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Abstract

The DIII-D tokamak has elucidated crucial physics and developed projectable solutions for
ITER and fusion power plants in the key areas of core performance, boundary heat and particle
transport, and integrated scenario operation, with closing the core-edge integration knowledge
gap being the overarching mission. New experimental validation of high-fidelity, multi-channel,
non-linear gyrokinetic turbulent transport models for ITER provides strong confidence it will
achieve Q > 10 operation. Experiments identify options for easing H-mode access in hydrogen,
and give new insight into the isotopic dependence of transport and confinement. Analysis of 2,1
islands in unoptimized low-torque IBS demonstration discharges suggests their onset time
occurs randomly in the constant 8 phase, most often triggered by non-linear 3-wave coupling,
thus identifying an NTM seeding mechanism to avoid. Pure deuterium SPI for disruption
mitigation is shown to provide favorable slow cooling, but poor core assimilation, suggesting
paths for improved SPI on ITER. At the boundary, measured neutral density and ionization
source fluxes are strongly poloidally asymmetric, implying a 2D treatment is needed to model
pedestal fuelling. Detailed measurements of pedestal and SOL quantities and impurity charge
state radiation in detached divertors has validated edge fluid modelling and new self-consistent
‘pedestal-to-divertor’ integrated modeling that can be used to optimize reactors. New feedback
adaptive ELM control minimizes confinement reduction, and RMP ELM suppression with
sustained high core performance was obtained for the first time with the outer strike point in a
W-coated, compact and unpumped small-angle slot divertor. Advances have been made in
integrated operational scenarios for ITER and power plants. Wide pedestal intrinsically
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ELM-free QH-modes are produced with more reactor-relevant conditions, Low torque IBS with
W-equivalent radiators can exhibit predator-prey oscillations in 7. and radiation which need
control. High-Sp scenarios with gmin > 2, gos—7.9, Bx > 4, 1-3.3% and Hogy > 1.5 are
sustained with high density (7 = 7E19 m~3, fg—1) for 6 7, improving confidence in
steady-state tokamak reactors. Diverted NT plasmas achieve high core performance with a
non-ELMing edge, offering a possible highly attractive core-edge integration solution for

reactors.

Keywords: DIII-D, tokamak, overview

(Some figures may appear in colour only in the online journal)

1. Introduction

The DIII-D tokamak research program utilizes a favourable
combination of fusion-relevant size, flexible and varied actu-
ators, and outstanding diagnostics to provide scientific solu-
tions for ITER and FPPs. Program achievements in the last two
years discussed in the paper range from focused and detailed
physics model validation studies to broad scope integrated
operational scenario development, and address processes from
the core plasma to divertor surfaces and the main chamber
walls. Results fall into three general categories that are the
organizational basis for the paper: section 2 highlights invest-
igations of requirements for high core plasma performance,
including transport, confinement, stability, and disruption mit-
igation; section 3 covers boundary heat and particle transport
studies, including understanding and optimizing the pedestal,
fuelling, divertors, and impurity influx; and section 4 reports
integrated operational scenarios for ITER and FPPs, including
ELM control solutions, burn control, high-performance steady
states, and NT. Conclusions and discussion of future possibil-
ities for research on DIII-D are discussed in section 5.

2. Requirements for high core performance

Accurate prediction of ITER and FPP operation and their
potential fusion performance is needed, and recent DIII-
D experiments shed light on transport, confinement, stabil-
ity, and disruption mitigation important for these devices.
Extensive high-resolution measurements of kinetic profiles
(ne, Te, Ti, nc), turbulence fluctuations (low-wavenumber
(low-k) n and T.), and impurity transport (Li, C, and Ca) were
collected in ITER-similar shaped plasmas designed to exam-
ine multi-channel transport in relevant conditions (ggs = 3.45,
low rotation, and ELM-suppressed H-mode). These data
showed excellent agreement with machine-learning-assisted
nonlinear gyrokinetic CGRYO [1] predictive simulations [2].
Machine learning helps to predict converged CGYRO solu-
tions, reducing the computational cost by a factor of 4—6. The
basic approach detailed in [2] is to run four local CGYRO sim-
ulations between p = 0.3 and p = 0.8 on a set of randomly gen-
erated profiles around the experimental conditions, and then
to produce a surrogate model based on these simulations cap-
turing the dependence of fluxes on known turbulence drives.

