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Abstract
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The DIII-D tokamak has addressed key issues to advance the physics basis for ITER and
future steady-state fusion devices. In work related to transient control, magnetic probing is
used to identify a decrease in ideal stability, providing a basis for active instability sensing.
Improved understanding of 3D interactions is emerging, with RMP-ELM suppression
correlated with exciting an edge current driven mode. Should rapid plasma termination be
necessary, shattered neon pellet injection has been shown to be tunable to adjust radiation
and current quench rate. For predictive simulations, reduced transport models such as TGLF
have reproduced changes in confinement associated with electron heating. A new wide-
pedestal variant of QH-mode has been discovered where increased edge transport is found to
allow higher pedestal pressure. New dimensionless scaling experiments suggest an intrinsic
torque comparable to the beam-driven torque on ITER. In steady-state-related research,
complete ELM suppression has been achieved that is relatively insensitive to gos, having a
weak effect on the pedestal. Both high-gp,;, and hybrid steady-state plasmas have avoided
fast ion instabilities and achieved increased performance by control of the fast ion pressure
gradient and magnetic shear, and use of external control tools such as ECH. In the boundary,
experiments have demonstrated the impact of E x B drifts on divertor detachment and divertor
asymmetries. Measurements in helium plasmas have found that the radiation shortfall can
be eliminated provided the density near the X-point is used as a constraint in the modeling.
Experiments conducted with toroidal rings of tungsten in the divertor have indicated that
control of the strike-point flux is important for limiting the core contamination. Future
improvements are planned to the facility to advance physics issues related to the boundary,

transients and high performance steady-state operation.
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1. Introduction

Research on DIII-D [1] has made significant advances for
fusion energy, with a focus on resolving issues critical to the
success of ITER, while developing the operational knowl-
edge and scientific basis relevant for next-step fusion devices.
Progress has been made in the areas of transient control,
transport physics, understanding of core-edge coupling and
boundary processes, and integrated steady-state and inductive
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scenarios. Results described in this paper have been obtained
by utilizing key developments in the facility (e.g. disruption
mitigators, new diagnostics, very high harmonic fast wave
[‘helicon’] launch), as well as exploiting existing flexibility
(e.g. shape control, independent variation of torque and power,
decoupled ion and electron heating schemes, adjustable cur-
rent drive deposition, variable applied 3D field spectra), and
dedicated experimental campaigns with tungsten metal tile
inserts and helium main ion and beam injection.

© 2017 IAEA, Vienna Printed in the UK
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The paper is organized as follows. In section 2, recent
advances in the control of transient events, including both
ELM control and mitigation of major disruptions is described,
plus the first demonstration of runaway electron plateau
dissipation using the shattered pellet technique. Section 3
describes research aimed at preparing for burning plasmas,
including advances in the physics basis needed to achieve
O = 10 performance on ITER and improved understanding
of the relevant transport processes. In section 4, advances in
the physics of detachment are presented, detailing the impor-
tant role of drifts, together with new insights into the interplay
between the divertor and upstream pedestal profiles. Finally,
in section 5, work focused on achieving steady-state perfor-
mance for both ITER and future fusion reactors is discussed,
with an emphasis on the integration of both the appropriate
boundary solutions (ELM control and radiative divertor) and
techniques for mitigating anomalous thermal and fast ion
transport.

2. Control of transient events

2.1. Achieving high performance with robust ELM control

High confinement operation in H-mode is generally associ-
ated with strong gradients in the profiles near the edge, or so-
called ‘pedestal’ region. These strong gradients are observed
to trigger edge localized modes (ELMs) [2], which result in
repetitive bursts of energy and particles being expelled from
the pedestal. While ELMs can be beneficial in present toka-
maks by preventing impurity accumulation, in a burning
plasma like ITER, the much larger energy content makes the
periodic heat fluxes from ELMs a serious concern to the integ-
rity of plasma facing components. DIII-D is pursuing several
parallel lines of research to address this challenge, through the
suppression of ELMs with resonant magnetic perturbations
(RMP) [3], pellet pacing [4, 5], and naturally ELM-stable
regimes such as Quiescent H-mode (QH-mode) [6].

New insights into the physics of RMP ELM suppression
in ITER baseline conditions have been obtained providing
more confidence in projecting to ITER. Measurements have
revealed that ELM suppression is correlated with the magni-
tude of the plasma response driven on the high-field side (HFS)
at low go5 on DIII-D, typical of ITER baseline conditions. The
measured edge HFS response is found to be inversely propor-
tional to the pedestal collisionality but with no dependence
on Oy (figure 1), as would be expected for a current-driven
kink mode. This is in contrast to the pressure-driven kink that
depends on By and is observed on the low field side (LFS).
Work remains to understand how to properly model the input
equilibrium to predict experiments. Specifically, HFS mod-
eling is revealed to be very sensitive to the details of the edge
current profile and equilibrium truncation (which are not well
measured) [7]. This issue is not unique to IPEC [8] modeling
shown in figure 1. In contrast to issues identified with HFS
modeling, all experimental LFS trends were well captured
with both IPEC and MARS-F and reflects a more developed
understanding of how to model LFS trends. Understanding
mis-matches on the HFS is a frontier topic in plasma response

and work is on-going to address this topic. The results dem-
onstrated the importance of low collisionality for achieving
ELM suppression [9] and supported the first achievement of
ELM suppression at ASDEX Upgrade [10].

