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An optimization of beta in the DIII-D tokamak 
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Kellman, E. J. Strait, J. R. Ferron, R. J. Groebner, W. W. Heidbrink,b) T. Carlstrom, 
F. J. Helton, C. L. Hsieh, S. Lippmann, D. Schissel, R. Snider, and D. Wroblewski@ 
General Atomics, P.O. Box 85608, San Diego, California 92186-9784 

(Received 10 July 1991; accepted 23 July 1992) 

Accurate equilibrium reconstruction and detailed stability analysis of a strongly shaped, 
double-null, &= 11% discharge shows that the plasma core is in the second stable regime to 
ideal ballooning modes. The equilibrium reconstruction using all the available data (coil 
currents, poloidal magnetic loops, motional Stark effect data, the kinetic pressure profile, the 
magnetic axis location, and the location of the two q= 1 surfaces) shows a region of 
negative magnetic shear near the magnetic axis, an outer positive shear region, and a low 
shear region connecting the two. The inner negative shear region allows a large positive shear 
region near the boundary, even at low q ( qg5=2.6), permitting a large outer region 
pressure gradient to be first regime stable. The inner region is in the second stable regime, 
consistent with the observed axial beta [P=(O) =44%]. In the low shear region p’ 
vanishes, consistent with Mercier stability. This is one way to extend the ballooning limit in 
shaped plasmas while maintaining stability against external kinks. The n= 1 analysis 
shows that the plasma is unstable to an ideal internal mode, consistent with the experimental 
observations of a saturated internal m/n= l/l mode. The core plasma pressure, not 
being limited by ballooning stability, appears to be reaching a local equilibrium limit at the 
magnetic axis. 

1. INTRODUCTION 

Improved axisymmetric control on DIII-Di has al- 
lowed operation near the axisymmetric stability limit, en- 
abling an increase in the achieved normalized current, IN, 
at moderate q and leading to a record level volume average 
toroidal beta, fir, of 11%. We have previously reported 
briefly on this experiment.’ Here we discuss the experimen- 
tal results in greater detail and present the ideal magneto- 
hydrodynamic (MHD) stability analysis. 

Scaling of experimentally achieved beta and calcula- 
tions of the stability limits against ideal kink ( PZ = 1, where 
n is the toroidal mode number) and ideal ballooning modes 
have shown theoretically and experimentally that the max- 
imum toroidal beta in tokamaks scales with the normalized 
current 3-5 Py a IN, IN=IJaBT, where Ip is the total 
plasma’current, a is the minor radius, and BT is the toroi- 
da1 field. Since disruptions or related instabilities set a 
lower bound to the safety factor, qdZBT/(po~T)f(G3), 
where?r is the average toroidal current density and f(~,a) 
is an increasing function of elongation, K, and triangularity, 
6, IN can be increased by increasing K and 6, until limited 
by axisymmetric (n =O> stability. In the experiment re- 
ported here, we operated simultaneously near the intersec- 
tion of the n =0 and n = 1 stability boundaries with a 
plasma shape that optimized the achievable Iw 

In previous workG8 we have demonstrated the capa- 
bility of DIII-D to operate very near the ideal axisymmet- 
ric stability limit. This has enabled operation at elongation, 

“‘Also at Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831. 
“Also at University of California at Irvine, Irvine, California 92717. 
‘)Also at Lawrence Livermore National Laboratory, Livermore, Califor- 

nia 94550. 

K, up to 2.5. Also, we have achieved beta values in excess of 
9% in the full-radius DIII-D double-null divertor 
configuration’ (DND), where K- 2.1 with triangularity 
S-0.9. In this configuration, at low B the plasma is very 
near the marginal point for axisymmetric stability, how- 
ever, at high beta (p-8%) the current profile (character- 
ized by the internal inductance) becomes quite broad 
(l,-0.8), and then the plasma is no longer near the axi- 
symmetric limit. This enables us to establish a high beta 
DND plasma and, during the high beta phase, adjust to a 
still more advantageous shape with higher K, which is the- 
oretically expected to result in an even higher beta limit. 
Due to the vacuum vessel geometry, K> 2.1 is achieved by 
decreasing the plasma minor radius. 

A major difference between the work reported in Ref. 
5 and this work lies in the pressure profile. We find for our 
best plasma that /3(O) =44% at qg5 =2.6. We are defining 
p( 0) as the pressure at the magnetic axis normalized to the 
vacuum toroidal field value at the axis. This central pres- 
sure is well above the first stable ballooning limit. Such a 
high ratio of peak-to-average pressure is atypical of toka- 
mak high beta experiments. About half the axial pressure is 
in the fast ion component. In the full-radius DND config- 
uration with &=9%, we calculate that /3(0)=16% at 
similar q9s. 

From analysis of the plasma equilibria we infer the 
magnetic shear profile and the plasma pressure profile. 
These profiles indicate a region of negative magnetic shear 
and high pressure near the magnetic axis, which is in the 
second stable regime to ideal ballooning modes, as is ex- 
pected under these circumstances.’ This region is sur- 
rounded by a low magnetic shear, vanishing pressure gra- 
dient region consistent with Mercier stability. Finally these 
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FIG. 1. A comparison of the stability properties of three shapes, all of which are near the marginal point for axisymmetric stability and feasible in 
DIII-D. Flux surface geometry and global shear are shown. For all cases &= 1 T  and qg5=3.0: (a) a “D” (Y=8.2, R,= 1.56, a=0.55, a,=O.99, 
I;= 1.00, rc=2.2, 6=0.64); (b) an ellipse (Y=7.7, Rn= 1.57, a=0.56, B.=O.98, Ii=0.98, ~=2.4, 6= -0.03); and (c) a rectangle (Y=6.1, R,= 1.57, 
;=0.55; &=0.98, 1,=0.96, K=1.8). - 

-r 

regions are surrounded by a region of positive magnetic 
shear with pressure gradient in the first stable regime. 

In Sec. II we discuss the optimization of the plasma 
shape, and the procedure necessary for obtaining the high 
p high K discharges. In Sec. III we present the experimental 
results and the analysis of the equilibrium. In Sec. IV we 
present the stability analysis. In Sec. V we discuss the pos- 
sibility of an isodynamical equilibrium limit to central beta 
and offer evidence that this limit is encountered in the 
experiment. Section VI summarizes the experiment and 
provides an opportunity for our interpretation of the re- 
sults. 

II. SHAPE OPTIMIZATION 

The experiment was based on the idea that maximum 
beta would be achieved in a plasma with an optimized 
shape as defined below. This optimized shape is con- 
strained by axisymmetric (n =0) stability. Since the axi- 
symmetric limit is, to lowest order, independent of plasma 
current, we still have the freedom to chose the safety fac- 
tor. The safety factor will then be limited by kink (n = 1) 
stability. We  want to operate in this corner of parameter 
space defined by the intersection of n  =0 and n = 1 stability 
to maximize 0. 

In this section we illustrate this optimization proce- 
dure by defining a shape parameter, 9’ = IN*q. Increasing 
.Y is equivalent to achieving the highest possible IN at the 
highest possible safety factor, q, which is consistent with 
axisymmetric stability in DIII-D. For fixed 9 the maxi- 
mum I,, and hence fir, is obtained at the minimum q. The 
minimum q  value is set by disruption and related instabil- 
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ities. Although the value of q  is somewhat affected by 
plasma shape and current density profile, it generally lies 
between 2 and 3. Here Y is primarily a function of the 
geometry of the plasma surface, Yz~-‘[( l+d*Sr)/ 
2]*[1+~9(A-~)], where A is the aspect ratio and .Y is 
some function of the higher- (than quadrupole) order 
shaping fields. Note that Y is more general than a simple 
specification of K and S, and takes into account the toroidal 
field weighting of the entire outer contour of the plasma. 
The advantage of dealing with Y rather than IN is that 9 
is bounded by axisymmetric stability and is largely inde- 
pendent of q. As shown below, there is a maximum value of 
.Y=8.25 for DIII-D and the only consideration in deduc- 
ing this maximum is axisymmetric stability. 

The flexibility of the DIII-D poloidal coil system al- 
lows a wide variety of shapes. We  consider as illustrations 
of the optimization of Y’, with respect to n = 0 stability, an 
ellipse, a “D,” and a rectangle (Fig. 1). All three are, in 
principle, achievable in DIII-D, as they must be if we are 
to evaluate the axisymmetric stability using the real vessel 
wall. While this illustration is not offered as proof that 
maximum 9 results in maximum beta, it is intended to 
make this hypothesis plausible to the reader. 