New profiles are then predicted by the surrogate model to
match measured fluxes, and these are input to new CGYRO
runs—if these match experimental fluxes the profiles are con-
sidered converged. Pedestal top values are taken from exper-
iment. Figure 1 shows the Tj, T, and n., and nc (carbon)
profiles were all reproduced within the scatter of the exper-
imental measurements by the ion-scale nonlinear gyrokin-
etic simulation that matches experimental heat and particle
fluxes, and there is good agreement between predicted and
measured low-k density fluctuations (figure 2). This valida-
tion motivated the use of these new techniques to project and
optimize performance in ITER conditions. The same model-
ing framework predicts ITER should achieve the primary goal
of O ~ 10 with ~500 MW of fusion power and suggests paths
for further enhancement. Additional simulations predict ITER
should still be able to achieve burning plasma conditions with
RMP ELM suppression and degraded pedestal conditions.
Before ITER can achieve Q = 10 it must progress through
non-nuclear commissioning phases, so DIII-D has developed
better solutions for H-mode access in hydrogen and deepened
understanding of energy confinement dependence on ion mass.
Experiments in ITER-similar shaped hydrogen plasmas with
ion collisionality at p ~ 0.95 a factor of 2—4 higher than expec-
ted in ITER L-modes at By = 1.8 T have demonstrated that
the L-H power threshold Py i can be reduced via appliedn =3
NRMP using the external C-coil [3]. NRMP produces counter-
current torque in the plasma edge via NTV, driving edge tor-
oidal rotation that increases the local ExB shear inside the sep-
aratrix, reducing P g by 25%—-30%. This reduction is observed
for plasmas with balanced NBI (simulating ITER) as well as
for finite NBI torque. MARS-F plasma response calculations
for low density ITER hydrogen plasmas predict that signific-
ant counter-/, torque can be generated with optimum phasing
of the ITER 3D coil system just inside the ITER last closed
flux surface. On DIII-D, Py y is also found to decrease 20%—
50% by initiating H-mode at lower Ip; the observed hysteresis
between L-H and H-L power thresholds in hydrogen suggests
ITER could trigger H-mode in the /p-ramp-up and sustain it
into flattop. Impurity seeding has also been shown to reduce
Py using Helium in DIII-D, with up to 15% seeding redu-
cing Pry by 10%—-20%, and up to 25% seeding reducing Py
by 30%-35% (figure 3) [3]. Intrinsic carbon impurity dilu-
tion also reduces Pry in hydrogen and deuterium plasmas at
low edge collisionality compared to ‘pure’ hydrogen plasmas
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with very low Z.g ~ 1.25 (figure 4) [4]. TGLF [5] gyro-fluid
and CGYRO gyrokinetic simulations indicate main ion car-
bon dilution causes an upshift in the ITG critical gradient.
In addition, electron non-adiabaticity effects contribute to the
higher power threshold in hydrogen compared to deuterium.
The dependence of the ITG critical gradient on ion dilution
potentially allows the reduction of Py y during ITER hydrogen
campaigns via N or Ne light impurity seeding.

New measurements of the detailed turbulence characterist-
ics in dimensionally similar hydrogen and deuterium plasmas

Figure 4. Main ion dilution by carbon reduces the L-H power
threshold.

partially explain the significant differences in transport and
energy confinement time with isotope mass [6], compliment-
ing similar studies done on JET and ASDEX-U [7-9]. Energy
confinement 7 is well known to be higher in deuterium (D)
than hydrogen (H); in the specific ITER-shaped ELMing H-
mode plasmas heated by NBI and ECH in this study, 7g of
the D plasmas exceeded that in H by a factor of ~1.8. The D
and H plasmas had well matched 3, safety factor ¢, and ped-
estal and core T./T; profiles while normalized gyroradius p*
and collisionality v* varied. In contrast, BES measurements
of low wavenumber (k| p; < 1) turbulent density fluctuations
show the amplitude is higher in D than H, with similar spec-
tral structure, in the radial range 0.35 < p < 0.8. While this
is consistent with gyroBohm predictions of normalized fluc-
tuation amplitude scaling as p* ~ square root of mass [10], it
is apparently at odds with the observed higher 7g with mass.
However, the BES measurements show H has significantly
higher radial correlation length than D, ~3.8 cm compared
to ~2.4 cm (figure 5). This contradicts the gyroBohm pre-
diction that the correlation length should also scale as p*,
and it offers a potential explanation for enhanced transport
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and reduced confinement with lower ion mass because ran-
dom walk diffusivity scales as the square of the correlation
length. BES measurements also show H but not D has a
low-to-intermediate wavenumber mode with longer poloidal
correlation length but lower amplitude (figure 5(d)). These
transport physics insights show differences in core turbulence
are at least partially responsible for ion mass confinement scal-
ing, and these will help validate nonlinear simulations and con-
finement projections of D-T plasmas in ITER and other future
devices.

