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Abstract. The DIII-D research program is developing the scientific basis for advanced tokamak (AT) modes of 
operation in order to enhance the attractiveness of the tokamak as an energy producing system. Since the last 
International Atomic Energy Agency (IAEA) meeting, we have made significant progress in developing the 
building blocks needed for AT operation: 1) We have doubled the magnetohydrodynamic (MHD) stable 
tokamak operating space through rotational stabilization of the resistive wall mode; 2) Using this rotational 
stabilization, we have achieved P N H ~ ~  2 10 for 4 T E  limited by the neoclassical tearing mode; 3) Using real-time 
feedback of the electron cyclotron current drive (ECCD) location, we have stabilized the (m,n) = (3,2) 
neoclassical tearing mode and then increased by 60%; 4) We have produced ECCD stabilization of the (2,1) 
neoclassical tearing mode in initial experiments; 5) We have made the first integrated AT demonstration 
discharges with current profile control using ECCD; 6) ECCD and electron cyclotron heating (ECH) have been 
used to control the pressure profile in high performance plasmas; and 7) We hfve demonstrated stationary 
tokamak operation for 6.5 s (36 TE) at the same fusion gain parameter of P~Hgdq95 z 0.4 as ITER but at much 
higher 495 = 4.2. We have developed general improvements applicable to conventional and advanced tokamak 
operating modes: 1) We have an existence proof of a mode of tokamak operation, quiescent H-mode, which has 
no pulsed, ELM heat load to the divertor and which can run for long periods of time (3.8 s or 25 ZE) with 
constant density and constant radiated power; 2) We have demonstrated real-time disruption detection and 
mitigation for vertical disruption events using high pressure gas jet injection of noble gases; 3) We have found 
that the heat and particle fluxes to the inner strike points of balanced, double-null divertors are much smaller 
than to the outer strike points. 

1. Introduction 

The DIII-D research program is developing the scientific basis for advanced modes of opera- 
tion in order to enhance the attractiveness of the tokamak as an energy producing system. 
Previous studies [l-61 have shown that an attractive tokamak requires high power density 
(which demands high toroidal beta PT = 2 po (p)/B;), high ignition margin (high energy con- 
finement time ZE), and steady-state operation with low recirculating power (high bootstrap 
fraction bs),  as well as adequate divertor heat removal, particle and impurity control. These 
requirements demand an integrated approach, optimizing the plasma from the core, through 
the edge pedestal and into the divertor. To utilize advanced tokamak physics in future 
devices, we are developing predictive understanding validated in integrated physics 
demonstrations. 

Since the last International Atomic Energy Agency (IAEA) meeting, we have made substan- 
tial progress in creating the building blocks required for advanced tokamak (AT) plasmas. 
Techniques to increase the tokamak beta limits are part of these building blocks. By using 
rotational stabilization of the resistive wall mode (RWM), we have increased the PT operating 
region stable to the external kink mode by about a factor of two up to the ideal wall beta limit 
[7-91. As is shown in Fig. 1, we have utilized these techniques to produce AT discharges 
with qmin 1 1.5 and PN &9 1 10 which were sustained at that PN H89 level for 680 ms or 
about 4 ZE [lo]. Here, PN = (aBT/Ip)/3T and H89 is the ratio of ZE to the energy confinement 
time given by the ITER89P scaling law [ 111; a is the plasma minor radius (half width), BT is 
the toroidal field and I, is the plasma current. In terms of absolute parameters, these plasmas 
simultaneously achieve PT = 4.2%, fusion gain PT ZE = 0.66% s, poloidal beta P z 2, boot- 
strap current fractionbs = 0.65 and total non-inductive current fractionhI2 0.8f The dura- 
tion of the high performance phase in these discharges is limited by neoclassical tearing 
modes (NTM) which become more unstable as the current profile evolves and the minimum 
safety factor Qmin drops. This gives extra motivation to our NTM and current drive research. 

We have demonstrated real time feedback stabilization of neoclassical tearing modes using 
electron cyclotron current drive (ECCD) for both the (m,n) = (3,2) [12,13] and, in preliminary 
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experiments, the (m,n) = (2,l)  mode 
[13,14]. The feedback system was used to 
precisely position the ECCD on the island 
in order to suppress the modes either by 
altering the toroidal field slightly (about 
0.5%) or by small radial shifts of the plasma 
position [about 1 cm for the (3,2)]. In cases 
of (3,2) stabilization, PT was increased 60% 
above the level in the presence of the mode, 
up to a level 20% above that achieved prior 
to the onset of the NTM. This latter 
stabilization was done in sawtoothing 
discharges, a reactor relevant regime. This 
real time feedback control represents the 
first use of active feedback control to 
position the ECCD and suppress the NTM. 

Another part of the AT building block set is 
control of the profiles of current density and 
plasma pressure. Initial experiments inte- 
grating ECCD current profile control into 
high performance AT discharges were done 
with 2.5 MW of electron cyclotron (EC) 
waves in discharges with qmin 2 2, and 
p~*H[89 = 7 which were sustained for the 2 
s length of the ECCD pulse or about 18 ZE 
[ 151. The total noninductive current driven 
in these shots reaches 90%. The q-profile 
changes associated with the ECCD trigger 
core barrier formation in these discharges, 
since both electron and ion thermal 
transport are reduced in the core of these 
discharges after the EC power is applied. 
ECCD has also been used to alter the 
current density profile in quiescent double 
barrier (QDB) plasmas [16]. 

