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Abstract

®
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The National Spherical Torus Experiment Upgrade (NSTX-U) is preparing to resume operation,
representing a crucial step toward realizing compact, cost-effective fusion pilot plants. In
advance of this, extensive modeling and data analysis have been conducted to advance the
physics basis for low-aspect-ratio, high-performance plasma regimes, focusing on three core
objectives: confinement and stability, power and particle handling, and steady-state operation.
Significant progress has been made in understanding the electron temperature flattening in
high-/3 plasmas, which is shown to be driven by a complex interplay of magnetohydrodynamic
instabilities (e.g. non-resonant infernal modes), fast-ion-driven Alfvén eigenmodes, and electron
and ion-scale micro-instabilities, particularly Kinetic Ballooning Modes (KBMs), whose
destabilization is strongly dependent on parallel magnetic field fluctuations (6B))). Furthermore,
a new gyrokinetic critical pedestal model was developed, accurately predicting pedestal
structure by identifying KBMs as the primary stability limit, offering a critical constraint for
future high-confinement scenarios. To address the challenge of high heat flux, novel liquid
lithium plasma-facing components were modeled. The analysis confirmed that lithium vapor
shielding is a self-regulating mechanism for heat mitigation, while also emphasizing that strong
main ion parallel flow is essential to minimize core lithium contamination. Finally, progress
toward steady-state operation was anchored by developing the required physics basis and
control tools. This includes predictive modeling for reversed magnetic shear sustainment,
demonstrating that magnetic island-induced bootstrap current reduction is negligible in STs, and
advancing real-time control and disruption avoidance capabilities. The development of
high-speed surrogate models (e.g. MMMNet) provides computationally efficient tools vital for
non-inductive scenario optimization and integrated, low-disruptivity operations planned for

NSTX-U.
Keywords: NSTX-U, spherical Tokamak, overview

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

1. Introduction

Spherical Tokamaks (STs) represent a potentially transformat-
ive path toward more compact and cost-effective Fusion Pilot
Plants (FPPs) [1-3], a design actively being explored by both
public and private entities [4-6]. After a period of repair, the
National Spherical Torus Experiment Upgrade (NSTX-U) [7]
at the Princeton Plasma Physics Laboratory is preparing to
resume operations in 2026. In the interim, and in conjunction
to collaborating with other international STs [8—12], ongoing

data analysis and modeling continue to advance the physics
basis needed for these next-generation devices.

The primary appeal of the ST configuration is its poten-
tial for high performance in a smaller device. Its low aspect
ratio (A), and therefore its relatively lower toroidal magnetic
field (Brt), allows for high 3 (the ratio of plasma pressure to
magnetic pressure), which is key to enabling more economical
power generation. The upgraded NSTX-U facility is uniquely
equipped to explore these potentialities with its significantly
expanded capabilities, including a planned 2 MA of plasma
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current, a 1 T toroidal field, and a combined 18 MW of aux-
ilary heating power. These enhancements will allow NSTX-U
to operate at much lower plasma collisionality than its prede-
cessor NSTX [13], a key parameter where STs are predicted
to have a strong confinement advantage over conventional
tokamaks [14]. Furthermore, NSTX-U provides an invaluable
environment for studying critical physics relevant to burning
plasmas since its energetic beam ions mimic the behavior of
alpha particles expected in FPPs.

The compact design of STs also presents a critical chal-
lenge, however: managing the extreme heat fluxes on plasma-
facing components (PFCs). NSTX-U is uniquely positioned
also to address this problem. It is designed to operate in
regimes that produce unmitigated peak heat fluxes of up to
100 MW m~2, making it an ideal testbed for developing and
validating innovative solutions to reduce these intense heat
loads to manageable levels.

To bridge the gap between current experiments and future
FPPs, the NSTX-U research mission is centered on three main
objectives:

e Extend confinement and stability physics basis at low-A and
high beta to lower collisionality relevant to burning plasma
regimes;

e Develop and evaluate conventional and innovative power
and particle handling techniques to optimize plasma exhaust
in high performance scenarios;

e Develop core-edge integrated operation at large bootstrap
fraction and advance the physics basis required for non-
inductive, high-performance and low-disruptivity operation
of steady-state compact fusion devices.

The paper summarizes the work done since the publication of
[15] to achieve these objectives. It is organized in three main
sections, each addressing one of them, in the same order as
listed above.

2. Extending high-beta, low-A confinement &
stability physics to low collisionality

The primary goal of this objective is to advance the phys-
ics basis required to understand, predict, and optimize core
plasma performance at low aspect ratio and reduced collision-
ality relevant to future fusion devices. The work toward this
goal has recently been focused primarily on three areas, whose
main achievements are summarized below.

2.1 Progress in understanding the flattening of the electron
temperature radial profile

The observed flattening of the electron temperature (7;) pro-
files in high-performance NSTX plasmas presents a signific-
ant impediment to sustaining these regimes and maximizing
fusion output. This phenomenon, characterized by the cent-
ral 7. remaining constant even with increasing heating power,

indicates underlying mechanisms of enhanced core transport
or compromised heating efficiency. Progress was made in
order to comprehensively explain this observed 7, flattening
with efforts that delved into distinct yet interconnected pro-
cesses: magnetohydrodynamic (MHD) instabilities; fast-ion
driven modes; and ion and electron-scale micro-instabilities.

2.1.1. Role of MHD instabilities. One critical avenue for
understanding 7. flattening is the role of core MHD instabilit-
ies, particularly in plasmas with non-monotonic safety factor
(g) profiles, also called reversed magnetic shear (RMS). It
was shown through M3D-C1 [16] simulations that an MHD
event in NSTX shot 129169, which terminated a RMS period,
led to an abrupt lowering of the central safety factor (go)
and a greatly reduced peakedness of the pressure profile [17,
18]. The analysis showed that as the minimum safety factor
decreased, the dominant instability shifted from a double tear-
ing mode toward a non-resonant pressure driven MHD mode
known as infernal mode [19, 20]. Just before the experiment-
ally observed MHD event, the equilibrium was found to be lin-
early unstable to several pressure-driven infernal modes, but
a non-resonant pressure-driven (n=1, m=1) mode domin-
ated the nonlinear evolution, where n and m are the toroidal
and poloidal mode numbers. This (1,1) mode caused large
changes in the central ¢ and pressure values, resulting in a
final state with a reduced and flattened pressure profile and
a nearly monotonic g-profile, which aligns qualitatively with
experimental observations. The flattening of the pressure pro-
file directly implies a flattening of the temperature profile due
to energy redistribution. Moreover, earlier studies on mono-
tonic g-profile discharges revealed that such MHD instabilit-
ies could destroy innermost flux surfaces, leading directly to a
flattening of the electron temperature profile by enhancing heat
transport across the magnetic field [21-23]. Figure 1 shows the
experimentally reconstructed g and surface-averaged pressure
profiles over time, and the predicted ones by M3D-C1, clearly
showing the reduction and flattening of the pressure profile.
Studies presented in section 4.1 investigate possible paths to
sustain the RMS configurations in future NSTX-U plasmas,
and therefore avoid the flattening of the T, profile observed in
NSTX.