An emerging scientific picture to describe ELM suppres-
sion by RMP fields is that the expansion of the pedestal radi-
ally inward is halted by penetration of the field when the
electron perpendicular drift velocity is low. This has been sup-
ported by measurements in L-mode plasmas showing island
formation at the g = 2 surface from an applied field is easiest
when the perpendicular electron velocity (as inferred using
radial force balance, with ion measurements from charge
exchange recombination spectroscopy and Thomson scat-
tering measurements of the electrons) is near zero [11]. At the
onset of ELM suppression, the plasma rotation and density
fluctuation levels change rapidly, there is a transient increase
in the divertor heat flux, and an additional striation is observed
from visible emission on the inner wall. These changes are
indicative of a bifurcation in the transport resulting from pen-
etration of the fields. New experiments have found that ELM
suppression can be achieved at low rotation and low Gy [12],
but at higher By in ITER baseline conditions, ELM suppres-
sion is lost at reduced toroidal rotation. This is consistent with
the need of low electron perpendicular drift velocity to allow
field penetration, because co-current rotation is required to
counteract the diamagnetic contribution to the flow. Hence,
the achievement of ELM suppression in low rotation plasmas
at low gos likely requires the optimization of the edge intrinsic
rotation drive, non-axisymmetric field-driven torques and the
pedestal gradients, to ensure that the radial location of low
perpendicular electron velocity is near the top of the pedestal
as required [9].

As an alternative to actively suppressing ELMs, ITER will
also be equipped to pace ELMs with D, pellets, aiming to
increase the frequency of ELMs with a concomitant reduc-
tion in the peak heat flux. DIII-D has extended earlier studies
of high frequency ELM pacing with D, pellets (~90 Hz or 8
times the natural ELM frequency) to low rotation conditions
anticipated for ITER. High frequency pacing has also been
demonstrated with non-fuel Li pellets up to 200 Hz, resulting
in a 10-fold increase in ELM frequency, at least transiently
[13], as well as shown compatibility with core fueling. For
Li pacing, most triggered ELM events show reductions in the
heat flux, but a small fraction (<10%) show heat fluxes com-
parable to the natural un-paced ELMs.

Perhaps the most attractive solution to the ELM problem
is to develop scenarios that are naturally ELM-stable with
the required level of performance. QH-mode is one such can-
didate scenario, and has previously been reported at ITER
levels of performance without ELMs [14, 15]. In QH-mode,
the transport usually associated with ELMs is instead driven
by an edge harmonic oscillation (EHO) that limits the ped-
estal to just below the peeling-ballooning stability limit. The
EHO has previously been postulated to be a saturated kink-
peeling mode destabilized by rotation shear. New modeling of
a low-n EHO with the 3D resistive MHD code M3D-Cl finds
a linear Eigenmode structure that shows good agreement with
the experimental characteristics from magnetics and internal
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Figure 1. Plasma response amplitude to an applied n = 2 field as the phasing between the upper and lower I-coils is varied, at different Gy

and collisionality.

fluctuation diagnostics (figure 2), and confirms the importance
of rotation shear in destabilizing the low-n EHO [16, 17].
Nonlinear simulations with JOREK [18] and NIMROD [19]
produce a low-n saturated state with enhanced particle trans-
port consistent with the experimental observations during
QH-mode [20, 21].

Further advances have been made in the performance of
low torque QH-mode at higher gos. In particular, in a balanced
double-null shape, the plasma is found to bifurcate to a new
state at low torque, characterized by a significantly higher and
wider pedestal (figure 3). The most recent experiments have
demonstrated access to this state with essentially no early
input torque. In these conditions, the wide pedestal QH-mode
has achieved Gy~ 2.3 and Hog,,2 ~ 1.6. Measurements find
that the E x B shear in the steep gradient region is reduced at
low torque, which enables broadband turbulence to reduce the
edge pressure gradients and, consequently, produce the wider
pedestal [17, 22, 23]. Future work will investigate compat-
ibility in single null ITER-like shapes and reduced gos.

2.2. Disruption mitigation

If left unmitigated, full-current disruptions would pose a
serious threat to the integrity of the vessel components and
first wall of ITER. A hierarchical approach is anticipated for
preventing disruptions, by designing operating scenarios that
minimize the risk of plasma termination, utilizing control
schemes to avoid exceeding relevant stability limits, deploying
techniques for safe ramp down such as locked mode spin up,
and, where necessary, employing a disruption mitigation
system (DMS) as a last line of defense. The DMS on ITER
must simultaneously prevent damage from localized thermal
losses during the thermal quench, excessive forces during the
current quench, and effectively dissipate any runaway electron
(RE) beams that may arise from the disruption.
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Figure 2. (@) M3D-C1 simulation of the fluctuation in the electron
pressure. Comparison of fluctuations in (b) density, and
(c) temperature from M3D-C1 with experimental measurements.

DIII-D is uniquely equipped with the primary ITER DMS
technology, shattered pellet injection (SPI), demonstrating
thermal and current quench times that scale to values required
for ITER. Relative to massive gas injection (MGI), SPI has
shown improved assimilation of the injected impurity species
[24]. The first successful demonstration of RE plateau dissi-
pation using SPI has been achieved [25], although changes in
the composition of the pellet may be necessary to optimize
dissipation properties. Separate experiments using a mixed
species SPI technique show how the disruption properties can
be tuned to optimize the trade-off in the radiation fraction and
the current quench time (figure 4) [26].

Concerns have emerged regarding disruption mitigation in
the presence of pre-existing MHD instabilities (e.g. rotating
or locked magnetic islands), since the vast majority of exper-
imental experience has been gained with disruptions triggered
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Figure 3. Pedestal width bifurcation during torque ramp down in
QH-mode. (a) Neutral beam torque (from counter-injected toward
balanced), (b) electron pressure pedestal width, and (c) spectrogram
with toroidal modal number identification from magnetics
measurements.
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Figure 4. Radiation fraction and normalized current quench time
versus neon quantity using SPI.

by the DMS in otherwise stable plasmas. New experiments
on DII-D show that both MGI and SPI techniques remain
effective even in the presence of MHD instabilities, with no
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Figure 5. Energy-resolved growth rate of gamma rays from GRI as
a function of electric field.

significant impact to mitigation of either the thermal or cur-
rent quench loads [27]. In addition, particle assimilation is not
degraded during the thermal quench, the radiation fraction is
similar, and the injected impurities remain effective at accel-
erating the current decay.

