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Abstract
Recent results from MAST Upgrade are presented, emphasising understanding the capabilities
of this new device and deepening understanding of key physics issues for the operation of ITER
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and the design of future fusion power plants. The impact of MHD instabilities on fast ion
confinement have been studied, including the first observation of fast ion losses correlated with
Compressional and Global Alfvén Eigenmodes. High-performance plasma scenarios have been
developed by tailoring the early plasma current ramp phase to avoid internal reconnection
events, resulting in a more monotonic q profile with low central shear. The impact of m/n = 3/2,
2/1 and 1/1 modes on thermal plasma confinement and rotation profiles has been quantified, and
scenarios optimised to avoid them have transiently reached values of normalised beta
approaching 4.2. In pedestal and ELM physics, a maximum pedestal top temperature of

~350 eV has been achieved, exceeding the value achieved on MAST at similar heating power.
Mitigation of type-I ELMs with n = 1 RMPs has been observed. Studies of plasma exhaust have
concentrated on comparing conventional and Super-X divertor configurations, while X-point
target, X-divertor and snowflake configurations have been developed and studied in parallel. In
L-mode discharges, the separatrix density required to detach the outer divertors is
approximately a factor 2 lower in the Super-X than the conventional configuration, in agreement
with simulations. Detailed analysis of spectroscopy data from studies of the Super-X
configuration reveal the importance of including plasma-molecule interactions and D, Fulcher

band emission to properly quantify the rates of ionisation, plasma-molecule interactions and
volumetric recombination processes governing divertor detachment. In H-mode with
conventional and Super-X configurations, the outer divertors are attached in the former and
detached in the latter with no impact on core or pedestal confinement.

Keywords: MAST upgrade, exhaust, integrated scenarios, alternative divertors, pedestal,

fast ions

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

1. Introduction and MAST upgrade capabilities

MAST Upgrade is a low aspect ratio tokamak (major radius
(R)/minor radius (a) = 0.85/0.65 ~1.3, plasma current
(I;) < 2.0 MA, toroidal field on axis (B,) < 0.8 T, pulse
length < 5 s) and one of the largest spherical tokamaks world-
wide, together with NSTX-U [1]. A poloidal cross-section
of MAST Upgrade is shown in figure 1. It has considerable
flexibility to independently vary the shape of the plasma core
and divertors within tightly baffled chambers utilising 22 pol-
oidal field coils to facilitate optimision of the shaping of the
plasma core to maximise confinement and stability, whilst
modifying the divertor configuration to maximise the dissip-
ation of particles, momentum and energy. Sources of non-
axisymmetic magnetic fields are available for ELM control
with Resonant Magnetic Perturbations (RMPs) and correcting
for intrinsic error fields (EFs), with two rows of in-vessel coils
(four equally spaced toroidally above the mid-plane, eight
below) and two pairs of ex-vessel coils respectively. On—
and off-axis Neutral Beam Injectors (NBI) enable studies of
the confinement of super Alfvénic fast ions that more closely
mimics the products of fusion reactions. An extensive suite
of highly resolved diagnostics is available to support a broad
and deep physics programme in these key physics issues for
the operation of ITER and the design of future power plants
including DEMO [2] and STEP [3].

An optimal fine-alignment of the internal poloidal field
coils to shape the plasma core and divertor was performed
when assembling MAST-U to reduce the n = 1 EF source

associated with the coil design and manufacturing, which has
foreseen coil shifts and tilts, of the order of mm and mrad,
respectively [4]. To assess the presence of a residual n = 1 EF,
dedicated EF identification studies have been carried out and
the main results are reported in figure 2, which represents the
compass scan tests executed in Ohmic scenarios with conven-
tional divertor configurations at I, = 450 kA, B, = 0.4 T and
I, =750 kA, B, = 0.5 T. In both scenarios, EF identification
studies suggest that a homeopathic level of correction currents
are needed to minimise the intrinsic EF amplitude, of around
some hundreds of A. This suggests that the intrinsic EF amp-
litude is smaller than in MAST, where the EF correction cur-
rents were in the kilo Ampere regime [5]. This proves that the
coil alignment when assembling the device so as to minimise
the intrinsic n = 1 EF has been a successful passive n = 1 EF
correction strategy.

Recent results from MAST Upgrade are presented, includ-
ing fast particle physics in section 2, MHD stability and
maximising beta in section 3, pedestal and Edge Localised
Mode (ELM) physics in section 4, plasma exhaust with an
emphasis on the relative benefits of alternative divertor con-
figurations in section 5 and plasma control and the develop-
ment of high-performance plasma scenarios in section 6. A
programme of extensive hardware enhancements is underway
to further develop the capabilities of MAST Upgrade. These
enhancements and the envisaged future MAST Upgrade pro-
gramme are presented in section 7. A summary and implica-
tions of the results presented to future devices is presented in
section 8.
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Figure 1. Poloidal cross-section of MAST upgrade.

