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Abstract

The mission of the spherical tokamak NSTX-U is to explore the physics that drives core and
pedestal transport and stability at high-β and low collisionality, as part of the development
of the spherical tokamak (ST) concept towards a compact, low-cost ST-based pilot plant.
NSTX-U will ultimately operate at up to 2 MA and 1 T with up to 12 MW of neutral
beam injection power for 5 s. NSTX-U will operate in a regime where electromagnetic
instabilities are expected to dominate transport, and beam-heated NSTX-U plasmas will
explore a portion of energetic particle parameter space that is relevant for both α -heated
conventional and low aspect ratio burning plasmas. NSTX-U will also develop the physics
understanding and control tools to ramp-up and sustain high performance plasmas in a fullynoninductive fashion. NSTX-U began research operations in 2016, but a failure of a divertor
magnetic field coil after ten weeks of operation resulted in the suspension of operations
and initiation of recovery activities. During this period, there has been considerable work
in the area of analysis, theory and modeling of data from both NSTX and NSTX-U, with a
goal of understanding the underlying physics to develop predictive models that can be used
for high-confidence projections for both ST and higher aspect ratio regimes. These studies
have addressed issues in thermal plasma transport, macrostability, energetic particlet-driven
instabilities at ion-cyclotron frequencies and below, and edge and divertor physics.
Keywords: NSTX, NSTX-U, overview
(Some figures may appear in colour only in the online journal)

1. Introduction

(MHD) stability limits, the development of predictive algorithms for disruption avoidance through real-time control
actuators, and understanding the effect of disruptions, if they
cannot be avoided, on material surfaces. The sustainment of
discharges requires knowledge of processes that can influence the flow of heat to first walls and divertor regions, and
developing approaches to mitigating these heat loads. It is the
synthesis of understanding in all these areas that is needed
for developing optimized designs, with respect to and among
other things, aspect ratio, toroidal magnetic field and plasma
shaping for an ST pilot plant.
NSTX-U began research operations in 2016, producing
10 weeks of commissioning and scientific results [5, 6].
However, a number of technical issues, including the failure
of a key divertor magnetic field coil, resulted in the suspension of operations and initiation of recovery activities. During
this period, there has been considerable work in the area of
analysis, theory and modeling of data from both NSTX and
NSTX-U, with a goal of understanding the underlying physics
to develop predictive models that can be used for projections
for both ST and higher aspect ratio regimes. This paper will
discuss results of these studies in the areas of confinement and
transport, macrostability, energetic particle physics, and edge
and divertor physics.

The mission of the spherical tokamak NSTX-U [1] is to explore
the physics that drives core and pedestal transport and stability
at high-β and low collisionality, as part of the development of
the spherical tokamak (ST) concept towards a compact, lowcost ST-based pilot plant [2–4]. NSTX-U will operate at up
to 2 MA and 1 T with up to 12 MW of neutral beam injection (NBI) power for 5 s. NSTX-U will study electromagnetic
instabilities, which are expected to dominate transport in the
core and a portion of neutral beam-energetic particle (EP)
phase space that is relevant for both α -heated conventional
and low aspect ratio burning plasmas. At high-β, virulent
non-linear EP-driven instabilities are expected to occur, and
NSTX-U will be developing means to suppress or mitigate the
modes through tailored NB injection and to develop models
to predict the enhanced EP transport caused by these modes.
NSTX-U will also develop the physics understanding and control tools to ramp-up and sustain high performance plasmas in
a fully-non-inductive regime, aided by the flexible aiming of
the NBI-system for current and rotation control.
In particular, NSTX-U will be addressing issues critical
to developing the basis for, and optimizing the design of,
an ST configuration-based pilot plant, which has a goal of a
non-inductively sustained, net electricity producing plasma.
Critical issues include identifying and developing a capability
to predict transport and confinement across a range of nor
malized collisionality (ν∗ = ν/a ) and normalized gyroradius
(ρ∗ = ρ/a). Developing this predictive capability requires the
same for the energetic particle population, a source of heating
and non-inductive current drive. Fusion power production is
proportional to β 4 for a given toroidal magnetic field [3, 4], and
maximizing β requires understanding magnetohydrodynamic

2. Transport and confinement
2.1. Gyrokinetic analysis of L-mode plasmas

Low confinement (L-) mode transport modeling has been revisited in light of recent research that has illustrated the importance of cross-scale coupling between ion- and electron-scale
turbulence [7–9]. Local nonlinear gyrokinetic simulations run
2
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Figure 2. Comparison of measured and predicted Te and Ti profiles
for an NSTX L-mode plasma. The predicted profiles use the TGLF
model with two different saturation models.

has been proposed as a criterion for indicating the potential
importance of multi-scale effects [9].
Profile predictions for this L-mode discharge using the
reduced model TGLF [15] have also been validated against
measured profiles. Figure 2 shows the predicted Te and Ti
profiles for the original saturation model ‘SAT0’ significantly
overpredict the temperatures. However, using the recently
updated ‘SAT1’ saturation model that accounts for cross-scale
coupling [16] provides an increase in electron thermal transport
that brings the predicted profiles into much better agreement
with experiment. The agreement between the TGLF-SAT1
predictions and experiment lend additional motivation to
pursue full multi-scale gyrokinetic simulation (that simultaneously simulate ion-to-electron scales) to directly predict
the importance of cross-scale coupling. We note, however,
that TGLF is a local model, and given the obvious impact of
non-local effects on the ion-scale turbulence predicted in the
gyrokinetic simulations (figure 2(a)) it is possible that a combination of global plus multiscale would be required to predict the complete ion and electron thermal transport profiles.
(Similar implications are found for both NSTX-U L-modes
[16] and recent NSTX H-mode analysis [17].) The feasibility
of such simulations is unclear and will require careful future
exploration as computational resources increase. We also note
that TGLF simulations with either saturation rule have not
been successful to-date in predicting H-mode Te profiles that
agree with experimental observations. Further development of
the model for applicability in low aspect ratio, high-β regimes
is required.