DIII-D has deployed a new gamma ray imaging (GRI)
diagnostic, a tangentially viewing pinhole camera, to make
energy-resolved measurements of the incident gamma ray
flux produced [28]. Inversion techniques are used to infer the
RE distribution from the measured gamma ray flux. Energy-
resolved measurements during controlled dissipation studies
in quiescent runaway experiments show different growth and
dissipation rates at different energies (figure 5), revealing
that previously observed anomalous dissipation occurs at
low energies [29]. However, higher energy runaway electrons
transition to growth at approximately twice the critical elec-
tric field, more consistent with recent revisions to theory [30].
The cause for the anomalous loss at low energy is still under
investigation, but one hypothesis is that it is due to magnetic
fluctuation-driven radial transport.

3. Preparing for burning plasmas

3.1. Establishing the basis for Q = 10 performance in ITER
relevant conditions

DIII-D is developing critical operational experience and sci-
entific understanding to help ITER achieve its primary per-
formance mission. To minimize the distance of extrapolation
to ITER, DIII-D continues to extend scenarios toward more
relevant conditions. In particular, recent work has focused on
both increased heating through the electron transport channel
and investigation of low torque stability and confinement.

A degradation in confinement is observed when ECH
is added to ITER baseline (IBS) plasmas, associated with
increases in both low and higher wavenumber density fluc-
tuations as measured by the beam emission spectroscopy
(BES) and Doppler backscattering (DBS) diagnostics. Power
balance analysis shows a factor of two or greater increase
in thermal ion and electron heat diffusivities (x;, x,) at radii
outside the ECH deposition location (typically p ~ 0.4). New
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Figure 6. Plasma magnetic response amplitude to a slowly
rotating (=20 Hz) n = 1 field versus rotation, and comparison with
MARS-K.

time-dependent transport simulations using the trapped-
gyro-Landau fluid (TGLF) [31] transport model successfully
reproduce the observed changes in confinement resulting from
an increase in intermediate- and high-k TEM- and ETG-scale
turbulence, well-reproducing the electron density, electron
temperature, and ion temperature profiles, and consistent with
the fluctuation diagnostics [32, 33]. These predictions of sig-
nificant electron transport driven by high-k fluctuations have
been confirmed by direct nonlinear multi-scale gyrokinetic
simulations [32]. When TGLF is used to predict particle trans-
port for ITER, the balance of outward low-k and inward inter-
mediate-k turbulent particle flux results in a peaked density
profile, highlighting the need to also understand transport par-
ticle transport across spatial scales. Simulations with TGLF
find the predicted fusion gain in ITER is below the O = 10
target when assuming a flat density profile, but this can be
recovered by including the predicted peaking of the density
(although the impact on stability has not yet been investi-
gated). The fusion gain can be increased further by exploiting
higher pedestal density, which gives higher pedestal pressure
and potentially even access to Super H-mode [34].

The ITER baseline scenario on DIII-D is typically chal-
lenged by low-n tearing modes, and at low torque there is a
strong tendency for m/n = 2/1 tearing modes to slow and lock,
often resulting in disruption. The differential rotation between
the ¢ = 2 and the g = 3/2 surface provides a partial separa-
tion of stable versus unstable time slices in a database of IBS
discharges. In addition, at low torque and low rotation, the
pedestal is typically found to be higher than in the standard
co-NBI IBS, resulting in a modification to the bootstrap cur-
rent and change in the overall current density profile shape at
fixed total current. As a result, lower torque plasmas tend to
be characterized by a current profile that is more ‘hollow’ in
the vicinity of the ¢ = 2 surface. Unstable discharges tend to
have a larger current gradient inside and outside of the ¢ = 2
surface, while stable discharges tend to have a flatter current
profile around ¢ = 2 [33].
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Figure 7. An increase in the plasma response measured in real-time
with MHD spectroscopy is observed prior to the rapid rise of the
2/1 mode amplitude.

An extension of active MHD spectroscopy (AMS) to IBS
conditions has revealed the approach toward an ideal sta-
bility limit at low rotation. The plasma magnetic response to
a slowly rotating (=20 Hz) n =1 field increases a factor of
two to three as the rotation is reduced, and the phase shows a
sudden change at low rotation. Such a response is typical of
AMS measurements when the plasma crosses an ideal MHD
stability limit at high (. In these IBS plasmas, kinetic effects
appear to be significant, with By only approximately half of
the calculated no-wall limit. Modeling with the fully kinetic
MARS-K model [35] with collisionality and resistivity, and
the underlying equilibrium kept fixed, partially reproduces
the amplitude response as the rotation is lowered, but do not
yet capture the response at the lowest rotation levels (figure
6). Refinements to the collisionality model in the quasi-
linear version MARS-Q [36] may improve the agreement at
very low rotation [33]. In figure 7, one sees that the onset of
a 2/1 instability is preceded by a significant increase in the
plasma response as measured by real time sensors, illustrating
the potential to use real-time measurements of the plasma
response as part of a disruption warning and alarm system.