2. Fast particle physics

Future large burning fusion devices with a significant «
particle population will require good confinement of charged
fusion products to maximise plasma self-heating and minim-
ising heat fluxes arising from losses. MAST Upgrade is well
suited to studying fast particle confinement and the impact of
MHD instabilities, with on-and off-axis neutral beams (with
tangency positions (R, Z) of (0.71 m, 0.0 m) and (0.8 m,
0.65 m) respectively) that produce anisotropic super-Alfvénic
fastions (for example, in a typical pulse the speed of the depos-
ited fast ions vg ~2.5 x 10° m s~! exceeds the Alfvén speed
in the core va ~1.5 x 106 ms~! [7]). A comprehensive suite
of highly resolved diagnostics is available, including a fis-
sion chamber [8], upgraded neutron camera [7], Solid State
Neutral Particle Analyser (SSNPA) [9], Fast Ion Loss Detector
(FILD) [10] and a Fast-Ion Deuterium Alpha (FIDA) system
[11]. Despite the closed divertors reducing the neutral dens-
ity in the main chamber, inferred from mid-plane radial pro-
files of ne, T and D, emission, up to 20% of the injected NBI
power from both beams are lost due to charge-exchange inter-
actions with edge neutrals [12], and including these interac-
tions enables reconstruction of the passive FIDA signal. While
this is unlikely to be an issue in future higher power devices as
the main chamber neutral pressure is expected to be lower than
in MAST-U, and neutrals will be more strongly attenuated by
the pedestal [13], maximising the absorbed neutral beam heat-
ing power will enable MAST-U to reach more reactor-relevant
conditions.

I,/ B,=450kA/0.4 T
Conventional Ohmic Scenario

(a)

08
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+
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1,/ B,=750kA/0.5T
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(b)

+
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(X, Yo)=(73 A, -255 A)

]
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Figure 2. Quantification of the intrinsic error field in I, = (a)
450 kA and (b) 750 kA plasma scenarios using the compass scan
technique [6].

A broad spectrum of fast ion driven instabilities are excited
including toroidal (TAE), compressional (CAE) and global
(GAE) Alfvén eigenmodes, fishbones, as shown in figure 3,
mostly due to fast ions produced by the on-axis beam. The
impact of these instabilities on the thermal plasma and fast
ion confinement has been studied in detail. The largest source
of fast ion losses is 2/1 tearing modes that are commonly
observed in NBI heated pulses (see section 3). The tearing
mode amplitude typically grows throughout the NBI heated
phase of a pulse that can reduce the measured neutron rate
by up to 50%. Significant changes in the fast ion population
are observed following sawtooth crashes [7], that can reduce
the fast ion population by 40%—-50% across the plasma core,
in agreement with similar findings on MAST [14]. Fast ion
losses in the core due to fishbones have been observed with
neutron camera and FILD diagnostics, that can reduce the fast
ion density by ~20%, up to 35% near the magnetic axis, indic-
ating a hollow neutron profile as the fishbone grows, then in
the later phase becomes peaked in the core slightly toward
the inboard side. Interpretive modelling with ASCOT [15] and
FILD measurements suggest these losses are of trapped fast
ions [16]. Conversely, TAEs are correlated with fast ion losses
only when the off-axis neutral beam is applied, otherwise they
tend to result in fast ion redistribution.

For the first time, FILD measurements indicate that CAEs
and GAEs have been correlated with fast ion losses. The
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Figure 3. Spectrograms of magnetic fluctuations (a) illustrating
commonly observed fast particle driven instabilities, including
chirping/bursting TAEs, n = 1 internal kink modes (chirping
fishbones then long-lived mode) and sawteeth (based on [17]) and
(b) CAE/GAE modes and whether they correlate with fast ion
losses, measured with a Fast Ion Loss Detector.

location of these modes has been determined with Doppler
backscattering (DBS) measurements, finding that modes that
are more localised to the plasma core (up to v/9)n~0.7) res-
ult in fast ion redistribution, whereas modes localised near
the edge (up to v/¢n~0.9) result in fast ion losses. Evidence
for ion cyclotron emission from Ohmic plasmas has been
observed in density fluctuations measured by DBS with a fre-
quency of ~3.5 MHz [18].

Fast ion redistribution and losses due to ELMs have been
measured with the FILD, SSNPA and FIDA diagnostics. Type-
III ELMs are observed to have minimal impact on global fast
ion confinement as the neutron rate is not strongly affected
[19]. However, these ELMs result in localised fast ion losses,
likely from the plasma edge, with no fast-ion acceleration cor-
related with ELMs. Fast ion losses due to the presence of
RMPs have also been observed.