Both electron cyclotron heating (ECH) and 
ECCD have been found to decrease peaked- 
ness of the plasma density profile in QDB 
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Fig. 1. Time history of high performance advanced 
tokamak shot 106795 with p ~ H 8 9  2 10 for 4 TE. (a) 
From top to bottom traces within this box: pT, PN, H89 
and pp. (b) p ~ H 8 9  (top trace in box) and p ~ l l i ,  where 
ti is the plasma internal inductance. (c) n=l Mirnov 
amplitude for frequencies above and below 1 kHz; the 
<1 kHz traces up to 1900 ms show the presence of a 
small RWM, stabilized by rotation while the growth in 
both traces after 1900 ms is due to an NTM. (d) 
Divertor D, trace. (e) q(0) (upper trace) and minimum 
qmin (lower trace). ( f )  10 x plasma current, neutral 
beam injected power and line averaged density. 

discharges [16]. Applying EC power t o  an already formed core barrier results in some 
increase in core thermal transport but a much bigger increase in particle transport. The net 
result is that the density profile flattens much more than the pressure profile. Owing to the 
strong cryopurnping of QDB discharges, density profiles in these plasmas are more peaked 
than desired, leading to significant impurity peaking [ 171. This peaking is substantially 
reduced with EC from a ratio of 2.13, peak to line-averaged, to 1.5. 

Utilizing some of the plasma control tools developed for the AT work, we have also 
demonstrated an improved operating scenario for ITER [ 181. These discharges have the same 
fusion power gain parameter P~H89/q& z 0.4 as ITER but at 995 = 4.2, significantly higher 
than the 995 = 3 in the ITER design. 

In addition to the advanced tokamak research, a second theme in the DIII-D research over the 
past two years is the development of general tokamak improvements which are applicable to 
both the AT and conventional tokamak. Our work on the quiescent H-mode (QH-mode) 
demonstrates a solution to the pulsed divertor heat load in future burning plasma devices 
caused by edge localized modes (ELM) [ 17,19,20]. In addition, we have demonstrated dis- 
ruption mitigation using a massive gas puff of either neon or argon [21-231. This substantially 
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reduces thermal and mechanical vessel loading while simultaneously suppressing runaway 
electrons in the current quench. For vertical disruptions, we have also used the plasma control 
system to achieve real-time disruption detection followed by gas puff mitigation. 

General magnetohydrodynamic (MHD) stability considerations suggest that high triangu- 
larity, double-null discharges are attractive because of their high beta limits. Divertor designs 
for these were thought to be difficult for reactors because of the restricted space for the inner 
divertor components. However, our recent experiments have shown that balanced double-null 
discharges have almost no heat and particle flux to the inner strike points. Particle flux 
reductions of a factor of 5 and heat flux reductions of a factor of about 7 to 20 have been 
demonstrated [24,25]. These low heat and particle fluxes should substantially ease the inner 
divertor design problem. 

2. Higher Beta Limits 

2.1. Resistive wall mode stabilization 

Our primary concept for an advanced tokamak includes both high power density, which 
means high PT, and steady-state operation, which requires high bootstrap fraction for 
economical current drive. Both of these requirements demand operation at the highest PN 
possible. One of the key instabilities which limits PN is the external kink mode. Accordingly, 
one of the foci of our AT program is wall stabilization of the external kink [7-91. 

As is summarized schematicall in Fig. 2(a , the beta limit set by the external kink can be 

near the plasma. This effect occurs because of the global structure of the kink mode, which 
exists both inside and outside the plasma. However, as is indicated in Fig. 2(b), the finite 
resistivity of most wall materials modifies this optimistic picture. The external kink now 
couples to the RWM, which can grow on a time scale ZW, which is characteristic of the time 
needed for fields to penetrate the wall. This time constant is quite long compared to the usual 
kink growth time, which makes it possible to use active coils to compensate for the resistive 
effects of the wall: the effects of this feedback compensation are shown schematically in 

raised significantly from pnowa K to pideal wa 1 1 by the presence of a perfectly conducting wall 

Fig. 2(b). In tokamaks with unidirectional 
beam injection, there is an additional stabiliz- 
ing effect due to plasma rotation relative to 
the wall, which was first discussed by 
Bondeson and Ward [26,27]. As is shown in 
Fig. 2(c), if the rotation is sufficiently fast, 
the RWM is stabilized. Feedback stabiliza- 
tion and rotational stabilization can be com- 
bined to improve the overall stability. 

Initial attempts at rotational stabilization of 
the RWM showed that it was transiently 
successful but that the plasma rotation slowly 
dropped after the plasma beta crossed the no- 
wall beta limit [28]. This ultimately lead to 
beta collapse and, sometimes, disruption. A 
key insight here was provided by Boozer 
[29] who proposed that, near marginal 
stability, the plasma has a resonant response 
to any non-axisymmetric external magnetic 
field component which has the same mode 
structure as the RWM. In other words, the 
RWM can resonantly amplify small external 
error fields and increase the drag on the 
plasma rotation when PT is above the no-wall 
limit. If these external, non-axisymmetric 

