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Abstract. Significant progress in the development of burning plasma scenarios, steady-state scenarios at high
fusion performance, and basic tokamak physics has been made by the DIII-D Team. Discharges similar to the
ITER baseline scenario have demonstrated normalized fusion performance nearly 50% higher than required for
O =10 in ITER, under stationary conditions. Discharges that extrapolate to Q ~ 10 for longer than one hour in
ITER at reduced current have also been demonstrated in DIII-D under stationary conditions. Proof of high
fusion performance with full noninductive operation has been obtained. Underlying this work are studies vali-
dating approaches to confinement extrapolation, disruption avoidance and mitigation, tritium retention, ELM
avoidance, and operation above the no-wall pressure limit. In addition, the unique capabilities of the DIII-D
facility have advanced studies of the sawtooth instability with unprecedented time and space resolution,
threshold behavior in the electron heat transport, and rotation in plasmas in the absence of external torque.

1. Introduction

The DIII-D Team has made significant progress in its stated mission to establish the sci-
entific basis for optimization of the tokamak approach to fusion energy production. The
DIII-D program seeks to provide the necessary basis for the operational scenarios and to
validate design models for areas of significant concern in next-generation tokamaks for the
study of burning plasmas (ITER) and steady-state issues (KSTAR, EAST). In addition, the
DIII-D facility has developed into a unique research tool for investigation of high-
temperature plasma physics due to the flexibility of the tokamak itself, the variety of heating
and current drive systems, and the continually improving ability to diagnose plasmas.
Burning plasma issues, steady-state scenario development, and basic plasma physics set the
outline for this overview of recent results from the DIII-D Program.

2. Burning Plasma Scenario Development
2.1. Proof of Performance in Stationary Discharges

A central element of DIII-D research in support of burning plasma experiments is a
demonstration of performance in stationary discharges. The emphasis on stationary dis-
charges arises from the question of whether high performance discharges achieved transiently
can be extended reliably to long pulse. The longest plasma physics time scale in the tokamak
is the time for equilibration of the current profile tg. This time is defined here as the time
constant for relaxation of the lowest order spatial eigenmode of the current evolution equation
with the constraint of constant current [1], TR(S) =0.171 R/, where R is the plasma major
radius in m and N is the plasma resistance [2] in uQ. In order to compare fusion performance
between next-generation tokamaks, such as ITER, and DIII-D, the leading-order
dimensionless parameter in the fusion gain, G = B Hgg / qgs, is used [3]. As a benchmark,
the baseline ITER design [4] requires G = 0.42 to achieve Qg = 10 for ~2tg. DIII-D has
demonstrated normalized fusion performance which meets or exceeds these values under
stationary conditions (Fig. 1). As shown in Fig. 1, discharges in DIII-D provide a basis for
confidence that the core plasma in the ITER design can meet the performance goals of the
project and for optimism that such a device could significantly exceed those goals.

A DIII-D discharge with high performance under conditions close to the ITER baseline
scenario is shown in Fig. 2. The normalized fusion performance G = 0.58 at gg5 = 3.2 is

*See Appendix A for a listing of the DIII-D Team.
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sustained for 9.2 tR. The normalized
pressure By = 2.6 is maintained by feedback
control of the neutral beam injection (NBI)
power. The density is controlled by continu-
ous gas puffing and pumping by cryopumps
in the divertor. The details of how these dis-
charges are formed are discussed extensively
elsewhere [5,6].

Direct measurement of the internal
magnetic fields by motional Stark effect
spectroscopy validates the definition of Tg,
showing equilibrium of the plasma current to
a truly stationary state in <2 tg with the
exception of the cyclic sawtooth instability
in the center. The discharge in this case is
limited only by the requested duration.
Projection of a similar discharge to ITER [5]

%

8 10
tau/ TR

Fig. 1. Normalized fusion performance G (defined
in text) vs. duration normalized to current relaxation
time. Filled squares are ITER baseline scenario dis-
charges, filled circles are hybrid scenario discharges,
open circles are other types.

indicates that Qg > 10 is expected, even using the more pessimistic ITER89P scaling. This
provides confidence that ITER can meet or even exceed its performance target.