3. Core MHD stability and maximising beta

The avoidance of performance limiting and disruptive MHD
instabilities is highly desirable to maximise fusion perform-
ance and reduce the risk of damage to the interior surfaces
of a fusion device respectively. Therefore, identification and
avoidance of these instabilities is a key objective of the MAST
Upgrade programme. Typical plasma scenarios have a rapid
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Figure 4. Impact of the plasma current ramp rate on the equilibrium
q profile, comparing two shots with fast and slow I, ramps (top) and
MSE constrained equilibrium q profiles 20 ms after the start of the
I, flat-top (bottom).

initial plasma current ramp rate, d/,/df ~6.5 MA s~!, prior to
the flat-top phase and Internal Reconnection Events (IREs) are
common, due to the presence of a g profile with reversed shear.
IREs are observed to cause a transient increase in plasma
current (/) and loop voltage, and reduction in plasma dens-
ity, resulting in current redistribution from a hollow, reverse
shear ¢ profile to a broad, monotonic one [20]. IREs have
been successfully avoided with slower I, ramp rates, ~3.5—
4.5 MA s, resulting in more monotonic ¢ profiles with lower
central shear, as shown in figure 4.

The performance of MAST Upgrade plasmas with strong
auxiliary heating is typically moderated by m/n = 1/1, 2/1 and
3/2 modes, which dampen the rotation profile (the higher order
modes mostly reduce the core rotation, whereas the lower
order modes reduce the entire rotation profile) and reduce
core confinement. The 1/1 mode is qualitatively similar to the
long-lived mode studied on MAST [21], except that it does
not always limit the pulse duration and higher order harmon-
ics are weaker in spectrograms of magnetic field fluctuations.
The 2/1 tearing mode causes a characteristic frequency of 6—
10 kHz and causes flattening of the T, profile at the g = 2
flux surface. The rotation frequency of the mode is consistent
with plasma rotation profile measurements at the ¢ = 2 sur-
face, as shown in figure 5. To avoid these instabilities, the ini-
tial I, current ramp has been optimised to avoid the IRE. The
slower I, current ramp tends to reduce q in the early /,, flat-top
phase, while the off-axis neutral beam provides additional cur-
rent drive to help elevate gq. Further plasma scenario optimisa-
tions are underway to vary I,, B, and elongation (x) to max-
imise normalised beta (8y), then other metrics. The off-axis
neutral beam is an effective source of non-inductive current
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Figure 5. Overview of a typical pulse with a performance limiting
tearing mode. Top: Thomson scattering profiles of 7. showing
flattening at the ¢ = 2 surface, middle: core T, T, bottom:
spectrogram of low frequency magnetic fluctuations with the
toroidal rotation at the magnetic axis and g = 2 flux surface.

drive that allows go > 1 to be sustained throughout a pulse, as
shown in figure 5, thus avoiding sawteeth. To date, the highest
achieved Py is ~4.2 transiently in shot 48 653, which reached
a maximum stored energy of ~160 kJ prior to the locking of
2/1 and 1/1 modes that resulted in a disruption. These res-
ults built on work carried out in previous campaigns where
Bn was limited to ~3 by non-disruptive mode locking events
[22]. In support of further optimising plasma performance, the
highest achievable elongation for a given ¢; has been character-
ised. To date, s up to 2.4 has been achieved with good vertical
control.

Density limits have been studied [23], finding that dis-
ruptivity increases with proximity to the Greenwald density
limit [24]. Of the few density limit disruptions observed to
date, they cross a threshold based on the turbulent transport for
a given heating power across the separatrix [25]. Investigation
of disruption causes (indicated by abnormalities in the plasma
current and vertical position development) with the DECAF™
[26] code revealed a year-to-year (in the first and second phys-
ics campaigns) decrease by ~20% of the plasma disruptivity
rate. These improvements in scenario robustness were enabled
through better real-time control of the plasma shape and dens-
ity. Trigger instances of disruptive event chains were clustered
in different parts of the operation space diagrams and plasma
elongation was shown to be an important factor influencing
details of the chains [27].

500
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>MASTtype
~MAS T type IV
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100
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Figure 6. Electron density and temperature pedestal height in
MAST [28] in double null (DN) and single null (SN) topologies and
MAST upgrade.

4. Pedestal and ELM physics

MAST Upgrade routinely operates in the high confinement
mode (H-mode), with auxiliary heating from the on- and off-
axis neutral beams. Initial studies on H-mode access have con-
centrated on the impact of the divertor configuration on Py y,
indicating broadly similar values for conventional and Super-
X divertor configurations.