0 D;ckwall PN . - -  

Y 
0.0 

Y 

v I 

Fig. 2. Growth rates of the external kink mode as a 
function of the normalized plasma pressure PN. 
Shown are (a) stabilization of the external kink mode 
by an ideal wall, (b) stability of the RWM branch of 
the external kink mode for a wall with finite conduc- 
tivity also showing the stabilization of the RWM by 
magnetic feedback with increasing amounts of feed- 
back gain, (c) stabilization of the RWM by increased 
amount of plasma rotation and dissipation. 
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fields are reduced, the drag is reduced and 
the plasma rotation can be maintained. Using 
the C-coil set on DIII-D to reduce the 
external error field, we have been able to 
sustain the plasma rotation and operate 
routinely above the no-wall beta limit. The 
most elegant way to determine the correct 
C-coil program to minimize the error field is 
to use the same feedback sensor and power 
supply system that was first developed for 
RWM stabilization [30,31]. As can be seen 
in Fig. 3, with a proper feedback algorithm, 
the plasma rotation can be sustained and the 
beta value raised all the way to the ideal wall 
beta limit. For these discharges, the ideal 
wall beta limit is approximately a factor of 
two above the no-wall beta limit. This 
demonstrates a substantial increase in the 
stable tokamak operating space. 

As is shown in Fig. 4, preprogrammed C-coil 
currents which approximate the results of the 
feedback programming are able to sustain the 
plasma rotation and allow operation above 
the no-wall limit. This demonstrates that the 
magnetic feedback details are not important 
for rotational stabilization. By adjusting the p 
value through feedback control of the neutral 
beam heating system, we have produced 
sustained operation for up to 1.5 s, limited by 
duration of power supply operation; this is 
10 TE or 300 TW. On the usual ideal MHD 
kink growth times, this represents essentially 
steady-state operation. Comparison of the 
rotational stabilization with predictions of the 
MARS code [32] shows qualitative agree- 
ment but more work needs to be done on the 
plasma dissipation details . 

Feedback stabilization of the RWM has also 
been successfully demonstrated in cases 
where the rotation alone is insufficient to 
stabilize the mode [8]. Experimental results 
[33] are in good qualitative agreement with 
modeling predictions [34-361 that RWM sta- 
bilization is improved with radial magnetic 
field sensors inside the vacuum vessel wall 
as compared to radial field sensors outside 
the vessel wall and further improved with 
poloidal field sensors inside the vessel; these 
latter have faster time response and also do 
not couple to the field applied by the C-coil. 
A new set of twelve control coils inside the 
vacuum vessel is predicted [7,34,37] to allow 
feedback stabilization up to essentially the 
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Fig. 3.  Experimental achievement of high pressure 
plasma close to the ideal wall MHD limit using rota- 
tional stabilization of the RWM. Note that the ideal 
wall limit here is approximately twice the no-wall beta 
limit. Shown in (a) are traces of the plasma pressure 
(PN) versus time in two discharges, one with and one 
without feedback to minimize resonant field amplifi- 
cation. The plotted ideal-wall and no-wall limits have 
been verified by the GAT0 code using the experi- 
mentally measured pressure and q-profiles. (b) The 
time evolution of the plasma rotation frequency near 
the q=2 surface for the two discharges; note the rapid 
drop in rotation for the no-feedback case after PN 
crosses the no-wall limit. (c) The amplitude of the n=l 
radial magnetic field supplied by the C-coil system; 
with no feedback, this current is preset to 1 kA. 
(d) The toroidal phase of the n=l radial magnetic field 
supplied by the C-coil; without feedback, the preset 
value is 16 deg. 
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Fig. 4. Experimental achievement of a high PN dis- 
charge using pre-programmed c-coil current showing 
that the details of the feedback are not necessary for 
rotational stabilization of the R W .  The red traces are 
with feedback and the blue is without. Shown in (a) is 
the plasma pressure PN versus time; the dotted line in 
the graph shows the estimated no-wall P N  limit. 
Shown in (b) is the plasma rotation near the q=2 sur- 
face, in (c) the amplitude of the n=l component of the 
C-coil current and in (d) the toroidal phase of that 
current. 

ideal wall limit even in the absence of rotation. These new coils will be operational for the 
2003 experimental campaign. 
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The basic ideal MHD theory of the external kink, no-wall beta limits is in excellent 
agreement with experiment. By looking at the damping of the RWM at various beta levels, 
we have checked in detail that the calculated and measured no-wall beta limits agree [SI. In 
order to have a complete predictive understanding in this area, more work needs to be done 
on the theory of rotational stabilization, especially on the dissipation mechanism, and on 
feedback control in the presence of plasma rotation. Because rotation effects are always 
important in DIII-D, even in cases where rotation is too small for complete stabilization, our 
lack of quantitative understanding of rotational stabilization significantly affects all our 
detailed, quantitative theory-experiment comparison of wall stabilization. The most recent 
comparisons are summarized by Chu et al. [37]. 

2.2. Neoclassical tearing mode stabilization 

Neoclassical tearing modes are magnetic islands destabilized and maintained by a helically 
perturbed bootstrap current and represent a significant limit to performance at higher Pp [38]. 
Theory predicts [39,40] that these confinement degrading islands can be reduced or com- 
pletely suppressed by precisely replacing the missing bootstrap current in the island 0-point 
with radially localized ECCD; this was first demonstrated in the ASDEX Upgrade tokamak 
[41]. The ECCD must be precisely located on the island for maximum effectiveness; mis- 
alignment of the current drive by only 2.5 cm from the proper location produces negligible 
stabilization. In order to routinely achieve this alignment, the DIII-D computerized plasma 
control system (PCS) has been programmed to feedback on the amplitude of the Mirnov 
probe signals in order to adjust the ECCD location for optimum suppression [12-141. 