Figure 1. Comparison of simulated and experimentally inferred
(a) ion and (b) electron thermal heat fluxes. (c) Profile of local
parameters, ρ∗ = ρs /a , and ρs /LTe. (d) Ratio of gyro-Bohm
normalized growth rate to poloidal wavenumber for maximum
growth rate for ion scale (ky = kθ ρs < 1) and electron scale
(ky = kθ ρs > 1).

for an NSTX L-mode [10] predicted ion-scale transport that
peaked at very large values around ρ  r/a = 0.6 (figures
1(a) and (b)). However, there is a rapid reduction in transport on either side of this peak due to (i) E × B shearing rates
becoming larger than linear growth rates towards the core,
and (ii) a reduction in the gyro-Bohm coefficient QGB ∼ T 5/2
towards the edge. Global nonlinear ion scale simulations
using GTS [11, 12] predict a much smoother variation of
transport as a consequence of profile shearing effects at the
relatively large values of ρ∗ = ρs /a (or ρs /LTe) (figure 1(c)).
The global simulations reproduce ion thermal transport comparable to experiment when neoclassical transport is added
to the calculated turbulent transport. However, predicted electron heat flux in the global simulations is negligible indicating
that some physics is still missing.
Linear analysis predicts electron temperature gradient (ETG) modes to also be unstable, and local, nonlinear ETG simulations in the same region using
numerical grids that resolve only electron-scale turbulence
[Lx , Ly ] = [6, 4]ρs = [360, 240]ρe , [nx, ny] = [192, 48] have
been run [13, 14]. As seen in figure 1(b), the ETG simulations predict significant transport around the mid-radius,
approaching experimental levels. Given the similarity in electron heat flux at electron scales and ion heat flux at ion scales
from simulations (Qe,high−k  Qi,low−k ), cross-scale coupling
effects cannot be ruled out. The potential importance of multiscale effects is further supported by noting that the ratio of the
maximum γ/ky (growth rate/wave number) predicted from
the electron-scale instability is comparable to or exceeds that
predicted for the ion-scale instability (figure 1(d)). This metric

2.2. L-H and EPH-mode physics

Resilience to vertical displacement events (VDEs) at higher
shaping (κ > 2.5) on NSTX and NSTX-U improved with a
broader current profile (low li), and triggering the H-mode
early in the Ip ramp ( Ip < 0.5 MA) slows the penetration of
the current to the core and enables low-li operation, where li is
a measure of plasma inductance, and low li plasmas have broad
plasma current profiles. A database of 68 diverted discharges
from the 2016 operation of NSTX-U was used to identify the
target conditions for reliable H-mode access during ramp-up

3
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Figure 3. (a) Spectrogram of n  =  1 magnetic amplitude for 2/1 mode from NSTX discharge 134020, (b) mode structure from M3D-C1
linear simulation at t  =  627 ms for mode in (a).

3. Macrostability

when using 3–5 MW of NBI heating. The set of criteria that
were identified included: line-averaged density exceeding
1.25 × 1019 m−3, surface voltage of the plasma  <1.15 V,
shape close to double null, and oxygen content below a critical threshold. The results suggest it is unlikely to trigger an
L–H transition with only two criteria met but very likely when
satisfying all four. Other criteria, such as Ip and dIp /dt , were
considered, but were found to be not as important as the four
mentioned above. These results can influence the development of the target boundary shape, neutral fueling and loop
voltage evolution during operations, and can lead to reliable
triggering of the L–H transition early in the Ip ramp.
The enhanced pedestal H (EPH)-mode [18] features the
development of a wider H-mode pedestal with a significant
increase in the ion temperature and carbon rotation gradients
in an edge localized mode (ELM)- and MHD-free period
following a large ELM. These discharges achieve improved
energy and momentum confinement with a beneficial decrease
in the impurity accumulation relative to a standard ELM-free
H-mode regime. Recent analysis of EPH-mode discharges
demonstrates that the transport bifurcation is triggered by
a transient period of lower collisionality during the ELM
recovery where the ∇Ti increases consistent with neoclassical
ion thermal transport. The transient period of larger ∇Ti reinforces the lower edge collisionality via a reduction of the neoclassical impurity pinch and movement of the region of large
Er shearing rate toward the core. These effects lead to a wider
density pedestal providing access to larger pedestal pressures
that are stable to peeling instabilities. The larger ∇Ti also acts
to stabilize electron-scale turbulence, improving the edge
electron thermal barrier. The favorable positive feedback in
the pedestal structure that is initiated by transiently accessing
lower edge ion collisionality motivates the continued focus
on developing actuators for controlling the edge pedestal col
lisionality that are compatible with large core density and heat
flux mitigation on NSTX-U.

3.1. Neoclassical tearing modes (NTMs)

Tearing-type modes with n  =  1, m  =  2 helicity have been
observed on both NSTX and NSTX-U. As observed on
NSTX, soft x-ray measurements indicate coupling to a corelocalized n = 1, m = 1 perturbation, leading to flattening of
the rotation profile from the core to the q  =  2 surface [19, 20].
In the discharges studied, the magnetic mode amplitude grew
smoothly from the Mirnov array noise floor island width,
which is comparable to the ion gyro-radius. The gradual mode
onset is indicative of a so-called ‘spontaneous’ mode [21], as
opposed to the paradigmatic NTM onset [22] in which the
mode is metastable and is triggered instantaneously at finite
amplitude by an exogenous magnetic perturbation. Prior
to the emergence of the mode amplitude definitively above
the noise floor, a faint precursor fluctuation is seen in many
cases (figure 3(a), t  <  0.6 s). It is not yet clear whether this
represents turbulent excitation of a marginally-stable mode,
or a mode that is linearly unstable but saturated at very low
amplitude. The physics of the tearing mode in the smallisland regime (width comparable to ion gyro-radius and consequently to drift wave turbulence scales) is still uncertain,
with many possible effects at play [23]. Similar n  =  1 tearing
mode behavior is observed in NSTX-U plasmas with higher
BT, more neutral beam heating power for similar high nor
malized β , and higher Te for a longer resistive diffusion time.
Linear M3D-C1 [24] simulations indicate an instability,
which comprises multiple poloidal harmonics and which is
consistent with strong toroidicity-induced coupling at low
aspect ratio (figure 3(b)). In these simulations, the mode is
suppressed by inclusion of the measured plasma rotation
profile, presumably due to shear. Resistive DCON stability
calculations yield positive tearing stability index well before
and during the mode onset in all discharges studied. The stabilizing Glasser–Green–Johnson (GGJ) effect (due to field line
4
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curvature and pressure gradient) is thought to counteract the
destabilizion. The GGJ effect increases at lower aspect ratio
R/a, and is therefore expected to be more advantageously significant in NSTX/NSTX-U than standard-aspect tokamaks
such as DIII-D [25]. However, the expansion of the center
column in NSTX-U should weaken this stabilizing effect over
that in NSTX; dedicated experiments in NSTX-U are needed
to confirm this.
3.2. Disruption prediction, avoidance and mitigation