In H-mode, radial profiles of electron density (n.) and tem-
perature (7.) at the edge of the confined plasma exhibit steep
gradients emblematic of the edge pedestal. The density and
temperature pedestal characteristics were diagnosed with a
high-resolution Thomson scattering system in MAST [28] and
MAST Upgrade, where the pedestal top parameters are shown
in figure 6. There is significant overlap in the achieved pedes-
tal top parameters in both devices, however MAST Upgrade
is able to sustain hotter pedestals where T.peq > 350 €V,
which was not possible in MAST with comparable auxiliary
heating power. The transition from type-III to type-I ELMs
is observed to occur when the power crossing the separat-
rix is ~1.9 MW and T, peq ~130 eV [29], which is lower
than comparable values on MAST of ~2.5 MW and 150 eV
respectively [30].

The MHD and gyrokinetic stability of MAST pedestals
was analysed with the ELITE and CGYRO codes [31], show-
ing that the pedestal was constrained by kinetic ballooning
and medium toroidal mode number peeling-ballooning modes.
Stability analysis of MAST Upgrade pedestals [32], shown
in figure 7, indicates that the higher elongation and square-
ness of the plasma boundary, compared with MAST, due to
improved plasma shaping, enabled by the larger number of
poloidal field coils and higher toroidal field in MAST Upgrade
and enables operation at higher normalised pedestal pressure,
closer to the peeling boundary. This analysis suggests that the
squareness of the plasma boundary is close to optimal, but fur-
ther improvements in pedestal stability, and in turn the pedes-
tal pressure, are possible by increasing elongation and maxim-
ising particle pumping and auxiliary heating power available
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y-axis on MAST (black) and MAST-U (blue, red). The inset figure
shows MAST (black) and MAST-U (red) equilibria analysed.

in upcoming improvements to the device to reduce the pedestal
collisionality.

Mitigation of type-I ELMs with RMPs with toroidal mode
number, n = 1 has been achieved. The application of n = 1
RMPs leads to an increase in the ELM frequency and decel-
eration and locking of a 2/1 tearing mode that is common
to typical type-1 ELMy H-mode scenarios (as discussed in
section 3) and then density pump-out. Removal of the RMPs
results in the mode rotation accelerating and the ELM fre-
quency decreasing to their original values.

5. Plasma exhaust and alternative divertor
configurations

MAST Upgrade has significant flexibility to develop and study
conventional and alternative divertor configurations, with and
without up-down symmetry, including the X-divertor [33, 34],
Super-X [35], Snowflake [36] and X-point target [37], as
shown in figure 8. The early MAST Upgrade programme pri-
oritised comparing the Super-X with a conventional diver-
tor configuration, including the role of total flux expansion
tightly baffled divertor chambers on plasma exhaust. In spher-
ical tokamaks, the benefits of the Super-X configuration are
amplified, such as higher total flux expansion (~2.5 in MAST-
U, compared with <1.7 in TCV [38]), and consequently
strong gradients in the total magnetic field from the X-point
to the divertor target that is predicted to passively stabilise
the movement of the detachment front [39]. Consequently,
an extensive suite of diagnostics was deployed and optim-
ised to study the Super-X divertor configuration, including 850
Langmuir probes [40], a divertor Thomson scattering system

Super-X

[:5456, t=a25ms.
Cl~)

Conventional
45470, t=420ms

X-point Target

X-Divertor

4700, t=550ms
1=}

=

Snowflake
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Figure 8. Equilibrium reconstructions of conventional and
alternative divertor configurations developed on MAST-U.

[41], a multi-wavelength imaging system [42], resistive [43]
and imaging [44] bolometer diagnostics, UV-visible spectro-
meters, neutral pressure gauges and IR thermography. Other
divertor configurations are being developed and studied in par-
allel, particularly the snowflake [45] and X-point target.
Initial comparisons of conventional and Super-X divertor
configurations were performed in Ohmic and NBI heated L-
mode pulses. Experiments were performed with density ramps
and repeat pulses at different (constant) flat-top density, using
gas puffing to control the plasma density, to quantify the onset
of divertor detachment. The detachment threshold, in terms of
the estimated separatrix density, was approximately a factor
of two lower in the Super-X configuration than a conven-
tional divertor, as shown in figure 9. Detailed comparison of
the detachment threshold was complicated by the onset of
locked modes causing toroidal asymmetries in the divertor
heat and particle flux profiles (termed ‘strike point splitting’
in figure 9), however the reduced detachment threshold in the
Super-X configuration is in broad agreement with predictions
from analytic models (e.g. [39]). The divertor surface power
load was reduced by at least an order of magnitude in the
Super-X configuration. The mid-plane n. and T profiles at a
given line-average density were not significantly affected by
either the divertor configuration or whether the outer divertors
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Figure 9. Measured total divertor ion flux in conventional (red) and
Super-X (blue) divertor configurations. Estimated detachment
thresholds are given by vertical dashed lines.

were detached. This detachment behaviour in the Super-X
divertor configuration is well reproduced in predictive [46]
and interpretive SOLPS-ITER simulations [47], however the
simulations of the conventional configuration do not exhibit
the characteristic roll-over in the total divertor ion flux, which
is thought to be due to a reduction in the upstream separat-
rix pressure in experiments from strong power losses ori-
ginating from the strong gas fuelling applied to reach the
required core line-average density. Characterisation of detach-
ment onset in other alternative divertor configurations is
underway.