Since the initial stabilization of the (3,2) mode in sawtoothing discharges reported at the last 
IAEA meeting [42,43], we have now demonstrated that we can both stabilize the (3,2) mode 
and then increase the PT value. As is illustrated in Fig. 5, ECCD suppresses the (3,2) mode 
even in the presence of large sawteeth and fishbones [14]. After the mode amplitude is 
essentially zero, the PCS no longer has the input needed for the real-time feedback and the 
location of the ECCD is held fixed. The neutral beam power is then programmed to increase; 

. 1  peak bdore the onset-of ihe NTM) before the the beta increases 60% (20% higher than the 
mode reappears. The reappearance is due to 
the Shafranov shift of the plasma at higher 
beta, which moves the q = 3/2 surface about 
2 cm away from the ECCD location; this 
reduces the ECCD stabilization substantially. 
There was not enough time left in the beam 
pulse on these shots for the PCS to go 
through another search and suppress cycle to 
adjust the ECCD location. We have now 
developed a method for the PCS to track 
changes in the q = 3/2 location even in the 
absence of the Mirnov signal so that, in the 
future, we can maintain the NTM 
stabilization as beta changes. 

Preliminary experiments have been done to 
apply the same NTM stabilization techniques 
to the (2,l) NTM [13,14]. As is shown in 
Fig. 6, complete suppression of a (2,l) NTM 
was obtained with 2.3 MW EC power. PN 
was temporarily increased to about 3.5 to 
excite the NTM; complete suppression was 
achieved at PN = 2.3 when the PCS adjusted 
the ECCD location to the oDtimum Dosition. 

107396 7 
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Fig. 5. Approximately 2.3 MW of ECCD is used to 
suppress an (m,n) = (3,2) NTM (shown by dark blue 
curve in central box) after which neutral beam power 
is raised to increase beta. PN is increased by 60% 
despite the presence of large sawteeth and fishbone 
MHD oscillations (shown by light blue curve in cen- 
tral box). The NTM reappears at about 4900 ms 
because the Shafranov shift A R ~ J ~  due to the higher 
beta has moved the q=3/2 surface where the NTM can 
exist about 2 cm away from the ECCD location. 

As is also shown in Fig. 6,lECCD i0 cm off the optimum had little effect. No attempt has 
been made yet to raise the PT value after (2,l) NTM suppression. 
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3. Profile Control 

3.1. Current density profile control 

In order to investigate optimum current pro- 
file shapes in machines like DIII-D where 
the pulse lengths are only a few current 
relaxation times TCR, shaping the current 
profile in the initial phase of the discharge 
remains an important tool. A standard 
technique to form broad or transiently 
hollow current density profiles is heating the 
plasma during the initial current ramp, thus 
decreasing the resistivity and slowing the 
current diffusion. Feedback control of the 
ECH during the current ramp has allowed a 
new level of control over this initial current 
density profile in DIII-D. As is shown in Fig. 
7, by adjusting the requested Te and ECH 
deposition location, a range of q-profiles can 
be obtained. This feedback control of T e  
substantially increases the reproducibility of 
the initial current density profile, since small 
changes in initial plasma density no longer 
influence T e .  In addition, the same Te time 
history can be obtained over a substantially 
wider range in density, essentially 
decoupling T e  and n e  and broadening the 
operating space. Replacing neutral beam 
with EC power also allows reduction in 
beam-produced particle input. 

After the initial current profile has been set at 
the end of the current ramp, ECCD allows 
detailed control of the current density profile 
for the duration of the ECCD (2 s at present). 
In order to make best use of the available EC 
power, we have done extensive transport 
modeling in order to develop our experi- 
mental plans. This coupling of detailed 
modeling and experiment has created a great 
improvement in the way we conduct these 
experiments. Accurate modeling requires a 
verified theory to allow computation of the 
ECCD. We have performed extensive theory- 
experiment comparisons over the past several 
years [44,45]. These investigations show 
excellent agreement between the measured 
ECCD and the predictions of quasilinear 
theory embodied in the CQL3D code [46]. 
One key aspect of this agreement is the 
strong beta dependence of ECCD efficiency 
for the off axis current drive needed for AT 
plasmas with hollow current profiles. We 
have achieved the ECCD efficiency needed 
to carry out our planned AT developments in 
the next several years. 
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Fig. 6. Comparison of two shots demonstrating 
stabilization of the (m,n) = (2,l)  NTM when the 
ECCD location is properly adjusted to suppress the 
mode. In both shots, neutral beam power is increased 
before 4500 ms to trigger the mode and then lowered 
again. The red trace in the bottom box with the 
ECCD 10 cm off optimum location demonstrates that 
this decrease in the beam power has little effect on 
the NTM am litude. Shown in (a) is the amplitude of 

vessel wall, and in (b) the power from the EC system. 
the n=l NT 8 at the Mirnov sensors mounted on the 
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Fig. 7. Illustration of the effect of Te feedback us- 
ing ECH to shape the profile at the end of the 
current ram in several &charges. For the red and 
blue cases,%CH ower was adjusted to match a 
preselected time listor of the electron tem era 
ture at p=0.4. The blaci traces are for a no-kCH 
compmson case. For the blue curve, the ECH de- 
position was at p=0.2 while for the red case it was 