Adequate error field correction (EFC) is necessary to
minimize unwanted field penetration leading to rotating or
locked tearing modes. While the critical amplitude for trig-
gering 2/1 islands has been well documented for n = 1 fields
[37-39], similar studies have not been reported for n > 1
fields. Recent measurements have indicated that locked
mode thresholds for n = 2 are similar to n = 1 thresholds,
with applied field amplitudes comparable to the intrinsic
n = 2 error field on DIII-D able to trigger a locked n = 2
mode (figure 8). These n = 2 modes typically saturate within
a few hundred milliseconds and are usually accompanied by
an n = 1 locked mode. The comparable sensitivity to n = 2
error fields and the multi-mode coupling between n = 1 and
higher n’s would imply a need for n > 1 error field cor-
rection using more than a single independently controlled
toroidal array in ITER [40].
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3.2. Improving transport understanding for projection
to burning plasmas

Confidently projecting the results from DIII-D to future burning
plasma devices requires a solid physics basis. While there have
been many important advances in the understanding of energy
transport, it is now being realized that multi-scale turbulence
must also be considered, and more attention is also being given
to understanding momentum and particle transport.

A key uncertainty for projecting scenarios to future devices
is the rotation, which can impact both confinement and sta-
bility. Because future large scale devices such as ITER are
expected to rotate relatively more slowly from beam-injected
torque than present day tokamaks, due to the rapid increase
in moment of inertia with machine size, the intrinsic drive of
rotation may play an important role. Dimensionless scaling
experiments have suggested a more favorable p* scaling of
the intrinsic torque than expected from theoretical arguments
(figure 9), and joint experiments with JET and ASDEX-
Upgrade have confirmed this scaling [41, 42]. In addition,
DIII-D experiments have shown a relatively weak scaling of
intrinsic torque with v* [43]. These DIII-D results have been
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Figure 10. Comparison of measured main ion rotation with
prediction from GTS gyrokinetic simulation of intrinsic drive.

combined to yield a projection for the intrinsic torque in ITER
that is comparable to the amount injected by neutral beams.

A flow reversal has been observed in the core of DIII-D
L-mode plasmas when ECH is raised above a threshold power,
which is correlated with the onset of ITG turbulence. New
simulations with the Gyrokinetic Tokamak Simulation (GTS)
code [44] accurately reproduce the observed toroidal rota-
tion in the core resulting from a fluctuation-induced ‘residual
stress’ (figure 10) [42, 45]. Although these measurements and
simulations are for L-mode, the gyro-Bohm normalized flux
of residual stress in the core of an ITER H-mode may exceed
that from the beam driven torque, and hence validation of the
core residual stress is important for predicting the shear in the
rotation profile, which, as noted earlier, can affect stability.

Experiments in hybrid plasmas have demonstrated that
ECH power can help prevent the accumulation of argon
injected by perturbative gas puff (i.e. impurity ‘flushing’),
similar to previous observations on ASDEX-Upgrade [46].
Predictions of the argon profile evolution are made using
STRAHL to calculate the Ar source, and TGLF for the impu-
rity transport coefficients. TGLF underpredicts the turbulent
radial transport, resulting in higher argon accumulation and a
more peaked argon density profile compared to the experiment
[47]. In separate experiments where the temperature is held
fixed while the torque is varied, the electron particle transport
is affected by the E x B shearing rate when the shearing rate
is below the linear growth rate [48]. The normalized density
scale length RVn/n is well-correlated with the frequency of
the dominant unstable mode, similar to previous observa-
tions on ASDEX-Upgrade [49], with the peaking maximized
when the turbulence switches from ITG to TEM (figure 11).
Nonetheless, core density peaking can be explained in some
cases by increased core fueling from neutral beams, rather
than specifically due to changes in collisionality [5S0]. Further
study is needed to understand this observation in the context
of multi-machine databases that show a strong increase in
density peaking as the collisionality is reduced.

In general, an integrated approach to transport predic-
tions is required, and theory-experiment validation efforts
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on DIII-D have increased the confidence in ITER achieving
its Q = 10 mission. A self-consistent coupling of core and
pedestal theoretical models has enabled global predictions
of plasma performance to be made, without any free or fit
parameters. An example of the agreement found in predicting
the electron temperature profile is shown in figure 12(a)
[51, 52]. In this example, TGLF is used for the turbulent
transport model in the core, NEO [53] is used for neoclas-
sical transport, and with EPED [54, 55] providing the ped-
estal parameters that provide the ‘boundary conditions’ to the

TGLF model through a ‘transition region’, and the solution
is found using the transport solver TGYRO [56] within ‘One
modeling framework for integrated tasks’ (OMFIT) [57].
Although not shown, excellent agreement is also achieved in
the ion temperature and density. These simulations predict the
global Gy, independent of the initial estimate, and does not
take input from the experiment of the pressure at any radius
in the plasma. Figure 12(b) also shows that regardless of the
initial guess for Oy, the solution converges to a unique, self-
consistent solution. In a large database of 200 discharges,
this coupled modeling predicts the observed Oy to within
15%. Applied to ITER, paths to optimizing fusion gain up to
O = 12 have been found [52]. A new exciting frontier is now
being explored with large multi-scale simulations that will
lead to further improvements in the transport models and a
better treatment of the balance of electron and ion transport
[32, 58].

New studies find that the L-H power threshold is mini-
mized as a function of density for both hydrogen and deu-
terium plasmas when two counter-propagating broadband
turbulence modes are present preceding the L-H transition
(figure 13(c)) [59]. These modes are located just inside the
separatrix, giving rise to an increase in poloidal flow shear
that enhances turbulence suppression and facilitates the trans-
ition. In lower density L-mode plasmas (where the density is
below the value corresponding to the minimum in the L-H
power threshold), only the ion direction propagating mode
is present (figure 13(a)), while at higher densities, only the
electron mode persists. In hydrogen plasmas, the appearance
of the dual mode occurs at higher density than in deuterium
plasmas, which could help explain the mass-dependence in
the power threshold. Across the L-H transition, the poloidal
main ion flow acceleration is found to be quantitatively con-
sistent with expectations from the turbulent Reynolds-stress
across the entire edge shear layer [60]. Data from these studies
are now being used to help constrain numerical models of the
L-H transition.

