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Abstract. DIII-D research is providing key information for the design and operation of ITER. Discharges that
simulate ITER operating scenarios in conventional H-mode, advanced inductive, hybrid, and steady state
regimes have achieved normalized performance consistent with ITER’s goals for fusion performance. Stationary
discharges with high N and 90% noninductive current that project to Q=5 in ITER have been sustained for a
current relaxation time (~2.5 s), and high-beta wall-stabilized discharges with fully non-inductive current drive
have been sustained for more than one second. Detailed issues of plasma control have been addressed, including
the development of a new large-bore startup scenario for ITER. A broad research program provides the physics
basis for predicting the performance of ITER. Recent key results include the discovery that the L-H power
threshold is reduced with low neutral beam torque, and the development of a successful model for prediction of
the H-mode pedestal height in DIII-D. Research areas with the potential to improve ITER’s performance
include the demonstration of ELM-free “QH-mode” discharges with both co and counter-injection, and
validation of the predicted torque generated by static, non-axisymmetric magnetic fields. New diagnostics
provide detailed benchmarking of turbulent transport codes and direct measurements of the anomalous transport
of fast ions by Alfvén instabilities. DIII-D research also contributes to the basis for reliable operation in ITER,
through active control of the chief performance-limiting instabilities. Recently, ELM suppression with resonant
magnetic perturbations has been demonstrated at collisionality similar to ITER’s, while simultaneous
stabilization of NTMs (by localized current drive) and RWMs (by magnetic feedback) has allowed stable
operation at high beta and low rotation. In research aimed at improving the lifetime of material surfaces near the
plasma, recent experiments have investigated several approaches to mitigation of disruptions, including
injection of low-Z gas and low-Z pellets, and have shown the conditions that minimize core impurity
accumulation during radiative divertor operation. Investigation of carbon erosion, transport, and co-deposition
with hydrogenic species, and methods for the removal of co-deposits, will contribute to the physics basis for
initial operation of ITER with a carbon divertor.

1. Introduction
DIII-D research is aimed at providing the physics basis to optimize the tokamak approach to
fusion energy production, and much of the program directly supports the design and future
operation of ITER. Recent DIII-D research has addressed specific, near-term issues for ITER
such as design of new coils for suppression of edge-localized modes (ELMs) and
specification of poloidal field systems for control of plasma shape and vertical stability. A
longer term goal is to develop and characterize ITER-relevant operating scenarios that
integrate high fusion performance, stable operation, and appropriate boundary conditions,
ultimately simulating the entire discharge evolution (breakdown, ramp-up, flattop, and rampdown). Recent experiments include discharges that demonstrate normalized performance
consistent with ITER’s Q=10 mission, and significant progress has been made toward
scenarios with 100% non-inductive current for the Q=5 steady-state goal. DIII-D also
contributes to a broad scientific base for tokamak physics that will help to optimize fusion
performance in ITER.
As summarized in this paper, DIII-D experiments that simulate several specific high-gain
and steady-state scenarios envisioned for ITER provide a platform for projections of fusion
performance and tests of plasma control (Sec. 2). Investigations of the fundamental physics
of transport, stability, and wave-particle interactions contribute to the basis for prediction and
improvement of ITER’s performance (Sec. 3). Progress toward the understanding and active
control of MHD instabilities is contributing to the basis for stable and reliable operation in
ITER (Sec. 4). DIII-D research is also aimed at improving the lifetime of plasma-facing
materials in fusion devices such as ITER by reducing peak heat flux and improving the
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understanding of plasma-wall interactions, including hydrogenic fuel retention (Sec. 5).
Future DIII-D research will continue to investigate these issues and to provide the basis for
high-performance steady-state operation of ITER.