Multi-wavelength imaging of the D, Fulcher band emis-
sion from the lower divertor chamber was used to estim-
ate the position of the ionisation front, where the dominant
form of plasma-neutral interactions transitions from electron
impact ionisation to plasma-molecule interactions [48]. As
the plasma conditions in the divertor chambers trend toward
deeper detachment, the ionisation front moves from the outer
strike point towards the divertor entrance. The observed sens-
itivity of the ionisation front movement with increasing mid-
plane separatrix density agrees well with interpretive SOLPS-
ITER simulations [49]. There is a clear reduction in the sens-
itivity of the front position to changes in the separatrix density
as the emission front moves through regions exhibiting strong
gradients in the total magnetic field, in agreement with analytic
models [39, 50].

Studies of NBI heated L-mode pulses with conventional,
Super-X and an intermediate, elongated, divertor configura-
tion elucidate the benefits of increased divertor volume on
power and particle exhaust [51]. In the elongated and Super-
X divertor configurations after the onset of detachment, the
ionisation region in the divertor chamber extends to a fixed
major radius, insensitive to increases in the major radius
of the outer strike points. Downstream of the ionisation
region, any additional divertor volume afforded by a larger
outer strike point major radius increases ion sinks, including
Molecular Activated Recombination (MAR) and Electron-Ion
Recombination (EIR), and power losses due to plasma-neutral
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Figure 10. Profiles of the electron temperature (red) and power
losses due to plasma-atom interactions (blue) along the separatrix
flux surface from the divertor entrance to the target in conventional
and Super-X divertor configurations simulated with SOLPS-ITER.

interactions that reduce divertor target power and particle
fluxes.

Experiments performed in type-I ELMy H-mode scenarios
with conventional and Super-X divertor configurations and
similar core shaping are in broad agreement with the L-mode
studies, in terms of ease of access to divertor detachment
in the Super-X configuration and effective decoupling of the
mid-plane pedestal profiles and the divertor configuration and
detachment state. In 750 kA scenarios, which maximise the
ratio of the separatrix density at the midplane and the par-
allel heat flux entering the divertor chambers to ease access
to attached divertor conditions, with ~3 MW of NBI heating
power, the conventional divertor configuration was attached
and the Super-X detached. In common with L-mode experi-
ments, global confinement parameters, including Hipposy,» and
B, and core and pedestal n, and T, profiles were also unaf-
fected by whether the divertor was in a conventional or Super-
X configuration and whether the outer divertors are attached
or detached. These observations are in good qualitative agree-
ment with SOLPS-ITER simulations, shown in figure 10, that
the plasma conditions in conventional and Super-X configur-
ations are similar for otherwise similar boundary conditions,
but T’ at the divertor entrance is lower in the Super-X configur-
ation due to higher power losses due to plasma-neutral inter-
actions in the additional divertor volume where T, < 5 eV.
The divertor neutral compression, the ratio of the lower diver-
tor and main chamber neutral pressures, is typically 100-300,
with the Super-X having higher compression despite the outer
divertors being detached.

The fundamental mechanisms governing detachment in the
Super-X divertor configuration have been studied in exper-
iments via spectroscopic measurements interpreted using a
sophisticated Bayesian framework BaSPMI [48]. To correctly
interpret these measurements, it is necessary to account for
plasma-molecule interactions and measurements of the D,
Fulcher band emission profile are needed to discern between
emission due to electron impact excitation, which in turn can
be used to estimate where ionisation of neutrals occurs, and
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Figure 11. Phases of divertor detachment observed in spectroscopic studies of the lower divertor chamber.