A second mode of operation in ITER, designed to give maximum fluence for nuclear
testing, envisions an inductively-driven plasma at reduced plasma current. It is known as
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Fig. 2. Time histories of plasma parameters for an
ITER baseline scenario discharge from DIII-D. (a)
Plasma current (I)x10 (MA) (red), NBI power
(PNB) (MW) (gray), and time-averaged NBI
power ((PNg)) (MW), (b) normalized pressure
(BN) (red),normalized energy confinement (Hgg)
(blue), internal inductance (/;)x4 (green), (c)
normalized fusion performance (G), (d) line-
averaged density ((n)) (10'° m™) (red), D, gas
flow (a.u.) (blue), (e) upper divertor D, (a.u.).
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Fig. 3. Time histories of plasma parameters for
an ITER hybrid scenario discharge from DIII-D.
(a) Plasma current (I)x10 (MA) (red), NBI
power (PNg) (MW) (gray), and time-averaged
NBI power ({Png)) (MW), (b) normalized
pressure (Pfyn) (red),normalized energy
confinement (Hgg) (blue), internal inductance
(l)x4 (green), (c) normalized fusion performance
(G), (d) line-averaged density ({(n)) (10!° m™3)
(red), D, gas flow (a.u.) (blue), (e) upper divertor
Dy (a.u.).



“hybrid” operation, since the current drive
systems would be employed to extend the
pulse length, but without the constraints of
full noninductive operation. DIII-D dis-
charges denoted as hybrid discharges in
Fig. 1 indicate the baseline performance
goals of ITER could be realized for pulse
lengths in excess of 1 hour at reduced
plasma current (Table I), in addition to
enabling a nuclear testing program. An
example of this type of pulse is shown in
Fig. 3. The normalized fusion performance
G = 0.43 is maintained at gg5 = 4.1 for
3.9 tg. Higher By has been achieved in
similar stationary discharges [5,6].
Remarkably, these discharges reach station-
ary current profiles without sawtooth activ-
ity. A modest m=3/n=2 tearing mode
appears to be responsible for the broadening
of the current profile to keep ¢g=1.
Suppression of this mode by electron
cyclotron current results in prompt sawtooth
instability [6], which leads to reduced per-
formance due to a lower pressure limit.

The main benefit of these discharges is a
higher pressure limit. The effective pressure
limit in both scenarios is set by destabiliza-
tion of the m=2/n=1 tearing mode.
Following a request from the ITPA, the exis-
tence domain of this type of discharge has
been explored in DIII-D. Pressure limits in
stationary discharges have been found for
3.2<qg95<4.8 and 0.3 <n/ng < 0.7 (Fig. 4).
In general, the f limits are lower in saw-
toothing discharges (gg95 < 4), while con-
finement is best at low density. The normal-
ized fusion performance is maximum at
lowest gg5 because ByH is roughly constant
within the two classes of discharges
(sawtoothing or sawtooth free). Between
Fig. 1 and Fig. 4, it is clear that this type of
discharge is robustly attainable. The physics
of these high performance discharges is dis-
cussed more extensively in [5,6].

2.2. Projection of Energy Confinement to
Next-Generation Tokamaks

In the absence of a complete predictive
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TABLE 1. Projection of hybrid discharge to ITER.
The input parameters for the projection are
Qo5 = 4.1 1 =10.8 MA), B = 2.6, n/n; =0.85,B =
5.3 T. Measured DIII-D temperature and density pro-
files are used. The three confinement scalings are the
original ITER L-mode scaling (ITER89P) [7], the
ITER Physics Basis H-mode scaling (IPB98y2) [8],
and a fit to the ITER database with gyroBohm and
electrostatic scalings imposed (DS03) [9]. The
H factor is the DIII-D value except for DS03, where
it must be reduced to achieved pressure balance
(experimental value in parentheses). Flux consump-
tion calculations indicate ITER pulse duration
>3900 s is possible.
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Fig. 4. Performance indices for low gg9s5 (3.2)
(open symbols) and high gg5 (4.5) (solid symbols)
for DIII-D hybrid scenario discharges vs density
normalized to the empirical density limit ng (a)
B (black), Ti(0)/T.(0) (gray), (b) Hgop (black),
Hogy» (gray), (¢) G. All points shown are at the
maximum obtained f3 for stationary discharges.