2. Integrated Scenario Development
ITER demonstration scenarios. A major objective of DIII-D research is the development of
ITER-relevant operating scenarios that integrate high fusion performance, stable operation,
and appropriate boundary conditions. This year, we have focused on evaluation of four operating scenarios for ITER, in discharges with the ITER aspect ratio and cross-section (Fig. 1)
but scaled down in size [1]. These discharges allow a direct comparison, in a single device, of
the fusion performance and operating characteristics of these scenarios. To date, the emphasis
has been on reproducing global parameters such as discharge shape, safety factor, and normalized beta; future work will begin to address other dimensionless parameters such as collisionality and Ti/Te. As summarized in Fig. 1, the cases studied include the conventional
H-mode baseline scenario (Scenario 2), an advanced inductive scenario (aimed at the goal of
Q=30 in ITER), the “hybrid” scenario (Scenario 3), and the steady-state scenario (Scenario
2
reaches the
4). In all four cases, the fusion performance characterized by G =  N H89 /q95
level required for ITER’s goals:
fusion gain Q10 for the first
three cases and Q=5 for the
steady-state
case.
(Here
N = (aB /I) is the normalized
beta and H89 is energy confinement time normalized to the
ITER89P L-mode scaling [2].)
Recently, fusion performance
consistent with Q>10 in ITER
has also been demonstrated in
advanced inductive discharges
with low neutral beam torque,
and hybrid mode operation has
been shown to be compatible
with ELM suppression [3]. Highbeta wall-stabilized scenarios
compatible with steady state
operation have been sustained FIG. 1. ITER demonstration discharges characterized by
2
with a stationary current density G =  N H 89 / q95
and internal inductance li (3) , for cases
profile for 2.5 s, or about one including (a) baseline scenario with q95~3 and N~2, (b)
advanced inductive scenario with q95~3.3 and N~2.8, (c)
current relaxation time.
The small differences from hybrid scenario with q95~4.1 and N~2.8, and (d) steadythe ITER shape seen in Fig. 1(e) state scenario with q95~4.7 and N~2.8–3.0. Also shown is
(e) the DIII-D discharge shape compared to the scaledare motivation for a study of the down ITER shape.
sensitivity of fusion performance
to discharge shape; initial results
indicate that the triangularity can influence performance through the stability of the
H-mode pedestal. These discharges also displayed several issues known to be of concern for
ITER, including large infrequent ELMs, and neoclassical tearing modes that lead to
confinement degradation or disruption. Progress on solutions to these stability issues will be
discussed further in Sec. 4.
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Plasma startup and control. DIII-D discharges have also been used to study the detailed
evolution and control of ITER discharges. As seen in Fig. 1, the internal inductance in the
DIII-D discharges was found to lie at or below the lower limit of the ITER specification
( 0.7 < li (3) < 1.0 ), leading to recommendations for an increase in poloidal field coil current
capabilities and a change in the divertor coil location. Experiments in DIII-D and other
tokamaks have provided guidance [4] for vertical stability requirements in ITER: Z max /a ,
the ratio of the maximum controllable vertical displacement to the minor radius, must be at
least 5% for safe operation.
The “small-bore” scenario initially envisioned for startup of ITER
plasmas was shown in DIII-D
experiments to result in values of
li (3) larger than the ITER specification, with the potential for difficulties with vertical stability control. A
new “large-bore” startup [5] was
demonstrated on DIII-D (Fig. 2), in
which the plasma goes to an X-point
configuration early in the current
ramp, reducing the heat load on the
limiter and reducing the internal
inductance. With the use of electron
cyclotron heating at plasma initiation, this startup has proved robust
with toroidal electric fields as low as
0.21 V/m (the ITER specification is FIG. 2. ITER demonstration discharge with large-bore,
0.3 V/m) and smaller resistive flux low-voltage startup, showing (a) electron cyclotron
consumption. Feedback control of heating power PECH, neutral beam power PNB, one-turn
loop voltage VL, and safety factor q95; (b) normalized
internal inductance during the cur- beta   and normalized
energy confinement H98y2; (c)
N
rent ramp has been developed, using ratio fGW of electron density to the Greenwald limit, and
dIp /dt as the actuator; this allows divertor Demission; (d) plasma current Ip and internal
vertical stability limits to be avoided. inductance li (3) . The discharge shape is shown at two
Steady-state scenarios. Two ap- times during the discharge, and shading indicates the
proaches are being pursued at DIII-D duration of the X-point configuration.
toward steady-state, noninductive
discharges [6] for ITER and devices beyond ITER. The first approach is a high qmin, wallstabilized configuration at moderate N, similar to ITER’s Scenario 4. Closed loop feedback
control of the evolution of qmin during the plasma current ramp up and early flattop, using
electron cyclotron heating to modify Te, sets the value of qmin at the start of the high N phase.