plasma-molecule interactions. In Ohmic and NBI heated L-
mode pulses, 4 distinct detachment phases were observed, as
shown in figure 11. Atdetachment onset, in phase 1, the ionisa-
tion front, inferred from the trailing edge of D, Fulcher band
emission, pulls away from the divertor target, with evidence
of MAR occurring downstream. In phase 2, the region where
MAR interactions occur pulls away from the target and the
outer divertor particle flux reduces with increasing fuelling,
there is evidence of EIR occurring downstream, suggestive
that the target electron temperature 7. ~0.8 eV. In phase 3,
the frequency of EIR interactions increases and T ~ 0.5 eV.
In phase 4, normally prior to a density limit disruption, all three
emission regions move toward the divertor entrance and the
peak in the divertor electron density pulls away from the target
and T < 0.5 eV. Due to T, being low across the outer diver-
tor leg in the Super-X configuration, radiation from carbon is
thought to have a negligible contribution to power dissipation
in the divertor chambers. Moreover, the low temperature in
the divertor results explains why EIR in the divertor is pre-
valent, despite the density being modest (~1-3 x 10" m—3)
and SOLPS-ITER simulations being more susceptible to inac-
curacies in the rates of atomic and molecular processes, in
particular of molecular charge-exchange [52, 53]. Radiation
trapping from deuterium and carbon are predicted to be small,
based on predictive simulations with the CRETIN code [54].

6. Plasma control and development of
high-performance scenarios

The MAST Upgrade Plasma Control System (PCS) is based
on the framework developed at General Atomics [55] with
improvements to accommodate the larger number of gas injec-
tion locations and coil current control to independently con-
trol Ohmic heating (via either loop voltage or plasma cur-
rent), shape and position of the plasma boundary and the
outer divertor legs [56]. Real-time sensing of the inner and
outer radii of the Last Closed Flux Surface (LCFS) at the
mid-plane, radial and vertical position of the lower X-point
and the position of the lower outer divertor strike point is
provided by LEMUR [57], a local higher order expansion
of poloidal flux, fitted to magnetic field and flux measure-
ments and constrained by the Grad-Shafranov equation in the
vacuum region. Prior to deployment on MAST-U, LEMUR
was successfully validated against experiments on DIII-D

[58]. Real-time manipulation of the plasma shape parameters
sensed by LEMUR, and feedforward control of other paramet-
ers (e.g. squareness of the LCFS, poloidal flux expansion at
the outer divertor, etc) independently is facilitated by linear
shape control ‘virtual circuits’ that map changes to individual
plasma shape parameters, whilst keeping the others of interest
fixed, to changes in poloidal field coil currents [59]. Control
of the plasma density is facilitated by real-time measurements
of the line-integrated density using an interferometer chord at
the mid-plane [60] and an arbitrary combination of gas valves.
Detachment control has been successfully demonstrated using
multi-wavelength imaging to estimate the position of the ion-
isation front in the lower divertor chamber, as discussed in
section 5, and gas fuelling from the main chamber was used
to vary the detachment state.

Plasma scenarios have been developed at I, = 450, 600,
750, 1000 kA, mostly with either conventional or Super-X
divertor configurations. Plasma breakdown is performed via
direct induction, where the toroidal electric field is induced via
the central solenoid and thermionic emission of electrons from
a hot filament provides a source of free electrons [29]. The
initial loop voltage and pre-fill gas pressure have been optim-
ised to minimise solenoid flux consumption and is robust to
changes in vessel conditions, such as after boronisations. In
the I, ramp-up phase, the plasma volume, outer radius and
elongation expand rapidly to slow current penetration to the
magnetic axis, thus maximising ¢y and minimising ¢;. This is
favourable for sustaining strong shaping of the plasma bound-
ary, in particular high elongation, and to avoid the onset of low
order performance-limiting instabilities such as the long-lived
mode [21], but would increase the likelihood of reverse mag-
netic shear which is destabilising for helical core type modes.

The development of high-performance scenarios has two
elements, concentrating on increasing I,,, to increase confine-
ment of the thermal and fast particle populations and max-
imising § at intermediate I,, as discussed in section 3. The
750 kA scenarios are the most widely used to date, benefitting
from satisfactory confinement for the majority of the scientific
programme and can be executed with Ohmic heating only or
with NBI with sufficiently long /,, flat-top duration. Therefore,
these scenarios are the most mature and thoroughly studied.
To develop a robust H-mode scenario, the gap between the
inner wall and the LCFS is at least 3 cm, the vertical posi-
tion is optimised to maintain a connected double null topo-
logy and only fuelling from the high-field side is used, all
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Figure 12. Top—ion and electron temperature profiles in a high
confinement shot. Below—time traces of plasma stored energy,
injected NBI power, normalised energy confinement time, main
chamber Do emission and MHD activity with bulk plasma rotation
data overlaid.

of which promote H-mode access. With these optimisations
applied, maximum core electron and ion temperatures of 2 keV
and 3 keV respectively with energy confinement normalised
to the ITER scaling [61] Hipposy,2 ~1.3 have been achieved, as
shown in figure 12. As discussed in section 3, the performance
of these scenarios is typically limited by 2/1 tearing modes,
which tends to reduce the energy confinement to Hipgogy,» ~1.
The mode amplitude is moderated, and its rotation frequency
maintained, via a combination of off-axis neutral beam injec-
tion, moderate gas fuelling after the L-H transition and redu-
cing 8 and k [29].