model for the transport of particles, momentum, and energy in the tokamak, empirical scaling
relations are used to project the performance of present-day experiments to burning plasmas.
The projections of Table I point out the variability in this exercise, especially at high QOfs.
Dedicated experiments in DIII-D and JET have recently focused on the scaling of energy
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transport with . The standard H-mode
thermal confinement scaling (known as
IPB98y2) has a substantial degradation with
B [8], while direct measurements of the 3
scaling in dedicated experiments showed no
variation of confinement with  [10,11].
These scans have recently been reproduced
and extended in both DIII-D [12] and JET
[13]. As shown in Fig. 5, the observed
energy confinement in H-mode is inde-
pendent of § over the range from just above
the H-mode transition threshold to 85% of
the ideal ballooning limit (nearly a factor of
three in f in the DIII-D case). The spurious
B dependence in the IPB98y?2 has a signifi-
cant impact on optimizations of tokamak
plasmas. The degradation of confinement
with increasing f is so large in the [IPB98y?2
scaling that Qg actually is predicted to drop
with increasing 3 (Figs. 13 and 14 of [12]).
This persistent discrepancy between the
dimensionless parameter scaling experi-
ments and the H-mode database analysis has
led to a significant re-examination of the
analysis techniques used to derive the
IPB98y?2 scaling, leading to reduction of the
[ scaling inferred from the database [14].

2.3. Disruption Avoidance and Mitigation

The total free energy stored in the
poloidal magnetic field and pressure of full-
performance ITER discharges is on the order
of 1 GJ. If released suddenly, damage to the
first wall or vacuum vessel structure could
occur. Putting aside mechanical failures for
the moment, disruptions of tokamak plasmas
are the result of approaching known opera-
tional boundaries such as high current, high
density, or high pressure. The first two
boundaries are easily avoided. The high
pressure boundary manifests itself in con-
ventional discharges as an m=2/n=1 tearing
mode. In the absence of rotation between the
mode and the conducting wall, the mode can
grow rapidly and lead to a disruption. As a
first line of defense against this type of dis-
ruption, electron cyclotron current drive
(ECCD) has been employed to eliminate
m=2/n=1 tearing modes at §, > 1 (strongly
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Fig. 5. Energy confinement scaling exponent
(Tg B*) vs. normalized thermal pressure (ﬁf\}f) for
DIII-D and JET scans with fixed p,, V«, and g. The
points connected by lines represent scans with fixed
dimensionless parameters other than f3.
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Fig. 6. Time histories of plasma parameters for a
discharge where an m=2/n=1 tearing mode is
suppressed by the addition of ECCD at the island
location. (a) Plasma current (I)x10 (MA) (red), NBI
power (Png) (MW), time-averaged NBI power
((PnB)) MMW), (b) normalized pressures By (black)
and P, (red), (c) amplitude of n=1 magnetic
perturbation at the wall (G) (black), EC power
(PEC)X5 (MW).

bootstrap-driven modes). The effectiveness of the suppression is greatly enhanced by the
application of active feedback to co-locate the ECCD with the mode [15]. Using active feed-
back, m=2/n=1 tearing modes have been suppressed in hybrid scenario discharges at high 3
(Bn = 2.8, Bp = 1.1) with ECCD (Fig. 6). Experiments comparing co-ECCD, ECH, and ctr-
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ECCD show conclusively that the current drive is the dominant interaction with the mode
[16,17]. In principle, techniques for operation above the normal instability threshold, demon-
strated for the m=3/n=2 tearing mode [18], could be applied to the m=2/n=1 for performance
enhancement. High reliability would be necessary in the context of a burning-plasma
tokamak.

