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Abstract
ST40 is a compact, high-field (BT0 ⩽ 2.1 T) spherical tokamak (ST) with a mission to expand
the physics and technology basis for the ST route to commercial fusion. The ST40 research
programme covers confinement and stability; solenoid-free start-up; high-performance
operating scenarios; and plasma exhaust. In 2022, ST40 obtained central deuterium ion
temperatures of 9.6± 0.4 keV, demonstrating for the first time that pilot plant relevant ion
temperatures can be reached in a compact, high-field ST. Analysis of these high-ion temperature
plasmas is presented, including a summary of confinement, transport and microstability
characteristics, and energetic particle instabilities. Recent scenario development activities have
focused on establishing diverted H-mode plasmas across a range of toroidal fields and plasma
currents, along with scenarios with high non-inductive current fractions. In future operations,
beginning in 2025, a 1 MW dual frequency (104/137 GHz) electron cyclotron (EC) system
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will be installed to enable the study of EC and electron Bernstein wave plasma start-up and
current drive. Predictive modelling of the potential performance of these systems is presented.

Keywords: spherical tokamak, high-field, ST40, overview

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

1. Introduction

ST40 is a compact high-field spherical tokamak (ST) with cop-
per magnets, built and operated by Tokamak Energy Ltd, a
private company based in Oxfordshire, UK, which is devel-
oping commercial fusion power plants based on the combin-
ation of the ST and high-field magnets made from REBCO
high temperature superconductor (HTS). The goal of ST40
is to expand the physics basis for the ST, by exploring con-
finement and transport; solenoid free plasma start-up; exhaust
properties; and high-performance operating scenarios at tor-
oidal magnetic fields over twice that previously achieved in
other STs.

Spherical tokamaks offer an attractive route to commer-
cial fusion due to their enhanced stability properties [1] and
more favourable transport and confinement properties when
compared to conventional aspect ratio devices [2]. Combined
with high-field magnets made from high temperature super-
conductor this opens a route to more compact and potentially
reduced cost fusion power plants.

The paper summarises progress on ST40 between 2021–
2023. During this period there were two main operational
phases, referred to as Programme 2.2 and Programme 2.3.
Programme 2.2, which ran from March 2021–February 2022,
focused on achieving plasma ion temperatures in excess of
100 million degrees Kelvin (8.6 keV), which was a key busi-
ness milestone. Programme 2.3 began in June 2023 and is
divided into multiple Campaigns, the first of which, Campaign
1, ran until September 2023 and was focused on exploring and
expanding the operating space and range of achievable scen-
arios, with a particular focus on developing H-mode diver-
ted scenarios and scenarios with high non-inductive current
fractions.

This paper is arranged as follows. Section 2 introduces the
ST40 device and its diagnostics, as well as providing an over-
view of the integrated data analysis framework used through-
out the paper. The next three sections summarise results from
Programme 2.2. Section 3 describes the high ion temperat-
ure scenarios, where a central deuterium temperature of 9.6±
0.4 keV was achieved. Section 4 provides an overview of con-
finement and stability studies, summarising transport proper-
ties of the high ion temperature scenarios and the first study
of the dependence of energy confinement time on ion mass.
Section 5 provides a summary of energetic particle instabilit-
ies and an overview of a possible interplay between energetic
particle modes and H-L back transitions. In section 6, pre-
dictive modelling of electron cyclotron and electron Bernstein
wave heating and current drive is presented, in anticipation of
the installation of the 1MW dual frequency (104/137 GHz)

gyrotron system in 2025. Finally, section 7 describes recent
efforts in developing diverted H-mode scenarios and scenarios
with a high non-inductive current fraction.

Research on ST40 is partly supported by a first-of-a-
kind private-public fusion partnership funded by the U.S.
Department of Energy Office of Science. This partnership
enables staff from Oak Ridge National Laboratory (ORNL)
and Princeton Plasma Physics Laboratory (PPPL) to particip-
ate actively in research activities on ST40, including contrib-
uting to plasma operations and diagnostic implementation.

2. The ST40 high-field spherical tokamak

2.1. ST40 overview

ST40 is a compact high-field spherical tokamak, with main
parameters shown in table 1. The maximum toroidal field is
over twice that of any other ST. Plasma heating is provided by
two neutral beams injected tangentially in the co-current direc-
tion that deliver approximately 0.9 MW at 55 kV and 0.7 MW
at 24 kV when operated in deuterium. The maximum injec-
ted pulse duration for the 55 kV and 24 kV beams is 200 ms
and 90 ms respectively. In the 2023/2024 shutdown work is
underway to increase the duration of the 24 kV beam. The 55
kV beam heats both the ions and electrons and was chosen to
provide central power deposition with minimal shine through
[3]. The 24 kV beam has a wider deposition profile, primarily
heats the ions and provides significant core fuelling. A 1 MW
dual-frequency (104/137 GHz) gyrotron has been ordered and
is due to be installed 2024 with operations beginning in 2025.