The constraint of axisymmetric stability is only mean- 
ingful if Zi is specified. On DIII-D we find that H-mode 
plasmas have Ii values in a narrow range with little sensi- 
tivity to the safety factor, so we will constrain the value of 
Zi at 1.0, a  value typical of H-mode plasmas. The definition 
of Zi employed here is Ii3 ( $s dl) 2J VBj dV/[ V( $sB, dl) 2]. 
In the illustration we hold the major and minor radii con- 
stant at 1.57 and 0.55 m, respectively. Here q. is con- 
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TABLE I. Beta limits for three plasma shapes optimized against axisym- 
metric stability. 

gdl‘XWS(%) 

lj:nk(%) 
Zp (MA) at qv5=3 

“D” Ellipse Rectangle 

8.2 7.7 6.1 
8.6 7.1 5.7 
16.1 11.2 1.9 
1.51 1.42 1.11 

strained to be 1.05, and IP is set to provide q95 = 3 at B,= 1 
T. Each shape is determined by the constraint that the 
equilibrium be within 5%-10% of the ideal axisymmetric 
stability limit. The definition of the margin of vertical sta- 
bility is that used in Ref. 8. The ideal MHD axisymmetric 
stability limit is computed with GATO.” 

For each shape an equilibrium is calculated, where the 
pressure profile is everywhere at the marginal point for 
infinite-n ballooning modes. Additionally, the external 
kink limit (n = 1) is calculated by globally scaling that 
pressure profile, while keeping the shape and ii fixed. Thus 
we obtain a high-n and a low-n beta limit for each shape. 
The equilibria are shown in Fig. 1, along with the shear 
profiles. Results are summarized in Table I below. We shall 
frequently use the variable r as the normalized minor ra- 
dius, where r- dm z fi, Vis plasma volume, 
and $ is the normalized poloidal flux enclosed by a flux 
surface. 

Not surprisingly, we find that optimization requires 
minimizing the quadrupole and octopole components of 
the external field while maximizing the hexapole compo- 
nent, thereby improving the average curvature. Also, we 
see in Fig. 1, that as Y is increased under conditions of 
fixed qo, q95, and 1, the region of strongest shear moves 
toward the edge of the plasma. Thus, the region able to 
support the largest p’ (3) against ballooning modes moves 
toward the edge, and because of the volume effect this leads 
to a higher average &. In the central region, because of 
low shear, p’ is severely limited, leading to a rather flat 
pressure profile. For the rectangular shape the n = 1 limit is 
well below that for ballooning modes, while for the “D” 
the opposite is true. 

Having established the general characteristics of the 
optimized shape we turn to the specific design of this ex- 
periment. Our optimization procedure begins with shot 
66493, discussed in Ref. 5, which reached 8=9.3Oro. The 
internal inductance for this plasma was ii-O.8 and we 
shall use this as a constraint, along with the specification 
that q. = 1. We will choose as a pressure profile the one that 
is marginally stable to infinite-n ideal ballooning modes. 
Because of the vessel shape K can only be increased by 
reducing the minor radius. We increase K while reducing 
R, (and thus limiting the increase in the aspect ratio) until 
we achieve a marginal condition for axisymmetric modes. 
We maintain a diverted plasma in order to achieve the H 
mode. The final result of the designed equilibrium is shown 
in Fig. 2. We find we can achieve Y=8.25, which is to be 
compared with Y=7.25 for shot 66493. The two shapes 
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FIG. 2. The beta-optimized equilibrium we seek to produce experimen- 
tally. This equilibrium is within 2% of the axisymmetric limit, has a 
pressure profile that is marginal to ballooning mode and is slightly beyond 
the n= 1 stability limit. Here qs,=3.1, 8,=4.3, Ziv=2.66, ~=2.50, 
1,=0.79, and n/n,=0.92: (a) Flux surface contours; (b) the pressure 
versus normalized radius defined by r= ,/v(s)/ =: n; (c) the flux 
surface averaged toroidal current density versus r, and (d) the safety 
factor versus r; and (e) the shear versus r. 

are compared in Ref. 2. After establishing this shape with 
the marginal ballooning pressure profile, we evaluate n = 1 
stability and find the plasma is slightly unstable (i.e., the 
displacements are small enough at the boundary so we do 
not believe the plasma would disrupt) to n= 1 modes. We 
note that the margin for axisymmetric stability is being 
reduced both by the increase in K and the decrease in R,, 
which increases the distance from the plasma to the outer 
wall of the vessel. This is the region of the wall that pro- 
vides most of the vertical passive stabilization. 

The current density profile shown in Fig. 2 (c) is some- 
what hollow. This is a result of the strong shaping and the 
constraints of fixed Ii and qQ Since the field shaping coils 
primarily affect the shape of the outer flux surfaces, K gen- 
erally decreases from the plasma boundary inward, and, 
from equilibrium constraints, S=O at the magnetic axis. 
Since qd?BT/(~o~T)f(K,S), increasing K at constant q on 
the boundary and qo= 1 ultimately produces a hollow cur- 
rent density profile. As we continue to increase the shaping 
in the model equilibria, and/or lower the aspect ratio (at 
constant safety factor and constant li), the minimum in q 
moves away from the axis, and we can no longer find equi- 
libria with monotonic q profiles. 
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FIG. 3. The time evolution of 69608. The plasma disrupted at 1462 msec. 
(a) & and Z; (b) plasma current and neutral beam heating; (c) K and 
n/n; and (d) D, emission showing the H-mode transition and line- 
averaged density. 

The constraints on this equilibrium are quite severe; 
the plasma pressure is at the ballooning limit and the con- 
vergence of the kink and axisymmetric stability limits ex- 
cludes the possibility of any significant change in the cur- 
rent profile, in that a narrowing (higher ri) will destabilize 
axisymmetric modes, while a broadening (lower ri), or an 
increase in fl, will destabilize the external kink.” The beta 
of this equilibrium is 11.4%. The ballooning marginal pres- 
sure profile is quite broad, with PO/(P) =2. The goal of the 
experiment is to produce the plasma shown in Fig. 2. 

III. EXPERIMENTAL RESULTS 

The primary effort in this experiment was to achieve a 
high degree of up-down symmetry and time the shape ev- 
olution to keep the reduced decay index,6 n/n,, which mea- 
sures the vertical stability margin constant at n/n,=: -0.9 
as p increases. Based on previous work’ as well as the 
stability analysis of the design plasma, we expect for this 
shape that this value of n/n, represents the ideal limit. Any 
loss of up-down symmetry represents a waste of axisym- 
metric stability, in that the quadrupole field is being in- 
creased, but the sought for maximum average curvature is 
not achieved. The shape control system was adjusted to 
reduce up-down asymmetry to less than 1%. The vertical 
control system was tuned to have a very high derivative 
gain for optimal performance. 

A. Time evolution of highest beta shot 

Figure 3 shows the time history of shot 69608 begin- 
ning just before the start of beam heating. This shot 
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reached 11% beta. Here we show the plasma current, the 
neutral beam timing, the rise in fl and decrease in 1, the 
evolution of K and n/n,, and the divertor D, and the line- 
averaged electron density. The control of the current pro- 
file is affected first by the I, ramp, then by the increase in 
p itself with additional heating power, then by the transi- 
tion to the H mode, as indicated by the drop in the D, light 
at 1370 msec. The increase in K is programmed to roughly 
match the decrease in I? As indicated by n/n,, we remain 
a safe distance from axisymmetric instability through the 
high beta phase of the shot, but n/n, is decreasing to - 1 
by the end of the shot. The density rises throughout the 
beam-heated phase in an uncontrolled fashion, as is typical 
for H-mode plasmas. The plasma disrupted at 1462 msec, 
exhibiting a rapidly growing (~~30 psec- ‘) n = 1 insta- 
bility. The thermal quench was completed in approxi- 
mately 200 psec. A slowly growing m/n =$ mode appears 
on the magnetics beginning at 1435 msec and may contrib- 
ute to the later disruption. One notable feature is that the 
onset of the edge-localized modes (ELM’s) did not result 
in a beta collapse. In the full-radius DND configuration 
(~~2.1, 6~0.9) at high beta the first ELM results in ei- 
ther a disruption or a sharp reduction in beta. 

B. Comparison of shots 69608 and 69609 

We now turn to a discussion of the following shot 
69609. The reasons for this are twofold; first, the differ- 
ences highlight special features of the highest beta result, 
and second, we did not obtain Thomson scattering data for 
69608 and will need to use the density profile data from 
69609 in order to calculate the fast ion component of the 
pressure and the pressure profile for 69608. The difference 
in discharge programming between the two shots was 
slight; only minor tuning of power supply voltages was 
done in order to better control plasma shape. We show the 
relevant diagnostic set for this experiment in Fig. 4. 