DECAF [26, 27] code development has now produced significantly increased capability by automatically identifying
rotating MHD instabilities, their bifurcation, and locking.
The toroidal mode number is now also automatically determined for an arbitrary number of modes occurring simultaneously. The capability has been generalized to operate on any
tokamak data available to DECAF. The information analyzed
for these modes along with plasma rotation profile and other
plasma measurements (15 criteria presently used for analysis
of NSTX) produces predictive warning signals for the modes,
along with a total MHD event warning signal showing initial success as a disruption forecaster. These capabilities are
illustrated for an NSTX disruption in figure 4. In the shot analyzed, rotating MHD instabilities thought to be non-linearly
saturated and slowly evolving resistive modes are found by
a generalized phase matching algorithm in DECAF using an
array of toroidal magnetic probes. The code discriminates
the toroidal mode number, n, of the instabilities and tracks
all modes greater than a specified amplitude, including modes
that occur simultaneously. A single total MHD warning signal
that depends on up to 15 separate criteria, and that varies with
time, is also shown. A significant part of DECAF analysis
is determining the best sets of criteria to choose to create a
predictive DECAF warning signal. For the present model, a
total warning level of 4 indicates close proximity to the disruption. The algorithm also gives us an understanding of what
is happening in the plasma to create dangerous plasma states
approaching the disruption. For example, early in the discharge, MHD modes are found, and core plasma rotation is low
as the plasma starts up and typically transitions from counterNBI rotation to co-NBI rotation. The mode frequencies are
relatively high at this time, which is generally a safe condition. Later, near t  =  0.25 s, the MHD warning level increases
as modes are found with decreased and decreasing rotation
frequency. However, these frequencies are not critically low
(no mode bifurcations are found) and plasma rotation is not
low, so the warning level remains low. However, later on, more
negative criteria occur simultaneously, including increased
mode amplitude, decreasing mode frequencies and decreasing
plasma rotation across the profile. Close to the time of the
disruption, the modes drop to a very low frequency, and core
plasma rotation is low, leading to model locking and growth
toward a critical level of locked mode amplitude. DECAF
starts to show a significant change in the MHD warning level
about 200 ms earlier than this, providing advanced notice of
the potential disruption.

Figure 4. DECAF decomposition of rotating MHD in a relatively
slow evolution toward disruption.

3.3. Vertical displacement event (VDE) modeling

Three-dimensional (3D) simulations of a vertically unstable
NSTX discharge were carried out using M3D-C1 in order to
investigate the formation of non-axisymmetric halo currents
during a nominally axisymmetric event [28]. This work was
also intended to inform the development of future halo cur
rent diagnostics on NSTX-U. These simulations were initialized with a vertically unstable equilibrium reconstruction of
an NSTX discharge. In both the discharge and the simulation,
the plasma control system was disabled to observe the evo
lution of the VDE under the condition of fixed coil currents.
Disruption mitigation was not applied, so the plasma remained
hot and essentially axisymmetric as it drifted vertically toward
the wall.
In the simulation, the plasma remained stable to nonaxisymmetric modes until well after it made contact with the
wall. Once contact was made, the edge plasma was scraped
off while the core plasma remained hot. While the low resistivity in the core caused the safety factor profile there to
remain fixed, the contraction of the plasma current due to the
scraping-off gave rise to strong skin currents at the edge that
eventually become unstable, first at moderate toroidal mode
numbers (n ∼ 5), and then at lower toroidal mode numbers.
The non-axisymmetric halo currents due to these instabilities
showed a similar pattern of forming first at moderate n and
then coalescing to lower n. These instabilities stochasticize
the edge, leading to a fast thermal quench due to parallel heat
losses. Figure 5 shows the evolution of the VDE, halo current
generation and resulting j × B forces on the wall.
Axisymmetric M3D-C1 simulations were also carried out
for an NSTX-U model equilibrium with Ip = 2 MA in order
to assess forces on coils during VDEs. These calculations
were initialized with a vertically unstable model NSTX-U
equilibrium. Two cases were considered: one with a drift time
5
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Figure 5. Poincaré plots at a sequence of times in a 3D M3D-C1 simulation an actual NSTX discharge that went vertically unstable. Red
and blue arrows show halo currents into and out of the wall, respectively. Green arrows show the direction of the poloidal electromagnetic
force density on the wall. Reprinted from [28], with the permission of AIP Publishing.

4. Energetic particle physics

of  ∼10 ms, and the other with a drift time of  ∼20 ms. The
drift time was changed by scaling the resistivity of the wall
in M3D-C1. The ensuing VDE was simulated without introducing any disruption mitigation, in order to present a ‘worstcase’ scenario. The thermal energy and toroidal current are
plotted as a function of time for these simulations in figure 6.
It was found that the VDE generated excess radial field
at on the order of 0.1 T for coils in the polar region towards
which the plasma displaces. The maximum excess field in
these simulations was found to be largely independent of the
drift time for the cases considered; therefore, the expected
impulse to each coil is expected to scale approximately linearly with the drift time, if the coil currents were held fixed
over this time. In reality, the drift times considered here significantly exceed the current ramp-down time of the coils, and
therefore ramping down the coil currents at the onset of the
disruption is expected to be an effective measure for avoiding
sudden forces during these events.