-0.4. (a) Electron tern erature at p=0.4. 
$1 &&on temperature at p = L .  (c) ECH power. 
(d) safety factor q versus normalized radius p at 
1 .1  s into each shot. 
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Based on our modeling, we have carried out 
initial, integrated AT experiments which 
combine high beta operation (PN = 2.8, PT = 
2.9%) at high Qmin - 2, good plasma con- 
finement with H89 r: 2.5 and high non- 
inductive current fraction (about 90%). In 
these discharges, ECCD at p = 0.4 is integral 
in producing negative central magnetic shear 
and helping to form a weak internal transport 
barrier for both electrons and ions. This core- 
barrier formation with ECCD was not antici- 
pated in the modeling. It is in distinct con- 
trast to the typical observation of confine- 
ment deterioration when using ECH/ECCD 
in plasmas with 7'i/7'e >> 1. 

Figure 8 shows the temporal evolution of a 
representative shot of this class of dis- 
charges. An H-mode is induced early in the 
current ramp; coupled with neutral beam in- 
jection (NBI), this slows the penetration of 
the current leading to a slightly negative cen- 
tral magnetic shear profile with qmin > 2.5 at 
1.5 s into the discharges. PN is then increased 
by feedback control of the NBI to PN - 2.8 
and held there for the remainder of the dis- 
charge. Application of 2.5 MW ECCD at 1.5 
s increases the negative magnetic shear by 
raising q(0) to about 5 while Qmin remains 
22  for the 2 s duration of the ECCD pulse. 
Comparisons with cases with radially launch- 
ed ECH (hence no current drive) indicate that 
the current profile modification is almost 
entirely the result of the application of ECCD 
as the ECH case and an NBI only case show 
little difference in the q-profile. Analysis 
indicates that ECCD generates a total current 
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Fig. 8. Plasma parameters versus time for AT 
plasma shot 111203, which uses ECCD to 
generate negative central magnetic shear and 
sustain an internal transport barrier for nearly 2 s. 
(a) Plasma current (in units of MA), neutral beam 
injected power (in units of 10 MW) and line- 
averaged density (in units of 1020 m-3); (b) PN, 
plasma internal inductance l i  and E C  power; (c) 
minimum and central safety factors; and (d) 
central electron and ion temperatures. 

of about 130 kA, whych is consistent with the CQL3D prediction. The remainder of the 
plasma current is provided by neutral beam current drive (-25%), bootstrap current (-55%) 
and Ohmic current (- 10%). Accordingly, the non-inductive current is about 90% of the 
total current. 

As is shown in Fig. 9, there is excellent agreement between the changes in the internal 
magnetic field line pitch measured by the motional Stark effect (MSE) diagnostic [47] and 
the results of the current drive modeling carried out using the measured profiles. The 
comparison with radial launch ECH cases shows the localized nature of the ECCD and 
again illustrates the good agreement between ECCD theory and experiment. 

3.2. Plasma pressure profile control 

Pressure profile control tools are also important for AT plasmas since, in shaped plasmas, 
broad pressure profiles generally lead to higher MHD beta limits and higher fusion reactivity 
[48]. The discovery of core transport barriers in the early 1990s showed that it was possible to 
create a variety of core pressure profiles, depending on the exact plasma conditions used. 
Initial work on core transport barriers showed that manipulation of the core ExB via neutral 
beam injection and altering the Shafranov shift through negative central shear q-profiles were 
important methods of creating core transport barriers. Our recent experiments have shown 
that ECH and ECCD can also be used as transport barrier control tools. 
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As was mentioned in the previous section, 
ECCD into one type of AT plasma has 
altered the q-profile and triggered a weak 
core transport barrier in all four transport 
channels: electron and ion thermal 
transport, particle transport and angular 
momentum transport [ 151. This barrier is 
not seen in the radial launch ECH or pure 
NBI comparison cases; accordingly, we 
conclude that the change in the q-profile 
was the important factor. Preliminary 
analysis using the GKS gyrokinetic stability 
code [49] indicates that both ExB shear 
stabilization and Shafranov shift (a)  
stabilization are important in these 
discharges. The presence of Shafranov shift 
effects may be particularly important, since 
Shafranov shift stabilization reduces turbu- 
lence growth rates over a wide range of spa- 
tial scales which affect both electrons and 
ions while ExB shear affects the longer 
wavelength turbulence which primarily 
affects ions. 

Although the confinement improvement 
owing to core barrier formation can be 
beneficial, in some cases the profiles can 
become too peaked. One example of this is 
the very peaked density profiles produced in 
QDB discharges which lead to quite peaked 
impurity density profiles [ 171. Injecting 
about 2 MW of ECH or ECCD into already 
established core barriers in the QDB dis- 
charges substantially broadens the density 
profile, as is shown in Fig. 10. The most 
dramatic results are seen with EC resonant 
at p = 0.2; weaker effects over a somewhat 
broader region are seen with injection at p = 
0.4. Accordingly, it appears that we can 
tailor the effect by altering the EC 
deposition location. As is shown in Fig. 11, 
this change in density profile alters the 
radial profiles of the high 2 impurities, 
which go from moderately peaked to 
essentially flat. Central Ze8is reduced by a 
factor of 1.3 owing to a factor of two 
reduction in high Z impurities, nickel and 
copper. The hollow carbon density profile 
also flattens somewhat in the plasma core. 