The next line of defense against all types of disruptions, including events separate from
plasma physics limits, would be a system to dissipate the free energy in a controlled manner
with more uniform power flux to the walls. One approach, injection of high-pressure gas, has
been successfully demonstrated in DIII-D [19]. Measurements of the divertor energy flux
during a disruption shows both significant reduction and more uniform deposition of the
energy with gas jet mitigation, compared to an unmitigated disruption. Data from DIII-D
shows a high fraction of the thermal energy is converted to radiation with no clear depen-
dence on gas pressure or working gas (neon or argon). This is consistent with the hypothesis
that significant mixing occurs following the jet/plasma interaction, perhaps due to MHD
instabilities. Images of the gas jet also indicate that it does not penetrate to the center of the
plasma in well-mitigated disruptions, prior to this mixing phase. This implies that a gas jet in
ITER may not need to penetrate to the core to successfully mitigate a disruption.
Measurements of the x-ray brightness in the current quench phase of DIII-D disruptions, a
qualitative measure of runaway population, indicate a strong reduction in the x-ray brightness
with increased particle injection (Fig. 7). The gas jet injects about two orders of magnitude
more particles into the vessel than previous impurity pellet experiments, resulting in a two
order of magnitude reduction in x-ray brightness (and presumably the runaway population).
Avoidance of runaways is an essential element of a practical mitigation scheme for high cur-
rent discharges such as ITER. Finally, a rapid thermal quench in ITER could result in melting
damage to the first wall, if beryllium is used. The thermal quench time in DIII-D appears to
be a weakly increasing function of the number of injected particles, with systematic differ-
ences between neon and argon injection. A validated model of the jet/plasma interaction is
needed to effectively extrapolate these observations to ITER. In summary, the DIII-D data
indicate that noble gas injection is a viable candidate for disruption mitigation in next-
generation tokamaks such as ITER.

2.4. Interaction of Plasma With the First )
Wall
: : . 2 10 $ '

Routine operation of H-mode discharges S R
with edge localized mode (ELMs) may have g O: O
a significant impact on the divertor lifetime 5 10% % P S
in ITER. In an ELM event, the impulsive @ O. ¢ nb
thermal loads to the divertor can be up to & al O
20% of the H-mode pedestal energy [20].  ~ '° © h
Because this energy is deposited in a very 5 "
short time, the divertor plate surface tem- 10 > 5 0 |
perature could rise to the melting or subli- 10 10 ij(lozz) 10 10

mation point within a single ELM event.

Without a fully predictive model for the
ELM energy loss and its transport on open
field lines to the divertor or the main cham-

Fig. 7. X-ray brightness vs. number of injected
particles for argon (solid symbols) or neon (open
symbols). The circles are pellet injection, the squares
are gas jet injection with a large-angle jet, and the

ber, it seems prudent to investigate methods  diamonds are gas jet injection with a narrow-angle
for suppressing ELMs. In DIII-D, a set of  jet.

twelve rectangular single-turn coils have

been installed inside the vacuum vessel above and below the midplane. When energized with
n=3 symmetry during H-mode discharges with Type I ELMs, the large ELM behavior is
replaced by smaller, less distinct instabilities [21]. without loss of energy confinement
(Fig. 8). The impulsive thermal load can be reduced by at least a factor of 3. The application
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of the non-axisymmetric field is correlated
with a shift in physical space of the
measured electron and ion pressure profiles
with little change in gradient or pedestal
height. It is difficult to determine whether
the profiles shift with respect to the mean-
field separatrix, although the fact that the
electron and ion profiles are measured at
different toroidal and poloidal locations
makes this plausible. The change in edge
stability is correlated with this shift, but
again it is difficult to separate cause and
effect. Field line tracing indicates the forma-
tion of two stochastic field regions, one
contained in the plasma and one connecting
the outer 3% of the flux enclosed within the
mean-field separatrix to the wall. From
variations of the toroidal phase of the
applied perturbation, it appears that there is
significant interaction with the intrinsic non-
axisymmetric fields in DIII-D. From energy
accounting, the losses across the separatrix
still flow to the dominant divertor. These
experiments show that it is possible to avoid
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Fig. 8. Time histories of plasma parameters for
similar discharges with (black) or without
(magenta) an n=3 applied field. (a) Gas flow (a.u.)
and line-averaged density ({n)) (1019 m'3), (b)
stored energy (MJ), (c) D, emission from the lower
divertor (a.u.). The timing of the applied n=3 field
is shown in (b).

the negative effects of ELMs while main-
taining a significant edge pressure pedestal.

