q 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 
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Rogowskis loops, diamagnetic flux loops, and toroidal and poloidal coil current measurements. 

All the above data are used in the equilibrium reconstruction performed with the EFIT code.29 

A scaling of DIII-D experimental data is shown in Fig. 2.  The crosses in this figure include 

data from the DIII-D stability data base prior to the recent wall stabilization experiments. Most 

discharges are heated with beam heating only during the plasma current flat top with ti in the 

range of 1 to 2.  The high ti DIII-D data, and data from other tokamaks led to a scaling of the 

beta limit with peaking of the current profile, PN < 4 ti.’ As can be seen from the solid points in 

Fig. 2, a number of discharges exceed the previous scaling PN = 4 ti by 40%. 

14 

12 

10 

6 

4 

2 

n 

Wall stabilization expt. 
0 80108 DIII-D data base 

I 

I 

0.0 O S  1 .o l e 5  2.0 2.5 3.0 
0 

ti I I aB 

Fig. 2. Scaling of the DIII-D beta limit with ti and normalized current, including the recent high 
beta experiments, solid circles. 
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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 analysis has 

been completed for two of the discharges which significantly exceed PN = 4 ti, discharge 801 1 1 

with q(0) > 1 which reached P f 6.1%, PN = 3.8, and 80108 with q(O)< 1 which reached PT = 

12.6%, PN = 4.3. In discharge 801 11, q(0) was intentionally maintained above unity by early 

beam injection during the current ramp with 495 = 6. Maintaining q(0) above unity allows 

unambiguous ideal stability 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 s to 0.705 s for discharge 801 11. The pressure profile is constrained by the 

measured thermal pressure profile and the calculated fast ion pressure. The q profile is 

constrained by the internal field line pitch measurements from MSE. The equilibria were 

obtained at high resolution, (129 x 129 grid) and were well converged. They were then tested for 

stability against the n=l kink mode with the stability code GAT0.30 With no wall stabilization, 

the equilibria from 0.645 s to 0.704 s are all found to be unstable to a globdexternal kink. The 

equilibrium at 0.62 s was found to be stable without a wall. The predicted maximum stable PT 
with no wall is found to be at PT =4.1% B.296, PN = 2.8. The attained maximum beta value is 

PT =6.1% M.2%, PN = 3.8; 35% higher than the ipredicted deal 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=l ideal kink as shown in Fig. 3(a). By maintaining 

the 4 profile approximately constant, and increasing the magnitude of the pressure, the maximum 

beta stable to the n=l kink with an ideal wall is found to be PN = 4.8. 
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80111 (a) 6 
Unstable with ideal wall 

4 
PN 

2 

Y2 

600 
I 

650 
Time (s) 

I 
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0.008 

0.004 

I 
750 

0.0 
0 1 2 3 

lpIICD 
rwall wall 

Fig. 3. Calculated ideal kink mode limits (a) normalized beta, PN, dashed line is the maximum 
achievable beta with no wall stabilization, dotted line is the maximum achievable beta 
with an ideal a I nd the location of the DIII-D vessel. (b) Variation of normalized 
growth rate, ~ ] c t ) ~  ,with wall position for the reconstructions of discharge 801 11 a t  
t = 645 ms and at t = 704 ms. 

It is known that the stability results depend on details of the profiles,l3 especially the q 

profile. We determined that modest variations in the pressure profile did not significantly alter 
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the predicted growth rate of the n=l ideal kink, but that variations in the q profile, especially q(0) 

did have an impact on the predictd growth rate. Variations in the equilibria, around the best fit 

equilibria were generated by varying q(0) within the bounds allowed by the uncertainty in the 

MSE data. For discharge 801 1 1, at 0.645 s the acceptable values ranged from 1.5 to 2i.2 around 

the best fit value of q(0) = 1.65, while at 0.704 s the acceptable range was 1.2 to 1.7 with the best 

fit at q(O)= 1.35. Equilibria were generated with q(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=l ideal kink 

calculated by the stability code GAT0,30 as the radius of the wall is increased. As can be seen, 

at both t = 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 nstability is clearly predicted over the entire range of 

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 acceptable 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 q(0) = 1.1, for which the MSE X2 increases nearly a factor of 3 over the 

best fit value, q(O)= 1.35. 

The highest beta discharge in DIII-D, discharge 80108, PT = 12.6%, PN = 4.3, is also 

apparently wall stabilized. This discharge has q(0) < 1, making the interpretation of ideal 

stability analysis difficult because of the present 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 suggesting that the 

external kink has been stabilized. The internal kink is difficult to avoid in these stability 

calculations. All the equilibrium reconstructions give q near the axis below 1, with a minimum q 
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in the range 0.87 < qmin < 0.93. If q(0) is below approximately 0.9, the profile is monotonic, 

and q(0) = qmin . Increasing q(0) on axis, is acceptable, consistent with the experimental data, 

but then the q profile becomes non-monotonic with decreasing qmln as q(0) increases. All of 

these equilibria with qmin 1 are predicted to be unstable to an ideal n=l. 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 q profile and q(0) > 1: however, these 

equilibria have unacceptably high fitting errors. Nonetheless, by increasing q(0) to 1.05, we 

were able to obtain equilibria stable to the n=l ideal kink with PN up to 3.3. Decreasing q(0) 

toward the value obtained in the experiment reduces the maximum stable beta. The experimental 

value is p g m  = 4.3, so we conclude that this discharge is stabilized by the resistive wall. 
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V. DISCHARGE TERMINATION AND ROTATION 

With few exceptions, all the wall stabilization experiment discharges ultimately terminated 

either in a disruption for the cases of q(0) S 1,  or through a large energy collapse, for cases of 

q(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 discharge termination. The 

growth of these modes is always associated with a slowing in the plasma rotation. 