2.1.2. Role of fast-ion driven Alfvén eigenmodes. Global
Alfvén Eigenmodes (GAEs) and Compressional Alfvén
Eigenmodes (CAEs) are frequently observed during neut-
ral beam injection (NBI) in NSTX/NSTX-U, and have been
correlated with T, profile flattening [24]. After investigating
their nonlinear dynamics, it was observed that these modes
can enhance electron transport through various mechanisms,
including parallel electric fields, electron orbit stochasticity, or
energy channeling [25]. Nonlinear simulations, encompassing
both single-toroidal mode number and full nonlinear runs,
revealed a significant redistribution of resonant fast ions, par-
ticularly in their pitch parameter. This redistribution primar-
ily acts to reduce the anisotropy driving the instability and can
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Figure 1. Surface averaged pressure profile (a) and g-profile (b). With solid lines the experimentally reconstructed profiles from NSTX shot
129169 at three different times. In dashed black lines the profiles at the end of the M3D-C1 3D nonlinear calculation, started from the

profiles at # = 247 ms. Reproduced from [17]. CC BY 4.0.

flatten the beam ion distribution function. The simulations also
showed that changes in resonant particle perpendicular and
parallel energies can be several times larger than their total
energy change, implying that even relatively small amplitude
modes can significantly modify the beam distribution in the
resonant region and thus impact the instability drive and heat-
ing effectiveness. Moreover, the presence of multiple unstable
modes led to the fastest growing mode flattening the beam
ion distribution, which subsequently reduced the amplitudes of
subdominant modes, demonstrating the importance of includ-
ing all unstable toroidal mode numbers in the nonlinear simu-
lations for accurate estimates of mode amplitudes needed for
transport studies. The presence of a second more tangential
neutral beam in NSTX-U compared to NSTX will allow to
use fast ion phase space engineering to attempt to suppress the
GAEs and CAEs.

2.1.3. Role of micro-instabilities. Micro-instabilities, and
in particular those driven by electromagnetic effects, were
identified as significant contributors to electron heat trans-
port and T, flattening. It was found that incorporating the par-
allel magnetic field fluctuations §BH in CGYRO [26] simu-
lations of high-performance NSTX discharge (shot 133964,
with high sustained poloidal ) [27] significantly increases
predicted growth rates and can lead to a shift in the domin-
ant instability from microtearing modes (MTMs) to Kinetic
Ballooning Modes (KBMs) [28]. KBMs, characterized by
their large growth rates, were identified as a potential driver of
electron temperature flattening because they can rapidly trans-
port heat across flux surfaces. It was found that experimental
NSTX profiles were often near the onset of KBM-driven trans-
port, and that predictive TGYRO [29] modeling including B,
significantly improves the accuracy of temperature profile pre-
dictions in high-beta NSTX plasmas. The improvement in the
accuracy of the predicted ion (7;) electron temperature profiles
in NSTX high-beta plasmas when the 0B effects are included
is shown in figure 2. Without JB), the T, profile is signific-
antly over-predicted, while with the inclusion of §B)|, the pre-
dicted T, profile is brought much closer to the experimental

levels, and the predicted gradients are flatter, which is more
consistent with the experiment.

The importance of incorporating 4B effects in understand-
ing T, flattening is further underscored by separate global
nonlinear electromagnetic gyrokinetic simulations of projec-
ted low collisionality and high-performances NSTX-U dis-
charges [30]. Self-generated zonal flows were found to be
crucial for regulating KBM-driven turbulence, breaking up
large turbulent eddies, reducing their radial correlation length,
and decreasing turbulent transport. The presence of compres-
sional magnetic field fluctuations was shown to be essential for
destabilizing the KBM, and their amplitude to be comparable
to transverse fluctuations, a feature distinct from conventional
tokamaks.

Moreover, studies on the saturation mechanisms of MTMs
demonstrated that the effectiveness of E x B shear in sup-
pressing MTM-driven transport highly depends on the mag-
netic shear (5) and the ballooning angle dependence of the
MTM linear growth rate [31]. At high magnetic shear the dis-
tance between rational surfaces is reduced, which causes the
MTM-driven magnetic islands to overlap, creating signific-
ant stochastic transport, whereas at low magnetic shear there
is little stochastization. In NSTX-like plasmas, towards the
core-edge boundary where § is large, it was shown that £ x B
shear can reduce electron heat flux by more than an order of
magnitude by enhancing coupling between unstable and stable
modes. This indicates that while MTMs can drive electron heat
transport, sufficiently strong E x B shear can effectively mitig-
ate this form of flattening. The possibility of having two neut-
ral beams in NSTX-U, each with three different sources, will
allow great flexibility in modifying the rotation profile, and
therefore allow to investigate the use of £ x B shear to prevent
the flattening of the 7 profile.

2.2. Progress in understanding pedestal transport and
stability

Understanding pedestal transport is paramount for optim-
izing high-performance plasma operation, as the pedestal
acts as an edge transport barrier that significantly impacts
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core confinement and, consequently, fusion power produc-
tion. While conventional models like EPED [32] have suc-
cessfully predicted pedestal structure in many conventional
aspect-ratio tokamaks, they have shown limitations in low-
aspect-ratio devices like NSTX, where observed pedestals are
notably wider than predicted [33].

Recent studies have made significant strides in understand-
ing pedestal transport in NSTX and NSTX-U, particularly by
demonstrating that KBMs, not ideal-ballooning modes, are the
primary instabilities limiting achievable confinement in ST
pedestals [34, 35]. This finding is central to the Gyrokinetic
Critical Pedestal (GCP) model—a linear gyrokinetic threshold
model used for pedestal width and height scaling prediction—
which accurately predicts the steepest pressure profiles a ped-
estal can sustain under the influence of gyrokinetic instabilit-
ies [36]. By combining linear gyrokinetics with self-consistent
equilibrium variations, the GCP model achieves excellent
agreement with experimental pedestal width-height meas-
urements in NSTX, such as discharge 139047, where the
KBM clamps the pedestal profiles at experimentally observed
values, notably below the ideal-ballooning stability bound-
ary. Furthermore, a novel bifurcation in KBM stability was
observed. Such bifurcation leads to the existence of two dis-
tinct pedestal branches: a wide and a narrow branch, both of
which have been accessed in NSTX experiments [37]. This
bifurcation, and consequently the pedestal width-height scal-
ing, were found to be strongly dependent on plasma shaping
(elongation k, triangularity §) and aspect ratio.

