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Abstract. Results are presented from comparisons of modeling and experiment in studies to assess the best
choice of safety factor (q) profile, pressure profile and discharge shape for high beta, steady-state, noninductive
advanced tokamak operation. This is motivated by the need for high gn,infn to maximize the self-driven bootstrap
current while maintaining high toroidal beta to increase fusion gain. Experiment and theory both show that
increases in the achievable normalized beta () can be obtained through broadening of the pressure profile and
use of a symmetric double-null divertor shape. The general trend is for Py to decrease as the minimum ¢ value
(gmin) increases, but with a broadened pressure profile, By = 4 is obtained with gin= 2 and gni,PN increases with
Gmin- Modeling of equilibria with near 100% bootstrap current indicates that operation with By = 5 should be
possible with a sufficiently broad pressure profile.

1. Introduction

This paper describes the investigation of methods to facilitate steady-state operation in
DIII-D advanced tokamak discharges [1] by maximizing gminN. The interest in this quantity
arises because steady-state tokamak operation requires 100% of the plasma current to be driven
noninductively, which is best achieved with a high fraction of self-driven bootstrap current, fgg o
Bp « gPn-This motivates operation with elevated safety factor (q) values across the entire
profile. However, in order to maintain high fusion gain, « Btg « 8 yHgg/qds, gBN should be
optimized by increasing the minimum ¢ value (gmin) rather than g near the plasma boundary,
q9s. To achieve high fusion gain and maximize fgs, operation at the highest possible value of the
normalized toroidal beta (B) is required. Here BN = faB/I where 1 is the total plasma current, a
is the minor radius and B is the toroidal field strength.

The efforts to maximize gnipPN in DIII-D have focused on modifications of the present
steady-state advanced tokamak scenario. In this scenario [2,3], 1.5 < gmin < 3, g95 = 5, PN = 3.2
to 3.5 and gmin PN = 6. As described in Section 2, the maximum achievable ) is observed to
decrease as gmip 1s increased without modification of the pressure profile. Consistent with this
observation, the PN limit for stability to ideal, low toroidal number (n) modes without a
conducting wall is measured and calculated to decrease as gmip i increased. In Section 3, it is
shown that modeling of equilibria with near 100% bootstrap current indicates that fN = 5 should
be stable with a sufficiently broad pressure profile. In the experiment, when the pressure profile
is broadened by increasing the density profile width, the maximum fx increases from 3.5 to 4
with the minimum q value above 2 and the resulting maximum gminfN = 9. The discharge shape
for DIII-D steady-state research is presently chosen to make best use of the cryopumping
available in the upper divertor region in order to minimize the electron density for efficient off-
axis electron cyclotron current drive and allow operation at collisionalities relevant to burning
plasma and beyond. Thus a single-null divertor shape is used in order to direct exhaust particles
to the upper divertor. The triangularity is chosen to best match the cryopump geometry. As
discussed in Section 4, both experiment and modeling show that it is possible to increase N
through modifications to this discharge shape. These results have helped to motivate planned
changes to the DIII-D lower divertor to allow efficient pumping of a high triangularity double-
null divertor shape.
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2. Safety Factor Profile

The achievable value of By is observed to depend on the minimum value of g. Discharges for
this study are produced by increasing the electron temperature (Te) during the ramp up of the
plasma current, thus reducing the rate of current penetration so that at the end of the current ramp,
@min remains relatively high, above 2.5 if the plasma is in H-mode during the ramp-up [2]. Either
by adjusting the parameters during the discharge formation or by delaying the high beta phase,
the target g profile can be varied and the achievable beta as a function of g, observed.

The best illustration of the dependence of the beta limit on gpyj, comes from an experimental
measurement of the no-wall beta limit, the stability limit for low toroidal mode number (7), ideal
instabilities without the stabilizing effect of a conducting wall. The no-wall limit measurement is
made by observing the effect on toroidal rotation and stability as the correcting current for
nonaxisymmetric fields is removed. As a result of removing the correcting current, the drag of the
nonaxisymmetric fields on toroidal plasma rotation increases. The rotation rate decreases below
the level required for the conducting vacuum vessel wall to stabilize effectively, and, if the beta is
above the no-wall limit, a low-n instability is observed. As a result of the presence of the
conducting wall, the observed instability is not an ideal mode, but rather an n = 1 resistive wall
mode (RWM) that grows on the time scale of magnetic field penetration through the vessel wall, a
few milliseconds [4]. A series of discharges is run with different feedback regulated values of BN
and the highest B value at which no instability is observed is determlned to be the no-wall limit.