4. Improved Operating Scenario for 
ITER 

A key figure of merit in the design of burn- 
ing plasmas devices is the fusion gain, 
given by fusion power divided by heating 
power. The fusion gain of a burning plasma 
system can be related approximately to 
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Fig. 9. Comparison of the measured pitch angle from 
the MSE system with those calculated from the 
TRANSP code for the high performance, ECCD shot 
shown in Fig. 10. Each box shows the pitch angle at a 
different radius value indicated on the figure. There 
are two cases shown, one with ECCD and one with 
radial launch ECH, which produced no current drive. 
Note the excellent agreement between the calculations 
and the measurement. Note also that the measure- 
ments show the spatial localization of the ECCD 
expected theoretically. ECH and ECCD are on from 
1.5 to 3.5 s. 
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Fig. 10. Comparison of the (a) electron density and 
(b) total pressure profiles in a QDB discharge with 
and without ECH. The ECH is used in ECCD 
configuration at a nominal deposition radius of p = 
0.2. Calculated EC power deposition profile is also 
shown in (a). Note the substantially broader density 
profile and slightly broader pressure profile with ECH. 
Plasma conditions are 1.3 MA plasma current, 2.0 T 
toroidal field, 2xlOI9 m-3 line averaged density in an 
upper single null divertor with divertor cryopumping. 
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PT TE, which is proportional to PN H89/4&. 
As is shown in Fig. 12, we have 
demonstrated p N ~ 8 9  = 6.5, PNH89/& z 0.4 
and 495 = 4.2 for up to 6.5 s (36 TE) with the 
duration limited by hardware constraints. 
Other sQots show P N  H89 = 7 and 
P ~ H 8 9 / q ~ ~  z 0.4 at 495 = 4.4 for about 6.3 S, 
again limited only by hardware constraints. 
These cases match the PN H89/& value of 
the ITER design but at a 495 well above the 
ITER value of 3. The increased normalized 
performance is due to both higher PN and 
Hg9 than anticipated for low-q ELMing 
H-mode. The discharges are stationary on the 
thermal, resistive and wall equilibration time 
scales. These discharges utilize feedback 
controlled density and beta values to achieve 
a stationary state in which a small (3,2) 
tearing mode keeps qmiq just above unity, 
preventing sawteeth and fishbones. 

The operational PT limit in these discharges 
at present is the onset of (2,l) NTMs. 
Because the classical mechanisms producing 
the NTM seed island (i.e. sawteeth and fish- 
bones) are absent in these discharges, they 
can be operated at much higher PN than con- 
ventional, sawtoothing, ELMing H-modes. 
Experimentally, these discharges can be 
operated at the no-wall beta limit [ 181. Initial 
attempts at using RWM feedback in this 
class of shots have demonstrated some mod- 
est increase in rotation, suggesting that the 
plasmas are slightly above the no-wall limit. 
Experiments on stabilization of the (2,l) 
NTM with ECCD in these plasmas are 
planned for the future. 

As is shown in Fig. 13(a), thermal transport 
in these discharges is much below what one 
would expect, scaling the single-fluid ther- 
mal diffusivity Xeflfrom 495 = 3 reference 
cases. Empirical scalings suggest that Xeff - 
q1.4 while nondimensional scaling results 
give - 42 [SO]. Given these scalings, the 
near equality of the Xeff values for the 495 = 
4.5 and 495 = 3.0 discharges shown in 
Fig. 13(a) is quite surprising. Predictive 
transport calculations utilizing the GLF23 
code [51-531 shown in Fig. 13(b) demon- 
strate that the predicted Te and Ti profiles 
amee well with the exDerimenta1 results in 

2 

8.0 0.2 0.4 0.6 0.8 
P 

Fig. 11. Comparison of total Z e ~  profile and the 
individual contributions to Z g  from carbon, nickel 
and copper in the same discharge as shown in 
Fig. 12. The profiles are significantly flatter at the 
time when ECH has flattened the density profile. 
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Fig. 12. Time history of plasma parameters 
comparing a stationary plasma at 995 = 4.2 with a 
reference discharge at 995 = 3. (a) Normalized beta, 
(b) normalized beta multiplied by H-factor based on 
ITER89P scaling, (c) fusion gain parameter, and 
(d) safety factor at the 95% flux surface. Indicated 
by a short line at the edge of each box is the ITER 
design value. Note that the fusion gain parameter 
matches the ITER design value while 495 is 
significantly higher. Stationary duration of 6.5 s is 
36 ZE or two times the current relaxation time TCR. 

&e plasma core. The GLF23 results indicate that the reduction in transport is due to a 
combination of Tj/Te > 1 and sufficient ExB shear, both acting to reduce turbulent transport. 
These results also indicate that turbulence is not completely suppressed, which is consistent 
with the ion thermal diffusivity xi being significantly larger than the neoclassical value. 
These GLF23 results are one example of our broader effort to develop a predictive under- 
standing of transport [53]. 
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The results in Fig. 12 have been achieved at 
relatively low density in discharges with TiITg 
> 1. Because these conditions are a concern for 
extrapolation to burning plasmas, experiments 
have been conducted exploring higher density 
operation in the range from ne/nGW = 0.3 to 
0.5. Here, nGW is the Greenwald density [54]. 
Over this range, confinement quality decreases 
only slightly while ion collisionality vi, 
effective charge Z e ~ ,  and Ti/& move much 
closer to the ITER design values. The trends 
indicate that by increasing the density to 
ne/nGW = 0.7, vi and TiKe values consistent 
with the ITER values should be achieved [ 181. 