MHD stability and disruption avoidance is a fundamental
requirement for ITER and all tokamak-based power plants.
A particular focus is DIII-D demonstration low-torque IBS
discharges. Scenario control sequences that reliably and

systematically favor either stable or unstable 2/1 operation
for the duration of the [p flattop exist [11, 12]. The stable
sequence includes delayed heating and gas flow to regular-
ize ELMs, resulting in a different current profile at the start
of the Sy = 1.8 phase that modeling predicts is farther from
ideal kink and classical tearing limits. For IBS discharges that
develop a 2/1 mode, the unstable database onset time distri-
bution in the constant Sy phase is well fit by an exponential,
meaning 2/1 mode onsets follow Poisson point-process statist-
ics and have a constant onset rate A\ = —(dN/dt)/N, where N is
the number of surviving discharges up to time ¢. (figure 6) [13].
Such an onset time distribution is inconsistent with the modes
being triggered by purely classical effects the same way in all
discharges, i.e. classical stability index A’ evolving above a



Nucl. Fusion 64 (2024) 112003

C.T. Holcomb et al

1.0 - 1.7
T 08 5
= 248
> 0.6 =
2 2
j=)
%04 MY EARCS
g s % X o))
02 UESS - RSk ARS . R 2
o [T L AALRSSIElRED ST o 38
1772.5 1777.5 1782.5 1787.5
-3 1
e 0.72
2
o | -
= -5 048 £
) O
2 9,
L -6 <
O
o 71 m=22/n=22 0.24
, - 0.04
1777 1778
TIME [ms]

Figure 7. (a) Fluctuation spectra measured by reflectometry at the
q = 1 flux surface. Right before each burst, the noticeable
amplitudes of 72 and B in the intermediate k range are briefly
destabilized, as indicated by arrows in (a). The peak-to-peak
frequency spacing in the staircase-shaped frequency spectra is

32 kHz (indicated by arrows), close to the frequency at the end of
the chirping of the lowest kg wave, i.e. 31.5 kHz. Third arrow points
to ~0.2—~0.4 MHz medium-k modes. () Time evolution of the
perturbations along the dashed lines in (a), corresponding to the
mode number from m = 1/n = 1. To m = 22/n = 22. The color
represents different wave numbers.

critical value in ~1 resistive diffusion time, because modeling
predicts this would result in A peaking at some time, which
is not observed. Poisson statistics imply seeding is happen-
ing at random times, and this is consistent with the observa-
tion of 3-wave coupling [14] in a majority of 2/1-unstable IBS
discharges, whereby 2/1’s are triggered by sawtooth precurs-
ors coupling to 3/2 islands when differential rotation between
rational surfaces approaches zero. Rotation flattening occurs
with temporally uniform probability due to n > 1 activity. This
shows the importance of properly controlling multiple quant-
ities to help avoid 2/1 modes in ITER.

In experiments with ~10 keV thermal ions minor disrup-
tions are triggered by multi-scale chirping modes associated
with the g = 1 surface when T exceeds a threshold, which is
well below the predicted ideal Sy limit [15]. Analysis of mag-
netic and density fluctuation spectra indicates a strong non-
linear interaction between medium-k and low-k waves. Linear
analysis with CGYRO suggest the medium-k modes (e.g. see
the third arrow pointing to ~0.2 to ~0.4 MHz fluctuations
in figure 7(a)) are kinetic ballooning/electromagnetic Alfven
ITG modes resonating with thermal ions on passing orbits.
MARS-K [16] suggests the lowest-k mode (e.g. lowest fre-
quency 1/1 mode shown in purple in figure 7(b)) has a mix
of kink and tearing eigenstructure, resonating with thermal
ions on trapped orbits [17]. This initially local structure can
expand from local to global in ~0.5 ms (faster than NTM

growth) causing edge islands, current profile redistribution,
a moderate drop in Ip, a substantial density spike, impurity
influx, and loss of edge temperature. These results confirm
that mode resonances with hot thermal tail ions in react-
ors will be important, and further study is needed to assess
mitigations.

Experiments deploying SPI inform new optimizations of
this technique for disruption mitigation on ITER. Previous
studies indicated that mixed or staggered low- and high-Z
injection may be required to effectively mitigate thermal loads
and RE [18]. New experiments tested the staggered approach
with spatially and temporally resolved density and temperat-
ure profiles after pure D, injection, and mixed Ne/D; injection
[19]. This used upgrades to the Thomson scattering diagnostic
to enable measurements at ~1 eV (new narrow-band poly-
chromators), asynchronous triggering by pellet ablation light,
and ‘burst mode’ close sequential firing of the lasers to cap-
ture fast dynamics. A single shattered pellet injector on the
low field side close to the Thomson scattering measurements
was used. Pure D, SPI produces a favorable ten or more mil-
lisecond delay to the disruption, but very limited core fuel-
ing is observed before the disruption. Even during and after
the disruption, when strong mixing of the injected material
with the plasma is expected, the edge density significantly
exceeds the core density. 1D INDEX [20] transport model-
ing suggests the poor assimilation is caused by strong outward
VB induced drift of the ablation cloud and predicts larger pel-
let shards with higher pellet speed will improve D, assimil-
ation (figure 8). Greater speed alone is less effective because
it usually results in smaller fragments. The mixed (~50:50)
Ne/D, pellet impacts are dominated by Ne; these cause fast
radiative collapse of the plasma in a few milliseconds and
almost uniform density profile once Ne mixes during and after
the thermal quench.