4.1. Fast ion redistribution by sawteeth

In the NSTX-U 2016 campaign, 2 s long L-mode sawtoothing
discharges were routinely achieved, providing an opportunity
to study the effects of sawteeth on fast ion transport in STs.
Repetitive drops in neutron rate accompanied by increases of
edge Dα emission were observed at each sawtooth event (figure
7(b)), suggesting that fast ions were lost or redistributed, in
addition to the redistribution of thermal plasma as a result of
the flux reconnection. The solid-state neutral particle analyzer
(SSNPA) and fast ion Dα (FIDA) diagnostics are used to infer
fast ion transport by sawteeth. Both systems have a tangentiallyviewing instrument and a radially- or vertically-viewing instrument, which are mainly sensitive to passing and trapped fast
ions, respectively. It has been observed on both diagnostics that
passing particles were strongly expelled from the plasma core

6
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(a)

(b)

Figure 6. The thermal energy (left) and the toroidal current (right) from 2D M3D-C1 simulations of a vertical displacement event in
NSTX-U model discharge. The simulations were performed to explore the effect of the current quench time on the wall and coil forces.
Blue and red lines show cases in which the drift time is  ∼10 ms and  ∼20 ms, respectively.

Figure 7. Temporal evolution of (a) Mirnov coil signals, (b) neutron emission and Dα radiance from the edge of the plasma, (c) signal
of passive-SSNPA, (d) signal of tangentially-viewing SSNPA and (e) signal of radially-viewing SSNPA. Reproduced courtesy of IAEA.
Figure from [29]. Copyright 2018 IAEA.

TRANSP simulations with the Kadomstev and Porcelli
sawtooth models were performed. While the Kadomtsev
model, which assumes full reconnection of the flux inside
the q  =  1 surface, overestimates the neutron rate drop at each
sawtooth event, the partial reconnection Porcelli model qualitatively reproduced the neutron rate drop when tuning the
sawtooth model parameters. However, both sawtooth models
cannot fully reproduce the observations of the t-FIDA signal
change. The discrepancy suggests that the models presently
implemented in TRANSP may be too simple to capture details
of the variation of the fast ion distribution induced by sawteeth. In particular, introducing phase space selectivity for

to the edge during sawtooth crashes, while trapped fast ions
were weakly affected [29]. The tangentially-viewing SSNPA,
which is mainly sensitive to passing fast ions, observed large
signal spikes at the sawtooth crashes (figure 7(d)) because fast
ions moved to the edge and charge exchanged with edge neutrals. The radially-viewing SSNPA data suggest that there was
a small drop of trapped particles in the core (figure 7(e)). The
tangentially-viewing FIDA (t-FIDA) system, which is sensitive
to passing fast ions, observed a depletion as large as 25% inside
the inversion radius, but an increase at the outer region (figure
8(d)). Within the experimental uncertainties, there is almost no
change in the signals of the vertically-viewing FIDA system.
7
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Figure 9. (a) Toroidal mode number spectrum for co- and counterpropagating TAEs. Counter-TAEs occur when one of the more
outboard pointing beamlines turns on. (b) Fast ion density profile at
three different times from TRANSP/NUBEAM. Adapted courtesy
of IAEA. Figure from [37]. Copyright 2018 IAEA.

Figure 8. Comparison of t-FIDA spatial profiles calculated by the
FIDASIM [32] synthetic diagnostic code using the plasma profiles and
fast ion distribution from (a) the kick model, (b) the Kadomstev full
reconnection model, and (c) the Porcelli partial reconnection model.
The measured t-FIDA profiles are shown in (d). Reprinted from [31].

destabilization of Alfvénic instabilities. An example is given
in figure 9, showing the spectrum that includes both co- and
counter-current propagating TAE modes. Theory predicts the
destabilization of counter-TAEs for hollow EP density profiles [33]. However, for this case counter-TAEs are observed
at times for which TRANSP/NUBEAM22 predict a peaked or
flat EP density profiles.
TAE stability was investigated in TRANSP through the
reduced ‘kick’ model [34, 35]. Potentially unstable eigenmodes are first identified via the NOVA-K code [36]. The EP
response to each mode is then investigated through the orbitfollowing code ORBIT. The results are combined to form a
transport probability matrix, used in the NUBEAM module of
TRANSP to introduce enhanced EP transport by the instabilities and to infer mode stability [34].
Results of TAE stability analysis at two different times
are shown in figure 10. The predicted unstable spectrum of
TAEs is in reasonable agreement with the experimental observations, including a transition from co-TAEs only at earlier
times to co- and counter-TAEs after t  =  340 ms. Furthermore,
the TRANSP and kick model analysis indicates that instabilities are driven by a combination of both radial and energy gradients in the EP distribution function [37]. The mechanisms
for wave-particle interaction revealed by the energetic particle

sawtooth induced fast ion redistribution may be required. The
particle-following code ORBIT has been used to characterize
the redistribution of fast particles as a function of their param
eters such as energy, pitch, and radial location. Due to a sawtooth crash, as expected, the redistribution of fast ions in real
space shows that fast particles with different orbit types are
affected differently by the sawtooth instability, as observed in
experiments. Initial interpretative TRANSP simulations using
the kick model based on the ORBIT modeling results show
features in the fast ion redistribution before/after a sawtooth
crash that resemble the experimental data, as shown in figure 8
[30, 31]. With the fast ion distribution from the kick model,
the simulated t-FIDA spatial profile qualitatively reproduces
the t-FIDA observations especially the increase near the edge
(figures 8(a) and (d)). Those features cannot be reproduced by
either full or partial reconnection models (figures 8(b) and (c)).
4.2. Counter-propagating toriodal Alfvén eigenmodes (TAEs)
full phase space effects

A broad NBI deposition profile is usually thought to reduce
the drive for Alfvénic instabilities by reducing the radial gradient of the EP density. However, NSTX-U scenarios with offaxis NBI show evidence that broad profiles associated with
tangential and off-axis neutral beam injection could lead to the