Shot 69609 only achieved a pr value of 9.2%, similar 
to earlier results.5 As can be seen from Fig. 5 the dis- 
charges have very similar parameters, until a large saw- 
tooth occurs in 69609 at 1375 msec during the high-power 
beam phase. At the sawtooth the neutron rate drops by 
27% in 1.5 msec. This rapid drop in neutron rate cannot be 
due to a drop in ion temperature since the thermal deuter- 
ons contribute negligibly to the neutron rate in 69609. A 
drop in electron temperature would reduce the neutron 
rate on the fast ion slowing down time, which is about 50 
msec in shot 69609 and therefore too slow to explain the 
rapid drop observed. At the time of the sawtooth crash 
about 50% of the plasma stored energy is in fast particles. 
There is no significant change in plasma stored energy at 
the sawtooth, indicating that there is no significant loss of 
fast or thermal particles. It seems likely then that the saw- 
tooth in 69609 flattens the initially centrally peaked fast 
ion distribution, thus reducing the beam-beam interaction 
neutrons that account for about 50% of the neutron rate. 
Such a flattening has been observed in the Joint European 
Torus (JET).12 Following the sawtooth the plasma stored 
energy increases much more slowly than in shot 69608 
[Fig. 5(a)]. This could be due to either a reduction in the 
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energy confinement time or a reduction in the effectiveness 
of the heating due to the inferred spatial flattening of the 
fast ion distribution. 

At 1400 msec in shot 69609, fishbone oscillations’3 
begin, which can be seen as bursts in magnetic fluctuations 
in Fig. 5 (f). The fishbone oscillations impede the increase 
in neutron rate in this shot. 

Sawteethlike events are also observed in the higher p 
discharge, 69608, however these are much smaller in am- 
plitude than in shot 69609 and have no noticeable effect on 
the neutron rate. Figure 6 shows a comparison of the 
change in soft x-ray amplitude profile at the sawtoothlike 
event near 1390 msec in shot 69608 with the sawtooth at 
1375 msec in shot 69609. The inversion radius is smaller in 
the higher beta shot and the profile remains relatively 
peaked, even within the inversion radius. The change in the 
amplitude of the soft x-ray (SXR) signals is significantly 
smaller across the central channels in shot 69608 compared 
to 69609 (Fig. 6). A reconnection process limited to an 
annular region14y15 could still explain this data if the tem- 
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1300 1400 
TIME (ms) 

PIG. 5. A comparison of the time evolution of 69608 and 69609. (a) 
Plasma stored energy; (b) neutral beam heating power; (c) a central soft 
x-ray chord, (d) neutron rate; (e) central ion temperature; and (f) the 
amplitude of the m/n= l/l component of BP as seen at the outside mid- 
plane. The dotted vertical lines are at 1342 and 1375 msec. The bursts of 
m/n= l/l activity for 69609 beginning at 1400 msec are fishbone oscil- 
lations. 

perature gradient in the region were sufficiently large, since 
the SXR path length between flux surfaces decreases with 
increasing minor radius, while the volume between flux 
surfaces is relatively independent of flux near the q = 1 sur- 
face. 

The rolloff in neutron rate, central SXR signal, and 
stored energy in shot 69608 corresponds in time to the start 
of ELM’s (Fig. 3). The ELM’s have a pronounced effect 
on the edge SXR channels, which are rising rapidly before 
the onset of ELM’s, and are subsequently clamped or de- 
cline, suggesting a sharp reduction in the confinement of 
the outer part of the plasma cross section. 

We now turn to the detailed discussion of the saturated 
internal mode that dominates shot 69608. At 1342 msec, 
during the secondary plasma current ramp but before the 
high-power injection phase, a MHD mode suddenly ap- 
pears and remains relatively saturated for the rest of the 
shot [Fig. 5(f)]. This mode has a m =2, n = 1 structure on 
the magnetics and a frequency of 9.2 kHz, which corre- 
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sponds to the central rotation speed measured by charge 
exchange recombination (CER) . At this same frequency a 
mode is observed on the soft x-ray arrays. The poloidal 
variation of the phases of the SXR data indicates this mode 
has m = 1. This suggests that the internal mode is also n = 1 
and that the m = 2, n = 1 mode observed on the magnetics 
is driven by a coupling to the internal l/l through the 
noncircular cross section and toroidicity. 

During the sawtooth on shot 69609 a precursor oscil- 
lation is observed on the magnetics and SXR. This precur- 
sor has 2/l character on the magnetics and m = 1 character 
on the SXR, with a frequency of 10.6 kHz. The amplitude 
of the sawtooth precursor just before the sawtooth crash is 
approximately twice the amplitude of the continuous 
mode. The ratio of amplitude of the mode on the SXR to 
the outboard midplane magnetic probe is the same for the 
continuous mode and the sawtooth precursor. 

Detailed analysis of the SXR emission from 69608 im- 
plies the existence of two q= 1 surfaces. Figure 7 shows a 
comparison of the variation of phase and amplitude across 
the SXR channels. Although the plasma current is some- 
what higher and the internal inductance is somewhat lower 
in shot 69608 at the time of the sawtooth at 1390 msec 
compared to shot 69609 at the time of its sawtooth at 1375 
msec, the peak in the mode amplitude and sawtooth inver- 
sion radius is at substantially smaller minor radius. An 

FIG. 7. Comparison of phase and amplitude variation of the m/n = l/l 
modes, as deduced from the SXR signals. The solid line is from shot 
69608 and the dashed line is from shot 69609. 

additional peak at larger minor radius can be seen in the 
fluctuation amplitude for the case of the continuous mode; 
also, there is a jump in phase of approximately 180” be- 
tween the large and small peaks, which does not occur in 
the case of the sawtooth precursor. Although the m= 1 
mode decreases in amplitude and appears to shift in radial 
location at the sawtooth drops in shot 69608, the mode is 
not eliminated. The two m= 1 mode remain locked in 
phase with their 0 points separated by 180” poloidally. The 
m= 1 mode in shot 69608 never appears strongly on the 
channel, corresponding to the plasma center; it does, how- 
ever, appear on the central channel during the sawtooth 
crash of shot 69609. These data suggest that the model 
applied to compound sawteeth,15 in which two q= 1 sur- 
faces exist in the plasma, and the central q value is too far 
above unity to allow reconnection to proceed to the plasma 
center, may also apply to shot 69608. 

Confirmation of the existence of the two q= 1 surfaces 
is obtained by examining the phase shifts of the first har- 
monic frequency. In simple simulations (unshifted circles) 
one finds that 180” phase jumps in the harmonic occur 
when the island 0 point crosses a viewing chord, and the 
harmonic has no phase jump across the plasma center. As 
indicated by the arrows in Fig. 8 two such phase jumps 
occur for 69608, and these are observed above and below 
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FIG. 8. Phase and amplitude variation of the first harmonic of the m/n 
= l/l modes, as deduced from the SXR signals. The arrows point to the 
phase jumps that occur across island 0 points. 

the midplane. The phase variation across the plasma center 
is continuous. 

We have assumed that the partial reconnection model 
applies and that the peaks in the l/l mode amplitude cor- 
respond to the location of the two q= 1 surfaces. These 
q= 1 locations are applied as additional constraints to the 
equilibrium fits for shots 69608 and 69609. 

Each fishbone in shot 69609 results in about a 2% 
decrease in the neutron rate. The fishbones are l/l modes 
with frequency of 11 kHz. Although the continuous l/l 
mode in shot 69608 is of similar amplitude and frequency 
to the fishbone oscillations, it does not appear to affect the 
neutron rate in shot 69608, as is evidenced by the some- 
what higher neutron rate in shot 69608 compared to 69609 
before 1375 msec. We conclude that the m/n= l/l mode 
in shot 69608 is not the fishbone instability. 