New comparison of DIII-D infrared imaging measure-
ments of the inner wall to kinetic orbit RE code (KORC)
modeling indicates that SEEs produced by the RE avalanche
source at energies below the runaway threshold energy are
the primary contributor to transient surface heating of PFCs
during final loss events of RE mitigation [21]. The KORC
simulations use an analytical first wall for modeling a non-
axisymmetric first wall composed of individual tiles; a method
was added to approximately include gyrophase to guiding
center orbits intersecting PFCs to enable accurate calcula-
tions of angle of incidence needed to determine volumetric
energy deposition. Simulations show initial REs with sig-
nificant energy drifts remain confined, even when passing,
in magnetic configurations connected to the first wall dur-
ing the final loss event. But SEEs born at lower energies,
below the runaway threshold energy, with little energy drift
can be rapidly lost to the first wall (figure 9). Qualitative agree-
ment between simulations and infrared imaging is obtained
only when SEEs are included. Some observed differences
between the modeled heating and the IR images are likely
due to differences in the time resolutions of modeling and
imaging, and possibly due to differences in the temperature
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saturation levels of the two. Since typical predictions of
PFC heating due to REs only consider high-energy REs,
these results provide an important new guideline, showing
the need to consider SEE to fully predict potential wall

damage.

3. Boundary heat and particle transport

Studies using DIII-D have elucidated important physics and
developed new controls related to the plasma edge and first
wall. Novel Lyman-alpha diagnostic measurements [22] show
a significant poloidal variation of the main chamber edge ion-
ization source. A one order of magnitude HFS-LFS fueling
asymmetry exists when operating with ion B x VB drift
towards the X-point; in this case the fueling is greatest on
the HFS. Operating with ion B x VB drift out of the diver-
tor results in higher fueling on the LFS, but with a factor ~2
asymmetry. (figure 10) [23]. The ionization source asymmet-
ries are related to asymmetric recycling fluxes at the inner
and outer divertor targets due to directional parallel plasma

flows in the scrape-off layer. Gyrokinetic-plasma and kinetic-
neutral simulations using the XGC suite of total-f particle-
in-cell codes [24] and DEGAS2 Monte Carlo neutral trans-
port calculations [25] reproduce these observations [26]. The
parallel plasma flow in the scrape-off-layer is driven primarily
by particle orbit and collisional physics, while turbulent trans-
port across the separatrix determines the overall magnitude.
That is, while neutral fueling asymmetries appear in ‘neoclas-
sical’ simulations that exclude turbulence, quantitative agree-
ment between simulations and experiment is only found when
the turbulent particle losses are included. Analysis of these
simulations indicate that a low-recycling edge plasma results
in novel flow patterns, which cause neutrals to be dominantly
produced on one or the other divertor plates. In a highly colli-
sional scrape-off layer as expected in burning plasma devices
with larger spatial scale and higher connection length a sym-
metrization of the parallel plasma fluxes is expected and, there-
fore, recycling fluxes and main chamber ionization source are
expected to become HFS-LFS symmetric. Still, these results
motivate at least 2D modeling to understand fueling in present
devices.

DIII-D experimental validation of a new integrated model
of the pedestal-to-divertor system enables prediction of pedes-
tal pressures and heat flux widths in future devices. The com-
bined EPED-SOLPS modeling framework was used to predict
DIII-D pedestal pressure and width, ion flux to the divertor,
and the electron temperature at the divertor target over a range
of pedestal density as the divertor was pushed into detachment
(figure 11) [27]. Measurements of these quantities match the
predicted trends with increasing density reasonably well. The
model predicted pedestal pressure rate of decrease with dens-
ity is captured, while pedestal width is nearly constant and
quantitatively matched. Predicted and measured ion flux to the
divertor reach their peak values at the onset of detachment
at roughly the same pedestal density, and target temperat-
ures agree quantitatively, indicating the model accurately pre-
dicts the detachment onset density. Accounting for both ped-
estal and SOL physics in the integrated modeling accurately
predicts the pedestal pressure is ballooning limited through-
out the density scans, consistent with the generally low pres-
sure observed, while standalone EPED [28] calculations pre-
dict a transition from peeling-limited to ballooning-limited at
a higher density than what is observed. One important addi-
tion to the integrated model is the option to use an empirical
relationship between the divertor temperature from SOLPS
[29] and the ratio of pedestal to separatrix densities used by
EPED. Using this relation obviates the need to have the ped-
estal density as an input parameter to the model. Similar agree-
ment between experiment and modeling was achieved in three
different divertor closure geometries on DIII-D. Bolstered by
this validation, the integrated modeling framework is being
used to predict pedestals and peak heat flux in proposed FPP.
In these predictive simulations, EPED predicted profiles and
the sources derived from the combined model yield transport
coefficients in the closed flux region, and a pair of SOL width
models, either the Eich model [30] or a ballooning-critical
SOL model, are used to determine coefficients in the SOL.
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Either the empirical relationship between the ratio of pedestal
to separatrix density can be used, or the pedestal density can
be taken as an input parameter. Initial FPP predictions find that
in some cases the predicted pedestal height from the combined
model is significantly higher than that predicted by standalone
EPED.