The high PN phase of discharge #80111 is terminated by a slowly growing, very slowly 

rotating 3/1 mode. During the high PN phase, the plasma rotation steadily decreased, as inferred 

from CER measurements and the frequencies of saturated, rotating 2/1 and 9 2  tearing modes 

[see Fig. 4(b)]. The rotation of the q = 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 q = 3 surface, 

as determined from charge exchange recombination (CER) spectroscopy, decreases to zero shortly before 

the onset of the instability. At 71 1 ms, a 3/1 mode appears and grows with a 6 ms growth time, 

Fig. 4(c). By examining the slow evolution of these non-axisymmetric poloidal field fluctua- 

tions as measured by a toroidal Mirnov array, the observed 3/1 mode is found to have a rotation 

frequency of 25 Hz. Both the growth rate and the real frequency are in approximate agreement 

with the recent theory for the resistive wall mode which includes both rotation and dissipation. 

The major loss of energy in 801 11, as seen from the decay in the central SXR, occurs when the 

m/n = 2/1 mode appears. Although not shown for this case, we expect that the slowing of the 

rotation at the q = 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 discharge #80111 is associated with the 

very slow rotation at the q = 3 surface on the basis of the theory prior to 1993 which did not 
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I Frequency (Wz) Mirnov . . 

100 

0- - W ( G )  probes A$ = 170' [(c' 

- mln=: 3/1 i2n !,.,, - 100 I I I I I I I I I I - 1  I I I 
700 Time (ms) 600 650 7: 10 

Fig. 4.The temporal evolution of discharge 801 1 1 ,  showing the correlation between the 
rotation, and the growth of the unstable mode. (a) normalized beta, PN, and central SXR, 
(b) toroidal rotation frequencies a t  several rational surfaces from magnetic (Mirnov) 
oscillations and CER spectroscopy; and (c) measurement of 6Be from two magnetic 
probes separated toroidally by 1 70°, the separation of the two signals a t  t - 71 2 ms 
indicates the growth of an n=l mode. 
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include dissipation. Instabilities were expected to appear during the high entire PN phase 

independent of plasma rotation; however, the mode appeared only when the rotation was 

approximately zero. More recent theory and numerical c a l c ~ l a t i o n s ~ ~  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 rotation depends on the details of the model, but 

the early calculations suggest a few percent of the Alfvkn velocity or a substantial fraction of the 

sound speed. However, the measured rotation rate of the 3/1 surface in discharge 801 11 appears 

to be very low before the instability appears. 

To more accurately evaluate the magnitude of the rotation required for stabilization, 

magnetic braking by an applied non-axisymmetric field was used to systematically reduce the 

plasma rotation.26,29 Recently, an error field correction coil ( C - C O ~ ~ ) ~ ~  was installed on DIII-D 

to reduce the inherent error field produced from a very small misalignment of the poloidal field 

coils. The C-coil can also be used to increase the non-axisymmetric field and thus provide 

additional magnetic drag on the plasma.31732 With the C-coil segments connected to produce an 

n=l field, we can produce primarily m=1,2, and 3 poloidal harmonics, with the higher poloidal 

harmonics very nearly zero. The field produced by the C-coil therefore will interact with the 

plasma primarily at the 4 = 1, 2, and 3 rational surfaces and provides a momentum "drag" at 

these locations. 

High beta discharges very similar to discharge 80111 with q(0) above 1 were produced. 

During the high beta phase, the C-coil was energized to reduce the rotation. Since 4 is 

everywhere above unity, the braking from the applied non-axisymmetric fields is localized to the 

q = 2 and 3 surfaces. With increasing coil current, or increasing non-axisymmetric fields, it is 

found that the high beta phase terminates sooner: The temporal evolution of P for two similar 

discharges with different C-coil current is displayed in Fig. 5. On examining the toroidal 
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rotation profiles, it is found that although the central rotation in these discharges remains high, 

the rotation at the q = 2 and 3 surfaces is greatly reduced, as shown in Fig. 5(b). When the 

rotation frequency near the q = 2 and 3 surfaces is reduced below approximately 1 kHz, an 

unstable n=l mode is observed to grow and limit beta. It is important to note that the rotation 

outside of the q = 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 q = 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 (q = 2 and 3) 

is important and that the critical rotation speed of these surfaces is near Q/2n = 1 kHz. This 

rotation speed is significantly lower than the expected critical rotation speed from many of the 

theoretical predictions. But, recent numerical calculations by Chu using the MARS code indicate 

much slower rotation than originally expected appears to suffice for these highly shaped DIII-D 

equilibria in the presence of large perpendicular viscosity.26 
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VI. DISCUSSION 

These recent experiments with detailed profile measurements 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 calculations 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 Q2/27c = 1 kHz. A significant amount of additional research, both experimental 

and theoretical, remains to be completed to develop an understanding of the required rotation 

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: non axisymmetric error fields, saturated 

tearing modes, loss of momentum input as a consequence of Alfvkn 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 appropriately designed 

compensation coils and that the tearing modes can be eliminated by small modifications in the 
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current density profile. We also expect that for moderate q discharges, ELMs would contribute 

primarily to slowing the rotation at the edge and not significantly reduce the rotation near the q = 

2 and 3 surfaces. However, at lower values of edge q,  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 long standing discrepancy between the theoretical predictions of the 

beta limit and the experimentally obtained beta values. With resistive wall stabilization of the 

external kink, a credible path toward the simultaneous achievement of high beta and good 

confinement, in self-consistent steady-state high bootstrap fraction discharges emerges as have 

been predicted for future work in DIII-D33 and the planned Tokamak Physics Experiment 

(TPX).34 
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