The choice of first-wall materials may also have an impact on routine operations.
Graphite is the material with the largest experience basis; however, retention of tritium due to
co-deposition with carbon could lead to an excessive inventory of tritium in a next-generation
device. Experiments in DIII-D are focused on gaining an understanding of the carbon migra-
tion, leading to methods of reducing the bound tritium inventory either by improved design or
more effective removal of the deposited tritium. Using 13C as a tracer to follow the migration
of carbon [22], doped methane gas was introduced with toroidal symmetry into the scrape-off
layer (SOL) opposite the x-point of a L-mode diverted plasma [23]. Visible light images of
the gas plume indicated that the ionized carbon in the SOL had a strong flow in the direction
of the inner divertor leg. Immediately following the 22 similar discharges with 13C injection,
a poloidal band of graphite tiles was removed for analysis. Deposited !3C was found only in
the inner divertor region at the SOL contacts. Two tiles from the inner and outer divertor
strikepoint region displaced 180 deg toroidally showed an exact match of the detected 13C,
indicating the deposition was also axisymmetric. Modeling of the observed plumes, the 13C
deposition, and the change in the core plasma carbon inventory indicated that all are sensitive
to the magnitude of the assumed SOL flow. The best match of the modeling with the experi-
ment is obtained with a parallel flow with Mach number ~0.4 in the direction of the inner
divertor. Modeling also indicates a flow in the private flux region from the outer to inner leg.
Since the carbon migration (and therefore the tritium inventory) is strongly focused to a
single poloidal location, techniques to release tritium bound in this single area may be more
feasible compared with the situation where tritium is more widely distributed within the
tokamak.



3. Steady-State Scenario Development

3.1. Proof of Performance of Full
Noninductive Discharges

Looking beyond the next generation of
tokamaks to fusion energy production, a key
issue is the capability of the tokamak con-
cept to operate with high Oy, in steady state.
Research in DIII-D has addressed this issue
over the past decade, and significant
progress has been made in the past two years
toward an existence proof of a tokamak dis-
charge sustained noninductively that
projects to high Qg in a tokamak the size of
ITER. Previously,discharges were reported
that had no net inductive current [24]; how-
ever, the noninductive currents were not
fully aligned with the existing current pro-
file, as indicated by the structure in the mea-
sured electric field profile. Recently, dis-
charges with much better alignment have
been obtained with nearly flat electric field
profiles and no change in the boundary flux
[25]. An example shown in Figs. 9 and 10
has By = 3.5, Hgg = 2.3, and gg5 = 5.4. The
high performance phase lasts ~0.8 s and is
terminated by an n=1 ideal mode that trans-
forms to an n=1 tearing mode. Projection of
this discharge to ITER, using the same
method as the baseline and hybrid scenario
discharges, results in discharges limited by
the confinement to By = 2.8 with the speci-
fied 73 MW of auxiliary power (33 MW

OVv/1-3

120096
}(5)5_ 10 (MA) e Az (a)
3 il
SE W&W)L
0E (Ppng) (M E|
4r )]
oL 41, 5 i
- "N
0
04F G (¢)-
0.2[ ]

B (n=1) (G)

()1
L B (1=2) (G) ]

2000 3000 4000 5000

Time (ms)

0 1000

Fig. 9. Time histories of plasma parameters for a full
noninductive discharge in DIII-D which projects to
Ofus ~ 5 in ITER. (a) Plasma current (I)x10 (MA)
(red), NBI power (Png) (MW) (gray), time-averaged
NBI power ((Png)) (MW) (magenta), EC power
(MW) (green), (b) normalized pressure (By) (red),
internal inductance (/;)x4 (green), (¢) normalized
fusion performance (G), (d) minimum safety factor
(gmin) (red), central safety factor [¢g(0)] (green), (e)
surface voltage (gray), surface voltage from high time
resolution equilibrium reconstructions (red) (V), (f)
magnetic fluctuations at the wall (G) for n=1 (red)
and n=2 (green).