4. Developing the necessary boundary solutions
for fusion

4.1. Advances in physics of detachment

The Divertor Thomson Scattering (DTS) diagnostic has been
used to show that drifts are responsible for in-out asymmetries
and shifts in the radial profiles in the divertor leg, a result that
is directly illustrated through the reversal of the toroidal field
and associated E x B drifts. The measured temperature and
density asymmetries have been reproduced with the UEDGE
code [61] in H-mode discharges and point to the interplay
between radial and poloidal E x B drifts, where poloidal drifts
are responsible for the strong in-out asymmetries in H-mode
(figure 14), while radial drifts shift the density profile [62].
Reversing the toroidal field is also found to lower the den-
sity for detachment in H-mode, illustrated by the plots of
the peak temperature at the plate versus density in figure 15.
Again, this can be understood due to the different role of E x B
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drifts, and indeed, modeling of these plasmas with UEDGE
(not shown) is able to qualitatively reproduce this effect on
the detachment threshold, provided full cross-field drifts are
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Figure 15. Comparison of threshold in density for detachment in
forward and reverse toroidal field directions, indicated by a drop
in the peak electron temperature at the target.

included. While other processes in the divertor such as elec-
tron heat conduction and recycling are critical for divertor
modeling, it is becoming clear that complete quantitative pre-
dictions of partially detached divertor conditions and associ-
ated in-out asymmetries need to include drifts, and that future
divertor designs might be better optimized by accounting for
asymmetries due to drifts.

A persistent ‘radiation shortfall’ has been found when
performing divertor modeling, in both L- and H-mode deute-
rium plasmas. To investigate the role of atomic physics in the
radiation shortfall, detachment experiments were performed
in L-mode helium plasmas, which have reduced uncertain-
ties compared to standard deuterium plasmas with carbon
impurities because of the reduction of molecular deuterium
and hydrocarbon reactions. Without direct measurement of
the density in the divertor, the standard technique is to use
the upstream density as a constraint to the divertor modeling.
However, the DIII-D DTS diagnostic measures higher den-
sity throughout much of the divertor than indicated by SOLPS
[63] modeling, as shown in figure 16. This under-prediction
of the density contributes to an under-prediction of the radia-
tions. Indeed, the radiation shortfall can be largely eliminated
in helium plasma by taking a new approach to modeling
the divertor, by matching the DTS-measured density near
the X-point as a constraint. However, in order to produce a
well-matched divertor, ~50% higher upstream density than is
measured was needed in the modeling. This shows that par-
allel transport plays an important role in the radiation short-
fall when upstream data are used to constrain the models,
and suggests that the models may be missing contributions
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Figure 16. SOLPS predicted divertor density profile when
matching the upstream density (blue) versus matching the X-point
density (red), compared with the experimentally measured divertor
density. When following the standard approach of matching the
upstream density, the predicted divertor density is too low.
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Figure 17. (a) Plasma double-null shape used for study of peak
heat fluxes to the outer divertor target, including direction of
VB x B drift. (b) Peak heat flux in lower divertor as a function
of power for different plasma currents.

to the total SOL pressure balance (e.g. underestimating ion
contributions). Although the radiation shortfall can be elimi-
nated in helium plasmas, the same is not true for deuterium
plasmas, where increasing the upstream density only partially
reduces the shortfall. This is consistent with previous results
suggesting that inaccuracies in the models of molecular deu-
terium may contribute to the shortfall, and highlights the
need to improve deuterium atomic and molecular physics in
the modeling. Future experiments using the divertor SPRED
spectrometer will further quantify these effects.
Measurements in unbalanced double-null plasmas biased
toward the lower divertor (dR., =~ 5 mm) find that the peak
heat flux at the outer divertor target of the primary divertor
scales as g, o< (Psodp) %%, where Psop is the power through
the SOL, consistent with the ITPA scaling originating mostly
from single null plasmas (figure 17). At very high power and
Oy > 3.7, the addition of D, gas as part of a puff-and-pump
radiative divertor is found to result in a more significant
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Figure 18. 2D electron temperature profile in the divertor at

(a) low and (b) high density. High temperature lobes extend toward
the divertor target at lower densities, but lift up and away from

the target at higher density.

increase in density than typically observed, in part due to a
reduction of the ELM frequency. This stronger effective core
fueling sets an upper limit to the D, gas flow in DIII-D to
maintain density control in a high Gy discharge with puff-
and-pump radiative divertor, and may represent an additional
challenge for the technique in very high performance plasmas.
In these high Gy discharges, the energy confinement actually
increases with D, gas flow, with Gy rising to nearly 4 at fixed
power [64, 65].

The more advanced divertor geometry referred to as the
X-divertor shows detachment at lower upstream density than
standard divertor operation. At present, it is believed that the
negative gradient in the poloidal field at the target (i.e. flaring)
together with an increased connection length through the high
neutral region at the target is responsible for facilitating this
detachment at lower density.

A concern has emerged regarding the use of 3D fields
(as might be envisioned for ELM control in ITER), because
RMP fields had been observed to create lobes in the electron
temperature that extend to the divertor plates (figure 18),
as well as non-axisymmetric heat flux striations, which can
lead to high levels of heat flux on less well-armored divertor
regions. However, new experiments on DIII-D have shown that
these effects can be altered by typical dissipative processes
at higher densities, where the electron temperature lobes
move up, away from the targets. This occurs even before par-
tial detachment begins. Therefore, partial detachment of the
divertor may be sufficient to lower the temperature of particles
striking the target plate in ITER, reducing sputtering, even
when RMP fields are applied. The elimination of 3D effects
occurs even though the effect on the particle confinement from
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Figure 19. Comparison of density and temperature profiles between
more closed versus open divertor configurations.

the RMPs persists, as evidenced by the fact that higher fueling
rates are required to maintain the same density, even above
detachment. In EMC3-Eirene [66] simulations where only the
density is varied, the observed reduction in non-axisymmetric
divertor flux structures can be qualitatively reproduced. The
reproduction of the observed trends demonstrate that EMC3-
Eirene will be useful for understanding how the present
results likely scale to ITER operational scenarios with RMPs,
although it should be noted that changes in plasma response
were not included in the simulations and remain an active area
of research [67].