Prediction of detachment in radiative divertor regimes
requires validated models of mixed impurity transport and
radiation dependence on density, temperature, and Psor. New
2D multi-wavelength experimental data has been compared to
2D full-drift-physics modeling in single and mixed impurity
plasmas with good agreement found [31]. For model valida-
tion, it is essential to match the charge state distributions of
impurities, which depend on T, to accurately predict radiated
power density throughout the divertor region. A set of multiple
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Figure 11. Measurement and predictive EPED-SOLPS modeling of
pedestal pressure and width, divertor ion flux and electron
temperature.

absolutely calibrated spectroscopic and imaging diagnostics
in visible and EUV/VUYV spectral regions were combined to
determine both carbon (C) and nitrogen (N) multi-charge-
state divertor concentrations and radiative power constituents
in conditions ranging from attached to fully detached. These
were compared to 2D UEDGE [32] fluid simulations with
full particle drifts and charge state resolved C and N impur-
ities included. The UEDGE simulations match experiment-
ally resolved 2D divertor Te and reproduced the dominant
divertor radiated power sources from VUV resonance trans-
itions of C II—C IV and N II—N V, as well as the relat-
ive contributions from C and N to the total divertor radiation
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Figure 12. UEDGE modeling compared to measured Te (top) and C and N emission (bottom) in the divertor region.

(figure 12). These results provide confidence in the application
of these models to design radiative divertor solutions for future
devices.

A new feedback-adaptive RMP ELM suppression control
algorithm was tested on DIII-D and KSTAR that provides a
new solution for ELM control in reactors (figure 13) [33].
Typically, open loop RMP ELM control with fixed 3D coil
currents sufficient for suppressing Type-I ELMs results in
degraded pedestal pressure and 7g. The new algorithm applies
a predetermined coil current Igyp While the discharge is still
in L-mode and maintains this through transition to H-mode to
avoid all ELMs. Then, the algorithm reduces Irpp While mon-
itoring deuterium-alpha signals for ELMs. In KSTAR, ELM
precursor events are detected [34], but so far these have not
been seen in DIII-D. Upon detection of a precursor or an ELM,
the controller sets a new lower limit for Irymp, increases Irymp to
recover suppression, and then attempts to lower it again iter-
atively. Minimization of n = 3 Igyp increases 7 in DIII-D
test cases by ~18% relative to 7g in H-mode with the higher
predetermined Irpp.

Separately, pedestal control and performance has been
expanded in two novel regimes. A robust range of counter-
Ip edge rotation was found in which density increases with
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Figure 13. Feedback adaptive n = 3 RMP ELM suppression
minimizes confinement degradation.

applied n = 2 RMP still below the suppression threshold.
This is opposite to the well-known density pump out usually
observed with RMP that tends to reduce global performance.
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The greatest line-density increase is about 15% and occurs
with a counter-Ip pedestal rotation of ~40 km s~!. (figure 14,
[35]). Doppler back scattering measurements show the prompt
increase in particle confinement is due to a drop in inter-
ELM pedestal turbulence amplitude and a switch from an
ion- to electron-mode at the pedestal top. The other new
development is the application of counter-Ip ECCD at the
pedestal to reduce the required RMP amplitude for ELM
suppression. This results in a higher pedestal pressure with
the same 7 and is a useful tool for pedestal physics
exploration [36].

RMP ELM suppression has previously been demonstrated
in the Tungsten (W) divertor of ASDEX-U with a vertical tar-
get configuration [37]. On DIII-D these studies are extended
to the narrow, W-coated small-angle slot unpumped divertor,
which is shown to be compatible with RMP ELM suppression
and core W control in a similar parameter space. Experiments
evaluated the impacts of ELM control on H-mode plasmas
with gg5 = 3.75 and an outer strike point in the SAS-VW diver-
tor (see the inset of figure 16) [38, 39]. Without any ELM con-
trol, ELMs dominate the W source that contaminates the core
plasma. The ELMs, and therefore the W source, tend to be lar-
ger with greater plasma stored energy Wyp and lower pedes-
tal collisionality *peq. ELM mitigation and in some cases full
suppression (figure 15) with n = 3 RMPs significantly reduce
or eliminate the W source per ELM at high Wyyp and low
V¥ ped (figure 16). Higher Wyvipp and lower v*eq are observed
to be approximately constant for the duration of the ELM sup-
pressed phase in the Ip flattop (~1.5 s), indicating that W trans-
port out of the core is still sufficiently high to avoid W build-up
despite loss of ELMs, which are also known to flush impurit-
ies. These results suggest RMP ELM suppression integrated
with a narrow W slot divertor is a solution capable of main-
taining high fusion performance with minimal PFC damage in
future reactors.