N-NBI, 20 MW EC, 20 MW IC). The 0-D current balance is satisfied at 9.3 MA with Q=
4.7, slightly below the target of Oy, = 5 (Table II). To increase Qy,,, the plasma current must
be increased. Assessing the stability of flat g profiles as a function of gy5 and g,,;, remains an

important goal [26].
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Fig. 10. (a) Total current density (solid) and inductive current density (shaded) inferred from equilibrium
reconstruction vs. normalized radius. (b) Components of the current density vs. normalized radius from
modeling. Total (solid), NB (long dashed), bootstrap (short dashed), EC (dotted), balance (attributed to

inductive) (dot-dashed).
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The fact that the discharge in Fig. 9 still Table II. Projections of the full noninductive
encounters a tearing instability indicates the g‘SCh?l‘)rgde, Ostlg' 9 to ITER using the method
internal current profile is still slowly evolv- escribed in [3].

ing despite no net inductive flux.The good B=53T Bn=2.8
alignment of the noninductive current I1=93 MA Hpgoz = 1.28
sources with the total current density is illus- n=0.63%x1020 m—3 Igg = 6.7 MA
trated in Fig. 10(a) by the flat distribution of Png = 33 MW Ing =2.3 MA
the inductive current inferred from the time Pgc =20 MW Igc=0.5 MA
dependence of the poloidal flux from equi- Pic =20 MW Igc =0 MA
librium reconstructions. Taking the mea- Py = 340 MW qo5 = 5.4
sured profiles and reconstructed equilibria, Qs = 4.7

the components of the noninductive current
can be calculated from various models
[Fig. 10(b)]. The bootstrap current fraction is estimated to be 0.58 using the NCLASS model,
with other models giving similar fractions. The models are somewhat sensitive to the input
profiles near both the center and edge. The neutral beam current fraction is estimated at 0.31,
while the electron cyclotron current fraction is 0.07, giving a total noninductive fraction from
modeling of 0.96. The remaining current in the model calculation is attributed to inductive
current. Comparison of the inductive currents in Fig. 10 indicates more structure in the
inductive current inferred from the modeling than in the inductive current inferred from
equilibrium reconstructions. Since the poloidal flux is fairly accurately determined and its
evolution is diffusive with a long time constant (~2 s in this case), the inductive current
profile in Fig. 10(a) would seem to be a better estimate of the remaining inductive current.
All of these methods of determining the various components of the current density indicate
that a fully noninductive discharge with high performance has been obtained.

3.2. Stabilization of Resistive Wall Modes

Self-consistent steady-state scenarios generally require operation above the n=1 ideal
MHD pressure limit in the absence of a conducting wall. With a resistive wall, a new mode
appears, the resistive wall mode (RWM), which is unstable, but with a growth time on the
order of the skin time of the resistive wall [27]. As previously shown [28], plasma rotation is
sufficient to stabilize this mode up to the perfectly conducting wall limit. In the absence of
sufficient rotation, this mode is amenable to active feedback control due to the slow growth
rate [29]. There is also a self-consistent plasma response to any non-axisymmetric external
magnetic perturbations that acts to drag down the rotation, thereby increasing the growth rate
of the mode [30]. Correction of these perturbations using feedback has been demonstrated to
facilitate the rotational stabilization of the RWM [31]. Because the main heating system in
DIII-D (NBI) also supplies torque, plasma rotation is sufficient to stabilize many DIII-D
discharges.

Recently, discharges have been obtained in DIII-D where the n=1 RWM is not stabilized
by rotation. However, the addition of active feedback with the new internal coils [32] allows
the pressure to continue to rise without destabilizing the RWM (Fig. 11). In both cases, the
rotation is above the empirical critical rotation for stabilization, found in previous experi-
ments. The difference in the present discharges appears to be lower g95, which reduces the
number of low-order rational surfaces in the plasma core. Theoretical calculations also pre-
dict a higher rotation is necessary for stabilization when fewer rational surfaces are present
[33]. Development of these target discharges will allow optimization of the active feedback
of the RWM.
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4. Basic Physics Studies 119666/119663
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Continuing improvement in diagnostics,
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tokamak and heating systems, supports an o ——

extensive program of basic tokamak physics - Vo (km/S) 3

experiments on DIII-D. Here, the focus will

be on plasma instabilities and transport. 38
] AB, (n=1) (G)
4.1. Sawtooth Physics i A
Sawtooth instabilities are ubiquitous in 100 1500 2000 2500
tokamaks. However, a detailed theoretical Time(ms)

description of the associated phenomena has Fig. 11. Time histories of plasma parameters for

proven elusive. A key issue is the role of the
Mercier criterion relative to g=I1. It is
expected that regions of the plasma that
violate the Mercier criterion will have no
pressure gradient, while discharges with a
g=1 surface will be unstable to an internal
kink. In DIII-D, it is possible to move the
Mercier criterion above or below g=1 by
changing the discharge poloidal cross-
section. Oval shapes place the Mercier
criterion at ¢ > 1 for standard profiles, while
indented shapes place the Mercier criterion
at g <1 [34].