22
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Figure 10. Net growth rate (including damping rate from NOVA-K) for co- and counter-propagating TAEs at two different times, 340 ms

(a) and 365 ms (b). The analysis recovers the transition from co-TAEs only to co- plus counter-TAEs after t  =  340 ms, see figure 9. The
predicted unstable spectrum is consistent with the experimental observations. Reproduced courtesy of IAEA. Figure from [37]. Copyright
2018 IAEA.

phase space resolved analysis are the starting point to identify
strategies to mitigate or suppress the observed instabilities,
e.g. by varying the injected NBI mix to populate EP phase
space regions where wave-particle resonant interactions are
reduced.

amplitude. To be able to explain this observation, a criterion
for the likelihood of chirping oscillations was developed based
on previous analytical works on the theory of driven, kinetic
instabilities near threshold with dissipation [42–44] and evaluated for a number of NSTX, DIII-D and TFTR discharges
[45–47] using the stability code NOVA-K. The work predicted, and verified experimentally, that micro-turbulence can
be a strong mediator between the mode transition from fixedfrequency to chirping and vice-versa. In spherical tokamaks,
particles spend more time in the good curvature region and
experience higher relative rotation shear. Therefore, STs naturally exhibit lower anomalous transport due to microturbulence with respect to conventional tokamaks. For example, on
NSTX the total thermal ion diffusivity has been found to be of
order of its neoclassical level [48]. These distinct turbulence
features have been found to explain why chirping instabilities
are rare in conventional tokamaks and common in spherical
tokamaks since the turbulence acts to effectively increase
the scattering experienced by the resonant fast ions [49] and
therefore to prevent the chirping and avalanching responses.
In order to improve the evaluation of the criterion for
chirping onset, NSTX discharges that show toroidicityinduced Alfvén waves transitioning from constant frequency
to chirping have been analyzed with the gyrokinetic code GTS.
The δf particle-in-cell nonlinear electrostatic ion temperature
gradient and trapped electron mode simulations included fully
kinetic electrons and plasma profiles which were input from
TRANSP. The global simulations covered a range in the nor
malized square root of the toroidal flux from 0.2 to 0.8. The
simulation results, shown in figure 11 support the theoretical
prediction that a marked decrease in turbulence-driven EP
transport causes the onset of chirping.
Predictions for baseline ELMy, reversed-shear and hybrid
scenarios of ITER planned experiment have also been recently
explored [50] and shown to be near the borderline between
the fixed-frequency and the chirping regimes when collisional
and microturbulent effects are accounted for. For scenarios in
which other resonance decorrelating mechanisms are important, the toroidal and reversed shear Alfvénic modes would
then be expected to exhibit a steady response with no frequency excursion.

4.3. Role of microturbulence in TAE chirping

The spectral characteristics of Alfvén eigenmodes (AEs), such
as reversed shear and toroidal AEs (RSAEs and TAEs), in toka
maks can vary considerably, depending on several parameters
affecting their resonant interaction with fast ions [38]. When
the resonant ions experience considerable scattering (e.g. from
Coulomb collisions, overlap with other modes, RF heating,
turbulence and 3D fields), they are only able to remain within
the phase-space resonance island for a limited time before
being detuned from it. This implies that the fast ion dynamics
are dominated by the cumulative effect of several kicks due to
different resonances and therefore should lead to a diffusive
type of losses. However, when the ions can remain resonating
coherently for several wave trapping (or bounce) times, the
wave can evolve towards self-organizing responses, e.g. when
the resonance condition changes on a sub-millisecond timescale, allowing the wave to compensate background damping
losses by accessing the gradient of the distribution function
over the extended range in phase space. This scenario is associated with wave chirping and avalanching of several modes,
leading to convective losses of fast ions.
The ability to predict, for a given plasma background, what
the nature of Alfvénic oscillation (fixed-frequency, leading
to diffusive losses, or chirping/avalanching, leading to convective losses) will be of considerable advantage for measures aiming at the mitigation of fast ion transport [38]. For
example, for the case of dominant diffusive losses, reduced
modeling such as a resonance broadened quasilinear theory, is
expected to be sufficient to capture the essence of the self-consistent evolution of the fast ion distribution function [39, 40].
Spherical tokamaks tend to exhibit Alfvénic chirping and
avalanching, accompanied by wave amplitude bursting [41],
while conventional tokamaks tend to have Alfvénic waves
oscillating with a nearly fixed frequency and a quasi-steady
9
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Figure 11. Correlation between mode transition from fixed-frequency to chirping spectral response (left) and a marked drop of the
electrostatic turbulent potential calculated by GTS (right), for NSTX shots 135388. Reproduced courtesy of IAEA. Figure from [50].
Copyright 2018 IAEA.

HYM simulations also show that off-axis neutral beam
injection strongly suppresses all unstable GAEs even for a
relatively weak added beam. In simulations the fraction of
the off-axis beam population of the total beam ion inventory has been varied from 4.3% to 17%. Figure 14 shows the
growth rate of the n  =  −11 GAE versus Nadd /Ntot param
eter, which is the fraction of the beam ion population that is
from the off-axis midplane neutral beam. Simulations found
that the unstable n  =  −11 GAE is stabilized when fraction
of the additional beam ions is larger than 7%. The stabilization threshold is lower for lower | n | unstable modes. This is
consistent with the experimental observation that the GAEs
become suppressed at the point where the neutron rate had
increased by 6%, a rough experimental indication that the fast
ion population has also increased by 6%, as the neutrons are
predominantly from beam-target reactions.
In NSTX, cases were found where high harmonic fast wave
heating also suppressed fully the GAE modes [56].