Figure 15. Time traces of an ELM suppressed (n = 3 RMP)
discharge with outer strike point on a W-coated small angle slot
divertor.

4. Integrated operational scenarios

A high-level program goal is to put core and edge solutions
together for sustained high performance with sufficient heat
and particle exhaust and without damaging transients like
ELMs. Several paths are being pursued to provide such opera-
tional scenarios for ITER and FPPs along with discerning the
key physics requirements of each.

Significant progress has been made in expanding the oper-
ational space and physics understanding of Quiescent H-
mode (QH-mode) as a promising naturally ELM-stable high-
performance scenario for reactors (figure 17) [40]. The range
of g9s of WPQH operating at low torque (<1.5 Nm) has
recently been reduced to 4.2, which is the lowest yet achieved
for this scenario in a quasi-stationary state. Separately, the
maximum heating power WPQH-mode can take before the
reappearance of ELMs has been increased from 5.5 MW
to 7.5 MW. This is limited by the available balanced NBI
power to keep the net torque small. WPQH at net-zero injec-
ted torque has been achieved in both directions of Ip, with
both favorable and unfavorable ion B x VB drift directions,
and in different plasma shapes including an ITER-like shape.
Recently, WPQH-modes were produced in hydrogen plasmas
with Z.¢ ~ 2. This is notable because deuterium WPQH-mode
plasmas typically have high Z.¢ due to carbon wall sputtering;
the lower Z.s in hydrogen, likely due to lower carbon phys-
ical sputtering [41], demonstrates high Z. is neither necessary
nor inevitable in this scenario. WPQH-modes are observed to
lack the standard H-mode ion-channel power degradation of
Tg [42]. Extensive transport modeling using TGYRO/TGLF
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Figure 17. Radar plot showing key metrics for IBS (Q = 10), black
lines, and achieved QH- and WPQH-mode DIII-D discharges. The
yellow star indicates new lower gos (4.2) WPQH-mode.

shows that this could be explained by the large Shafranov shift
in these plasmas stabilizing core drift-wave instabilities and
enabling high-confinement ELM-stable plasmas [43]. A low
E x B shear region in the middle of the pedestal is thought to
allow the destabilization of broadband MHD and/or turbulence
observed there. Detailed analyses and numerical modeling
of pedestal instabilities identify one mild peeling-ballooning
mode and one drift-Alfven wave that compete to produce the
wide pedestal [44]. The divertor heat width Ay of ‘turbulent’
QH-mode plasmas is observed (figure 18) to increase with
edge broadband MHD/turbulence with cases where \q exceeds
Eich scaling [45]. Modeling indicates this is associated with
turbulence spreading across the separatrix [46].

DIII-D tested the impacts of W radiation on the burn phase
of the IBS by using W-equivalent radiators [47]. Kr and Xe
mixtures have the same radiative loss rates L, in the DIII-
D core as W in the hotter ITER core, so they are injected
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Figure 18. Measured ratio of heat flux width to
Eich-scaling-predicted heat flux width versus normalized edge
density fluctuation for turbulent QH-modes.

as proxies to simulate the impacts of W radiation in ITER.
IBS demonstration plasmas were generated with these radi-
ators (figure 19) spanning the range of expected impurity
concentration and W radiated fraction with net NBI torque
scanned between 0 and 5 Nm. Impurity concentrations of
nke/ne ~ 2 x 107* and nxe/ne ~ 6 x 107 correspond to
ITER expected nw/n. ~ le-5 and fr,q ~ 30% (given DIII-
D’s lower density than ITER). In the range of fi,q = 0.25—
0.35, a bifurcation is observed, which either allows the scen-
ario to be stationary, or trigger an oscillatory regime with
T and fy,q oscillating out of phase, and the core oscillat-
ing out of phase from the edge/pedestal. A Lotka—Volterra
predator-prey model with full profiles, diffusion, and noise
was designed to gain insight into the dynamics of the sys-
tem, and its results show that this model can reproduce the
experimental T and fr,q profiles. To explore the more spe-
cific physics of a tokamak plasma and extrapolate to ITER, a
physics-based model not constrained to oscillate was designed
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Figure 19. IBS radiation fraction versus impurity concentration
using W-equivalent radiators.

that successfully reproduces the oscillatory behavior of the
experiment, with the correct range of amplitude and phase
difference observed, remaining robustly stable to variations
in inputs. This indicates a reasonable understanding of the
drivers of this phenomenon for projecting to ITER, as well
as mimicking alpha power and burn dynamics in DIII-D.
Future DIII-D experiments will aim at controlling burn phase
oscillations.