The measured no-wall B limit decreases 4.0 broadened P
as ¢min increases. The trend is the same for \\%‘
the n = 1 no-wall stability limit calculated for transient
model equilibria as shown in Fig. 1. In this 3.5 3 1
case, both the experimental and model BN m?lmum experimental By
equilibria are up/down symmetric double-null A «long duration
divertors with triangularity 8 = 0.65 and 3.0 modeled A 7
elongation k = 1.85. Model equilibria were stability
created with the TOQ [5] inverse-equilibrium limit
code and stability was analyzed with the finite 2.5; 7
hybrid element code GATO [6]. ;E)e_i?;'l‘ie&/
Quantitatively, the modeled stability limits are limit
somewhat higher than the measured values as 20 15 2.0 25

a result of the differences between the
experlmentgl and model equilibria in Fig. 1. The measured and modeled dependence of the
parameters in the H-mode edge pedestal BN limit on the minimum safety factor.

region and the sensitivity of the no-wall

stability limit to these parameters. The H-mode pedestal [7] is the region in the several percent of
poloidal flux closest to the plasma boundary where there is a rapid change in the plasma
pressure. In this region there is a narrow peak in the pressure gradient which is expected to be
accompanied by bootstrap current that produces a peak in the current density. The height and
width of the pressure and current peaks and their distance from the plasma boundary modify the
stability limit. For example, the no-wall BN limit is found to change by 0.4 as a result of a 35%
change in the peak pedestal current density. This difference in BN values is comparable to the
difference between the modeled and measured no-wall limits.

The maximum achievable By values shown in Fig. 1 follow the same trend with gmin as the
no-wall limit. However, this probably cannot be taken as an experimental indication of the
scaling of the ideal-wall limit as the achieved N is often limited by an instability that is
nonideal, such as a tearing mode. As shown in the figure, discharges with N 10% to 30% above
the measured no-wall limit can be operated for the duration of the DIII-D discharge (up to
several seconds) without occurrence of instabilities that significantly degrade confinement or
beta. The high beta phase of discharges with B approaching the maximum achieved values is
normally terminated by a tearing mode.

Umin
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The choice to operate DIII-D steady-state
scenario discharges with gg5 near 5 rather
than at lower values was based on the
experimentally achievable 3 rather than the
theoretical scaling of the stability limit. In
experiments in which gg9s5 was varied by
changing the toroidal field at constant plasma
current and discharge shape [2] the maximum
achievable BN was found to increase with gos,
changing from 3.4 to 4 by increasing B¢ from
1.6 T (g95 = 4) to 1.85T (g95 = 4.8). In
contrast, the calculated scaling in model
equilibria (Fig. 2) shows a decrease in both
the no-wall and ideal-wall n =1 limits with B¢
(or ggs5). The scaling depends somewhat on
whether ¢(0) is allowed to change as By is
varied. (In these model equilibria g(0) = g9s.)
In the model, if g(0) is held constant, the
decrease in the stability limit with B¢ is weak.
The scaling of the measured no-wall limit
agrees with the modeling, as shown in the
figure. When this measurement was made, the
discharge setup was adjusted to keep ¢(0) as
constant as possible, but there was still a
small change that, based on Fig. 2, is not large
enough to account for the observed change in

J.R. Ferron, et al.