The internal m/n= l/l mode first appears and satu- 
rates 10 msec before the high beam power phase of the high 
fi shot. The growth rate prior to saturation is 530 psec-‘. 
Other sawteeth during the low-power beam injection phase 
of 69608 and 69609 show a period of saturation of up to 2 
msec duration followed by a rapid growth for about 0.5 
msec and the sawtooth crash. The longest period of satu- 
ration during the low beam power phase occurs for the 
sawtooth, which comes latest in the discharge. This sug- 
gests that the mechanism responsible for the saturated l/l 

I 0.2 0.4 da 6.8 
r 

' :69608 

0 

FIG. 9. A comparison of T, vs r for 69608 and 69609 at the times of 
maximum beta. Shot 69608 at 1417 msec is shown as the solid circles and 
a solid line. Shot 69609 at 1400 msec is shown as the open circles and 
dashed line. The lines are statistically weighted smooth spline fits to the 
data and are used as input to the ONETWO" code for the calculation of 
total pressure. 

mode in shot 69608 may be present to some extent in both 
shots before the high-power beam injection phase. Because 
of this observation and the fact that the shots 69608 and 
69609 have very similar fip, 1, and heating power up to the 
time of the large sawtooth in shot 69609; it is difficult to 
attribute the saturation of the l/l mode and the lack of 
large sawteeth in shot 69608 to the effects of fast particles, 
as has been done on other experiments.*6 

C. Profile analysis and equilibrium reconstruction 

The MHD equilibrium for discharges 69608 and 69609 
at the time of highest p are reconstructed from the mea- 
sured thermal pressure profile data, the computed fast ion 
pressure, the motional Stark polarimetry data, the location 
of the two q= 1 surfaces as determined from SXR emis- 
sion, the diamagnetic data, the external poloidal magnetic 
data, and the currents in the poloidal coils.” 

The difference in central MHD activity translates into 
an 800 eV difference between 69608 and 69609 in central 
ion temperature, as shown in Fig. 9. Notice that outside of 
~~0.4 there is little difference in Ti between the two plas- 
mas. The temporal evolution of the density as well as the 
ratio of the density along different chords was very similar, 
indicating that there was a very small difference in the 
shape of the density profile. The D, level was also identical. 
There is no observable difference in the shape. This pro- 
vides the basis for using n, from 69609 in reconstructing 
69608. The purpose in doing so is to obtain a calculation of 
the fast ion component of the total pressure. There were 
several shots in this series as K was increased, and all 
showed similar density profiles with a large peak in the 
outer region. The n, profile data (Fig. 10) from 69609 are 
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FIG. 10. Density profile used for kinetic analysis of 69608. The points of 
relative density are Thomson scattering data from 69609 renormalized to 
the line-averaged density of 69608. The spline fit is constrained to match 
the three line-integral density values of shot 69608. 

normalized to the line-averaged density (three chords) 
from 69608. The density in 69608 was 15% higher than 
that of 69609. We also use the approximation T,= Tit 
which is justified by the high density. In 69609 for the 
region p 2 0.4, where both T, and Ti data exist, they are the 
same within experimental accuracy. 

The lines are on this and the following figure are spline 
fits through the data that are used as input to the calcula- 
tion of the fast ion component of pressure. Compared at 
their times of peak beta, the soft x-ray emissivity profiles 
indicate that in addition to the ion temperature, the elec- 
tron pressure is more peaked for 69608. The inverse brems- 
strahlung measurement yields Z,,z 1.3 for these plasmas, 
and this is consistent with the spectroscopic survey. The 
vessel had been carbonized” three days prior to this ex- 
periment, and this is likely the reason for the plasma clean- 
liness. As expected for these conditions, the dominant im- 
purity was carbon. 

The axial safety factor q(0) is also constrained to 
match the location of the inner q= 1 surface, as inferred 
from the SXR channels of peak fluctuation amplitude. For 
discharge 69608, as discussed in the previous section, there 
are two q= 1 surfaces located inside the plasma. Therefore, 
for this shot, q(0) is constrained to be above 1 with a value 
to match the location of the inner q= 1 surface to the 
appropriate SXR chords. For discharge 69609, there is 
only a single q= 1 surface and q(0) is constrained to be 
below 1 with a value to match the location of the q= 1 
surface, as is usually done. Additional information on the q 
profile is provided by the motional Stark diagnostic,‘9’20 
which gives a single point measurement of the local field 
line pitch angle. For the shots discussed here, the measure- 
ment was made at R = 1.97 m  and Z=O, between the q= 1 

r 
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FIG. 11. Equilibrium reconstruction for 69608. (a) Flux surface con- 
tours. The inner solid contours are the q= 1 surfaces and the dotted lines 
are the soft x-ray chords on which the peak m/n=l/l activity is ob- 
served. (b) The pressure versus normalized radius. The solid line is the 
best fit in the equilibrium reconstruction, the solid circles are the total 
pressure, which is the sum of the measured thermal and calculated fast 
ion component, and the dashed line is the calculated fast ion component. 
(c) The flux surface averaged toroidal current density, (d) the safety 
factor, and (e) the shear. 

surfaces. The pitch angle corresponds to a q value of 0.95, 
consistent with the q profile. The results for 69608 are 
shown in Fig. 11. The main plasma parameters are given in 
Table II. 

TABLE II. Plasma parameters for DIII-D discharges 69608 and 69609 at 
t= 1417 and 1400 msec. 

69609 

Major radius, R, (m) 1.66 1.66 
Minor radius, a (m) 0.557 0.560 
Elongation, K 2.35 2.35 
Triangularity, 6 0.84 0.84 
Toroidal beta, PT (% ) 11.3 9.2 
Central beta, p(O) (%) 44 z-16 
Poloidal beta, pp 0.96 0.83 
Internal inductance, I, 0.9 1 0.91 
q (0.95) 2.6 2.6 
Beam power (MW) 19.2 19.4 
rp (MA) 1.28 1.26 
B, CT) 0.75 0.75 
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As described in the previous experimental section, 
there is no evidence for fast ion redistribution for discharge 
69608, although discharge 69609 does show signatures of 
fast ion redistribution due to sawteeth and fishbone oscil- 
lations. Thus, in the equilibrium reconstruction, for dis- 
charge 69608 the entire pressure profile is constrained to 
match the total pressure data, including the fast ion com- 
ponent, whereas for discharge 69609 only the pressure pro- 
file outside of the q= 1 surface is constrained to match the 
pressure data, and in the central region where q falls below 
1 it is allowed to redistribute across different surfaces. 

The volume average toroidal beta, &, for discharge 
69608 is 11.3%, with one-third contributed by the fast 
beam ions. The central toroidal fl for this discharge is ap- 
proximately 44%, with about one-half contributed from 
fast beam ions. As shown in Fig. 11 (b), the fast ion and 
total pressure profiles are very peaked near the center, with 
half of the central pressure gradient coming from the fast 
beam ions. This extremely peaked central pressure results 
in closed total magnetic field strength, B, contours in the 
central region for discharge 69608. This feature will be 
discussed further in Sec. V. The q profile that allows the 
best match of the q= 1 surfaces to the soft x-ray data is 
slightly hollow with q(0) = 1.1, as shown in Fig. 11 (d). 

As described in Ref. 18, the thermal component of the 
total pressure is directly obtained from the measured pro- 
file data, whereas the fast component from the beam is 
estimated analytically using a standard classical slowing 
down model.21 The fast ion pressure is computed using 
NFREYA" for beam deposition and an analytical Fokker- 
Planck slowing down calculation in the equilibrium geom- 
etry. We have separately performed a Monte Carlo slowing 
down calculation, which yields a similar, but slightly more 
peaked, fast-ion component. The model assumes the slow- 
ing down of the fast ions occur in a time scale much faster 
than their radial diffusion time and hence the fast ions are 
confined near the flux surfaces, where they are born. There 
is experimental evidence that the slowing down process is 
near classica1.23p24 At modest beam power, in plasmas that 
are not near the beta limit, fast ion transport is observed to 
be approximately neoclassical.25-27 The question of fast ion 
slowing down and radial transport in plasmas with intense 
neutral beam heating, which are near the beta limit, is not 
yet resolved. Because of the large contribution of the fast 
beam ions to the pressure in the central region, there is a 
systematic uncertainty in the calculated central pressure. 
At the same time, the fast ion pressure calculation must be 
globally correct, since it accounts for the 33% of the total 
pressure, and this contribution is needed to obtain agree- 
ment with the magnetics data. That is, equilibrium recon- 
struction using only poloidal field and flux measurements, 
or including the diamagnetic flux, agree in total stored 
energy with equilibria constructed, including the experi- 
mental thermal plus computed fast ion pressures. We note 
that pp and Ii can be separately determined from the exter- 
nal poloidal magnetic field and flux measurements alone in 
elongated equilibria.28 

In 69608 the instabilities normally responsible for fast 
ion redistribution that would invalidate the classical slow- 

ing down model calculation of the fast ion pressure are 
absent. A likely candidate for redistribution of fast ions is 
the fishbone instability; there were no fishbones in dis- 
charge 69608. Another possibility is the expulsion of fast 
ions in the sawtooth reconnection; however, 69608 had no 
such reconnection. 