4.4. Global Alfvén eigenmode (GAE) suppression by off-axis
neutral beam injection

Multiple GAEs with a range of toroidal mode numbers and
frequencies are commonly observed in beam-heated NSTX
plasmas. The GAEs propagate counter to the tangentially
injected beam ions and are excited through an ion cyclotron
resonance with the co-moving beam ions. The GAE frequencies are down-shifted from the ion cyclotron frequency by the
motion of the beam ions; that is, in the moving frame of the beam
ions, the GAE frequency is up-shifted to the ion-cyclotron frequency. In NSTX-U it has been experimentally demonstrated
that this ubiquitous mode can be completely suppressed with
the judicious injection of a relatively small amount of fast ions
injected nearly parallel to the magnetic field, i.e. v /v ≈ 1. An
analytic theory describing the Doppler-shifted ion cyclotron
resonance (DCR) drive for the GAE [51], as well as numer
ical modeling, have been used to very successfully describe
this suppression technique [52]. The simple analytic model
of the DCR GAE stability can be used to predict the scaling
of the GAE frequencies and toroidal mode numbers [53]. In
figure 12, the predictions of this simple model for the scaling
of frequency and toroidal mode number are compared with
experimental results. Here the mode frequency drops and the
toroidal mode numbers increase in time as the plasma density
increases and the q(0) drops.
The GAE mode was completely suppressed after t = 0.45 s
with the injection of fast ions nearly parallel to the magnetic
field, i.e. V /V ≈ 1, from the new, tangential neutral beam on
NSTX-U [53]. HYM simulations have been used to reproduce
the experimental findings [54, 55]; before additional beam
injection the simulations show unstable counter-rotating
GAEs with toroidal mode numbers n  =  −7 to  −11, and frequencies that match the experimentally observed unstable
GAEs (figure 13). The calculated growth rates (figure 13 top)
for the most unstable GAEs with n  =  −10 and  −11 are about
two to three times higher than that estimated from the exper
imental data, probably due to an underestimated damping by
the bulk plasma MHD model. Nonlinear simulations show
the peak saturation amplitudes of δB/B0 ∼ 1 to 5 × 10−3,
comparable to experimental estimates (δB/B0 ∼ 2.7 × 10−3
for the n  =  −10 and δB/B0 ∼ 1.8 × 10−3 for the n  =  −11
modes).

4.5. Energetic particle-modified modes

Spherical tokamaks like NSTX/NSTX-U routinely operate
with super-Alfvénic beam ions, and the concomitant broad
spectrum of fast-ion driven instabilities. Fully self-consistent
hybrid MHD/particle simulations reveal strong energetic particle modifications to sub-cyclotron GAEs in low-aspect ratio,
NSTX-like conditions [57]. Linear simulations were run with
HYM [54, 55], an initial value code in full 3D toroidal geometry in which a single-fluid thermal plasma is coupled to full
orbit kinetic fast ions. The equilibrium is solved self-consistently with the inclusion of fast ions, which can carry current
comparable to that of the thermal plasma.
In this set of simulations, key parameters defining the beamlike fast ion distribution function, such as the normalized injection velocity and central pitch, were varied in order to study
their influence on the characteristics of the excited modes [57].
The fast ion distribution was modeled as a slowing-down function in energy and Gaussian in pitch. It was found that the frequency of the most unstable mode for each toroidal harmonic
changes significantly and continuously with beam parameters,
depending most substantially on the injection velocity, as shown
in figure 15. This result is present for both co- and counterpropagating GAEs, where the linear dependence and sign of
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Figure 13. Growth rates and frequencies of unstable counter-GAEs

from simulations as function of toroidal mode number. The blue
line is Doppler-shift corrected frequencies; the star symbols are
experimental values. Adapted figure with permission from [52],
Copyright 2017 by the American Physical Society.

Figure 12. (a) Color-coded spectrogram showing ctr-propagating
GAE activity. Dominant modes evolve from n  =  −9 (red) and
n  =  −10 (green) to n  =  −10 and n  =  −11 (blue), the grey curve is
the predicted GAE frequency evolution. (b) Predicted GAE mode
number evolution, red is experiment, black the model predictions.
Adapted courtesy of IAEA. Figure from [53]. Copyright 2018 IAEA.
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the change are consistent with the Doppler-shifted cyclotron
resonances, which drive the modes. There are no clear concur
rent changes in mode structure (i.e. changes in poloidal or radial
mode numbers) that would indicate that these frequencies correspond to distinct eigenmodes, especially for co-GAEs.
Varying the fast ion density between simulations confirmed
that the mode frequency is sensitive to equilibrium changes
due to energetic particle effects; however, it was found that
equilibrium changes themselves were an order of magnitude
too small to account for the frequency dependence on injection velocity. Additional simulations conducted with a fixed
MHD equilibrium (excluding the fast ion contributions from
the equilibrium) and varying injection velocity reproduced
nearly all of the change in frequency, demonstrating that the
location of fast ions in phase space plays a more vital role
in determining the frequency of the most unstable mode than
their modification of the equilibrium does.
The key takeaway is that if the resonant parallel velocity of
particles driving the mode is proportional to the beam injection velocity, then the large frequency changes are understood
as a consequence of the resonance condition. This is plausibly
based on a perturbative GAE growth rate expression, derived
by Gorelenkov et al [51] and adapted to the cases studied
here, which yields a growth rate depending on the injection
velocity and parallel resonant velocity. Numerical evaluation
reveals that the growth rate is maximized when the parallel
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Figure 14. Growth rate of the n  =  −11 GAE as a function of

fraction of beam ion population that is from the off-axis midplane
neutral beam.

resonant velocity is a fixed fraction of the injection velocity,
independent of the injection velocity, as shown in figure 16.
Furthermore, this critical value is robust to changes in other
parameters in the growth rate expression for a wide range of
relevant values. This calculation suggests a linear relationship
between the injection velocity and parallel resonant velocity,
which combined with the resonance condition may explain
why the frequency of the most unstable mode depends so dramatically on the injection velocity.
An energetic particle mode (EPM) defined by a continuum
of k values to choose from as the injection velocity is varied
is consistent with these findings, and could indicate the existence of a new EPM, referred to here as an energetic-particlemodified GAE (EP-GAE). This may be the first instance of
an EPM driven by the cyclotron resonance and excited at an
appreciable fraction of the cyclotron frequency instead of near
EP orbital frequencies. Moreover, these simulations demonstrate that the nonperturbative regime for these modes was
11
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Figure 16. Fast ion drive (color) as a function of injection velocity