The High-fp Scenario for steady-state operation with high
fusion gain and high bootstrap current fraction (fgs) has
been optimized for improved MHD stability. One advance is
the use of a novel variable-poloidal-spectrum mode control
with internal non-axisymmetic coils (I-coils) [48]. A high-(p
regime is often investigated on DIII-D using slow continued
ramps of /p and/or By throughout the discharge, resulting in
varying ¢g9s. The new feedback scheme configures the upper
and lower I-coil rows in two independent feedback loops,
allowing the feedback field poloidal spectrum to vary and track
changes in the plasma mode structure over a range of ggs from
6 to 11. The g95 dependence of the observed phase differ-
ence between the coil rows during feedback is qualitatively
compatible with ideal MHD simulations of the least-stable
plasma kink mode. This feedback facilitated high (3N opera-
tion in excess of the ideal MHD n = 1 no-wall kink stabil-
ity limit, with a broad current profile and low internal induct-
ance, Op = 3, and fgs ~ 60%. Such performance extensions,
particularly to lower internal inductance ¢; (figure 20), are
not obtained using coupled coil rows. Variable-spectrum feed-
back helps avoid beta collapses caused by marginally stable
RWM activity. These results underscore the utility of MHD
mode control for accessing high-3 fusion-relevant regimes.
The variable spectrum feedback approach is a straightfor-
ward way to improve resilience to variations in mode struc-
ture that occur as plasma parameters change. The exten-
sion to lower ¢; is expected to improve the coupling of the
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Figure 20. New RWM feedback with independent (i.e. decoupled)
I-coil rows compared to standard feedback and no feedback in the
High-Beta-Poloidal scenario.

plasma kink mode to external (i.e. feedback) fields and bene-
ficial wall eddy currents, and is compatible with high-fgg
operation.

In a few High-fp Scenario discharges, further tuning of the
ramp-up sequence to optimize the current and pressure pro-
files has resulted in higher performance sustained for longer
[49]. BN ~ 4.2 (~64;), Bt ~ 3.3%, and gmin > 2 was sus-
tained for ~0.7 of a current profile relaxation time (more
than 6 7g), with fgs ~ 80%, a large-radius internal trans-
port barrier, Hogy» ~ 1.7, line-averaged fg, ~ 1, and station-
ary impurity levels (figure 21). The high-performance phase
is terminated by fast growing modes destabilized at the n = 1
ideal MHD, ideal-wall kink stability limit, following transient
[Bn excursions above the feedback-controlled target. A rapidly
growing n = 1 mode appears as the limiting instability during
one of these excursions, preventing stationary sustainment of
high performance. GATO [50] calculations indicate that the
plasma is crossing the ideal-wall n = 1 kink limit right before
the disruption. New microwave and RF capabilities for off-
axis current drive (top launch EC [51], helicon [52], high field
side lower hybrid [53]) could remove the need for a low-3-
phase By ramp down and high-3-phase slow Ip ramp up to
achieve fully noninductive operation with improved coupling
between modes and the wall, thus increasing the ideal-wall
B limit. Improved By feedback controls are being developed
to avoid transient excursions above the target. These results
improve confidence that the High-Sp Scenario is an attract-
ive option for steady-state operation in ITER and power
plants.

DII-D carried out a multiple-week campaign in 2023
to investigate NT [54], building upon previous results from
TCV [55] and DIII-D [56]. Graphite-tile armor was installed
on the low-field-side lower outer wall to obtain high power
unpumped diverted plasmas with strong NT (figure 22(a)).
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Figure 22. (a) NT shape with armored tiles. (b) and (c) show H98y2, A, and density limit fraction fg for a range of gos averaged over
400 ms stationary periods. (d) Ox, Hogy2, and outer strike point Te in NT detached discharge.

High confinement (Hogy»> > 1), high current (go5 < 3), and
high normalized pressure (6x > 2.5) plasmas were achieved
at high-injected-power in a strong NT-shape with a lower outer
divertor X-point that also demonstrated high normalized line-
density (n./ng < 2) and a detached divertor without ELMs.
The L-H transition was inhibited at d,,, = —0.5 at all injec-
ted beam powers (up to 12 MW) and torques possibly due
to restricted second stability access from infinite-n balloon-
ing modes predicted in NT [57, 58]. However, while not an
H-mode edge, there is slight 7. pedestal compared to L-mode
plasmas, resulting in the so-called NT-edge. A range of dis-
charges were studied from high gain cases with go5 = 2.7, to
cases with ggs = 4 and 50%—-60% non-inductive current. Both
cases achieved high performance (8x > 2.5 and Hogy» ~ 1,
figure 22(b)). In NBI-heated plasmas, high central densities
up to e ~ 1.4 x 10 m~3 and high Greenwald fractions fg
approaching 2 were achieved, whereas in plasmas with only
Ohmic heating fg was limited to 1 (figure 22(c)). Divertor
detachment was obtained (figure 22(d)) in density ramps
with only D, injection in both favorable and unfavorable ion
B x VB drift directions [59]. This showed a more gradual L-
mode-like detachment evolution with no detachment cliff [60].