Nevertheless, the lack of a direct measurement of cen- 
tral pressure is a cause of concern in the evaluation of 
central beta. Fortunately, at high K, the peakedness of the 
pressure profile can also be determined from the Shafranov 
shift of the magnetic axis. This shift can be determined 
from the soft x-ray emission profile. The location of the 
magnetic axis is sensitivez9 to both li and the shape of the 
pressure profile. It can be shown, using form factors 
p(x) =po( 1 -x2)” and J(x) =Jo( 1 -x2)” for pressure and 
current density, respectively, where x is the normalized 
minor radius, and Eqs. (3.9) and (3.10) of Ref. 29, that in 
the large aspect ratio, circular limit the shift of the mag- 
netic axis, A, is given by 

-=- 

x[l-(l-xz)“+’ -(#u+l)x*(l-x2)~] 
[l-(l-x2)v+l]* dx+; , 

1 
(1) 

(2) 

where f(li) is a function of Ii such that the pressure gra- 
dient contribution to the shift increases as li decreases. This 
expression emphasizes the point that the shift between flux 
surfaces is caused by the gradient in the pressure along 
with the gradient in the current density. Since ii and BP can 
be determined separately for elongated equilibria, the mag- 
netic axis shift is a direct measure of the pressure profile 
peaking. 

Experimentally, the axis location can be determined 
from the SXR emission profile. In Fig. 12 we show the 
location of the magnetic axis for such equilibrium fits as a 
function of the peaking factor, pd(p). The equilibrium 
identified by the dashed vertical lines is that of Fig. 11, the 
dashed line to the left is the location of the center of the 
inner q= 1 surface, and the one to the right is the location 
of the magnetic axis. The scatter in these points from a 
smooth curve arises from forcing three choices, qo=0.3, 
0.7, and 1.0 in fitting the data. As can be seen the results 
are quite insensitive to the assumption made for qo- 

For the reconstructed equilibria of Fig. 11 if we then 
do the line integrals of nz( 9) Ti( ~) along the SXR chords 
the calculated and measured emission profiles are in good 
agreement (Fig. 13), confirming the location of the mag- 
netic axis and hence the central beta value. 

We note that the rotation velocity is small (u+(ur,), as 
is the pressure anisotropy, as evidenced by the agreement 
of the diamagnetic and equilibrium beta measurements and 
as expected for the beam injection angles on DIII-D. 

The axis location was based on the relative amplitude 
of the soft x-ray emissivity on the various viewing chords. 

3652 Phys. Fluids B, Vol. 4, No. 11, November 1992 Lazarus et al. 3652 



0 5 5 
a 
% 

ii 
E 
ul3 

3 
3 
P 
e 
2 
ii! ’ 

0 
/ *z ” 1 l q 

l i ; 
l : 

f / 
j 
j l f ’ ’ 

1.1 0 0.06 0.10 ( 
SHIFT OF MAGNETIC AXIS (m) 

6 

FIG. 12. The magnetic axis shift versus pd(p) . The dashed vertical line 
to the left is the location of the center of the inner q= 1 surface, and the 
one to the right is the location of the magnetic axis. 

The inner q = 1 surface location was identified based on the 
spatial location of the peak in the fluctuation amplitude. If 
we assumed the pressure profile was flat within q= 1, the 
shift would only be that of the q= 1 surface from which we 
would infer p(O) =33% as a minimum central value. 
However, since there is clear evidence (Figs. 9, 10, and 13) 
that the pressure continues to rise within this q= 1 surface, 
then Eq. (2) tells us that the average beta inside the inner 
q= 1 surface is 33%. Based on these results, we have high 
confidence in the calculated central beta value of 44%. 

Stability analysis of the equilibrium shown in Fig. 11 is 
problematic because most of the plasma in the region 
0.33 2 p ?J 0.7 surface is ballooning or Mercier unstable. In 
the stability analysis of either this equilibrium or the one to 
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FIG. 13. The measured emissivity profile (solid line) and the line inte- 
grals of n:T, (dashed line) along the soft x-ray chords for 69608. The 
geometry is that of Fig. 11, the T, profile is shown in Fig. 9, and the R, 
profile is shown in Fig. 10. 
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FIG. 14. A new spline fit to the T, data, which is forced to match the flat 
spots corresponding to the m/n= l/l island structure. 

be presented below, the region within the inner q= 1 sur- 
face is second stable as the shear is negative. Also, in either 
case, the region p > 0.7 lies within the first stable boundary. 
The difficulty lies in the transition to the first stable region. 

Examining Fig. 9 more closely, we see distinct flat re- 
gions in the ion temperature profile (0.4 5 r 50.6, 
0.63 d T 5 0.7) at locations corresponding to these islands. 
We then generated a new equilibrium, which accounts for 
these flat regions. The final fit to the Ti data is shown in 
Fig. 14. 

We have found the generation of the equilibria to be 
exceptionally difficult. The equilibrium shown in Fig. 11 
represents a free-boundary least-squares fit to the experi- 
mental data using the EFIT" code. For a pressure profile 
consistent with Ti from Fig. 9, EFIT exhibited the numer- 
ical analog to a vertical instability, which required a special 
technique to achieve convergence, as described in Ref. 2. 
For a pressure profile consistent with Ti from Fig. 14, our 
scheme for vertical stabilization of the fit fails to allow 
sufficient convergence of the solution for stability analysis. 
An attempt at fixed boundary calculations also failed as the 
equilibrium calculation fails to converge because the inte- 
rior of the plasma still exhibits a growing vertical oscilla- 
tion. We were able to find a sufficiently converged equilib- 
rium only by imposing a constraint of symmetry about the 
midplane on each iteration. Although a significant effort 
was made to symmetrize the experimental plasma (the up- 
down flux ratios were adjusted to 1% accuracy) the sym- 
metry constraint forces us to move from a reconstruction 
based on a fit (x2 minimization) to experimental data, to a 
calculation, where we shall enforce certain conditions 
based on that reconstruction. In generating the symme- 
trized equilibrium to match the revised pressure profile, we 
consider it important to preserve the following features, 
which are important characteristics of the experimental 
results: ( 1) total plasma current, (2) the tangency radii of 
the soft x-ray chords to the q= 1 surfaces, (3) the bound- 
ary shape, (4) the internal inductance, and (5) the mag- 
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FIG. 15. Symmetr ized equilibrium calculation for 69608, allowing for flat 
regions in the T, profile as described in the text. (a) Flux surface con- 
tours. The inner solid contours are the q= 1 surfaces and the dotted lines 
are the soft x-ray chords on which the peak m/n= l/l activity is ob- 
served. (b) The pressure versus normalized radius. The solid line it the 
best fit in the reconstruction, the solid circles are the calculated pressure 
based on the profile data, and the dashed line is the calculated fast ion 
component. (c) The flux surface averaged toroidal current density, (d) 
the safety factor, and (e) the shear. 

netic axis location. The pressure profile is constrained to 
match the new kinetic calculation. Here ff’ is constrained 
to reproduce 1, In addition, q. and edge current density are 
constrained to locate the inner and outer q= 1  surfaces. 
The best solution is shown in Fig. 15 and compared to the 
equilibrium reconstruction of Fig. 11 in Table III. 

We  believe the reconstruction shown in Fig. 11 to be 
the more accurate representation of global parameters, as it 
represents a true x2 minimization, without the errors in- 
troduced by the symmetrization. However, as discussed in 
the next section, from the viewpoint of stability analysis 
the inclusion of the flat region in the pressure profile is an 
essential feature of this plasma, and this is the best match 
we have been able to achieve to all the features of the 
experiment. 

IV. STABILITY ANALYSIS 

A. Ballooning stability 

The stability against the high toroidal mode number 
ideal ballooning mode is evaluated using the MBC~’ and the 

, 

TABLE III. Comparison of the best-fit and symmetr ized equilibria for 
DIII-D discharge 69608 at t= 1417 msec. 

Major radius, R, (m) 
Magnetic axis, R, (m) 
Minor radius, (I (m) 
Elongation, K 
Axial elongation, K(O) 
Triangularity, 6 
Plasma volume, m W 3  
Toroidal beta, & (% ) 
Poloidal beta, BP 
Internal inductance, Z, 
pdi 
* at inner q= 1 
$ at outer q= 1 

Fit Symmetr ized 

1.67 1.66 
1.76 1.75 
0.56 0.55 
2.34 2.39 
2 2 
0.84 0.85 

21.0 20.2 
11.2 10.3 
0.96 0.94 
0.91 0.9 1 
3.8 3.7 
0.13 0.15 
0.53 0.54 

CAMINO” codes. The effects of fast ions have been included 
in the equilibrium reconstruction, but finite Larmor radius 
effects are not included in the stability analysis. The bal- 
looning analysis shows four distinct zones in the plasma 
with spatial location, as indicated by different line seg- 
ments in the normalized midplane pressure profile shown 
in Fig. 16. 