Figure 15. Change in frequency for |n| = 8 GAEs as a function of

and resonant parallel velocity fraction of the injection velocity.
The dashed curve shows the ω/ωci  1/2 boundary where the
calculation is valid. The dashed horizontal line is a sufficient but no
necessary condition for net fast ion drive. The solid curve shows the
resonant parallel velocity fraction that maximizes the growth rate
for each value of injection velocity. The fast ion drive is in arbitrary
units. Reprinted from [57], with the permission of AIP Publishing.

the normalized beam injection velocity. Counter-GAEs are marked
by circles, co-GAEs by squares. Color denotes the central pitch,
λ0 = µB0 /, of the beam distribution in each simulation. On-axis
cyclotron frequency is 2.4 MHz. Reprinted from [57], with the
permission of AIP Publishing.

routinely accessed in NSTX operating conditions. The basic
picture of an energetic beam driving an MHD mode of the
thermal plasma without modifying its attributes is seen to
break down in conditions where the beam pressure is comparable to the thermal plasma pressure. This may have implications for the ongoing investigation into the anomalously flat
electron temperature profiles observed in NSTX at high beam
power, which are correlated with substantial high frequency
Alfvénic activity [58, 59]. Prospects for future experimental
verification of the EP-GAE are promising, as its defining characteristics should be observable in suitably designed experiments on NSTX-U.

location. These are among the most detailed measurements of
this kind ever made in a tokamak.
Recent theoretical work [62] has attempted to explain these
observations within the paradigm of blob–hole pair dynamics,
in which blobs contain higher pressure and density than the
surrounding plasma, and holes lower pressure and density. 1D
and 2D correlations were determined from the theory results
and compared directly to experiment. The semi-analytic model
used for this study qualitatively reproduced a number of the
experimental observations. For instance, the model reproduced the dipole-like structures whose correlations flipped in
sign depending on reference point position. Further, the 2D
spatial correlation patterns determined from the model were
similar to those that were measured (figure 17(b)). However,
while the 2D correlations from theory showed the blob regions
moving outward in time and the hole regions moving inward,
the 2D correlations from experimental data showed only the
former. When the experimental data maximum and minimum
turbulence points (which are more sensitive and localized
than the more averaged 2D spatial correlations) were tracked,
both the blob and the hole motion expected from theory were
reproduced on average. Future work will address how these
results relate to results of XGC1 [63] calculations, which predict a significant broadening of the SOL heat flux width due to
turbulence for 2 MA NSTX-U discharges [64].

5. Edge and divertor physics
5.1. Scrape-off layer (SOL) turbulence

Understanding edge turbulence is important since it affects
plasma transport across the edge, and so controls to some
extent the width of the high heat flux region at the divertor
plate. A higher level of turbulent transport in the edge is beneficial for reducing the peak heat load at the divertor plate.
Gas puff imaging [60] was used to characterize edge and
SOL turbulence in NSTX. This turbulence can be mathematically described by a two-dimensional cross-correlation
function, which measures its spatial structure perpendicular
to the magnetic field. New results, analyzing in great detail
the two-dimensional turbulence cross-correlation functions in
the edge of NSTX, were published [61]. Figure 17(a), shows
a rather complex pattern in which the correlation function
varies with the radial location in the plasma (varying from
left-to-right from 6 cm inside the separatrix to 6 cm outside the
separatrix), The patterns showed both negative and positive
correlation structures, depending on the choice of reference

5.2. Divertor-localized turbulence

The characterization of the structure of SOL/divertor turbulence is critical to interpret divertor measurements and transport
and to understand divertor heat fluxes in present tokamaks and
in ITER, where a narrow heat flux width could challenge wall
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(a)

(b)

Figure 17. (a) Experimental 2D spatial correlation patterns, with the correlation reference location varying from  −6 cm inside the

separatrix to 6 cm outside. (b) 2D spatial correlations as determined from simple blob theory [62]. Here, the spatial scales are normalized
to the blob size, δx , (Gaussian half-width in the radial direction) and successive frames, left to right, correspond to different correlation
reference locations relative to the nominal separatrix at x  =  0 (dashed line), as indicated by the labels −4δx to +4δx . The shifts are chosen
to be similar to those in (a). The theory shows a similar relation between the positive and negative correlation regions as a function of
correlation reference location. Adapted from [62]. © IOP Publishing Ltd. All rights reserved.

materials. Recent work in NSTX-U led to the observation of
divertor leg turbulence, where divertor leg indicates the region
below the X-point radially limited to a few centimeters around
the separatrix [65]. Filamentary fluctuations localized on the
divertor legs were observed in NSTX-U L-mode discharges
via fast camera imaging. The typical structure of divertor filaments is shown in figure 18(a) with a rendering of flux tubes
in the NSTX-U divertor corresponding to divertor localized
fluctuations, and in figure 18(b) with an image of the lower
divertor with 9 µs exposure, showing filaments on the inner
and outer divertor legs. Filaments were approximately field
aligned, connected to the divertor target plate and localized to
the bad curvature region on both the inner (i.e. in the private
flux region) and the outer divertor legs (i.e. in the common
flux region). Spatial separation (radially) between divertor
leg modes and divertor turbulence due to upstream blobs was
confirmed by their intersection on the divertor target plate,
indicating the limited penetration of upstream modes near the
separatrix. Characteristic frequencies were 10–30 kHz with
filament lifetimes of 50–100 µs and near-Gaussian probability
density functions on both divertor legs. Poloidal and radial
correlation lengths on the divertor legs were comparable and
on the order of 10–100 ion gyroradii (1–4 cm), suggesting
the local generation of these filaments. Parallel correlation
lengths were  ∼2–3 m on both divertor legs, corresponding to
more than a toroidal turn for inner leg filaments and about half
of a toroidal turn for outer leg filaments. No correlation was
observed with midplane turbulence. The limited parallel correlation length of both inner and outer leg turbulence can be
indicative of the role of X-point disconnection.
The filament localization to the bad curvature side of
divertor legs and the absence of correlation with midplane
turbulence and between inner and outer legs motivated simulations performed with the ArbiTER (arbitrary topology
equation reader) code [66] with a simulation grid limited
to the divertor legs (between X-point and divertor target
plate), separately for the inner and outer leg. Background