The development of higher I, scenarios is underway and
exhibits similar performance limiting MHD and shares com-
mon amelioration strategies with the 750 kA scenarios. To
date, a 1000 kA scenario with a conventional divertor has
reached 500 ms duration. Further optimisations of this scen-
ario, through careful tailoring of gas fuelling, elongation, tim-
ings of NBI injection and toroidal field are expected to improve
scenario performance and pulse duration further.

7. Hardware enhancements and future programme

A phased programme of enhancements to the heating, fuelling
and pumping capabilities of MAST Upgrade are underway

to access more reactor-relevant plasma conditions, including
lower collisionality in the core, pedestal and divertor, higher
divertor heat flux, maximum divertor neutral pressure and
higher beta for longer pulses. In 2024, a divertor cryopump
will be operational to provide a tenfold increase in particle
pumping to significantly improve particle control for longer
pulse operations and is predicted to expand the range of oper-
ating parameters where attached divertor operation is possible
[62]. In 2025, a 1.6 MW electron Bernstein wave heating and
current drive system with injection frequencies of 28 GHz
and 34.8 GHz will enable studies of on-and off-axis heating
and current drive in the plasma current ramp-up and flat-top
phases. Also in 2025, two additional NBIs will be installed,
increasing the maximum injected power by up to 2.5 MW of
off-axis heating and 2.5 MW intermediate between the on-axis
and off-axis injectors, to double the total neutral beam heating
power to a maximum of 10 MW and to further tailor the fastion
pressure profile for the avoidance of energetic particle modes.
In parallel, a high frequency pellet injector will be commis-
sioned to study the impact of reactor-relevant fuelling on scen-
ario performance and control, emphasising studies to optimise
core and pedestal confinement with acceptable power exhaust
in the presence of transient particle fluxes.

These new capabilities will significantly broaden the oper-
ational space of MAST Upgrade and facilitate deep physics
studies into key physics issues for future tokamaks, including
non-inductive current drive with electron Bernstein waves, fast
particle physics with fine control of the fast ion pressure pro-
file, studies of core and pedestal confinement and MHD sta-
bility at higher performance and their integration with highly
dissipative alternative divertor configurations. Future phys-
ics programmes will aim to advance understanding in these
areas in parallel as the capabilities of the device improves. For
example, additional heating power and current drive, both on-
and off-axis, are expected to facilitate sustainment of higher qq
due to additional off-axis current drive, to study confinement
and stability with more STEP-relevant q profiles [63] with qg
~2.

It is envisaged that studies of power and particle exhaust
will advance to study detachment induced via impurity seed-
ing and understanding the controllability of divertor detach-
ment in a wider variety of divertor configurations, including
the X-point target, X divertor and snowflake and their response
to transients arising from pellet injection and MHD, including
ELMs. At higher heating power and higher core plasma pres-
sure, and consequently higher Shafranov shift, may alter the
balance of heat and particle fluxes between the inner and outer
divertors in a double-null topology that can inform the devel-
opment of exhaust solutions for future devices such as STEP.

The development and study of stationary high-performance
regimes will have greater emphasis in future campaigns, as
the lower pedestal collisionality afforded by the higher heat-
ing power and pumping speed is expected to facilitate access
to naturally ELM-free pedestal regimes such as the QH-mode
as well as ELM control with RMPs. The integration of sta-
tionary ELM-free pedestals with detached divertors, which is
required in ITER [64], DEMO [65] and other future devices
will be studied, building on these promising initial results. In
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parallel, the programme of experiments will be accompanied
by modelling predictions to test predictive tools and deepen
our understanding of experiments.

8. Summary and implications for future devices

Recent results from MAST Upgrade have advanced our under-
standing in key physics areas that concern the design and oper-
ation of future fusion devices.

Fast particle physics studies have found that the largest
source of fast ion losses is m/n = 2/1 tearing modes that are
commonly observed in NBI heated pulses, which can reduce
the measured neutron rate by up to 50%. Sawtooth crashes
can also reduce the fast ion population by 40%—-50% across
the plasma core. A rich spectrum of fast ion driven instabilit-
ies has been observed, including fishbones (which can reduce
the fast ion density by up to 35% near the magnetic axis).
TAEs have been observed to correlate with fast ion losses
only when off-axis neutral beam injection is applied, otherwise
they lead to fast ion redistribution. For the first time, fast ion
losses correlated with CAEs and GAEs have been observed,
with more core-localised modes (up to \/1TN~0.7) resulting
in fast ion redistribution, whereas more edge-localised modes
(up to M~0.9) result in fast ion losses. These observations
provide strongest tests for predictive models used to estimate
the impact of bulk plasma and fast ion driven MHD ion ener-
getic particle confinement in current and future devices.