A number of symmetrized MHD equilibria were cal- 
culated, which provided a good match to the data of the 
experimental discharge averaged in time =I=5 msec about 
the time of maximum beta value was calculated. These 
equilibria varied somewhat in how well they matched the 
experimental results, however, the essential features of the 
ballooning stability are insensitive to these variations. Only 
the spatial extent of the zones described here changed in 
these analyses. 

We  use the behavior of the specific equilibrium shown 
in Fig. 15 to discuss the general characteristics of these 
equilibria. The safety factor, q( $), and pressure gradient, 
p’ ($), are shown in Fig. 17. In the outer portion of the 

i.1 
RA&S (m) 

FIG. 16. The midplane pressure profile. Pressure is normalized to the 
toroidal field at the magnetic axis [B,(R,= 1.75 m) =0.724 T]. The dif- 
fering line segments correspond to the four stability zones described in the 
text and shown in Fig. 18. 
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FIG. 17. Here q vs $ and p’ vs $ from the equilibrium shown in Fig. 15. 

plasma, 3 > 0.35, q increases with the poloidal flux. This is 
the positive shear region, which is the typical behavior of 
the q profile for an ordinary tokamak. In the inner region, 
3 < 0.35, the q profile decreases from the center toward the 
outside. This is the negative shear region, which is the 
typical q profile for a stellarator or an elongated tokamak. 
Note that in this particular example, there is a second 
small ($ ~0.05) positive shear region. Other cases with 
slightly greater q. did not show this feature, and we do not 
consider it to be consequential. The q= 1 surfaces are lo- 
cated at $=0.15 and $=0.50. The region close to the 
transition between the positive and negative shear zones 
has a small but non-negligible shear. 

The general behavior of the pressure gradient profile is 
shown in Fig. 17. It is seen that the pressure gradient is 
very large (and negative) in the central region of the 
plasma. It increases (its magnitude decreases) to around 
zero throughout the region enclosed by the q= 1 surfaces, 
reflecting, primarily, the change in the temperature gradi- 
ent. It then increases up to a moderate value and decreases 
again to a small value at the location of the q=2 surface. 
This flattening is largely a reflection of the density profile. 
Finally, its magnitude increases to a large value at the 
plasma edge. 

The general behavior of the ballooning stability dia- 
gram may be classified into the following four types. In the 
outer positive shear region ($> 0.35), two different types 
of diagrams are possible. When there is a local magnetic 
well (favorable average field line curvature), the plasma 
pressure gradient can be increased in a flux conserving 
manner while avoiding Mercier instability; but increasing 
the local pressure gradient can result in ballooning insta- 
bility. The plasma in the outer region is in the first balloon- 
ing stable regime. This is typified by the s-a diagram of flux 
surface at 3=0.71 shown in Fig. 18(a). It is seen that the 
experimental point is close to the stability boundary. With 
a further increase of the pressure gradient on this surface 
(moving to the right), the flux surface will become bal- 
looning unstable. When there is no magnetic well (unfa- 
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FIG. 18. (a), (b), (c), (d) The s-a for representative surfaces in zones 
14, with s and a defined as follows: o = ,/V($)/(23?R,), s=28(ln q)/ 
a( In I’), a =pcpp’ ( $) V’ ( $)/( 22). The regions of ballooning and Mer- 
tier instability are shown. The experimental data point is given by the 
solid circle. The Mercier unstable zone is cross-hatched and the balloon- 
ing unstable zone is dotted. (a) $=0.71, (b) ?=0.41, (c) $=0.21, and 
(d) $=0.07. 

vorable average field line curvature), which is the case for 
surfaces with q less than a critical value,32 qcz 1 (0.15 < $ 
< 0.50), a Mercier instability region appears in the a > 0 

side of the stability diagram. This is typified by the behav- 
ior of the stability diagram of surface at $=0.41 shown in 
Fig. 18(b). The Mercier unstable zone is inside the parab- 
ola. We see that the experimental point marked by a solid 
circle is outside of this region, also due to the low pressure 
gradient and its (relatively high) shear. 

Moving further into the plasma (0.05 < 3<0.35), the 
shear is negative. Again, depending on the sign of the local 
magnetic well, there are two different possible types of sta- 
bility diagrams. For the region with smaller q, the Mercier 
stability boundary appears on the a > 0 side of the stability 
diagram. This is typified by the behavior of the surface at 
$=0.21. As can be seen from the diagram [Fig. 18(c)] the 
plasma surface data point would be moved into the Merc- 
ier unstable zone if the shear of the surface decreases or its 
pressure gradient increases. These plasma surfaces are sta- 
ble through their shear. Further inward toward the mag- 
netic axis ($ < 0.15)) the q value increases further, there is 
a local magnetic well, and the Mercier unstable region 
changes from the a > 0 side to the a < 0 side of the stability 
diagram. The plasma surface then enters into the second 
stable region at the center. This is typified by the surface 
located at $=0.07 shown in Fig. 18(d). Note that the 
reversed magnetic shear is the key factor that produces the 
second stable core. In the second stable zone the pressure 
gradient is more than twice the first stability limit. 

We thus see that this discharge achieves ballooning 
stability with a high beta by developing a first regime edge 
and a second regime core. These two regions are connected 
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FIG. 19. Linearized displacement vectors, g, projected onto the poloidal 
plane, for the n=l kink mode computed by the GATO code for shot 
69608. The arrows indicate the direction and relative magnitude of the 
unstable displacement at every fourth grid point used in the calculation. 

by a low pressure gradient region so as to remain stable to 
the Mercier stability criterion. Since the plasma surfaces 
have not yet achieved marginal pressure gradients with 
respect to the ballooning modes everywhere in the first 
stable zones, it is conceivable that the edge and central 
pressure gradients may be further increased, leading to a 
further increase in the achievable beta value. 

B. Kink stability 

Ideal kink stability analysis using GATO” predicts that 
the equilibrium is linearly unstable to what is essentially an 
n = 1 ideal internal mode (Fig. 19). Fourier analysis of the 
normal displacement is shown in Fig. 20. The unstable 
mode is most accurately described as a toroidal kink33 su- 
perimposed on a quasi-interchange mode.34 The quasi- 
interchange component is due to the hollow q profile and, 
in Fig. 20, this is reflected in the overall parabolic depen- 
dence of the m = 1 harmonic with the flux coordinate. The 
toroidal kink component is a result of the fact that the 
minimum in the 4 profile is significantly less than unity, 
which is well known to destabilize a true internal kink at 
sufficiently high 8, and the fact that the stabilizing wall is 
not on the plasma surface but is at the real DIII-D wall 
location. The latter allows the characteristic toroidal 
kinklike coupling of m > 2 external kinklike Fourier har- 
monics with the m= 1, m=2 internal kink structure; the 

-a f I 
I I I I 
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FIG. 20. Poloidal Fourier decomposition of the perpendicular compo- 
nent, X=&W/IVY I, of the displacement shown in Fig. 19. In the in- 
terest of clarity, poloidal harmonics m > 5, whose amplitude is less than 
5% of the m= 1 amplitude, are not shown. These higher harmonics are 
finite only near the plasma edge. The m= 1 component is shown as a thick 
line. The other components are scaled in amplitude by a factor of 5 for 
clarity. 

growth rate with the real DIII-D wall is a factor 4 higher 
than that of the pure internal mode (the wall placed on the 
plasma surface). 

The amplitudes of the m =4, m = 5 components are the 
dominant harmonics at the edge. The relative amplitudes 
of these external kinklike components compared to the in- 
ternal structure is known to sensitively depend on the de- 
tails of the current density at the edge. These details are 
not well known in the experiment. In the equilibrium cal- 
culation, the edge current density (along with qo) are free 
parameters adjusted to match the total plasma current and 
the Ii value while matching the location of the q= 1 sur- 
faces. The maximum edge displacement is only about 15% 
of the peak internal displacement. The flux surface dis- 
placements shown in Fig. 21 indicate that the boundary 
hardly moves relative to the center; in fact, there is rela- 
tively little displacement of the flux surfaces outside the 
second q= 1 surface. The instability would, therefore, not 
be expected to disrupt the plasma on a linear ideal MHD 
time scale. 