The role of equilibrium flow shear was also investigated
as an additional constraint on pedestal evolution and a poten-
tial saturation mechanism for pedestal growth. Comparing a
standard ELMy NSTX H-mode (139047) with a wide ped-
estal, ELM-free discharge (132588), the latter is shown to
possess significantly stronger pedestal top flow shear. While
the general expectation is that flow shear suppresses turbu-
lence [38], its efficacy in discharge 139047 initially decreases
with increasing width, before increasing at larger widths, sug-
gesting a complex interplay where flow shear can impose an
additional constraint on the achievable pedestal width and

transport limited
ELM
KBM limited
shear limited

Be,ped

Figure 3. Cartoon showing the combination of GCP stability, flow
shear, transport, and ELM constraints on a plot of By ped, the
pedestal height in electron beta, vs. Apeq, the pedestal width in
normalized poloidal flux. The color blocks indicate the excluded
regions for a constraint curve of the same color. Accessible pedestal
regions are those without any constraints. Reproduced from [37]. ©
2024 The Author(s). Published by IOP Publishing Ltd on behalf of
the JAEA. CC BY 4.0.

height by mediating the effective transport levels. The com-
bined effects of KBM stability, flow shear, and transport delin-
eate a relatively narrow window of accessible pedestal operat-
ing space, as it can be seen from the cartoon in figure 3.

The impact of non-ideal effects like resistivity, plasma flow,
and two-fluid physics on ELM stability, was also studied using
the extended MHD code NIMROD [39]. It was found that tor-
oidal rotation has a strong destabilizing effect, reducing the
ELM onset threshold and shifting the most unstable modes
to intermediate toroidal mode numbers. Conversely, two-fluid
effects, including ion diamagnetic drifts and gyroviscosity,
provide a significant stabilizing force that counteracts the flow-
driven instability, especially for high-n ballooning modes. The
role of resistivity was found to be more complex, since it is
generally destabilizing for the ELM-free discharges studied,
but can be stabilizing in other high-collisionality regimes. This
suggests that a comprehensive model including all these com-
peting effects is necessary for accurate ELM prediction and
control.
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In addition, the study of the impact of the plasma resistiv-
ity on peeling—ballooning (PB) stability thresholds, was then
extended to also include other STs like the Mega Ampere ST
(MAST) and MAST-Upgrade (MAST-U) [40]. Using M3D-
C1 it was found that resistivity destabilizes PB modes and
significantly expands the unstable domain in both NSTX and
MAST-U. The observation of resistive PB modes coincides
with higher magnetic shear in the pedestal region. While
MAST discharges were limited by ballooning modes and well-
described by ideal-MHD, MAST-U exhibited resistive PB
modes similar to those in NSTX, although with more dom-
inant ballooning features. For MAST-U, ideal-MHD shows
the plasma to be stable to PB modes in ELMing discharges,
but including Spitzer resistivity renders the plasma unstable,
aligning the model with experimental observations. Analysis
of a DIII-D discharge with NSTX-like parameters found that
its stability is governed by ideal PB modes, unaffected by res-
istivity. These comparisons suggest that magnetic shear in the
pedestal region is the key factor linked to the emergence of res-
istive edge modes, rather than ST-typical plasma shape, tem-
perature, or resistivity profiles alone.

Finally, electron temperature gradient (ETG) driven tur-
bulence in the pedestal region was studied using electron-
scale gyrokinetic simulations (CGYRO and GENE [41]) to
compare non-lithiated (narrow pedestal, 132543) and lithi-
ated (wide pedestal, 132588) discharges. It was found that, for
the non-lithiated case, retaining 5BH in simulations revealed
a new, strongly unstable branch of ETG modes at the ped-
estal top [42]. This branch leads to a substantial increase in
electrostatic electron heat flux, which is otherwise negligible
when 6B is omitted. This strong ETG transport was found
in the only region of the plasma where the pressure gradient
is well below the kinetic ballooning mode limit, suggesting
that electromagnetic ETG turbulence may be constraining the
profile in this area. This 0B effect is most pronounced for
modes with strong toroidal magnetic drift resonance, which
are favored by NSTX’s high magnetic shear. In contrast, for
the lithiated case, ETG transport is negligible at the pedestal
top but becomes significant in the steep-gradient region, where
5BH plays a much weaker role but, when retained, can restore
the stabilizing effect lost under the 6B = 0 approximation.

Analysis of the same wide pedestal and ELM-free NSTX
discharge with the GENE code showed that, while the plasma
was KBM stable, global MTMs were the dominant unstable
long wavelength modes in the wide pedestal, as shown in
figure 4 [43]. Two distinct branches of unstable MTMs were
identified, one that grew at the pedestal top and another that
grew within the pedestal. The frequencies of these simu-
lated MTMs were found to be in good agreement with quasi-
coherent fluctuations measured experimentally. These MTMs
exhibited large radial extensions reaching deep into the core,
suggesting their potential for global coupling and impact on
core profiles through enhanced electron heat transport. Carbon
impurities were found to play an important role in MTM sta-
bility. Neglecting them would result in an about 50% error in
the growth rate calculations.

2.3. Development and validation of reduced or surrogate
models

High-fidelity, first-principles simulations, such as those per-
formed by gyrokinetic codes or comprehensive transport
suites like TRANSP [44], are often computationally intensive,
requiring hours or even days to complete. This computational
burden renders them unsuitable for real-time control, rapid
scenario optimization, or between-shot analysis. Therefore,
there is a need for faster, yet accurate, models that can capture
the complex physics of low-aspect-ratio, high-beta STs where
turbulence characteristics and transport mechanisms can sig-
nificantly differ from conventional devices. The work done
to address this challenge in the last two years is summarized
below. Overall, these efforts demonstrate significant progress
in providing robust, validated, and computationally efficient
reduced and surrogate models crucial for understanding and
controlling pedestal transport and broader plasma behavior in
NSTX and NSTX-U.

2.3.1. Progress in the development of surrogate models.

MMMNet, a neural-network (NN)-based surrogate model for
the Multi-Mode Module (MMM) [45], specifically trained on
NSTX-U experimental data, was introduced [46]. This model


https://creativecommons.org/licenses/by/4.0/

Nucl. Fusion 66 (2026) 035001

S. Munaretto et a/

Js[A/cm?
. q 0 5[A/cm?] . Y
COTSIM equilibrium
6
COTSIM transport 80 ~0.03
4| = TRANSP
-0.06
40
2
a b c
) ) -0.09 )
0 0
0 0.2 04 0.6 0.8 1 0 0.2 04 06 0.8 1 0 0.2 04 06 0.8 1
p p
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predicts various diffusivities (thermal, particle, momentum)
with similar accuracy to MMM but runs two orders of mag-
nitude faster.

At the same time a new version of MMM with significantly
improved computational efficiency, essential for applications
such as scenario optimization, has been developed [47]. This
updated version incorporates advanced physics in its reduced
models, including MTMs and a new electromagnetic ETG
mode (ETGM [48]), both of which are critical for low-aspect-
ratio, high-beta tokamaks. The model has been shown to be
consistent with gyrokinetic simulations (CGYRO) and is cap-
able of predicting electron and ion temperature profiles in
NSTX.