With over 3 MW of electron cyclotron current drive applied broadly at q <~ 2, neoclassical
tearing modes were avoided (through current profile modification rather than direct
stabilization) and discharges with  N ~ 3.5 and fully noninductive current sustainment for
more than one second were obtained (Fig. 3). The second approach aims to achieve high N
without the need for wall stabilization, by operation at higher li ~ 1.1. Such discharges have
reached  N = 5 transiently, with noninductive current fraction greater than unity (up to 90%
bootstrap current) and very good energy confinement (Fig. 4). In this example, active MHD
spectroscopy shows a reduction in the stability of the n=1 kink mode at peak beta, suggesting
that the discharge may approach or exceed the ideal MHD no-wall kink stability limits.

OV/1-4

FIG. 3. Candidate for steady-state scenario,
with qmin  1.5 and q95 ~ 6 , showing (a)
surface loop voltage VSURF; (b) fusion figure
2
of merit G =  N H 89 / q95
; (c) neutral beam
power PNBI and electron cyclotron current
drive power PECCD; and (d) normalized beta
 N.

3. Prediction and Improvement of
Fusion Performance

FIG. 4. High beta discharge at higher internal
inductance, with qmin >~ 1 and q95~7–8, showing (a) normalized beta N; (b) normalized
energy confinement H98y2 and internal
inductance li ; (c) surface loop voltage Vsurf;
and (d) calculated noninductive current
fraction.

Investigations of the fundamental science of transport, stability, and wave-particle interactions contribute to the basis for prediction and improvement of ITER’s performance. Recent
DIII-D results include the investigation of energy transport and L-H power threshold in
hydrogen plasmas, improved predictive capability for the H-mode pedestal, detailed benchmarking of gyrokinetic transport calculations against experimental data, progress in understanding and expanding the operating range of the ELM-free quiescent H-mode, improved
understanding of plasma rotation in the absence of neutral beam torque, and progress in
measuring and understanding fast ion transport due to Alfvénic instabilities.
Hydrogen plasmas. The ion mass dependence of H-mode performance and the L-H
power threshold is of key importance to ITER, since the initial phase of ITER operation is
planned to be with hydrogen and/or helium plasmas. A recent series of DIII-D experiments
has shown that the L-H power threshold is reduced at low or negative torque, a potentially
favorable result for ITER. In the DIII-D experiments, hydrogen was used for both fueling
and neutral beam heating, yielding a measured
hydrogen purity (relative to the residual deuterium) of more than 90%. The L-H power
threshold in hydrogen plasmas was found to be
roughly a factor of 2 larger than in deuterium
(Fig. 5). However, the threshold in both H and
D plasmas exhibits a strong dependence on the
neutral beam torque [7], and the threshold in
hydrogen plasmas with counter-injection was
approximately the same as that of deuterium FIG. 5. Comparison of L-H threshold
plasmas with strong co-injection. Comparison power vs neutral beam torque in hydrogen
of hydrogen and deuterium discharges with and deuterium plasmas.
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well-matched dimensionless parameters showed that the density fluctuation amplitude was
about twice as large in the hydrogen plasmas, consistent with the lower energy confinement
time observed.
H-mode pedestal. ITER’s fusion performance will depend strongly on the characteristics
of the H-mode edge transport barrier, and recent work has led to significant advances in the
capability to predict the barrier height. Previous work [8] has shown that edge stability is
consistent with limits set by peeling-ballooning modes with toroidal mode numbers n~3–30.
Recent experimental studies [9] using edge profile measurements with high spatial and temporal resolution, together with edge stability studies, motivate a simple model of the pedestal
12
width in normalized poloidal flux: (N ) = 0.076 p,ped . Combining this width model with
direct calculations of MHD peeling-ballooning stability (which predict the pedestal height as
a function of the width) yields a new predictive
model for both the pedestal height and width
[10]. An experiment was then designed to test
this model, yielding very good agreement
across an order of magnitude in pedestal height
(Fig. 6).