The sawtooth instability has been
observed with sub-millisecond resolution in
the electron temperature, the ion kinetic
parameters, and the magnetic pitch angle for
both cases (Fig. 12). Clear differences in the
instability are observed in the two cases. For
the oval, the current profile does not
strongly evolve in between crashes, consis-

DIII-D discharges with (blue) and without (red)
active n=1 feedback using the internal coils. (a)
Normalized pressure (Pyn), estimated n=1 no-wall
pressure limit (dashed), (b) toroidal rotation (km/s)
near g=3, (c) n=1 radial magnetic field (AB;) (G).
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Fig. 12. Time histories of the central ion temperature
T; (keV) (magenta), central electron temperature 7,

tent with the poloidal magnetic field inside
the inversion radius shown in Fig. 12. The
reconstructed equilibria have flat g profiles
with g ~ 1. In the indented case, ¢(0) drops
well below g=1 during the sawtooth cycle,
again consistent with the large excursions in the poloidal magnetic field shown in Fig. 12. In
order to test the ability of the plasma to support a pressure gradient, single pulses of ECH
were placed inside the sawtooth inversion radius. In the indented case, the electron
temperature gradients strongly increased, while in the oval case, very little temperature
increase was seen despite a 25-fold increase in local power density (Fig. 13). This is
consistent with the basic idea of the Mercier limit. However, there is still an ion temperature
gradient in the oval case, which raises questions about the applicability of ideal MHD in this
case. Detailed comparison to theory is still in progress.

(keV) (blue) and poloidal magnetic field Bp (G)
inside the sawtooth inversion radius for indented
(upper box) and oval (lower box) cross-section
plasmas.

4.2. Search for Threshold Behavior in Electron Energy Transport

The existence of threshold behavior or critical gradients in the stability of the
microturbulence responsible for anomalous heat transport in tokamaks is a significant issue in
evaluating the validity of various theories. Using experimental approaches developed on
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ASDEX-Upgrade (AUG) and FT-U,
modulated ECH experiments on DIII-D have
probed L-mode discharges for thresholds in
the electron heat transport. An enhancement
in the heat pulse evolution above that
expected for pure diffusion at the power bal-
ance level is observed, but no direct
evidence of a threshold is seen. In the AUG
type of experiment, the power at two
spatially separated ECH locations is varied,
keeping the total power fixed. Modulation of
a fraction of the power is used to estimate
the transport from the heat pulse evolution.
Reduction of the inverse gradient scale
length (-VT¢/T;) down to 3.8 in DIII-D and
2.6 in AUG does not change the heat pulse
behavior (Fig. 14). While the data can be
described by a model with a critical
gradient, the data does not compel the use of
such a model [35]. A more direct probe of
nonlinearity of the electron transport is the
“swing” method developed on FT-U. The
idea is to vary the temperature gradients
strongly at a fixed radius and temperature by
oscillating two spatially separated ECH
sources out of phase. If there is a strong
nonlinearity in the heat transport, the
resultant heat pulse behavior at the point
between the two sources should be different
from the sum of the individual pulses. In
DIII-D, nonlinear behavior is not observed
down to -VT,/T. = 2.5. If there is a threshold
condition for the electron transport, it lies at
gradients less than those near the center of
low-power L-mode plasmas. Therefore, the
threshold is always exceeded for the plasmas
probed in DIII-D. Furthermore, the gradients
can be increased by more than a factor of 2,
which excludes the possibility of very stiff
transport.