Normally, a true internal kink or toroidal kink is 
thought to result in a periodic internal reorganization of 
the plasma inside q= 1 in a sawtoothlike fashion. However, 
the unstable mode predicted by the linear stability code has 
an unusual structure and, with the presence of two q= 1 
surfaces, the usual nonlinear sawtooth mechanisms are not 
necessarily applicable. It is, therefore, conceivable that this 
particular mode could nonlinearly saturate at a finite am- 
plitude, consistent with the saturated n= 1 internal mode 
that was observed in the experiment. Note that this mode 
structure is also consistent with the observed SXR data in 
the qualitative sense that there should be considerable 
MHD activity at both q= 1 surfaces-the kinetic energy 
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FIG. 21. Displacement of the equilibrium flux surfaces under the pertur- 
bation shown in Fig. 19. The scale of the displacement is an arbitrary 
constant. The initial equilibrium contours are shown as the numerically 
labeled dotted curves and the corresponding perturbed flux surfaces are 
the solid curves. The two q= 1 surfaces correspond closely to those con- 
tours labeled as 4 and 7 and the q=2 surface corresponds to the contour 
labeled 9. Note the relatively small displacement of the plasma outside the 
outer Q= 1 surface. 

contours are strongly localized at these surfaces (see Fig. 
19, for example). This would not be true, for example, if 
the predicted mode were a true internal (or toroidal) kink 
or a true quasi-interchange mode. 

C. Axisymmetric stability 

The results show that the plasma is stable to the n=O 
axisymmetric mode with a conducting wall located at the 
vacuum vessel surrounding the plasma. If the radius of the 
vessel is increased by 1 1%, the plasma then becomes un- 
stable, indicating that an additional increase in the elonga- 
tion K of several percent in these discharges to further op- 
timize Y is possible. 

D. Error analysis of ballooning stability 

To complete this section we wish to address the accu- 
racy of the conclusion that the core of the plasma is second 
stable. Possibly, even though not observed, there are anom- 
alous losses of central fast ion pressure, and the profile is 
broader than our analysis indicates. One possibility is to 
simply estimate the uncertainties in S and a! for the data 
point shown in Fig. 17(d), and for nearby flux surfaces. 
The problem with this approach is that the errors are not 
constrained to be consistent with an equilibrium, and fur- 
thermore, this would ignore the consequent change in the 
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FIG. 22. Error analysis for ballooning stability. (a) Pressure profile. The 
solid curve is the pressure profile used in the original analysis. The dashed 
curve is an extreme of the experimental uncertainties that minimizes p’ 
inside the inner q= 1 surface; and (b) the S-or diagram for t/=0.07 with 
this pressure profile. 

stability boundary in S-ar space. Instead, to estimate the 
uncertainty, we will need to generate a new equilibrium 
and examine its stability. 

In generating this equilibrium we will attempt to re- 
duce p’ in the central region to a minimum conceivable 
value. The SXR emissivity profile (Fig. 12) has calibration 
uncertainties of 3%. By systematically adjusting the data 
points one can conclude that the magnetic axis could be 
0.30-0.05 m inside of that from our best analysis. One 
might further speculate that the emissivity is not a totally 
reliable measure of the magnetic axis location and take the 
center of the inner q= 1 surface to be the magnetic axis, 
and thus set pd(p) = 3. We have computed such an equi- 
librium, with a peak beta of 33%. The q= 1 surface are still 
constrained at their previous location (Table III). In doing 
this we obtain an equilibrium with pd(p) =3 and a mag- 
netic axis located at R= 1.72 m, shifted inward by 0.04 m 
from our previously calculated axis location. The pressure 
profile is shown in Fig. 22(a). 

The stability analysis for this equilibrium still shows 
that the interior region is second stable. When compared to 
the data point in Fig. 17(d), at $=0.07, the stability 
boundary has moved slightly upward while the data point 
has moved down and to the left, as shown in Fig. 22(b). 
Here p’ is 1.7 times the first stable limit for this equilib- 
rium. Moving the locations of the q= 1 surfaces would 
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FIG. 23. Field strength for 69608 at 1417 msec using the equilibrium shown in Fig. 15: (a) mod-B contours, (b) the midplane toroidal field with the 
vacuum field shown as a dotted line, (c) mod-& contours, and (d) the midplane slice of mod-BP. The contours are equally spaced in field strength. The r 
asterisk denotes the magnetic axis. 

simply change the volume of the second stable region, as 
discussed in Sec. IV A. 

V. THE ISODYNAMICAL EQUILIBRIUM LIMIT 

Having produced this plasma with its second-stable 
core, it is logical to pursue the issue of increasing the cen- 
tral pressure. From the viewpoint of ballooning stability, 
the central pressure can be increased without limit pro- 
vided the q  profile remains similar, and p’ still vanishes 
somewhere within the region where q  < 1. 

As mentioned previously, central mod-B surfaces are 
closed, and the plasma is close to isodynamical (omnige- 
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nous) near the magnetic axis. Isodynamical equilibria, that 
is equilibria where B is constant on a flux surface, were first 
discussed by Palumbo.35 In Fig. 23(a) we show contours 
of mod-B, which close in the plasma interior. The asterisk 
denotes the magnetic axis. Note from the midplane toroi- 
da1 field [Fig. 23(b)] that, although &,z 1, there is consid- 
erable variation in the flux function f ( t,b). Also, note in the 
mod-B, contours [Fig. 23 (c)] that there is no indication of 
the formation of a  separatrix inside of the magnetic axis, 
although the poloidal field is clearly [Fig. 23 (d)] becoming 
weak there. 

If we were to attempt to take further advantage of the 
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second stability of the core, say by increasing the central such a limit in the behavior of the discharge. Since this is a 
heating, an increase in central beta would increase pd(p), local axial limit to the equilibrium, we expected a relax- 
and thus A, [Eq. (2)], bringing the mod-B surfaces into ation of the central portion of the discharge accompanied 
closer alignment with the flux surfaces. However, a system by a m/n= l/O radial oscillation, rather than a disruption 
with a curved magnetic axis cannot be isodynamical at the or other catastrophic event. We do not find any compelling 
magnetic axis unless either the magnetic field vanishes evidence for this type of relaxation. This limit will be the 
(qo=O) or the flux surfaces do not close.36 We believe this subject of further theoretical and experimental work. In- 
plasma is close to this isodynamical equilibrium limit. The terestingly, for both this plasma and those just prior to and 
proof of this limit in Ref. 36 is accomplished by an expan- after it, we do see an m = 1 radial oscillation at the time of 
sion of the MHD equations about the magnetic axis; as peak beta, but we do not see any unique signature for shot 
such, it provides no information nor criterion for how close 69608. There remains a possibility that the small sawtooth- 
a plasma may come to this limit nor what to expect as a like events in 69608 discussed in Sec. III are a manifesta- 
relaxation phenomenon. tion of this limit. 

We find that, if we try to modify the experimental 
equilibrium by raising central pressure as little as 8%, the 
equilibrium solution fails to converge. We had concluded 
in Ref. 2 that an increase of beta to 13% would make the 
core omnigenous. Our present standards for satisfactory 
convergence are considerably more stringent than they 
were at that time. For the reasons discussed in the next 
paragraph we no longer believe that the conclusion was 
correct. 

VI. DISCUSSION 

Rather than deal with the complexity of this particular 
solution, we have pursued this issue with more idealized 
profiles while maintaining the plasma current, toroidal 
field, and similar shape. We choose the form pA( 1 - $I4 
for p’ and specify ff’ as a third-order polynomial in 4. 
Here ff’ is constrained by four conditions; qo= 1.1, total 
plasma current, the current density vanish at the separa- 
trix, and the ratio of the constant to the linear term is 
specified, so as to obtain a hollow current profile and an Ii 
value that is similar to the experiment. This is done in a 
fixed-boundary calculation. We then increase p. (and pP> 
until the solution fails to converge. Flux and mod-B con- 
tours for the highest beta (10.2%) solution that converged 
are shown in Fig. 24. Note that the offset of central flux 
and mod-B surfaces is similar to that found in the experi- 
ment (Fig. 23). This procedure was repeated using 
p;l( 1 - $)’ and a similar result was found. Convergence 
was achieved up to &= 8.3% and the central relationship 
of closed mod-B surfaces to the magnetic axis was the 
same, as shown here. We also note that there is no diffi- 
culty obtaining good solutions at extremely high beta val- 
ues, provided that the pressure profile is broad and the 
central mod-B contours are not aligned with the flux sur- 
faces. Similarly, the difficulties in generating equilibria dis- 
appear if we choose to constrain qOzO. Finally, the results 
are not changed significantly if we change the computa- 
tional mesh size. 