4.5 q(0) constant
q(0) varies
with BT / modeled n=1
4.0 maximum ideal-wall x|
) experimental\ limit
Bx B q(0) constant
q(0)=1.2
3.5r modeled n=1]
no-wall By
limit
_ q0) 7 /
q(0)=1.5 varies with
3.0r =1.65 7
measured a(0)=1.6
no-wall q(0)=1.7
BN limit
q
2.5 b 4 |0 ....... Levisnnnn ?5 ....... [FPIT Levviees 5|3 .......
1.50 1.70 1.90 2.10

Toroidal Field (T)

Fig. 2. Measured and modeled stability limits as a
function of the toroidal field, or equivalently ggs, for
fixed plasma current and discharge shape. Diamonds
are the modeled no-wall limit and triangles are the
modeled ideal-wall limit. Red lines denote cases in
which ¢g(0) = gpip is held constant in the model, while
blue lines are cases where ¢g(0) varied with toroidal
field. Squares are the measured no-wall By limit and

the no-wall limit. The increase in the
maximum experimental fn with Bg is
apparently the result of the ability to operate closer to the ideal wall limit. The discharge at By =
1.6 T, BN = 3.4 has N only slightly above the measured n = 1 no-wall limit, and for GATO
prediction of stability, a conducting wall relatively far from the plasma at 2.5 times the minor
radius is required. In contrast, the discharge at B = 1.85 T, BN = 4 requires a conducting wall at
approximately the location of the DIII-D vacuum vessel for a prediction of stability, indicating
that this discharge was operated close to the ideal-wall beta limit.

circles are the maximum experimentally achieved By.

3. Pressure Profile Width

Both modeling and experiment indicate that the low-n fn limit can be increased by
broadening the pressure profile, in the experiment nearly eliminating the dependence of the
maximum achieved beta on gmin. The theoretical modeling [8] of the effect of the pressure
profile width was focused on equilibria with high bootstrap current fractions, greater than 70%.
The motivation was to explore the type of equilibrium that could eventually provide steady-state
operation with a minimum of external current drive. Near the plasma boundary, the model
pressure profiles have the hyperbolic tangent shape common in H-mode discharges [7] and
pressure pedestal height scales as P, o L(l+f,)] (1+0) (l+k7) , a form that roughly
matches DIII-D data. In the core, the pressure gradient profile was modeled by a family of
polynomials,P'(y) =1+ by — (1+ bjyp#, with the coefficient b varied to obtain values of the
pressure peaking factor, P(0)/(P) ranging from 2 to 4.5 (where (P) is the volume average
pressure). An additional current that might be provided by an external noninductive current drive
source was added to the bootstrap current to maintain gnj, near, but above, 2 and ¢(0) = 2.5.
Up/down symmetric double-null divertor equilibria were created with a range of discharge shape
elongation, triangularity and squareness (see Section 4) and stability limits were calculated with
an ideal wall at the location of the DIII-D vacuum vessel. Equilibria were created using the TEQ
code [9,10] and stability was calculated using the DCON [11] and GATO codes.
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A summary of the modeled scaling of the
n =1 BN limit with the pressure peaking
factor (Fig. 3) shows that there is a strong
inverse dependence, PR «|PO)/P)] .
The considerable variation in the data points
on the figure results from the range of
modeled discharge shapes. The modeling
results suggest that for the broadest pressure
profiles and the best discharge shape (x =
2.1, 8 = 0.8) there should be stability to n = 1
with BN near 6. However, for P(0)/(P)<3,n
= 2 is predicted to set a lower stability
boundary, with maximum By = 5 at
P(0)/(P)= 2.2. Figure 3 also shows the
region in which recent experimental
discharges have been produced. The
maximum BN values roughly follow the
scaling predicted by the modeling.

In the experiment, a test of the stability

OPTIMIZING THE BETA LIMIT IN DIII-D ADVANCED TOKAMAK DISCHARGES
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[ n =1 predicted stability limit
L 0
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6 ¢ fit to modeling data
° Bn=13.3 [P(0)/(P)] 132
5F
4F ]
; modeling data
3t
2k ’ o %)
I Range of experimental data_
1t : ' . . .
2 3 4

Pressure peaking factor P(0)/{P)

Fig.3. Calculated ideal n = 1 stability limit as a
function of pressure peaking (circles). The scatter in
the data points is a result of variation of the discharge
shape. The squares are the measured values for

dependence on the pressure profile was made ~ discharges shown in Figs. 5 and 7.