4.3. Studies of Plasma Rotation

Rotation is a significant unknown for
both confinement and stability predictions
for next-generation tokamaks; yet, in com-
parison to energy transport, little experi-
mental or theoretical work has been done.
New measurements in DIII-D of rotation in
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Fig. 13. Radial profiles of the electron temperature
(left boxes) and time histories (right boxes) of the
central electron temperature 7, (keV) showing the
effects of applying ECH within the inversion radius
during the rise phase of the sawtooth cycle for
indented (upper) and oval (lower) cross-section
plasmas. The right boxes also show the EC power
timing (yellow) and magnetic fluctuations measured
at the wall (magenta). The profiles in the left boxes
are from the times designated by the color-matched
vertical lines in the right boxes.
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Fig. 14. Normalized electron diffusivity vs. the
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discharges. The open symbols are diffusivities
derived from power balance analysis and the
filled symbols are diffusivities derived from
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Ohmic H-mode [36] show flat toroidal rotation profiles with direction consistent with an
electric field generated by the loss of thermal ions at the edge with parallel velocity opposite
the plasma current direction. In the absence of momentum sources, a flat profile is expected.
The level of rotation is qualitatively consistent with the flows inferred from the !3C
experiments discussed above. When ECH is added on-axis or off-axis, a hollow rotation
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profile is observed. Since no torque is applied, the mechanism for this modification of the
profile is unknown. Possibilities include non-ambipolar particle transport or a change in the
ion pressure anisotropy. The direction of the change in rotation with ECH is opposite that in
central ICRH discharges in Alcator C-Mod [37].

5. Conclusions

The DIII-D facility has yielded results that substantially bolster the design basis for next-
generation tokamaks addressing burning plasma physics issues and steady-state scenarios.
Stationary discharges similar to the ITER baseline performance scenario have performance
nearly 50% higher than that required to meet ITER’s performance target (Qy, = 10).
Discharges focused on maximizing fusion energy in long-pulse inductive scenarios (“hybrid”
scenarios) have achieved performance that is equivalent to the target Qg = 10 conditions,
which, if reproduced in ITER, could be sustained for well over one hour. The basis for these
extrapolations has been more firmly established by joint experiments targeted at
discrepancies between database analysis and dedicated experiments. In concert with JET, the
scaling of energy confinement has been definitively determined to be independent of f3,
leading to improvements in the database analysis techniques. Techniques to avoid disruption
by control of resistive instabilities using ECCD and to mitigate the effects of disruptions by
massive noble gas injection have been successfully demonstrated. Two examples of ELM
avoidance (stochastic fields near the edge) have been demonstrated. Experiments on carbon
migration indicate that the majority of tritium in a graphite-wall tokamak will be near the
inner divertor leg, which may ease the difficulty of removing this tritium.

A steady-state scenario that projects to significant fusion gain in ITER (Qy,, ~ 5) has been
demonstrated in DIII-D. Full noninductive operation is obtained with ~60% bootstrap current,
plus central NBCD and off-axis ECCD. True steady-state was not quite obtained, limited by
the appearance of an instability after about 0.8 s. This indicates a higher degree of control is
required. However, the demonstration of full noninductive operation on the timescale of
pressure equilibration (~5 tg) that projects to high gain is a significant achievement. The
noninductive current profile is closely matched to the total current profile, indicating a small
adjustment should be sufficient to reach stationary conditions. Full noninductive discharges at
higher go5 without the constraint of constant current indicate that these conditions may not be
a stationary solution to the coupled fluid equations. Experiments with feedback control of the
RWM that appears above the n=1 no-wall limit have shown the effectiveness of rotational
and active feedback.

Upgrades to the DIII-D diagnostic suite have opened new windows on basic tokamak
physics. Combination of high time-resolution measurements, the unique shaping capabilities
of DIII-D, and the possibility of ECH have led to a demonstration of the importance of the
Mercier criterion to the character of the sawtooth instability. These same tools have been
applied to the search for threshold behavior in the electron heat transport and to studies of
plasma rotation in the absence of external torque. In the case of the threshold, no direct
evidence of threshold behavior is seen, even in low-power L-mode plasmas. Therefore, if
such a threshold exists, it is always exceeded in the plasmas examined. For rotation, a clear
change in rotation direction is observed in H mode with the application of ECH.
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