Moreover, the Control-Oriented Transport SIMulator
(COTSIM), an integrated equilibrium and transport simu-
lation framework was also enhanced. COTSIM incorporates
NN-based surrogate models for both MMM (MMMNet) and
NUBEAM (NUBEAMNet) [49, 50] to predict anomalous dif-
fusivities and NBI source depositions, respectively [51]. By
coupling these with self-consistent equilibrium calculations,
COTSIM was able to achieve strong agreement with TRANSP
predictions, as shown in figure 5 for NSTX-U discharges,
while significantly reducing computation time, making it a
robust tool for real-time profile estimation, scenario optimiza-
tion, feedback control design and testing, and integration into
digital twin frameworks.

A data-driven electron thermal transport NN (ETT-NN)
model for NSTX was also introduced [52]. Validated against
TRANSP and predictive TRIASSIC [53] simulations, ETT-
NN was shown to accurately reproduce electron temperature
trends and exhibits physically consistent responses to para-
meter scans for various turbulent modes (MTM, ETG, KBM),
demonstrating its ability to reflect underlying physical charac-
teristics without explicit theoretical background.

Multiple machine learning surrogate models, including ran-
dom forest regressors (RFR), multilayer perceptron (MLP)
regressors, and Gaussian process regressors (GPR), have been
developed for ion cyclotron range of frequencies (ICRF) heat-
ing predictions in NSTX [54-56]. These models achieve six
orders of magnitude acceleration compared to the full-wave

solver TORIC [57] while maintaining high accuracy. A key
contribution was the identification, diagnosis, and correction
of a numerical instability in the legacy TORIC code for the
high-harmonic fast wave (HHFW) regime. By using both a
curated dataset and an outlier-free dataset, the trained surrog-
ates were shown to accurately capture the physical HHFW
heating profiles. Particularly, through physics-informed data
curation and appropriate selection of model families (RFRs
and GPRs), it was demonstrated that accurate generalization
to unseen regions of parameter space is possible, providing
an alternative solution for predictions in challenging regimes
where original data/model is not reliable but the underlying
physics regime still holds. GPRs also provide calibrated uncer-
tainty quantification, which enhances reliability and inter-
pretability. Newer models and workflows remove the two main
bottlenecks in surrogate deployment: data ingestion and ana-
lysis, and hyperparameter tuning. Automated data pipelines
and Bayesian hyperparameter optimization establish an end-
to-end, reproducible surrogate implementation methodology,
which is being employed to develop surrogates for other
fusion-relevant applications, including MHD stability predic-
tion and gyrokinetics.

2.3.2. Progress in validation of reduced models. ~ Validation
of reduced models against linear and nonlinear gyrokin-
etic simulations using the fully electromagnetic high-fidelity
code CGYRO were performed. In a comparison between the
trapped gyro-landau fluid (TGLF) [58] and the new gyro fluid
system (GES) [59] codes, it was demonstrated that GFS shows
significantly better agreement with CGYRO than TGLF, par-
ticularly in capturing the destabilizing effect of parallel mag-
netic fluctuations on KBMs, a crucial step for improving
reduced models for future transport predictions and control in
STs [60].

In an effort to analyze ETG stability and thermal transport
in NSTX and NSTX-U plasmas, CGYRO results were also
compared with predictions from the ETGM and the TGLF
model, emphasizing that while ETGM shows power flow
close to experimental values and CGYRO results, TGLF with
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saturation rule SATO tends to underpredict the power flow
from ETG modes [61]. Discrepancies in growth rate trends and
thresholds between CGYRO and the reduced models were also
noted, indicating areas for further investigation.

The capabilities of the MMM and the TGLF reduced tur-
bulent transport models in reproducing experimental temper-
ature profiles from a large set of high-performing NSTX dis-
charges was also evaluated [62, 63]. Overall, MMM was found
to provide more robust and computationally efficient predic-
tions, consistently agreeing with experimental data better than
TGLF within time-dependent, predictive TRANSP simula-
tions. MMM typically overpredicted the electron and ion tem-
perature profiles by about 15%—-40% and 20%-35% respect-
ively, and closely reproduced the observed T./T; ratio of ~
0.9 — 1. In contrast, electromagnetic TGLF simulations were
more sensitive to plasma /3, more substantially overpredicting
T, atrelatively low 3 and underpredicting 7; at higher 3, yield-
ing an elevated T, /T; ratio relative to the experimental value,
as can be seen in figure 6. Moreover, MMM '’s predictions ten-
ded to be more reliable for discharges with higher 3, longer
energy confinement times, and broader temperature profiles.
The dominant transport mechanisms predicted by MMM var-
ied radially and with plasma conditions: ETGMs dominate
near the core, kinetic ballooning and trapped electron modes
become important at mid-radius in high-£3, low-collisionality
plasmas, and MTMs drive transport near the pedestal, espe-
cially at high 3.

2.3.3. Progress in equilibrium reconstruction. Accurate
MHD equilibrium reconstructions are crucial for stabil-
ity and transport analysis. An approach that integrates the
EFIT equilibrium solver with experimental data analysis and
TRANSP simulations to enhance NSTX and NSTX-U equi-
librium reconstruction accuracy, particularly at the edge, was
developed [65]. This is achieved by adding constraints on total
pressure and current density profiles based on the TRANSP

solutions. The accuracy depends on the availability and qual-
ity of experimental measurements, data consistency between
various constraints, and choice of basis functions to repres-
ent the pressure and current density profiles. Improved fidel-
ity in equilibrium reconstruction obtained with this new integ-
rated method was observed, with reduced variability of mag-
netic axis and boundary locations from several centimeters to
millimeters, and gg variability reduced tenfold. The impact of
equilibrium reconstruction on plasma profiles (electron tem-
perature, density, ion temperature, rotation) through mapping
experimental measurements to flux coordinates was analyzed,
showing significant effects, especially at the edge due to strong
flux suppression near the last closed flux surface.

3. Power & particle handling for plasma exhaust in
high performance scenarios

This objective aims to develop power exhaust techniques for
NSTX-U integrated scenarios and evaluate their extrapolabil-
ity to future devices, as well as to develop particle control tech-
niques to enable NSTX-U integrated scenarios. With increased
heating power and compact geometry, NSTX-U will produce
very high peak heat fluxes (up to ~100 MW m~2), requiring
the development of robust solutions at the Plasma—Material
Interface (PMI). This includes assessing the performance and
lifetime of new PFCs like castellated, fish-scaled graphite tiles,
developing mitigation techniques such as advanced magnetic
configurations (e.g. snowflake divertors) and radiative solu-
tions, and exploring innovative liquid lithium (LL) PFCs.