by increasing the density profile width with an additional gas puff. The test was performed in
discharges with gmin > 2 where the observed pressure peaking factor was normally relatively
high. Figures 4 and 5 compare the pressure, density, temperature and toroidal rotation profiles
and time evolution of two discharges, with and without the extra gas input to broaden the density
profile. The profiles are compared at t = 1.85 s when both discharges have gnyin = 2.3. Without
the gas puff, P(0)/(P) = 2.7 and BN = 3.5 while with the extra gas, P(0)/(P) = 2.2, fx = 3.8 and
gminPN = 9. Theoretical stability analysis indicates that the discharge with the broader pressure
profile requires an ideal conducting wall at 1.65a for stability while the other discharge is
predicted slightly more unstable, requiring the conducting wall at 1.5a. Soon after 1.85 s, the
discharge with the more peaked pressure disrupts while the other discharge continues and
reaches By =4 at t = 2.15 s when gnjn = 2. Analysis indicates that the conducting wall must be
inside 1.55a for stability. So, the broader pressure profile allows access to a higher fn value for
comparable gmin and allows higher achievable BN with gmin = 2, comparable to what has been
achieved at gmin = 1.5, although a somewhat lower pressure peaking factor is required (P(0)/(P)
= 2.2 versus 2.5). The DIII-D vessel is approximately equivalent to a conformal wall at 1.454, so
during the highest beta phases both discharges are very close to the ideal-wall stability limit.

The time evolution of the toroidal rotation profile in the more peaked pressure profile
discharge is consistent with the no-wall stability limit measurements described in Section 2.
There is a factor of 2 decrease in rotation frequency that occurs between 1.3 and 1.4 s that
cannot be accounted for by the 10% increase in density during the same period [for example, at
p = 0.7 as shown in Fig. 5(b)]. The beginning of the rotation decrease correlates with the
beginning of the portion of the discharge where B exceeds the no-wall stability limit, fn > 2.1
(Fig. 1). This decrease in rotation is likely a result of increased drag above the no-wall beta limit
by nonaxisymmetric magnetic field resulting from resonant amplification of the field by a
marginally stable RWM [12]. The RWM is stabilized by the combination of toroidal rotation
and active feedback stabilization using the DIII-D external n = 1 coil set.

In addition to the increase in the maximum beta, indications of changes in stability limits with
the pressure profile width come from the time evolution of the toroidal rotation profile as BN
nears its maximum value and the manner of termination of the high beta phase. As the Py nears
its maximum value, beginning at about 1.7 s in both of the discharges shown in Fig. 5, the
toroidal rotation in the outer half of the discharge decreases to a low level. For example, in the
discharge with the more peaked pressure profile the rotation reaches a value near zero at p = 0.7
[Fig. 4(e)]. In the discharge with the broader pressure profile, though, this rotation frequency
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decrease is the slowest and the minimum 14 ]
value isn't reached until BN = 4, while in the 1.2
other discharge the minimum rotation
frequency occurs at BN = 3.5. The rotation
frequency decrease is likely the result of a
growing amplitude of marginally stabilized
resistive wall modes as beta increases.
Evidence for this comes from the magnitude
of the n = 1 component of the radial magnetic
field measured outside the plasma with a set
of saddle loops as shown in Fig. 6. Multiple
spikes in the radial field represent brief
periods of instability growth stabilized by the
combination of the remaining rotation and the
active feedback stabilization [4]. There is also
a low level, continuous component of the 1
radial field. The termination of the high

performance phase of the two discharges

differs. At about 1.85 s when gmip = 2.3 there

is an n = 1 tearing-mode-type instability in

both discharges. In the discharge with the

more peaked pressure, this mode grows

rapidly to a large amplitude and becomes 0
locked, resulting in the disruption. In the

Pressure
(10° J/m3)

10—

no extra
gas

[ - -

>SS

(e) Toroidal rotation
150 \(10° rad/s)

1.0}

extra gas

N A &N ®

0.5 no extra

gas

discharge with a broader pressure profile, this
mode exists only briefly, after which, fn
continues to increase until a continuous n = 1
mode appears, growing to large amplitude and
significantly degrading confinement.