4.2. Interplay between divertor, SOL and pedestal

Comparison of the pedestal profile in the DIII-D closed upper
divertor to the more open lower divertor shows that the more
closed geometry exhibits an electron pedestal density profile
with a shallower gradient and lower height. This in turn results
in a higher electron temperature pedestal (figure 19). Modeling
shows that the more closed geometry results in a higher frac-
tion of neutrals ionized in the divertor and a 30% reduction
in the pedestal ionization source in otherwise similar divertor
plasma conditions without auxiliary gas fueling. These dif-
ferences remain even as the fueling is increased, such that the
plasma detaches at pedestal densities 20% lower in the more
closed divertor. While pedestal pressure and confinement tend
to degrade under dissipative divertor operation, this appears to
be a consequence of operating at higher collisionality, corre-
sponding to a pedestal that is ballooning limited, and should
be overcome in future devices operating at high density but
low collisionality on the kink-peeling boundary [68].

4.3. Understanding material erosion and migration

Molybdenum and tungsten samples have been inserted into
DII-D wusing the Divertor Materials Evaluation System
(DIiMES) and have shown that the erosion rate is strongly influ-
enced by carbon concentration in the plasma and the magn-
etic pre-sheath, and can be actively controlled with electrical
biasing, as well as by local gas puffing. Modeling with the
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Figure 20. Experimentally measured radial profiles of net erosion
rate for Mo and W and comparison with ERO modeling.

ERO code [69, 70], including a material mixing model, indi-
cates that higher carbon concentration leads to more carbon
deposition in the mixed material surface layer, which reduces
the high-Z material erosion due to surface dilution [71]. E x B
drifts directly impact the low-Z impurity transport and its
deposition on high-Z material surfaces. The net erosion pro-
files on both Mo and W samples are well reproduced by ERO
simulations assuming a carbon concentration of 1.8% (figure
20). New experiments show that Mo erosion can be reduced
more than an order of magnitude when the biasing voltage is
close to 40V. The plasma density and temperature, controlled
through localized gas puffing, can also modify the net erosion
of high-Z material, as lower temperature and higher density
result in a lower sputtering yield but higher carbon deposition
in the surface [72].

New experiments have recently been performed using com-
plete toroidal rings of W-coated metal inserts at two poloidal
locations in the lower outer divertor (figure 21(a)) to quantify
high-Z divertor erosion and migration, together with the
impact on core scenarios. The metal ring located on the shelf
utilized an isotopically enriched '8?W to help distinguish the
location for any observed metal influx. This was done using
a new ex situ analysis technique, inductively-coupled-plasma
mass spectroscopy (ICP-MS), to quantify the deposition of the
different W isotopes on an upstream midplane collector probe.
In high power H-mode plasma, there is little evidence of any
182W originating from the shelf tile when measured at the col-
lector probe, even with significant incident flux and source
measured by direct filterscope view of the enriched tile, with
nearly all the signal matching the natural W from the strike-
point (figure 21(b)). This suggests that control of the strike-
point flux is key to limiting the core contamination. In general,
the W source was strongly impacted by the divertor character-
istics, including ELM size, ELM frequency, flux expansion
and location of the strike point. In high power, near-steady-
state hybrid discharges, utilizing strong on-axis EC power for
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Figure 21. (a) Cross-section of lower half of DIII-D showing
location of the tungsten rings and collector probe. (b) Tungsten
areal density measured at the collector probe, identified by location
using inductively-coupled-plasma mass spectroscopy to distinguish
the different isotopes of tungsten.
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Figure 22. Comparison of hybrid discharges before and during

W ring inserts: (a) Heating power; (b) Oy; (¢) Spectroscopic
measurement of W45 +, indicating no measurable signal; (d) gmin
evolution; and (e) central electron temperature. () Comparison of
the tungsten concentration in this hybrid discharge with a high
gmin discharge.

current drive, W accumulation was not observed, and the per-
formance was essentially identical to cases without the metal
rings (figures 22(a)—(e)). This is in contrast to other scenarios
such as high-gpin, Which tends to use off- rather than on-axis
EC power, resulting in significantly higher W concentrations
(figure 22(f)) as a consequence of losing the benefit from
ECH ‘flushing’ (described in section 3.2) that inhibits impu-
rity accumulation [73]. More specifically, the ECH appears to
lead to increased turbulent transport that flattens the density
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Figure 23. Demonstration of RMP ELM suppression in steady-
state hybrid plasmas over a range in gos.

profile and reduces the inward neoclassical impurity pinch.
The higher W concentration in the high-gy,;, plasmas often led
to radiative collapse.

5. On the path to steady-state operation

5.1. Development of high performance steady-state
scenarios

Significant advances have been made in developing an inte-
grated core-edge solution for the steady-state hybrid regime.
Previous work established it as a potentially attractive sce-
nario, with simultaneous high Gy ~ 3.7 and high confinement
Hog(y,2)~ 1.6 achieved with zero loop voltage in a double null
shape [74]. More recently, complete ELM suppression was
achieved in plasmas using an ITER similar shape at Gy~ 3
using odd parity n =3 fields with only modest impact on
performance (=5% reduction in Hogy2) and ~10% in pedestal
pressure). Unlike at lower gos for the IBS, ELM suppression is
achieved over a wide range in gos (6 < ¢o5 < 7.5) in the steady-
state hybrid (figure 23). Simulation suggests the scenario
benefits from an increased plasma response due to the higher
On, relative to the ITER baseline. New experiments have also
demonstrated that high performance can be maintained with
an argon puff-and-pump radiative divertor at Gy~ 3, which
enables radiated power above 50%, peak heat flux in the upper
outer divertor reduced by a factor of two, and with less than a
10% increase in Z.g and less than a 5% reduction in confine-
ment [75].