Plasma shaping limitations result in relatively short parallel
connection length between the midplane and divertor target,
and this leads to detachment requiring very high density and
fc- The highest f detached cases have reduced energy con-
finement correlated with loss of T-pedestal and uncontrolled
X-point radiation moving up the HFS edge. Overall, the N'T-
campaign results demonstrate several key principles indicating
the potential viability of NT as the basis for a fusion power
plant [61].

5. Future plans and conclusions

The DIII-D program plans several hardware upgrades between
now and 2028 that will better enable it to close key know-
ledge gaps for a successful ITER program and design of
FPP. These include increases in flexible heating and current
drive power in parallel with testing a series of new divertor
designs and new technologies. Raising ECH and current drive
delivered power from 5 MW in 2024 to 14 MW in 2028 is
key for testing ITER and FPP integrated scenario physics with
relevant higher Te/T1i, lower torque, lower fast ion fraction,
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lower collisionality, and higher density in a range of inductive
and non-inductive equilibria. New high harmonic fast wave
(Helicon) and high-field-side launched Lower Hybrid systems
coming online will further enhance DIII-D’s ability to achieve
and test advanced scenarios with broad current and pressure
profiles for high Sy steady-state operation in higher density
plasmas. The divertor stages will start with a new relatively
small-volume closed divertor optimized for a large volume
highly shaped core plasma predicted to enable high peeling-
limited pedestal pressures at low collisionality and reactor-
relevant pedestal neutral opacity. This will be succeeded by
a larger Stage-2 slot-like divertor with sufficient volume for
detailed radiative heat dissipation and detachment studies with
moderate shaping. Divertor Stage 3 will be optimized to integ-
rate high core performance with efficient and capable heat and
particle exhaust. Stage-3 will arrive in 2028 when upgrades
to ECH, RF, and NBI systems are complete, providing up to
~43 MW total heating power. Planning is underway to design
a NT-optimized pumped divertor and new plasma shaping
that would extend NT studies, including to longer connection
length and lower detachment density for higher confinement.
Along the way, DIII-D will develop technologies: an ECH
gyrotron test socket is planned, along with dedicated vacuum
ports to test new reactor-relevant diagnostics and first wall
materials. The novel helicon and high-field-side lower hybrid
systems will be further developed, as well as disruption mitig-
ation systems like shell pellets designed to reach and cool the
core from the inside out [62], and a passive 3D coil designed
to deconfine and render harmless RE [63].

In conclusion, research on DIII-D is finding solutions for
fusion energy. It has provided tools and identified essen-
tial requirements for achieving high core fusion performance.
These include validated turbulent transport models capable of
predicting kinetic profiles, new understanding of the isotopic
dependence of turbulence, and the demonstration of meth-
ods to ease H-mode access in ITER’s non-nuclear phases.
Harmful MHD instability causes have been diagnosed and
new guidance for instability avoidance and disruption mit-
igation provided. Research on DIII-D has elucidated bound-
ary heat dissipation and particle fuelling processes that need
to be understood and controlled for successful fusion energy.
These include assessments of ionization source asymmetries,
validation of a model for pedestal and heat flux behaviors
during detachment, and characterization of mixed impurity
concentrations needed to dissipate power into the SOL. Also,
RMP ELM control was shown to mitigate Tungsten contam-
ination, and feedback controlled RMPs were shown to min-
imize confinement degradation during suppression. Finally,
DIII-D has put a range of integrated operational scenarios
on a firmer basis. Naturally ELM-free wide pedestal quies-
cent H-mode operation has been extended to a larger range
of reactor relevant conditions, and IBSs have been tested with
Tungsten equivalent radiators to study and control stationary-
and oscillating-temperature regimes that result. For steady-
state operation, the High-8p Scenario has reached higher By
with lower ¢; using new scenario controls. NT has been shown
to be capable of high performance with a non-ELMing edge

and divertor detachment, offering a novel option for future
fusion reactors.
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Appendix. Glossary of acronyms

BES beam emission spectroscopy
ECH electron cyclotron heating
ECCD electron cyclotron current drive
ELM edge localized mode

EUV extreme ultraviolet

FPP fusion pilot plant

HFS high-field side

IBS ITER baseline scenario

ITG ion temperature gradient

LFS low-field side

NBI neutral beam injection

NRMP non-resonant magnetic perturbations
NTM neoclassical tearing mode

NT negative triangularity

NTV neoclassical toroidal viscosity
PFS plasma-facing component
QH-mode quiescent high-confinement mode
RE runaway electrons

RF radiofrequency

RMP resonant magnetic perturbation
RWM resistive wall mode

SEE subcritical energetic electrons
SOL scrape off layer

SPI shattered pellet injection

vUv vacuum ultraviolet

WPQH wide-pedestal quiescent H-mode
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