The modification of the toroidal rotation

Normalized radius (p)

Fig. 4. Measured profiles at T =1.85 s for dis-
charges with and without an extra gas puff to broaden
the density and pressure profiles. (a) Total plasma
pressure, (b) electron density, (c) electron tempera-
ture, (d) ion temperature, (e) toroidal rotation fre-

profile as the beta nears the ideal-wall limit ~ 9%*"%Y: (Shots 113699 and 114723.)

results in a region of increased rotational shear that can modify the energy transport profile and
the resulting density and temperature profiles, as illustrated in Fig. 4(e) for the more peaked
pressure profile discharge. The ion and electron temperature profiles have regions of steeper
gradient in the discharge core compared to the discharge with the additional gas puff which, at
the time for which the profiles are shown in the figure, has not yet had a significant modification
of the rotation profile. Later in the discharge, at higher beta, that discharge also showed evidence
of steepening temperature profiles and steepening of the density profile as well. The result was
an increase in P(0)/(P) of 5%—10% that probably had the effect of reducing the ideal-wall beta
limit and the maximum achieved BN.

4. Scaling with Discharge Shape

Both experimental and modeling studies of the low-n beta limits as a function of discharge
shape have been conducted to assess the tradeoffs between divertor hardware geometry and
achievable beta for operation of DIII-D steady-state scenario discharges. Presently, steady-state
discharge studies are conducted with a double-null shape biased toward the divertor region at the
top of the vessel where particle exhaust from higher triangularity shapes can be effectively
pumped. The value of dRsep, the distance at the outer midplane between the separatrix flux sur-
face of the upper X—point and the separatrix surface of the lower X—point is typically 1-2 cm.

In the experiment, it was demonstrated that increases in B can be obtained by operating with
discharge shapes in which divertor exhaust pumping is presently not optimum but which could
be compatible with a modest reconfiguration of the divertor hardware. Two discharge shapes
were compared to the present pumping optimized shape which has k = 1.8, dypper =0.65,
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Fig. 5. Time evolution for discharges with and
without an extra gas puff to broaden the density and
pressure profiles. (a) Normalized beta, and toroidal
rotation frequency at p = 0.7 for the discharge
(b) without and (c) with the extra gas puff. (Shots
113699 and 114723.)

dlower = 0.32. Both were up/down symmetric
double-null divertor configurations (dRsep =
0), one obtained by simply symmetrizing the
standard pumping shape to k = 1.92, dypper =
0.65, diower = 0.77 and the other with slightly
higher triangularity and elongation, ¥ = 2.0,
Supper = 0.85, djower = 0.78. The discharges
were operated with the high beta phase when
gmin = 1.8. The maximum achieved beta
values are plotted in Fig. 7 as a function of
the shape parameter gqgs51/(aB) [13]. The
increase in Py, from 3.65 to 4.1, came as a
result of the change to the up/down
symmetric double-null divertor. The two more
strongly shaped discharges reached
approximately the same B and in both cases
the high beta phase was terminated by large
edge-localized-modes (ELMs).

This increase in the maximum achieved
beta obtained by operating with dRsep = 0 is
consistent with a separate measurement that

OPTIMIZING THE BETA LIMIT IN DIII-D ADVANCED TOKAMAK DISCHARGES
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Fig. 6. Time evolution of the n = 1 component of
the radial magnetic field for discharges (a) without and
(b) with an extra gas puff to broaden the density and
pressure profiles. (Shots 113699 and 114723.)

o t

4.0 .
Bn | ]
a8 1 ]
3.6F ]
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Fig. 7. Maximum achieved normalized beta in three
discharges with different shape as a function of a
parameter that increases with stronger shaping (e.g.
higher x and 0). The present pumping-optimized
shape is at the left. The discharge shapes are shown
within the DIII-D limiter outline as shaded insets.
The two up/down symmetric shapes are also shown
compared to the standard pumping-optimized shape.

was made of the dependence of the no-wall stability limit on dRsep. Discharge shapes with
dRsep = 0 and dRsep = 3 cm were operated at gmin = 1.7. The no-wall stability limit was
observed to increase from B = 2.65 in the up/down asymmetric shape to 2.85 in the symmetric

shape.