Part of the attraction of the steady-state hybrid is that it
can take advantage of on-axis current drive, with an anom-
alous process redistributing the current to give a broad g-
profile associated with excellent confinement and stability.
A new technique has been developed to quantify this process



Nucl. Fusion 57 (2017) 102018

W.M. Solomon for The DIII-D Team

a) b)
20 ;H H
9‘% gﬁg 4 gsyz o
1.0p-"77mmmmmmmmmmmmmm| prmmmmmomm oo
0.0 _ 100 7 9 11 13
Rotation (krad/s) Qgs

@ p=0.5
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Figure 25. ((a), (b)) Electron temperature profiles at different
values of (p, as indicated in (¢) showing trajectories of [p as either
Oy or qos are varied.

by comparing the poloidal flux driven by the coils and the
poloidal flux converted to kinetic energy [76]. When there is
no m/n = 3/2 tearing mode, the two measures of poloidal flux
are in agreement and there is no anomaly in the current profile.
However, in the presence of the mode, a difference emerges,
sufficient to drive up to 10% of the current. Additional experi-
ments and simulation utilizing applied 3D fields indicate this
can arise due to a 3-wave interaction causing a helical dist-
ortion of the plasma core [77].

Separately, a high bootstrap fraction, high Gp (<4) sce-
nario has been developed in collaboration with EAST [78],
with a large radius internal transport barrier (ITB) operating
fully non-inductively at gys~ 12 and maintaining good con-
finement and stability even at reduced torque (figure 24(a)).
The scenario characteristics have also been maintained when
the plasma current is increased inductively (figure 24(b)), sug-
gesting that a stable, fully non-inductive scenario at lower gos
should be feasible. New fluctuation measurements corrobo-
rate transport is predominantly neoclassical in this scenario,
with no long wavelength turbulence detected. Turbulence
is suppressed due to the large Shafranov shift (rather than
E X B shear) in these high Gp plasmas. When [Gp is ramped
down by either reducing Gy or reducing gos, the Shafranov
shift stabilization is reduced, and the strong electron temper-
ature ITB is eventually lost (figure 25) below a threshold.
Both experiments and ideal stability calculations suggest that
wall stabilization is important in this scenario, i.e. the ITB
is observed to expand to larger radius at higher Gy, which in
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Figure 26. Relative changes in (a) ion heat diffusivity and
(b) density fluctuations between high and low T/T; for positive
and negative central shear.

general improves the wall-stabilization and enables higher
On- Projections to ITER suggest the high bootstrap fraction
scenario will be fully non-inductive at lower gys ~ 6, Gp~ 2.1
and Oy ~ 2.9, and can potentially reach Q = 5 if confinement
of Hog(y 2~ 1.6 is achieved. Analysis suggests this might be
feasible, by maintaining the Shafranov shift with a stronger
reverse shear current profile to compensate the lower Gp [79].

In separate high-gn;, experiments at lower gos, high con-
finement (Hog(y,2) =~ 1.5) and improved stability up to By ~ 4
is achieved when ¢, ;, >2 and with negative central shear
(NCS). These are limited in 3 by the ideal wall stability
limit as predicted by MHD theory, provided other instabili-
ties including resistive wall modes and tearing modes are
avoided. Stability analysis indicates higher limits are pos-
sible at lower ¢; [80], validating the planned path for further
improvement through off-axis current drive. To further this
goal in a reactor, DIII-D is also exploring very high har-
monic fast waves (‘helicon’) at 476 MHz in plasmas with
high electron 3 [81]. An initial low power test of a comb-line
type antenna with 12 modules revealed good coupling, and
research is ready to proceed to a 1 MW system to test non-
linear dynamics [82].

5.2. Control of thermal and fast ion transport

New experiments demonstrate that a broad current profile
incorporating NCS is effective in mitigating confinement deg-
radation associated with increasing the electron to ion temper-
ature ratio 7,/T;, with the T; profile maintained as ECH is added,
unlike observations in standard positive shear plasmas. The
difference can be explained in terms of the turbulence, with
both simulations and measurements showing that increases in
T./T; have less impact on the fluctuation levels in NCS plasmas
(figure 26) [83].
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(b) Distribution of fast ion transport events at different beam
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Figure 28. (a) Spectrogram of density fluctuations, showing
coherent NTM at low frequency (below 100kHz) and a wide band
of coherent Alfvén Eigenmode activity at higher frequencies.

(b) Comparison of measured neutron rate with classical calculation
and from new phase space resolved ‘kick-model’.