3.1 Liquid lithium plasma-facing components

LL is being explored as a promising solution for the chal-
lenges of power and particle handling in high-performance
fusion devices. It offers a renewable plasma-facing surface that
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can significantly enhance power exhaust, protect the solid sub-
strate, and potentially improve energy confinement through
the pumping effect achieved by its chemical bonding with
hydrogen isotopes. Furthermore, LL can act as a carrier of heat
energy and, crucially, as a vapor shielding material when evap-
orated, which aids in heat flux redistribution.
A new self-consistent, time-dependent modeling frame-
work that couples the plasma boundary transport code
UEDGE [66] with a new lithium wall transport code, Wall-
Li, was developed to evaluate the performance and operational
limits of LL divertors [67]. Applied to an NSTX-like geo-
metry, the model was used to simulate how lithium is sourced
from PFCs based on local plasma conditions and surface tem-
perature. It was found that a lithium vapor shielding acts as
an effective self-regulating mechanism for mitigating divertor
heat flux; when the PFC surface temperature exceeds 450°C,
lithium evaporation becomes the dominant sourcing mechan-
ism, leading to significant radiative power losses that reduce
the peak heat flux and cause the surface temperature to satur-
ate near 600 °C (see figure 7). While this protects the divertor,
it also increases lithium concentration in the upstream plasma,
potentially leading to core fuel dilution. Strong main ion par-
allel flow is found to be critical for confining lithium within
the divertor region, thereby reducing core contamination. This
suggests that managing plasma flow could be a key strategy
for optimizing lithium-based PFCs in future devices.
Development and analysis of a new variant of PFCs called
the Capillary Porous System with Fast Flowing LL (CPSF)
were also carried out [68—70]. This innovative design incor-
porates a porous wall to stabilize the liquid metal surface,
while a MHD drive pushes the LL flow inside the compon-
ent, ensuring efficient heat exhaust and enhanced control of
the LL surface temperature. A key advantage of this system
is its inherent self-regulating feedback effect: as heat flux
increases, the evaporation rate of lithium rises, and as heat flux

decreases, the evaporation rate falls, which can create a pro-
tective vapor shield around areas of peak heat flux. Utilizing
CPSF as an evaporator for vapor shielding allows handling
significantly higher divertor heat fluxes compared to previous
designs, while still avoiding high lithium concentrations in the
core. To accurately model this complex system, a two-way
coupling between plasma-edge analysis and PFC heat trans-
fer analysis is essential. To do this, SOLPS-ITER [71] was
used coupled with an analytical slab flow model for heat trans-
fer within the PFC. These analyses have shown that increas-
ing the LL flow velocity or decreasing the initial LL temper-
ature consistently leads to a reduction in lithium-ion concen-
tration in the plasma core and lower total lithium evaporation
from the divertor by influencing the divertor wall temperature
upstream. Another finding is that deuterium gas puffing can
significantly reduce lithium concentrations in the core, achiev-
ing effective screening of lithium due to an increased friction
force that pushes lithium towards the target. Furthermore, it
was observed that the flow direction of LL is critical, with
flow towards the Private Flux Region (PFR) generally yield-
ing lower core lithium concentrations compared to flow from
the PFR.

Further optimization studies have explored the best loc-
ations for lithium evaporation and the ideal PFC geomet-
ries [72, 73]. Initial comparisons revealed that PFR evapor-
ation is significantly more efficient at dissipating power and
reducing peak heat flux, requiring lower gross lithium evapor-
ation rates and resulting in lower upstream lithium concentra-
tions, primarily due to its improved access to the separatrix.
Building on this, the ‘lithium vapor box’ design was simpli-
fied into a ‘lithium vapor cave’ by removing the common flux
region baffles, as the plasma itself acts as a ‘virtual baffle’ to
contain neutral lithium. Simulations demonstrated that mak-
ing selected surfaces reflective to lithium (such as the cave
walls and target walls) can drastically reduce the required net
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lithium evaporation rate (by orders of magnitude) and decrease
the minimum upstream lithium concentration. This is because
reflection directs lithium flow towards the plasma and pro-
motes recirculation, leading to multiple ionizations per evap-
orated lithium atom. While cave depth and aperture height
have minor effects on upstream concentration, the shaping of
the PFR structure was found to have a more significant impact,
influencing how lithium contamination occurs and whether
the X-point acts as a source or sink for the confined region.
Additionally, the poloidal location of deuterium puffing in the
PFR can impact performance, with positions near the deu-
terium flow reversal point resulting in improved lithium con-
tainment via increased friction force acting on the lithium.
An important finding is that the differences in performance
between various PFC geometries are minimized when drifts
are enabled, as the flows become dominated by drift terms,
suggesting increased design flexibility. A comparison between
the box and cave geometries in terms of lithium concentration
in the plasma is shown in figure 8.

Preliminary engineering design work of a PFR lithium
evaporator has focused on the evaporator’s heating and cool-
ing characteristics during the plasma pulse cycle, with partic-
ular focus on how the temperature of the evaporator can be
controlled to maintain a constant rate of evaporation over a
5 s plasma pulse, and how to minimize the amount of lithium
consumed between plasma pulses on a 20 min cycle [74]. It
was found that—since the plasma radiation impinging on the
divertor surfaces plays a key role in the total power balance
of the system—controlling the lithium evaporation rate during
the plasma pulse requires either active cooling of the divertor
surfaces or the use of baffling to protect the lithium evapor-
ator from the divertor radiation. Accordingly, a new concep-
tual design was presented where the lithium evaporator was
moved out of the line-of-sight of the plasma radiation so that
the power balance of the evaporator is dominated by embed-
ded heaters, and a hot, reflecting surface was used to direct
the flow of lithium vapor from the evaporator to the divertor
plasma. It was found that before the pulse, high power-density
heaters are needed to ramp up the temperature of the evapor-
ator to the desired operating point as quickly as possible, while
after the plasma pulse, the heaters could be turned off and the

evaporative cooling effect of the lithium would naturally limit
the amount of lithium consumed by the evaporator.

3.2. Plasma edge transport, dynamics, and modeling

Research was also focused on the intricate physical processes
that govern plasma behavior in the scrape-off layer (SOL),
including the dynamics of turbulent structures like blobs, the
critical role of neutral particles in transport, and the devel-
opment of computational models to understand core-edge
interactions.

Filamentary structures in the SOL naturally emerge from
edge plasma turbulence, driving intermittent particle and heat
transport that can degrade confinement and impose high
heat fluxes on PFCs. These plasma filaments—also known
as blobs - were analyzed using the gas-puff imaging (GPI)
diagnostic [75]. A watershed-based method was developed
to identify, segment, and track blob contours in successive
GPI frames, allowing characterization of their shape evol-
ution, velocity, and rotation [76]. Results showed that lar-
ger blobs tend to be less circular and more concave, con-
sistent with theoretical predictions of increased instability
in larger structures [77, 78]. A positive correlation between
radial position and velocity suggested outward acceleration,
possibly due to reduced viscous drag toward the far SOL.
Unlike ELM filaments, which exhibit strong rotation [79],
SOL blobs display minimal spin. Statistical analysis of solid-
ity and curvature revealed broad, near-Gaussian distribu-
tions, indicating stochastic shaping by background turbulence.
Comparisons with plasma profiles further revealed dependen-
cies between blob rotation, poloidal velocity, collisionality,
and line-integrated density, providing new constraints for val-
idating SOL transport and turbulence models.