5. General Tokamak Improvements 

5.1. Quiescent H-mode 

The pulsed heat and particle loads to the diver- 
tor caused by Type I ELMs pose significant 
design issues for divertor components in future 
burning plasma devices. Because of its 
improved energy confinement, there is general 
agreement that H-mode plasmas will be used 
in these devices. Accordingly, the world fusion 
community is seeking solutions to the Type I 
ELM heat load problem. One solution discov- 
ered on DIII-D is the quiescent H-mode, which 
has the H-mode edge transport barrier but does 
not exhibit ELMs [17,19,20]. An example of a 
fairly long pulse QH-mode plasma is shown in 
Fig. 14. In this case, the quiescent phase lasts 
about 3.8 s or about 25 ZE. In standard ELM- 
free H-mode, particle confinement time is so 
good that the density rises monotonically until 
either an ELM occurs or the plasma suffers 
radiative collapse. As can be seen, QH-mode 
can be run with basically constant density and 
radiated power, owing to the presence of an 
edge electromagnetic mode, called the edge 
harmonic oscillation (EHO), which increases 
the edge Darticle transDort r19.201. When the 
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Fig. 13. (a) Comparison of the experimentally 
inferred single fluid thermal diffusivity X,, at 
5.7 s for shot 104276, a stationary, high 495 
discharge similar to that in Fig. 14 with the X,ff 
averaged over the range of 2.9 to 2.95 s from shot 
100256, a 995 = 3 reference shot. Also shown, as 
an illustration of possible q-scaling, is the X e 8  
from 100256 multiplied by the ratio of the local q 
values in the two shots. Plasma conditions for 
104267 are Zp .= 1.2 MA, B =1 7 T and line 
averaged density 3 . 7 ~  10 I d  m-j while the 
corresponding numbers for shot 100256 are 
2.0 MA, 1.6 T and 1 . 1 ~ 1 0 ~ ~  m-3. (b) Comparison 
of measured electron (closed circles) and ion 
(open circles) temperature profiles for shot 
104276 at 5.71 s with the predictions from the 
GLF23 code. These show excellent agreement. 
For the calculation, the experimental 
temperatures at p = 0.85 were used as boundary 
conditions; the measured electron density profile 
and the standard model calculations for the heat 
sources were used as inputs. 

V I  

EHO starts from a Staidard-ELM-free phase, there is a clear correlation between decreased 
plasma density and increased divertor Da, indicating deuterons have left the main discharge 
and gone into the divertor [20]. Measurements of the heat load to the divertor show that the 
heat load profiles are broader than those for standard ELMing H-mode [ 171. 

At present, QH-mode has been seen over a reasonable parameter space [19,20] but has 
always been done with neutral beam injection counter to the plasma current. QH-mode has 
been seen with input powers as low as 3 MW; maximum input power used to date is 
13.5 MW. We have seen quiescent H-modes over entire range of triangularity (0.16 5 6 5 
0.75) and safety factor 495 (3.4 5 495 5 5.8) explored to date. Most of our work has been 
done with plasma current in the range 1.0 5 Z (MA) 5 2.0 and toroidal field in the range 
1.8 5 BT (T) 5 2.1. We also have quiescent A-mode examples at Zp = 0.67 MA and BT = 
0.95 T. Pedestal densities are in the range of 1x1019 m-3 to 6.5~1019 m-3. Although the EHO 
has been seen in co-injected discharges, the quiescent H-mode has not. Future experiments 
are planned to expand the parameter space further. 
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5.2. Disruption mitigation 

Experiments on DIII-D have demonstrated 
that the impact of disruptions on first wall or 
in-vessel components can be greatly reduced 
by the injection of noble gas using a high 
pressure gas jet [21-231. Modeling indicates 
this technique extrapolates well to future 
burning plasmas experiments. Recent exper- 
iments on DIII-D have shown that this tech- 
nique will mitigate three major disruption 
effects in future devices: divertor surface 
melting/ablation by plasma heating, mechan- 
ical stress from halo currents and the pro- 
duction of relativistic, runaway electrons. 

The basis of this technique is the injection of 
a noble gas (neon or argon) into the plasma 
as is shown in Fig. 15. The gas jet is found to 
penetrate to the central plasma at the gas 
sound speed (300 to 500 m/s) owing to its 
high density (>lo24 m-3) and high pressure 
(>20 kPa). The jet increases the atodion 
content of the plasma by a factor of 50 in 
several milliseconds. As a result, the plasma 
energy is dissipated uniformly on the vessel 
wall by UV radiation from the injected 
impurity. The conducted heat flux to the 
divertor is 2% to 3% of the plasma kinetic 
energy, compared to 20% to 40% for non- 
mitigated disruptions. The plasma remains 
well centered in the vessel while the current 
decays rapidly in the cold, resistive plasma. 
Runaway electrons are well controlled by the 
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Fi 14. Time history of plasma parameters for a a&- mode shot. (a) Plasma current, (b) divertor D, 
emission, (c) central ion and electron temperatures, 
(d) pedestal ion and electron temperatures, (e) line- 
averaged density and H-mode pedestal density, 
(f) maximum of the edge electron pressure gradient, 
( ) dB$dt from Mirnov loop at vessel mid lane (K) total injected neutral beam power a n 8  totai 
radiated power. As is indicated by the D, emission, 
this shot is in quiescent H-mode for 3800 ms. 
Toroidal field is constant at 2.01 T until 5000 ms in 
this shot. 

gas jet Cnjection, in contrast to mitigation attempts with cryogenic argon pellets. The large 
neutral density of the gas jet effectively suppresses the runaways. 