In high-gmin plasmas, increased fast ion transport has been
observed, which is now understood to be the result of mul-
tiple unstable Alfvén Eigenmodes that can lead to ‘stiff” fast
ion transport above a critical gradient. The rapid increase in
fast ion transport observed with increasing power is well cor-
related with the degree of stochasticity of the fast ion orbits
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Figure 29. Density fluctuation spectrogram showing coherent
Alfvén Eigenmode activity without (a) and with (b) ECH deposited
near ¢min. In the case with ECH, the minimum allowed RSAE
frequency exceeds the TAE frequency, and frequency sweeping
RSAES are not observed.

resulting from the overlapping modes, as calculated with
the ORBIT [84] code, as shown in figure 27(a). In addi-
tion, intermittent losses are observed to increase with beam
power above the threshold (figure 27(b)), and the fast ion den-
sity profile remains relatively unchanged even as the source
power is increased [85, 86]. In such cases, the neutron rate
is over-predicted by TRANSP [87] using classical slowing
down and pitch angle scattering. A new phase-space resolved
‘kick-model” [88] has been developed and implemented in
TRANSP to take into account the resonant effects of multiple
modes and the fast ions. With this improved model, the neu-
tron rate is accurately reproduced (figure 28) [89]. The poor
fast ion confinement is calculated to be a consequence of an
undesirable alignment between the fast ion pressure gradient
and gmin, and both simulations and experiments show that
moving gpmi, to larger radius, where the fast ion pressure gra-
dient is less steep, can effectively mitigate the anomalous fast
ion transport, an effect that appears to be in play in the high
Op scenario. This further validates the path for broadening the
current to develop high performance scenarios.

In the steady-state hybrid scenario, the addition of cen-
tral ECCD suppresses fast ion instabilities, somewhat similar
to previous work that found a dramatic impact on Alfvén
Eigenmode activity when EC power is deposited in the
vicinity of the location of gmi,. In cases with reverse magn-
etic shear, careful studies have revealed that finite temper-
ature effects can explain the impact of EC power on Alfvén
Eigenmode stability. A model was developed constraining
the Reverse Shear Alfvén Eigenmode (RSAE) frequency
sweep between a minimum frequency for the RSAE frgag min
(related to the geodesic acoustic mode (GAM) frequency
with a correction associated with the temperature gradient)
and the Toroidal Alfvén Eigenmode (TAE) frequency frag,
implying RSAESs are not observed when the frgag min Z/TAE-
This model successfully distinguishes between plasmas with
strong TAE4+RSAE activity versus those with a spectrum of
TAE fluctuations, across a wide database of DIII-D discharges
[90, 91]. A specific example shown for two discharges with
and without ECH deposited near gn;, is shown in figure 29.
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In the case with ECH, frsag min > frag and there are no fre-
quency-sweeping RSAEs observed, as expected from this
model (although strong TAE activity is still permitted and
indeed observed). Due to the fact that the number of modes,
their frequency, spatial extent and amplitude can impact
AE-induced energetic particle (EP) transport, modifying
the AE activity from combined RSAE and TAEs to purely
TAEs does not necessarily cause an improvement in fast ion
confinement. TAEs are often more effective than RSAEs at
causing EP transport due to their higher poloidal harmonic
content and potentially larger radial extent, often extending
to the plasma edge in DIII-D plasmas [92]. Consistent with
this picture, previous experiments with ECH ‘stabilized’
RSAEs, but a remaining spectrum of TAEs, showed modest
improvements in EP confinement yet still had significant neu-
tron deficits [93].

6. Summary and future plans

This paper has described key advances in understanding, and
demonstration of important principles necessary for real-
izing fusion energy. RMP-ELM suppression is found to be
correlated with exciting an edge current driven mode, while
core tearing mode drives are mediated through a global kink
response. A more complete understanding of QH-mode has
been developed, with modeling confirming the EHO as a
saturated kink-peeling instability destabilized by E x B shear.
Shattered pellet injection, the technique selected for disrup-
tion mitigation on ITER, has demonstrated runaway electron
dissipation for the first time and shown improved impurity
assimilation compared with massive gas injection.

Stability remains a challenge for the IBS on DIII-D at low
torque, where m/n = 2/1 tearing modes are generally observed
to be triggered. Active MHD spectroscopy has been successful
in detecting the approach to ideal instability in the low torque
IBS, which appears to be a precursor to the 2/1 instability.
New studies show a more favorable p* scaling for the intrinsic
rotation drive than might be expected from theory, giving rise
to a torque that may be comparable to that from neutral beams
on ITER. ECH power is found useful for preventing accumu-
lation of both moderate- and high-Z impurities.

New diagnostic capability has shown the critical role of
drifts in driving in-out asymmetries in the divertor legs. The
previously observed ‘radiation shortfall’ is largely eliminated
in helium plasmas, provided that the divertor density is repro-
duced. Therefore, improvements in the parallel transport and
atomic/molecular physics are needed to resolve the radia-
tion shortfall in the modeling. 3D striations observed in the
divertor with applied RMPs are eliminated at higher density
approaching detachment.

ELM-suppression has been achieved in fully non-inductive
steady-state hybrid plasmas, with relative insensitivity to gos,
and only small impact on confinement and performance. The
high Op scenario maintains high confinement levels even at
low levels of torque, understood by the fact that the turbulence
is suppressed by high ( Shafranov stabilization. Anomalous
fast ion transport is understood to result from stiff transport
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above a critical gradient, which can be overcome by moving
the location of gpi, to larger radius.

Future plans include a modification to the upper divertor
on DIII-D for testing several principles of closure, as well as
exploiting a new optimized geometry dubbed ‘small angle
slot” (SAS) that aims to achieve detachment at reduced
upstream density and lower temperatures across the entire
target, important for an advanced divertor solution. A second
SPI system using a three-barrel ITER prototype design [94] is
currently being installed on DIII-D, which will allow invest-
igation of pellet synchronization and multiple pellet injections
from toroidally distinct locations to provide valuable informa-
tion in preparation for operation on ITER. New power sup-
plies have been provided through a collaboration with ASIPP
that will enable increased flexibility of 3D coils for improved
transient control. During a planned long torus opening begin-
ning in the first half of 2018, a second neutral beam line
will be modified to deliver additional off-axis current drive,
which together with increased ECCD power will be exploited
to push toward a fully non-inductive high g, ~ 2 scenario
with By 2 4.5 to help resolve the path to steady-state. There is
also a plan to further validate the helicon approach for driving
off-axis current with a high power antenna installation.
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