Transport physics. Confident extrapolation of fusion performance from present devices to ITER requires understanding of the
transport physics, and there has been significant
progress in this area. Improvement of diagnostic instruments combined with the addition of
synthetic diagnostics to gyrokinetic transport FIG. 6. Comparison of measured and
calculations has allowed unprecedented com- predicted pedestal height for 21 DIII-D
discharges, with varying triangularity,
parison of theory and experiment [11–13]. plasma current, and toroidal field.
Simultaneous measurements of electron
temperature fluctuations (with correlation ECE) and density fluctuations (with beam emission
spectroscopy, Fig. 7) have been compared to GYRO code calcu-lations. The spectra predicted
by synthetic CECE and BES diagnostics in the code are in very good agreement with the
experimental data.
Quiescent H-mode. Quiescent
H-mode (QH-mode) plasmas in
DIII-D have now been achieved
with co-injected neutral beams
[14], where previously counterinjection was required. If it can be
realized at ITER’s operating
parameters, the QH-mode represents a path to the desired conditions of a large edge pressure gradient but without the impulsive FIG. 7. Theory-experiment comparison of density flucheat load generated by ELMs. The tuation spectra measured with beam emission spectrosco-injected QH-mode has the copy (BES), showing (a) experimental data, and (b)
power spectrum in comparison to GYRO code predicexpected
features:
ELM-free tions, including synthetic diagnostic calculations in
operation (for almost 1 s), constant GYRO.
density, and constant radiated
power, with a continuous MHD mode that limits the pressure gradient at the edge. This edge
harmonic oscillation (EHO) is believed to be a saturated kink-peeling mode located near the
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edge of the plasma. A key element of these discharges is low density operation with divertor
cryopumping, allowing rapid toroidal rotation.
Although the co-injected QH-mode shows strong
co-rotation across the entire profile, it has a strong
rotational shear at the edge similar to that of the
counter-injected case (Fig. 8), suggesting that
rotational shear plays a key role in both cases. The
existence of QH-mode with strong rotational shear
for both co- and counter-rotation was predicted by
theory [10].
Plasma rotation. A good understanding of the
FIG. 8. Edge toroidal rotation profiles for
physics of plasma rotation is important for predic- cases with co (red), counter (black), and
tion of ITER’s stability and confinement, but the balanced (green) NBI. The co and
physics of rotation is proving to be complex and counter cases are QH-mode.
subtle [15]. An “intrinsic” rotation is often seen in
tokamak discharges without injected momentum. DIII-D experiments have determined that
the anomalous torque associated with intrinsic rotation is also present in neutral beaminjected discharges. The anomalous torque is peaked near the edge of the plasma, and is
consistent with a model of thermal ion orbit loss [16]. In addition, neoclassical theory
predicts that non-resonant magnetic perturbations can create a torque of the form
TNRMF ~ (V  V0 ) , where V0 is an “offset” velocity with a magnitude on the order of the
ion diamagnetic drift but in the electron diamagnetic drift direction. This effect has been
observed in high beta DIII-D plasmas [17].
As seen in Fig. 9, the application of an n=3
magnetic perturbation causes the rotation to
approach an offset value of about -50 km/s; in
cases where the initial velocity is near zero or
slightly negative, this represents an increase
in speed when the perturbation is applies.
Such anomalous sources of torque may play
an important role in ITER, where the neutral Fig. 9. (a) Applied n=3 magnetic perturbation, (b) the resulting evolution of the rotabeam torque will be small.
tion velocity at ~0.8 for several different
Fast ions. New measurements in DIII-D initial values of rotation, and (c) the inferred
are illuminating the physics of fast ion-driven torque density as a function of the initial
instabilities and the associated fast ion trans- rotation.