The type of disruption which can potentially do the most damage is the so-called vertical dis- 
ruption event (VDE) in which plasma position control is lost and the plasma moves rapidly 
towards the divertor X-point. These can induce substantial, poloidally and toroidally asym- 
metric halo currents in the vacuum vessel. DIII-D has demonstrated real time detection and 
mitigation of VDEs using the plasma control system. In these experiments, vertical position 
control was deliberately disabled at a chosen time during the discharge. Using an independent 
detection system to determine the vertical shift, the PCS triggered the high pressure gas jet 
when the vertical position had moved by a preset amount between 2 and 10 crn. Compared to 
a VDE with no mitigation, the toroidal peaking factor for the halo current was reduced from 2 
to 1.1 while the magnitude of the peak poloidal halo current was cut in half. 

Based on physical models benchmarked against the DIII-D experimental data, it appears that 
this technique extrapolates favorably to future burning plasma experiments. Along with 
techniques to operate the discharge away from disruptive limits, gas jet mitigation should 
substantially improve design flexibility and operational reliability of next-step tokamaks. 

5.3. Balanced double-null discharges 

Both MHD stability considerations and operational experience suggest that high triangularity 
double-null discharges have significant performance advantages. For example, the discharge 
in Fig. 1 has this shape. Plasmas with this shape are not usually considered for burning 
plasma experiments because of the engineering difficulties related to 1) the magnetic field 
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coil set needed to make this shape and 2) the 
difficulty in designing the divertors with their 
inner legs up against the center post. For the 
divertor, some designers have assumed that the 
heat and particle flux to the inner strike points 
for a balanced double-null plasma would be 
simiIar to those seen at the inner strike point in 
single-null divertor discharges; it would be 
difficult to find space on the centerpost for 
components to handle these loads. However, as 
is shown in Fig. 16, the particle flux to both 
inner strike points is quite low for the balanced 
configuration. The particle flux at the inner 
strike point is about 0.2 times that at the outer 
strike point while the heat flux at the inner 
strike point is 0.05 to 0.15 times that at the 
outer strike point [24,25]. These low heat and 
particle fluxes should substantially ease the 
design of the inner leg divertor components for 
double null discharges. These results are also 
consistent with measurements over the past 
decade which suggest that the ELM heat and 
particle fluxes originate primarily at the outer 
midplane of the plasma [55]. 

6. Conclusion 

We have made significant progress in 
developing the building blocks needed for AT 
operation: (1) We have substantially increased 
the MHD stable tokamak operating space 
through rotational stabilization of the resistive 
wall mode. (2 )  Using rotational stabilization of 
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Fig. 15. Time history of plasma parameters 
across a disruption mitigated by neon gas in- 
jection. (a) Plasma current and central soft 
x-ray emission, (b) central electron temperature, 
(c) midplane line averaged density and (d) ra- 
diated power from the core plasma. Plasma shape 
at various times is shown within the vacuum 
vessel outline at top of figure. Overlaid in red in 
(b,c,d) are the results of the physics model of the 
disruption, showing excellent agreement. Note 
that, since the dense gas quenches fast electrons, 
the plasma current falls monotonically without 
the long plateau characteristic of runaways. 
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Fig. 16. Ion saturation current to Langmuir probes at the inner divertor strike points at the top and bottom of 
the plasma for a sequence of conditions where the plasma is changed from upper single null through balanced 
double null to lower single-null conditions. Note that for the balanced condition, the ion saturation current is 
small on both inner strike points simultaneously. 
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the RWM, we have achieved p ~ H 8 9  >10 for 4 TE limited by the neoclassical tearing mode. 
(3) Using real-time feedback of the ECCD location, we have stabilized the (3,2) neoclassical 
tearing mode and then increased PT by 60%. (4) We have produced ECCD stabilization of the 
(2,1) neoclassical tearing mode in initial experiments. ( 5 )  We have made the first integrated 
AT demonstration discharges with current profile control using ECCD. (6) ECCD and ECH 
have been used to control the pressure profile in high performance plasmas. (7) We have 
demonstrated stationary tokamak operation for 6.5 s (36 TE) at the same fusion gain 
parameter of p ~ H 8 9 / 4 &  z 0.4 as ITER but at much higher 495 = 4.2. 

We have developed general improvements applicable to conventional and advanced tokamak 
operating modes: (1) We have an existence proof of a mode of tokamak operation, quiescent 
H-mode, which has no pulsed, ELM heat load to the divertor and which can run for long 
periods of time (3.8 s or 25 TE) with constant density and constant radiated power. (2) We 
have demonstrated real-time disruption detection and mitigation for vertical disruption events 
using high pressure gas jet injection of noble gasses. (3) We have found that the heat and 
particle fluxes to the inner strike points of balanced, double-null divertors are much smaller 
than to the outer strike points. 
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