Modeling studies were conducted [8,14] to explore the changes in BN stability limits that
could be obtained through moderate changes to the typical discharge shape of k¥ = 1.8, § = 0.65

6 GENERAL ATOMICS REPORT A24865



OPTIMIZING THE BETA LIMIT IN DIII-D ADVANCED TOKAMAK DISCHARGES J.R. Ferron, et al.

and squareness [15] T = 0.05 (see Fig. 8 caption) that could be accommodated in the DIII-D
vacuum vessel. Examples of results are shown in Fig. 8. The n = 1 BN limit increases with
triangularity [Fig. 8(a)] as do the n = 2 and n = 3 limits. The stability limits generally increase
with elongation as shown for n = 1 and 2 in Fig. 8(b), but the exact choice of squareness can
modify this trend. In the example in the figure, for instance, at T = 0.2 the stability limits
decrease at K = 2.0. The stability limits decrease with squareness [Fig. 8(c)], but there is an
optimum value at T = 0.05.

8T ideal MHD limit— 2 1] >[5 = 0.65 4.8

1.9 P(0)/{P)=2.5 1

6 //\ 17 4.4}

0.0¢

0.1

&4 T ‘ 4.0 /:. ------ asquareness| 4.0}
squareness elongation n=nl= . 0.2

2 -7 NV 3.6}

b RN
0 @ 3.0 (b) 3.2
0.5 0.6 0.7 0.8 1.8 1.9 2.0 0.0 0.1 02 03
triangularity elongation squareness

Fig. 8. Dependence of low-n Py stability limits on discharge shape determined from model double-null divertor
equilibria with dRsep = 0. In (a), P(0)/(P) = 2.3 and g, = 1.5. In (b) and (c), P(0)/{P) = 2.5 and ¢, = 2. In (a),
generally higher By limits result from the lower pressure peaking and gin. The discharge shape was modeled as

having the form R(0) = R + a cos (0 + sin"1d sin@), Z(0) = ka sin (0 + T sin 20).

5. Conclusion

Using experiment and modeling, the effects of changes in the safety factor profile, the
pressure profile, and discharge shape on the BN limit for low-n instabilities in DIII-D advanced
tokamak discharges have been explored. The goal of this work has been to find the best way to
operate these discharges at high fn and q in order to maximize the bootstrap current fraction for
steady-state operation and the toroidal beta for fusion gain. In the experiment, the highest values
of BN are approximately 4 independent of gmin so that the maximum value of gpinfNn = 9 is
obtained at the highest gy value tested. The shape of the pressure profile is predicted by
modeling to have a strong effect on the maximum N stable to low-n modes and experimental
results from a test of this prediction are in agreement. DIII-D advanced tokamak discharges are
routinely operated with above the no-wall limit so that optimized correction of
nonaxisymmetric fields is important to maintain toroidal rotation for resistive wall mode
stabilization. At the highest values of 3N where the rotation is observed to decrease significantly,
active feedback stabilization of the RWM is essential. This decrease in rotation at high BN can
result in pressure profile steepening, making it more difficult to produce broad pressure profiles
at high beta. Modeling shows that increases in the elongation and triangularity in double-null
discharge shapes can provide significant increases in the By limit. The results in the experiment,
in which a double-null divertor shape is found to have a higher maximum By than the single-null
divertor, pumping-optimized shape, are consistent with this modeling as the double-null shape
has increased average triangularity and higher elongation.

Upcoming work in DIII-D is well positioned to follow the path to high BN at increased
values of gnmin in steady-state advanced tokamak discharges pointed to by the results reported
here [3]. Electron cyclotron and fast wave current drive will be used to control the current profile,
in particular g(0) and gmj,. Planned conversion of part of the neutral beam power for injection
counter to the plasma current direction will provide additional control of the rotation profile and
ExB shear which, together with the current profile control, provides a possible mechanism for
broadening the pressure profile through modification of energy transport. Modifications to
convert the lower divertor pump to operate with higher triangularity will allow for operation with

GENERAL ATOMICS REPORT A24865 7



J.R. Ferron, et al. OPTIMIZING THE BETA LIMIT IN DIII-D ADVANCED TOKAMAK DISCHARGES

strongly shaped double-null divertor discharges to take advantage of the increased beta limit.
Use of the new nonaxisymmetric coils internal to the vacuum vessel [4] will provide improved
correction of nonaxisymmetric fields and improved active RWM feedback control to allow
steady-state operation close to the ideal-wall beta limit.
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