The influence of neutral interaction on the SOL was invest-
igated, with particular attention to turbulence, parallel trans-
port, and the dynamics of plasma blobs [80]. Using a con-
tinuum gyrokinetic code coupled with a kinetic neutral trans-
port model, it was observed that the presence of neutrals results
in flatter density profiles due to changes in parallel transport,
underscoring the importance of neutral drag on global plasma
properties. Blobs were observed to be, on average, slower and
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larger in simulations that include neutrals compared to those
without, and it was also observed that charge exchange colli-
sions are crucial for accurate modeling of parallel transport.
While blob motion did not significantly contribute to radial
transport in these simulations, it was necessary to include
neutral dynamics in turbulence models to accurately predict
blob behavior and their role in determining the SOL width.
Comparing simulations with a full neutral model against those
with an effective ionization source it was possible to separ-
ate the effects of particle sourcing from collisional drag. This
revealed that many profile differences could be accounted for
by ionization sourcing. However, the density profile flatten-
ing could not be reproduced from sourcing alone and was
attributed to slower parallel plasma flow from charge exchange
collisions.

A reduced model for the SOL plasma called SOL Box
model, designed for core-edge integrated scenario modeling,
was introduced [81]. The OD Box model is based on global
power and particle balance and aims to capture essential SOL
transport physics with minimal computational cost, making it
suitable for wide parameter-space exploration in FPP design.
It extends the conduction-limited two-point model by incor-
porating a free parameter for the divertor particle recycling
rate and can reproduce plasma limiting behaviors from sheath-
limited to conduction-limited regimes. A 1D extension that
account for parallel variations of plasma parameters along
magnetic field lines, was compared against SOLPS-ITER sim-
ulations of an NSTX ELM-free H-mode discharge with solid
lithium-coated divertors. The 1D model, formulated with ana-
Iytical approximations for power loss, flux expansion, and
ionization sources, produced satisfactory results for electron
temperature and density compared to SOLPS, especially for
upstream density, despite discrepancies near the target where
strong convective transport exists in SOLPS.

3.3. Divertor power exhaust, management, and control

As already mentioned, the effective management of high heat
flux on plasma-facing components is a critical challenge for
the development of fusion reactors, as excessive heat can
lead to component damage and reduced operational lifetimes.
Understanding and predicting these heat loads, including in the
presence of magnetic perturbations, is essential for machine
protection and the design of future fusion devices.

One approach to tackle this problem involved improv-
ing the tools for heat flux assessment and exploring new
divertor configurations. The open-source, Python-based code
HYPERION has been developed to accurately calculate heat
flux incident on PFCs using infrared thermography data [82].
This 2D implicit finite-difference code is noted for its access-
ibility and ability to optimize mesh thickness and account
for thin surface layers on PFCs. HYPERION has shown
excellent agreement with established heat flux codes like
THEODOR [83] and good agreement with TACO [84],
thereby enhancing confidence in its utility for machine pro-
tection and power balance accounting.

Beyond measurement, mitigation strategies were explored
through the Snowflake (SF) divertor configuration, which aims

to provide a more effective solution to power exhaust [85].
This configuration creates a second-order poloidal field null,
theoretically offering benefits such as higher flux expansion
and extended PFRs, which are beneficial for achieving a stable
X-point radiator (XPR) regime - a regime characterized by sig-
nificant radiated power loss, leading to divertor power detach-
ment, while maintaining good or only slightly degraded core
confinement. Experiments in NSTX with SF divertors demon-
strated many XPR features, including good confinement, and
substantial divertor power detachment.

Further investigations into heat flux phenomena have
revealed the complex nature of heat distribution on diver-
tor plates, particularly in the presence of Resonant Magnetic
Perturbations (RMPs). Previously, striated heat fluxes with
RMPs were mainly attributed to strike point splitting caused
by magnetic lobe structures intersecting the divertor. However,
recent observations in NSTX have identified the presence of
stationary 3D filaments induced by n =3 RMPs [86]. These
filaments remain fixed toroidally and extend from the mid-
plane to the divertor suggesting that these stationary filaments
are the primary cause of the divertor heat flux striations with
RMPs in NSTX, challenging the previous understanding that
relied solely on strike point splitting. These stationary fila-
ments were also found to reduce the divertor peak heat flux.
This new understanding of filament-induced heat transport is
crucial for controlling the peak divertor heat flux in NSTX-U.
Figure 9 shows images of the filaments from a visible camera
and heat fluxes at the divertor from an infrared one.

4. Developing steady-state non-inductive and
low-disruptivity operations

The core deliverable for this objective is to achieve high-beta
non-inductive scenarios that integrate good energy confine-
ment, low disruptivity, and suitable heat flux mitigation in sta-
tionary conditions. To progress toward this goal, research has
been focused on scenario development, real-time capabilities
and disruption forecasting and avoidance.

4.1. Progress in scenario development

Developing steady-state non-inductive scenarios is paramount
for realizing economically viable fusion energy. Traditional
tokamak operation relies on inductive current drive, which is
inherently pulsed, limiting the duration of plasma discharges
and preventing continuous energy production. Achieving
steady-state operation requires that the plasma generate and
sustain its own current non-inductively, primarily through self-
driven mechanisms like the bootstrap current, supplemen-
ted by external non-inductive current drive methods such as
high harmonic fast waves and NBI. Furthermore, optimizing
confinement and maximizing fusion power output are cru-
cial for reactor economics. However, challenges like mag-
netic instabilities and complex interactions between heating
and current drive systems must be addressed to ensure stable
and efficient long-pulse operation.
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Figure 9. Images of the filaments before (a) and after (b) n = 3 RMP application and consequent heat fluxes at the divertor (¢) in NSTX
discharge 134779. Reproduced from [86]. © 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA. CC BY 4.0.

RMS is a key plasma configuration known to suppress elec-
tron thermal transport and lead to the formation of internal
transport barriers (ITBs), which significantly improve energy
confinement and result in increased temperature and peaking
of the pressure profile. Through studies done with TRANSP it
was observed that RMS in NSTX-U can be generated through
a fast current ramp and early neutral beam injection into a
large plasma volume, a method successfully used in both the
Tokamak Fusion Test Reactor (TFTR) [87] and NSTX [88].
Furthermore, it was shown that sustaining RMS and keep-
ing the minimum safety factor gmi, > 1, to avoid potential g
= 1 driven MHD events, can be achieved by increasing the
core electron temperature, either via increased plasma current
and/or adding heating power. This is vital for maintaining the
improved confinement properties over long pulses. While the
new off-axis NBI sources did not dramatically change the g¢-
profile in simulations with rigidly scaled profiles, the results
provide a predictive framework and operational strategies for
shaping the g-profile to enable and sustain high-performance,
non-inductive operation in NSTX-U.