port [18]; scientific understanding and wellbenchmarked transport and stability models are needed to predict the behavior of fusion alpha
particles in ITER. Neutral beam injection into the discharge current ramp phase of reversed
magnetic shear DIII-D plasmas [19] typically excites a variety of Alfvénic activity including
toroidicity and ellipticity induced Alfvén eigenmodes (TAE and EAE) and reversed shear
Alfvén eigenmodes (RSAE), revealed by fast interferometry [Fig. 10(a)], and fluctuation
diagnostics such as electron cyclotron emission and beam emission spectroscopy. Fast-ion D
(FIDA) spectroscopy shows that the central fast ion profile is flattened and the degree of
flattening depends on Alfvén eigenmode amplitude. However, ion orbit calculations based on
linear eigenfunctions from the NOVA code with measured mode amplitudes do not explain
the observed fast ion transport [20]; multimode simulations with time-varying mode
frequencies may be needed. Recent experiments have found that localized electron cyclotron
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heating (ECH) applied near the shear reversal location can stabilize RSAE activity
[Fig. 10(b,c)], resulting in significantly improved fast ion confinement [Fig. 10(d)]. FIDA
measurements have also been used to measure fast wave absorption by energetic ions [21].
The recent capability for 2-D imaging of fast-ion D emission with a fast framing camera
provides a potentially powerful new tool for study of fast ion transport.

FIG. 10. Cross power spectra of vertical and radial interferometer chords in the frequency range
of Alfvén instabilities (a) during ECH deposition near the magnetic axis, and (b) during ECH
deposition near qmin. Also shown are the time evolution of (c) integrated power with ECH
deposition near the axis (red) and near qmin (blue) and (d) the corresponding central fast ion
density measured by the FIDA diagnostic.

4. Stability Control for Reliable Operation
Progress in DIII-D toward the understanding and control of MHD instabilities is contributing
to the basis for stable and reliable operation in ITER, including suppression of ELMs with
resonant magnetic perturbations, stabilization of neoclassical tearing modes (NTMs) with
modulated
electron
cyclotron
current drive, stabilization of
resistive wall modes (RWMs) with
direct feedback control, and
understanding of the role of plasma
rotation and error fields in the
stability of both NTMs and RWMs.
Edge-localized modes. The
suppression of ELM instabilities by
resonant magnetic perturbations
(RMP) offers a promising method
to reduce the erosion of ITER’s divertor targets. ELM suppression has
now been demonstrated at ITERlike shape and collisionality [22]
FIG. 11. Time evolution of discharges with ELM
suppression, including divertor D emission, RMP
(Fig. 11). Recent DIII-D expericoil
current, pedestal collisionality (shading indicates
ments and modeling [23] have proITER specification), and normalized energy
vided key information for the
confinement H98y2. The cases shown are a highassessment of new RMP coil
triangularity ITER-similar shape (<>=0.53, red
options in ITER, using the Chirikov
curves) and a lower-triangularity shape (<>=0.26,
island overlap parameter as a guide.
black curves).
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In a comparison of coil configurations, ELM suppression was obtained with a single row of
internal, small aperture, off-midplane coils (at larger current than with two such rows but
with about the same RMP field strength) while suppression was not obtained with a single
row of external, large aperture, on-midplane coils [24]; these results are consistent with the
island overlap criterion. Injection of pellets for core fueling generates only small-amplitude
bursts of edge recycling, which can be avoided by adjusting the RMP amplitude, suggesting
that ELM suppression by RMP is compatible with pellet fueling. The ELM suppression is a
result of enhanced particle transport at the edge; 3-D MHD simulation [25] and other work is
in progress to determine the physical mechanism responsible, including a possible role of
E  B convection cells. Initial experiments have begun to investigate ELM “pacing” by
shallow pellet injection into the pedestal, and to investigate a recent, surprising discovery of
ELM “pacing” by modulation of an n=3 RMP field.
Neoclassical tearing modes. Neoclassical tearing modes (and ELMs) are likely to be
among the chief performance-limiting instabilities for ITER’s baseline scenario. Studies
with varying neutral beam torque have shown
that the beta threshold for onset of 2/1 NTM
instabilities decreases as the plasma rotation is
reduced to ITER-relevant values (Fig. 12), consistent with a dependence of the effective 
stability parameter on rotational shear [26].