Figure 18. (a) Rendering of the NSTX-U divertor with flux tubes

corresponding to divertor-localized fluctuations. (b) Divertor image
in C III emission (9 µs exposure) after high pass filtering. Separatrix
(red), inner (green) and outer (blue) divertor legs, inner (cyan) and
outer (orange) strike points are overlaid. Reproduced courtesy of
IAEA. Figure from [65]. Copyright 2018 IAEA.

profiles were derived from UEDGE simulations constrained
by midplane experimental profiles. In both divertor legs,
instabilities localized to the bad curvature side of the leg
were identified and were driven by the interaction of density
gradients with geodesic curvature. Outer leg modes showed
growth rate saturation for higher mode numbers than inner
leg modes, in qualitative consistence with experimental
observations.
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Figure 19. Two divertor configurations studied in NSTX. α  90◦ in Configuration A, while α > 90◦ in Configuration B, where α is the
angle at which magnetic field lines hit the lower divertor plate.

increased, the divertor temperature further decreased, leading
to increased dissipation (i.e. higher Prad and momentum loss),
loss of parallel pressure balance, and a transition to detachment. The experimental scans were compared to two models:
the two-dimensional multi-fluid plasma model with charge
state resolved carbon impurity implemented in the UEDGE
code, and a reduced heat flux model used for divertor heat flux
modeling is NSTX-U plasma facing component engineering
design. Both models provided support to the hypothesis that
the highly shaped ST plasmas inherently create divertor
configurations with a higher degree of dissipation (as might
be compared to divertor configurations in weakly shaped
plasmas).

5.3. Divertor detachment optimization

New analysis of divertor geometry effects in NSTX demonstrated that highly shaped ST plasmas (with naturally high
elongation and triangularity) have several favorable effects for
dissipative divertor optimization. The inherently high poloidal
flux expansion (leading to reduced peak divertor heat flux),
as well as plasma plugging and higher recycling (leading to
lower divertor temperature and higher divertor density) help
mitigate the unfavorable effect created by the open horizontal
plate divertor configuration. These configurations are naturally created in NSTX and NSTX-U with the existing (and
planned) divertor coil layout.
The NSTX experiment compared several standard lower
single null divertor geometries differing by the outer divertor
leg orientation and poloidal length with respect to the divertor
plate [67]. Figure 19 shows the configurations compared.
The divertor poloidal leg length variation resulted in several
effects: a longer parallel connection length (hence more parallel/perpendicular dissipation and different parallel temper
ature gradients), higher degree of divertor plasma plugging
efficiency (hence higher divertor neutral compression at lower
X-point height), and higher poloidal flux expansion (resulting
in reduced deposited peak heat flux). The divertor poloidal leg
orientation is described by α , which is the poloidal angle at
which magnetic field lines hit the lower divertor plate. The
configurations with α  90◦ (Configuration A) directed the
recycling neutral flux toward the separatrix, led to enhanced
recycling and higher neutral pressure (the vertical target plate
effect). In other configurations with α > 90◦ (Configuration
B), the neutrals were recycled toward the outer SOL and contributed less to ionization in the divertor. Re-ionization of
recycling neutrals in the divertor chamber termed flux amplification is an essential feature of the high-recycling divertor
regime. As the recycling is increased, the divertor density

6. NSTX-U recovery plans and status
The NSTX-U recovery planning is ongoing, with numerous
design improvements included in order to support flexible
operations and increase reliability to achieve key mission
goals. New requirements for the divertor heat fluxes have been
defined, based on recent SOL heat flux width models. New
halo currents loads have been determined based on combining
data from NSTX, NSTX-U, MAST, and conventional aspect
ratio devices. New error field analysis has been conducted,
with the goal of optimizing both the global MHD stability and
minimizing plasma-facing component heat flux asymmetries
for scenarios with large poloidal flux expansion. New designs
of graphite plasma facing components utilize castellations to
reduce the mechanical stresses, allowing tiles to reach surface temperature limits, ∼1600 °C. Improved divertor coil
designs simplify fabrication and facilitate turn-to-turn testing.
Modifications to the NSTX-U vacuum chamber to increase
system reliability will eliminate one of the ceramic insulators
necessary for coaxial helicity injection. NSTX-U is expected
to resume operations in 2021.
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7. Conclusions
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A great deal of analysis and modeling of both NSTX and
NSTX-U data, covering a number of areas of tokamak physics
research, has been accomplished over the past two years during
the NSTX-U recovery outage. The work has focused on coupling experiment and theory with the goal of understanding
underlying physical processes and the development of reliable
and robust predictive models through experimental validation of
developing theory. These predictive models will provide a basis
for assessing the potential of the low aspect ratio, or spherical,
configuration as a possible approach for a compact pilot plant.
Gyrokinetic analyses have identified the potential importance
of multi-scale effects for understanding coupled turbulence and
transport processes and for being able to predict plasma temper
ature profiles accurately at low aspect ratio. Low aspect ratio
effects have been key to understanding differences in neoclassical tearing mode growth and structures between low and
higher aspect ratio, and non-linear simulations of vertical disruption events allow for realistic predictions of disruption time scale
and forces on the plasma-facing components and vacuum vessel.
Energetic particle studies cover a wide range of wave-particle
interactions across a wide frequency range that result in fast
ion redistribution and loss. These studies, however, also identify mechanisms that can be used to mitigate and even suppress
the fast-ion-driven instabilities, either through plasma microturbulence or through phase space engineering of the fast ion
population. The studies have also resulted in the development
of models that are moving towards being fully predictive, which
will be used in developing high performance scenarios in future
devices. Finally, studies of edge turbulence in the main chamber
as well as the divertor region, and their coupling, give insights
into the processes controlling heat flux profiles and magnitudes,
which is essential for designing the materials at the plasma interface. NSTX-U recovery activities are ongoing with numerous
design improvements to provide more flexible and robust operation of NSTX-U, which is expected to resume in 2021.
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