A critical challenge for achieving steady-state, high-
performance operation is the avoidance of MHD instabilities
like neoclassical tearing modes (NTMs), which can degrade
confinement and lead to disruptions. Using a TRANSP-based
model of the modified Rutherford equation, a detailed ana-
lysis of several NSTX discharges featuring spontaneous (2,1)
NTMs revealed that fast ions play a critical role in the early
growth phase of the instability [89]. The ‘kinetic neoclassical’
polarization current, driven by fast ions, is found to disrupt
the marginal stability of the plasma and allow the magnetic
island to grow. Furthermore, M3D-C1-K [90] simulations sug-
gested that fast ions may also contribute to the NTM onset
by increasing the total plasma pressure enough to excite a
pressure-driven ideal mode, which can then provide the neces-
sary seed island for the NTM.

The presence of non-axisymmetric magnetic fields due to
coil misalignments and manufacturing imperfections (known
as error fields) is another factor that can significantly affect
plasma performance in tokamaks. Their impact is typically
assessed using perturbative MHD models. The validity of such
an approach was investigated by comparing the results to fully

3D nonlinear equilibria generated by the VMEC code [91],
in order to establish: the correct choice of the axisymmet-
ric reference frame to use in perturbative calculations and the
validity limits of the linearized theory [92]. It was shown that
the appropriate reference frame is determined by the radial
centroid of the toroidal field coils, as radial shifts of these coils
shift the plasma’s magnetic axis with them, while choosing
the wrong frame can lead to significant errors in predicting the
plasma response. It was also found that linear theory breaks
down when coil misalignments exceed approximately 1% of
the minor radius, which is larger than the tolerances of NSTX-
U. These findings validate the use of perturbative codes for
setting current NSTX-U tolerances, but highlighting that non-
linear models may become necessary for future devices.

A novel effect impacting the self-driven current drive
mechanism was revealed: magnetic-island-induced 3D elec-
tric potential structures, which have the same dominant mode
numbers as the magnetic island but are centered at the inner
and outer edges of the island [93]. These non-resonant poten-
tial islands are shown to drive a parallel current through an
efficient nonlinear parallel acceleration of electrons. It was
found that in large-aspect-ratio tokamaks, in addition to the
well-known local current loss due to pressure profile flatten-
ing across the island, this effect can cause a significant global
reduction of the bootstrap current once a critical magnetic
island width is exceeded, with the loss increasing rapidly with
island size. Conversely, for low-aspect-ratio STs like NSTX-
U, the current loss caused by magnetic islands was found to
be minor, primarily local to the island region, and the rate of
current loss as the island size increases is substantially slower.
In the reactor-relevant high-3, regime, where NTMs are more
likely to develop, the bootstrap current reduction in STs is
found to be even smaller, as shown in figure 10. This work
fundamentally reassures that magnetic islands may not be a
major impediment to maintaining self-driven current in STs.

The role of high harmonic fast waves was explored
as a versatile heating and current drive tool for NSTX-
U scenario development. Utilizing the GENRAY [94] ray-
tracing code coupled with the quasilinear Fokker-Planck code
CQL3D [95], extensive parametric scans were performed
to identify optimal conditions for HHFW current drive and
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heating [96]. The best current drive results were obtained at
elevated electron temperatures and with the lowest toroidal
wave number. The analysis quantified the HHFW current drive
efficiency, demonstrating that at low densities, the efficiencies
are high enough to support nearly fully non-inductive opera-
tion during the early ramp-up phase, aligning with previous
NSTX results [97]. However, a significant finding was that
adding neutral beams typically strongly reduces the HHFW
current drive efficiency at low densities due to HHFW absorp-
tion on beam ions, which competes with electron absorption.
This necessitates careful scenario development to weigh the
benefits of beam-driven current against the potential loss of
HHFW-driven current.

A significant challenge in using HHFW observed in previ-
ous NSTX experiments was that, under certain edge plasma
conditions, up to 60% of the power could be lost in the SOL,
never reaching the plasma core [98]. These losses were pro-
nounced under the lower field, higher edge density condi-
tions, where the fast waves were able to propagate in the
SOL. To understand and overcome this issue, HHFW propaga-
tion in the NSTX-U SOL was modeled using a finite element
approach in Petra-M [99], which solves the non-linear 2D
heat conduction equation to derive ‘anisotropy-resolved’ dens-
ity and temperature profiles, successfully capturing the effects
of high parallel-to-perpendicular heat conduction anisotropy
(up to x|/xL = 10%) that causes profiles to follow magnetic
flux contours [100]. It was found that as the midplane dens-
ity profile broadens, the wavefield intensity and its poloidal
extent in the SOL are reduced. This broadening effectively
reduces the gap width in front of the antenna, suppressing the
excitation of geometry-dependent edgemodes (or waveguide
modes), which in turn decreases the fraction of power depos-
ited parasitically in the SOL and improves core coupling. In
agreement with previous studies [101], the analysis suggests
that higher field operation on NSTX-U is expected to mitig-
ate parasitic edge losses, both by raising the fast wave onset
density, thus prohibiting fast wave coupling to the SOL, and
by lengthening the perpendicular wavelength, which would

reduce the likelihood of parasitic SOL coupling even at high
SOL density where the fast wave can propagate.

Finally—based on the possibility of increased core volume
via plasma squareness ( that was observed in NSTX exper-
iments [102]—a novel technique called ‘volumetric power
optimization’ to enhance the fusion power output of mag-
netic confinement devices was presented [103]. The approach
involves shifting the burning plasma region to a larger plasma
volume by introducing minimal perturbations to the plasma
boundary shape, specifically by varying (. It was shown that
increasing ( can substantially increase total fusion power by
more efficiently packing the burn volume, even with approx-
imately constant power density profiles (see figure 11). The
optimization was achieved while maintaining plasma stabil-
ity, including vertical stability. The method offers operational
advantages as it allows key plasma parameters like elonga-
tion and triangularity to remain unchanged while squareness
is adjusted.

4.2. Real-time control

Advancing the capabilities of the NSTX-U plasma con-
trol system (PCS) is crucial for maximizing experimental
performance, ensuring safe operation, and achieving high-
performance plasma regimes in spherical tokamaks. This
endeavor faces significant challenges, including the need to
accurately predict and control complex, non-linear plasma
dynamics, manage the inherent discrete nature and limitations
of actuators like NBI, and mitigate common control issues
such as plasma position oscillations and shape deviations that
hinder access to desired operational modes. To address these
challenges, several advances have been pursued.