The 2/1 NTM onset also becomes much more
sensitive to applied error fields in the lowtorque, low-rotation cases. NTM suppression
by continuous electron cyclotron current drive
(ECCD) has been demonstrated previously;
FIG. 12. Normalized beta at onset of
recent DIII-D experiments confirm expecta- m/n=2/1 NTM vs rotation velocity
tions that the power requirement is reduced by (normalized to Alfven velocity) at the q=2
modulation synchronized with the rotating surface, in an ITER-like single-null plasma.
island, using a novel technique to minimize
modulation phase errors by detection of the island at the current drive location. DIII-D is
contributing to an international effort to understand and model ECCD stabilization of NTMs
in ITER [27]. High-quality images of the tearing mode structure using synchronous detection
of visible bremsstrahlung emission agree well with an analytic model for the island structure
[28], and will allow comparison of island dynamics to more detailed numerical models.
Resistive wall modes. In high beta plasmas at or above the ideal MHD free-boundary
stability limit, such as ITER’s Q=5 steady-state scenario, resistive wall modes are stabilized
at relatively slow plasma rotation, consistent with theoretical predictions that include kinetic
effects [29]. However, high beta plasmas with low rotation are exceedingly sensitive to error
fields and to excitation of RWMs by transient MHD events. DIII-D experiments [30] show
sudden penetration of an applied n=1 magnetic perturbation followed by island formation.
The critical amplitude of the applied perturbation decreases strongly above the no-wall
stability limit as a result of the enhanced response of the marginally stable RWM, and the
critical amplitude of the plasma response is independent of beta. With simultaneous use of
ECCD to suppress tearing modes, and n=1 magnetic feedback to minimize static error fields
and stabilize the plasma response to ELMs and fishbones, stability above the no-wall beta
limit has been achieved at very low rotation [31] (Fig. 13).
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5. Improving the Lifetime
of Plasma-facing
Components
DIII-D research is aimed at
improving the lifetime of
plasma-facing materials in
fusion devices. Challenges
that ITER will face include
high transient heat flux and
runaway electrons occurring
during disruptions, as well as
the time-averaged heat flux FIG. 13. RWM stability at low rotation. (a) C, the beta value
to the divertor. The proposed scaled such that C=0 at the no-wall limit and C=1 at the idealuse of a carbon divertor wall limit, vs plasma rotation at the q=2 surface. Squares
during the deuterium phase indicate cases with non-rotating modes, circles indicate cases
of operation and possibly with rotating modes (most likely NTM), and stars indicate cases
without RWM feedback. Included are recent cases with ECCD
early in the D-T phase intro- for suppression of NTMs, and 2006 data without ECCD (green
duces the additional chal- squares). (b) Rotation profile at the mode onset in a low-rotation
lenges of understanding the ECCD-stabilized case, compared to a 2006 case without ECCD.
erosion,
transport,
and
redeposition of carbon, and of recovering tritium retained in the carbon.
Disruption mitigation. Mitigation of disruptions by rapid injection of various gas species
has successfully provided radiative dissipation of the plasma thermal energy and fast plasma
current shutdown, reducing thermal loads and vertical forces on the vacuum vessel [32].
However, the 1022 m-3 electron density required for collisional suppression of a runaway
electron avalanche (the “Rosenbluth density”) is about an order of magnitude larger than
densities achieved to date, and remains a challenge. Experiments [33] and 3D nonlinear
modeling [34] show that MHD instabilities
are important in mixing the impurity gas into
the plasma core, and DIII-D experiments
using a fast rise-time multi-valve system
have shown the importance of delivering the
gas to the plasma before the end of the thermal quench. The latter condition favors light
gas species, high throughput, and delivery
systems close to the plasma [35]. Assimilation fractions (fraction of injected atoms that
become ionized) up to 40% are found with
helium injection, as seen in Fig. 14. H2 and
D2 show somewhat smaller assimilation, but
all of these low-Z species exhibit a favorable FIG. 14. Assimilation fraction (Nionized/
increase of the assimilation fraction with the Ninjected) for low-Z species: H2, D2, He, and
quantity of injected gas. A mixture of D2+2% dilute mixtures of high-Z species (Ne and
Ar). Also shown is one “long-pulse” helium
Ne also shows promise. Alternative methods case where much of the gas arrived at the
for rapid, high-density impurity injection plasma after the start of the current quench
such as low-Z pellets are being explored.