Although the experiment contained a number of inter- 
esting new results, in terms of global parameters the results 
confirmed our expectation, as discussed in Sec. II, that is 
the results are consistent with Troyon scaling.3 We have 
produced a beta value of 11% in a highly elongated, H- 
mode plasma. The intent of the experiment was to operate 
at the intersection of the axisymmetric and external kink 
boundaries with maximum ,4”, thus achieving a maximum 
beta value. The shot disrupted due to an external kink, 
although it was close to the axisymmetric limit. The 
achieved value Y=8.0 was close to the expected value of 
8.25. While we have not proven that the increase in beta 
over the 9.3% achieved in the full-radius DND configura- 
tion (Y = 7.2) was explicitly due to the shape change, the 
results do support this viewpoint. In experiments, when 
comparable beam power was injected the plasma either 
disrupted or there was no further increase in beta over that 
achieved with 16 MW of beam power. The value of nor- 
malized beta, PN= 3.7, achieved here is slightly higher than 
that achieved at q 5 3 in either the single-null divertor or 
the DND configurations. However, the Zi value is 0.91, 
somewhat higher than the expected value of 0.8 1. This is 
consistent with the observation” that in DIII-D, /3,~41, 
In this experiment we avoided the usual dramatic decrease 
in beta at the occurrence of the first ELM. We also note 
that, although much effort has been expended on beta stud- 
ies in the single-null configuration (Y= 5.4), the maxi- 
mum beta achieved has been 7.4%. Taken together, these 
results support the hypothesis that the shape factor, which 
is bounded by axisymmetric stability and the low-q limit 
taken together determine the maximum achievable beta. 

We cannot claim on the basis of lack of convergence of 
a solution in an equilibrium code that we have actually 
reached this limit, but it is clear that the experiment is 
quite close to it and in a practical sense may well have 
reached this limit. This result also serves to further explain 
the difficulty we experienced in generating an accurate 
equilibrium reconstruction of the experimental results. 

There is an implication in these results that the second 
stable core might be a requirement for achieving the 11% 
beta, in that 69609 only reached 9.2% beta. We do not 
believe that one should draw this conclusion. In doing high 
beta experiments, it is by definition the case that many 
plasmas reach less than the maximum beta. A great deal 
more operating time would be required before such a con- 
clusion could be drawn. 

Motivated by the indications of a pressure-related equi- 
librium limit, which were seen in the equilibrium recon- 
struction calculations, we have searched for evidence of 

The most interesting result is that of a high central 
pressure. The central pressure in this discharge is 3.8 times 
the volume average. Here 
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FIG. 24. Field strength for a pressure profile pc( 1 -t+5)4 at the maximum pressure for which the equilibrium calculation converges as discussed in the 
text: (a) mod-B contours, (b) the midplane toroidal field with the vacuum field shown as a dotted line, (c) mod-B, contours, and (d) the midplane slice 
of mod-BP. The contours are equally spaced in field strength. The asterisk denotes the magnetic axis. 

evidence that the plasma reached the isodynamical equilib- 
rium limit. This conclusion is tentative and more theoret- 

a more realistic measure of fusion reactivity than &, is 
15%. Second stability is a necessity in reaching this state, 
as the first stable boundary (Fig. 2) results in pd(p) z-2. 
The peaked pressure profile is normally more characteristic 
of higher edge q plasmas, such as the hot ion H-mode 
discharges,37 and has not been previously observed at these 
low values of the safety factor. In fact, this plasma had an 
even more peaked pressure profile than did the hot ion 
H-mode discharges, which reaches p,,/(p) - 3.2. There is 
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ical and experimental work is required. 
It is not clear why the central region remains at q. > 1. 

Assuming the toroidal electric field from the transformer is 
radially uniform across the plasma, and a reasonable resis- 
tivity profile the maintenance of such an equilibrium re- 
quires some mechanism to produce the necessary modifi- 
cation of the toroidal electric field. This mechanism might 
be that the time derivative of the magnetic field be nonzero 
(MHD activity) or a bootstrap current. From the soft x 
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rays it is clear that the amplitude of the perturbation in the 
two m = 1 islands is anticorrelated. Perhaps the interaction 
of these two islands provides reconnection, destroying po- 
loidal flux before it reaches the magnetic axis, thus elimi- 
nating the need for central reconnection. Theoretically 
such behavior is possible.38 

We have not drawn a conclusion as to exactly why p’ 
vanishes within the q < 1 region. While this feature is nec- 
essary for preserving Mercier stability, it does not follow 
that the flattening is due to an interchange. Double tearing 
is also a candidate, as is simply the existence of the m/n 
= l/l structures. It is interesting that we designed an equi- 
librium where we could not find a solution with a mono- 
tonic q profile and, as we approach these conditions 
experimentally, the discharge 69608 exhibited this behav- 
ior. Of course, the following discharge, 69609, did not 
show such behavior, but it was not at as high a beta. 

It is clear from the comparison of shots 69608 and 
69609 that the avoidance of reconnection in the central 
region is important, in that it allows the central pressure to 
increase. The existence of the internal kink is not surpris- 
ing, since both &, and K are destabilizing to this mode.39’40 
The increase in pressure profile peakedness is consistent 
with the observation on ISX-B4’ that the electron temper- 
ature profile was more peaked, with a higher T,(O) in the 
presence of the continuous internal kink than in a saw- 
toothing discharge.42 To our knowledge this is the first 
observation of a second stable core plasma in a tokamak. 
The results appear qualitatively similar to the second sta- 
bility reported43 in the ATF stellarator.# 

At the time of completing this manuscript we have 
been afforded an opportunity to operate similar discharges. 
We are pleased to report that we have reproduced the 
plasma of 69608. While a full analysis is several months 
away, we did reach at least as high a beta value and we did 
observe a double saturated internal mode. Perhaps most 
importantly, in support of the analysis presented here, we 
found the density profile to be hollow with very high gra- 
dients at the edge and a flat central region comparable to 
that shown in Fig. 10. 

We shall attempt with a rather simple, and somewhat 
incomplete, approach to offer a qualitative interpretation of 
what we believe to be the essential physics of this plasma. 
In reality the plasma described here is very complex; in a 
rigorous sense it is not axisymmetric. Furthermore, we be- 
lieve that the double m/n= l/l island structure is an im- 
portant aspect of the experiment. Thus an accurate de- 
scription would have multiple magnetic axes. 

The discharge begins as a conventional tokamak 
plasma. We then begin a second current ramp while start- 
ing neutral beam heating at the 5 MW level and increasing 
the elongation. The discharge begins this interval in a saw- 
toothing mode, which indicates q. < 1. Both the increase in 
& (heating) and the increase in K serve to destabilize the 
internal kink, and a saturated mode appears. The double 
island structure undergoes reconnection and acts as a bar- 
rier, preventing the added current of the second ramp from 
penetrating to the interior. At the same time the increasing 
internal elongation raises q. above unity. Arriving at this 

situation may depend quite sensitively on the timing of the 
shaping and NBI relative to the last sawtooth crash. How- 
ever arrived at, this condition provides a q profile that 
permits a second stable core. Then the high-powered neu- 
tral beam injection ( 19 MW) overcomes transport losses 
and the central pressure rises rapidly. This continues until 
the core plasma reaches the isodynamical equilibrium limit 
at the magnetic axis. Approximately 4 of the 19 MW of 
injected beam power is deposited within the inner q= 1 
surface. Bootstrap current associated with the high- 
pressure gradient of the second stable region may help to 
maintain the hollow current density and q profile. 

In summary, we have found a regime in operating 
space that allows operation near the intersection of the 
n=O and n= 1 ideal stability limits in DIII-D. Within this 
operating constraint in these strongly shaped plasmas we 
have found a regime of high central beta with a second 
stable plasma core. This regime permits high central pres- 
sure while maintaining stability against the devastating glo- 
bal kink modes. There is evidence that the plasma reached 
the isodynamical equilibrium limit. Assuming this to be the 
case, the plasma performance is then limited by equilib- 
rium, n =0, and n = 1 ideal stability. Although the global 
confinement was poor (~~~40 msec) the plasma parame- 
ters are not limited by transport. 

We believe that, with the appropriate current profile 
control, we can maintain the negative central shear over a 
wider range of elongation and at higher values of the safety 
factor. We look forward to pursuing this line of research in 
the near future. 
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