One key development involves the creation and refine-
ment of a virtual tokamak simulation platform, GSevolve, that
allows the real PCS to control a simulated NSTX-U [104]. This
capability is critical for off-line development and testing of
control implementations and procedures, thereby saving valu-
able experimental time. The simulation has been rigorously
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Figure 11. Integral of the fusion power density over the enclosed volume—also called ‘enclosed fusion power’ - in increasingly square
plasmas for a hypothetical future ST pilot plant. Reproduced from [103]. CC BY 4.0.

upgraded to reproduce experimental profile evolution and out-
comes at bifurcation points like vertical displacements, com-
bining detailed 1D profile and 2D Grad—Shafranov equilib-
rium evolution. By integrating precomputed diffusion coef-
ficients and heating/current drive profiles from the TRANSP
code and allowing for iterative refinement, the fidelity of the
simulation is significantly enhanced. Furthermore, it incor-
porates an implicit integration scheme, leading to an order-
of-magnitude increase in simulation speed for NSTX-U, and
an internal control system to facilitate debugging and test-
ing of individual components. This virtual environment will
play a vital role in designing and optimizing plasma ramp-up
and full-shot scenarios for NSTX-U, with the goal of rapidly
achieving high-performance plasmas.

The newly developed tokamak simulation platform has then
been used to analyze and develop solutions for recurrent mag-
netic control problems, such as the ‘bobble’ phenomenon in
NSTX-U [105]. The bobble consists of vertical oscillations
and shape dithering during the plasma current ramp-up, which
hindered reliable H-mode access and high performance during
NSTX-U’s first experimental campaign [106, 107]. By repro-
ducing this complex behavior in simulations, it was identified
that the bobble arises from a combination of the overall sys-
tem’s instability under feedback and significant input-output
cross-coupling. To mitigate this, two primary control solu-
tions have been proposed and tested: a modified two-stage I,
ramp-up trajectory and a Multi-Input Multi-Output (MIMO)
decoupling controller. The modified /, ramp-up trajectory, by
temporarily flattening the current target during critical phases,
aims to minimize control-loop interactions and had shown in
simulations to reduce the amplitude of vertical oscillations by
approximately 50%. The MIMO controller aims to enhance
stability by reducing the vertical-instability growth rate and
effectively decoupling control interactions, demonstrating in
simulations that it can eliminate the vertical oscillations and

maintain a more stable, double-null plasma shape, thereby
enabling H-mode access and improved performance, as shown
in figure 12.

Another significant area of advancement focuses on devel-
oping sophisticated control algorithms that explicitly account
for the discrete nature of plasma actuators, particularly NBI
systems. While the NBI power operates in an on/off Boolean
style, conventional model predictive control (MPC) schemes
often treat NBI power as a continuously varying signal, which
is then converted to a discrete signal using pulse-width mod-
ulation. This signal conversion can lead to performance loss
due to minimum on/off time constraints. To overcome this,
a novel hybrid MPC algorithm has been designed for sim-
ultaneous regulation of the g-profile and stored energy in
NSTX-U scenarios [108]. This hybrid MPC incorporates the
discrete-time dynamics of NBI actuators as additional con-
straints. Through nonlinear simulations, it has been demon-
strated that this hybrid MPC significantly improves control
performance by reducing or eliminating oscillatory behavior
in stored energy and damping oscillations in the safety factor
profile.

Complementing these control advances, the development
of real-time protection systems is crucial for enhancing oper-
ational safety and reliability. The NSTX-U Shorted Turn
Protection (STP) system serves as a vital safety feature by
employing a Kalman filter-based algorithm to monitor coil
currents and detect faults, such as shorted turns in poloidal
field coils, in real-time [109]. Upon detection of an anom-
aly, the system is designed to swiftly terminate the tokamak
pulse to prevent damage. This system has undergone extens-
ive validation using historical NSTX-U data in real-time sim-
ulations, proving its ability to detect various shorted turn scen-
arios reliably. A key advantage of the STP system is its inde-
pendent operation from the main PCS, which contributes to
enhanced safety, reliability, and isolation from other control
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Figure 12. Time evolution of the plasma shape at different time instants for the bobble simulation (dashed blue) and simulation under
MIMO control (solid orange). Reprinted from [105], Copyright (2025), with permission from Elsevier.
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tasks, thereby allowing for quick implementation and deploy-
ment of various models during NSTX-U commissioning and
upgrades.

4.3. Disruption prediction and avoidance

Disruptions, characterized by rapid loss of plasma confine-
ment, pose a significant threat to future fusion power plants
due to potential damage and downtime. Developing methods
to predict and avoid these events is therefore crucial for the
viability and longevity of fusion power plants.

By leveraging the DECAF [110] code’s multi-device and
multi-year analysis capabilities, the possibility to detect and
avoid disruptions has been advanced. The disruption detection
is enhanced through the identification of abnormal variations
in plasma current (/,) and vertical position (Z), such as I,
quenches, transient ‘spikes’, and vertical displacements [111].
Triggers of disruptive event chains consisting of these abnor-
malities were shown to occupy predominantly distinct regions

of the operation space diagrams (see figure 13(b)). The imple-
mentation of an I, quench-based binary classifier was high-
lighted as a robust and universal indicator of disruptive plas-
mas due to its general irreversibility and reliance on basic
I, measurements. Further understanding of causal disruptive
event evolution is provided through DECAF’s new capability
distinguishing between naturally occurring disruptions from
those caused by technical failures (such as hardware or soft-
ware faults, PCS phase changes, etc). Particular focus was
then posed in advancing the capability to forecast Vertical
Displacement Events (VDEs). The possibility to use the Leuer
criterion [112], a physics-based vertical stability metric, as an
early warning forecaster was investigated [113]. To enable its
real-time application, a linear surrogate model for the plasma
current density profile was developed, allowing the profile to
be reconstructed at a high time resolution (1.6 kHz), thereby
enabling the potential real-time employment of the Leuer cri-
terion. The achieved VDE forecasting accuracy is shown in
figure 13(a). Further work is ongoing to couple it with other
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stability metrics for a more comprehensive and reliable VDE
forecaster.

To identify the underlying conditions that lead to long-
lasting improved confinement with RMS, a database was
formed from NSTX data to study RMS using machine learn-
ing [114]. RMS discharges are prone to suffer from MHD
events, which can cause current redistribution and often pre-
cede disruptions, resulting in the collapse of gy onto gmin. A
primary focus was on categorizing RMS discharges based on
their duration and formation, using magnetic field pitch angle
data. With machine learning, NSTX shots with RMS were
characterized as belonging to three distinctive groups, namely
weak, strong and recovered RMS shots, helping to understand
the plasma conditions that are susceptible to disruption-prone
MHD events.

5. Conclusions

With the recovery project of NSTX-U now being more than
90% completed, its operation is planned to restart in the second
half of 2026. In the meantime research on NSTX and NSTX-
U has advanced using previous data from NSTX and NSTX-U
as well comparing the results with other national and interna-
tional devices. When NSTX-U restarts operation, it will rep-
resent a crucial step toward closing the physics gaps that will
inform the realization of compact, cost-effective fusion pilot
plants.
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