Radiative divertor. One way to ameliorate the problem of divertor heating is to introduce “seed” impurities (e.g. argon) directly into the divertor, where they can radiate a significant fraction of the plasma-conducted power before the plasma particles reach the divertor
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surface. Leakage of the impurity into the main
plasma can be minimized by maintaining a
strong flow of deuterium ions into the divertor
through upstream deuterium gas puffing and
active particle exhaust at the divertor targets.
DIII-D experiments show that both the accumulation of argon inside the main plasma and
the removal of argon from the divertor are
sensitive to the divertor topology and the ion
B  B drift direction [36, 37]. With argon
injection into the private flux region of the
upper divertor, the rate of argon accumulation
in the core was found to be as much as a factor of 3 smaller with the B  B drift away
from the divertor (Fig. 15), and the rate of
argon removal was a factor of 2–3 greater, in FIG. 15. Rate of core argon accumulation vs
comparison to the case with the drift toward argon injection rate into the upper divertor,
the divertor. Double-null divertor configura- for four cases: drift upward or downward,
tions showed stronger argon accumulation and double-null or upper single-null plasmas.
than single-null, for the same direction of
B  B drift. Modeling with UEDGE, using a new capability to model drifts in a balanced
double null configuration, reproduces some of the key features of the experiments and indicates that the direction of the E r  B drift near the x-point may play a key role. Experiments
show that the radiative divertor is compatible with hybrid scenario operation.
Carbon walls and tritium retention. Carbon has many advantages as a plasma-facing
material, but retention of tritium is a critical issue for its use in ITER. DIII-D research is
investigating the physics of the transport and co-deposition of carbon and hydrogenic fuel,
and methods for removing the co-deposits. Spectroscopic measurements show that the
poloidal flow of singly ionized carbon in the scrape-off layer is decoupled from the core
plasma’s rotation, but is consistent with an E r  B drift due to a radial electric field in the
scrape-off layer [38]. Fast camera imaging now provides information on the quantity and
motion of dust particles in DIII-D discharges [39]. Experiments have shown that codeposition of carbon and deuterium is reduced on heated surfaces [40] and local gas injection
has been successful in minimizing co-deposition on diagnostics mirror samples. Laboratory
tests of samples taken from DIII-D have shown that thermal oxidation is effective at
removing carbon co-deposits; tokamak co-deposits have open structures and erode 2–3 orders
of magnitude faster than the more dense lab-produced films. Extensive testing has been
carried out to determine the effects of oxygen (or air) baking on the various materials found
in the DIII-D vacuum vessel, with the ultimate goal of an in situ test of co-deposit removal.
6. Summary and Future Research Directions
We have summarized recent DIII-D research in support of ITER, including the development
of operating scenarios for projections of fusion performance and tests of plasma control;
fusion science studies that provide the basis for prediction and improvement of ITER’s performance; improvement of ITER’s reliability through control of instabilities; and development of the means to control and mitigate the plasma’s interaction with surrounding
materials.
Future DIII-D research will continue to address scientific and technical issues for ITER.
New hardware capabilities are anticipated in the next several years to enable this research,
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including extension of the heating systems’ pulse lengths, high-density impurity delivery
systems for disruption mitigation, and operation with heated walls and divertor targets for
reduction of hydrogenic species co-deposition. A new set of RMP coils will enable further
study of the physics of the stochastic edge and ELM control.
The planned modification of a neutral beam line for injection with variable vertical angle
will allow studies of off-axis neutral beam current drive, as anticipated in ITER’s steady-state
scenarios. Recent experiments have validated models of off-axis current drive [41], using
DIII-D’s existing midplane injectors with small, vertically shifted plasmas. As shown in
Fig. 16, the current drive efficiency is sensitive to the beam’s alignment with the local magnetic field. Detailed transport modeling [42] predicts that, in full-sized DIII-D plasmas, a
vertically tilted beam line will provide up to 200 kA of current drive centered at mid-radius.
Such experiments will support the use of off-axis NBI in ITER’s steady-state scenarios.

FIG. 16. (a) Small, vertically shifted plasmas allow tests of off-axis beam injection. (b)
Experimentally measured neutral beam current drive (vertical bars) is in good agreement with
transport model predictions (dotted curves). Current drive with unfavorable magnetic field
pitch (green) is about half that obtained with favorable pitch (red and blue).
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