MHD stability studies have concentrated on maximising
beta and the avoidance of performance-limiting instabilities.
Optimisation of the I;, ramp-up phase has been performed to
avoid reverse-shear ¢ profiles that occur at high df,/dr that
cause IREs. The presence of m/n = 1/1, 2/1 and 3/2 modes
moderates the achievable performance through damping tor-
oidal rotation in the plasma core and reducing energy con-
finement. Off-axis neutral beam injection allows for sustain-
ment of g0 > 1, avoiding sawteeth. To date, By~4.2 has been
achieved transiently, and improvements in the highest achiev-
able 3 and energy confinement time have been observed at
higher elongation, «, reaching values of 2.4. Increasing x fur-
ther in future campaigns, is expected to yield further improve-
ments in plasma performance, and facilitates studies of plasma
stability in strongly shaped plasmas towards STEP-relevant
values of ~2.8 [63]. Observations of the density limit are con-
sistent with crossing a threshold based on brubulent trans-
port across the separatrix, however in general it was observed
that the plasma disruptivity rate reduced by ~20% through
improvements in real-time control of the plasma shape and
density.

In studies of pedestal and ELM physics, the electron tem-
perature at the pedestal top could exceed 350 eV, higher
than in MAST, which had similar levels of auxiliary heat-
ing power. MHD and gyrokinetic stability analysis suggests
that improved plasma shaping, in particular higher elongation
and squareness of the confined plasma, are responsible. This
analysis suggests that further improvements in pedestal sta-
bility are possible by further increasing elongation. In future

campaigns, higher auxiliary heating power and particle pump-
ing will be available to study hotter, less collisional pedes-
tals towards stationary ELM-free regimes that are required in
future devices. Mitigation of type-I1 ELMs with n = 1 RMPs
has been observed, as well as rotation breaking of a 2/1 tearing
mode and density pump-out when RMPs are applied. This is a
first step towards the development of ELM control with RMPs
that is needed in ITER and could be required in other future
devices.

Experiments studying plasma exhaust have elucidated
benefits of the Super-X divertor configuration and deepened
understanding of divertor detachment. In Ohmic and NBI
heated L-mode experiments, it was found that the separatrix
density at the mid-plane required to detach the outer diver-
tors is approximately 50% lower in the Super-X configura-
tion compared with a conventional divertor, in agreement with
SOLPS-ITER and analytic models, while the mid-plane 7. and
T, profiles were unaffected. In H-mode experiments optim-
ised to maximise the heat flux to the outer divertors, they were
found to be attached in the conventional and detached in the
Super-X configurations with no noticeable impact on the edge
pedestal profiles or global energy confinement. These initial
results provide fresh insights into the benefits of alternative
divertor configurations that are being considered for DEMO
[66] and STEP [63]. The mechanisms governing detachment
have been studied via spectroscopic measurements, elucidat-
ing the key role of plasma-molecule interactions, including
the presence of MAR at the onset of detachment. At deeper
levels of detachment, the location where MAR occurs moves
from the divertor target towards the divertor entrance, with
EIR occurring close to the divertor target. Simulations of
these experiments are susceptible to inaccuracies in the rates
of atomic and molecular processes, in particular molecular
charge-exchange, that have motivated improvements in these
data. In turn, these improvements should improve the accuracy
of predictions of plasma exhaust in future devices.

Advances in the development and study of high-
performance plasmas and alternative divertor configurations
have been enabled by real-time sensing and control of the
shape of the confined plasma and outer divertor legs, as well
as real-time density control. Scenarios with plasma currents
spanning 450 kA to 1000 kA have been developed, mostly
with conventional and Super-X divertor configurations. Good
energy confinement has been achieved, reaching maximum
electron and ion temperatures of 2 keV and 3 keV respect-
ively, and corresponding normalised energy confinement time
Hippogyo ~ 1.3.

An extensive programme of enhancements further expand
the operational space of MAST Upgrade towards more
reactor-relevant conditions. In 2024, divertor cryopumping
will be available to significantly improve particle control for
longer pulses and to facilitate access to attached divertor con-
ditions to study detachment onset and control. Subsequently,
the neutral beam heating power will be doubled from 5 MW to
10 MW to reach higher 3, lower collisionality to study energy
confinement, prioritising the presence and impact of electro-
magnetic modes on electron energy confinement [67, 68]. A
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1.6 MW electron Bernstein wave heating and current drive sys-
tem will be a substantial source of additional electron heating
that will enable studies of mode conversion physics and on-
and off-axis current drive efficiency in support of STEP. A new
high frequency pellet injector will be commissioned to provide
reactor-relevant fuelling and enable studies of its impact on the
core, pedestal and divertor.
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