Plasma start-up is achieved using Merging Compression
(MC), where two high-voltage in-vessel poloidal field coils
inductively initiate the plasma. MC start-up has been demon-
strated on several tokamaks [4–8] and allows direct access
to high plasma currents without using the central solenoid.
The process involves three stages [8]. Firstly, the two high-
voltage in-vessel PF coils (called the ‘MC coils’ in ST40)
are ramped to full current and gas is injected into the vessel.
The MC coil current is then ramped down, generating a large
loop voltage that causes the plasma to breakdown and form
two helical rings around the MC coils. In the second stage,
the large loop voltage induces a significant plasma current
within the two rings, until at some point the attractive force
between the two plasma rings overcomes that of the rings and
the MC coils causing the rings to ‘pinch-off’ from the MC
coils and move towards each other. Finally, magnetic recon-
nection occurs and the two plasma rings merge and are com-
pressed radially towards the centre column to form a tokamak
plasma. During this final stage, poloidal magnetic energy is
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Table 1. The main parameters of the ST40 high-field spherical
tokamak.

Major radius RGeo = 0.4− 0.5m
Minor radius a= 0.25− 0.33m
Aspect ratio A= 1.6− 1.9
Elongation κ< 2.0
Triangularity δ < 0.6
Torodial magnetic field BT0 = 0.9− 2.1T
Plasma current Ip = 0.25− 0.8MA
Installed neutral beam power PNB = 1.8MW
Planned radio-frequency power PRF = 1.0MW

Figure 1. A cross-section of the ST40 high-field spherical tokamak
showing (1) in-vessel merging compression coils, (2) inner vacuum
chamber, (3) outer vacuum chamber, (4) TF centre column
consisting of 24 twisted wedges and overwound solenoid, (5) TF
flexible joints, (6) TF return limbs, (7) pre-tensioned carbon bands,
(8) BVL coils, (9) BVU coils, (10) DIV coils and (11) the divertor
assemblies.

converted into kinetic energy via reconnection, predominantly
heating the plasma ions to keV temperatures. A central solen-
oid, providing approximately 200 mVs of inductive flux, is
used to increase and sustain the plasma current flat-top, which
can last up to 250 ms. An impurity powder dropper construc-
ted by Tokamak Energy and based on concepts developed at
PPPL [9], has recently been installed. This system is capable
of injecting multiple powder species, such as lithium, boron,
carbon or various compounds, with different particulate sizes
with a resolution of <0.1 mg. This system will be used in
future operations for vessel conditioning and plasma impur-
ity seeding.

An engineering model of ST40 is shown in figure 1. ST40
has an inner vacuum chamber (IVC) providing the ultra-high
vacuum required for plasma operations and an outer vacuum
chamber (OVC) that acts as a mechanical support structure.
ST40 was originally designed to operate with the toroidal field
(TF) and some of the poloidal field (PF) coils cryogenically

Figure 2. The ST40 divertor assembly comprising of (1) 8 nickel
plated copper carriers, (2) 8 bridging plates, (3) molybdenum plated
copper chromium zirconium tiles that form the plasma facing
surface, (4) toroidally conducting aluminium alloy passive
stabilisation ring and (5) 16 graphite limiter strips.

cooled using liquid nitrogen. To enable this, the OVC can be
sealed with two domes that cover the top and bottom of the
cyrostat. However, due to technical and programmatic reas-
ons, ST40 has not yet operated with liquid nitrogen cooling
and there are no plans in the immediate future to do so. As a
result, the OVC domes have not been installed and the max-
imum toroidal field is limited to 2.1 T. The toroidal field coil-
set has 24 turns and comprises of a centre column containing
24 twisted wedges, each with a toroidal angular displacement
of 15◦ along their length to provide continuity of the TF cir-
cuit, and 24 return limbs grouped in 8 packs of 3. The return
limbs are electrically connected to the centre column wedges
using copper-copper pressed joints and mechanically isolated
using copper foil flexibles. The out of plane electromagnetic
loads, resulting from interactions with the TF and PF coils, are
reacted to the OVC by a system of pre-tensioned carbon bands.
These bands provide high stiffness and strength with minimal
thermal conduction. ST40 has 3 pairs of poloidal field coils,
which provide the shaping and control fields. These are refer-
eed to as the BVL and BVU coils, for vertical field (Bv) lower
and upper respectively, and DIV coils, which are used to cre-
ate the diverted configuration. The BVL coils provide the bulk
vertical field and radial position control, the BVU coils provide
shaping and fast vertical control, and the DIV coils are used to
form the diverted configuration.

Upper and lower divertor assemblies, one of which is
shown in figure 2, comprise of 8 nickel plated copper car-
riers connected by 8 bridging plates, which provide struc-
tural support and form a toroidally conducting passive sta-
bilisation ring to enable operations with increased plasma
elongations. The plasma facing surface is made of molyb-
denum plated copper chromium zirconium tiles mounted on
each carrier and angled to prevent exposure of leading edges.
Each divertor assembly also has a toroidally conducting alu-
minium alloy passive stabilisation ring with 16 graphite lim-
iter strips to provide additional vertical stabilisation. The
ST40 divertor assemblies were installed in situ using one
of the larger midplane ports to gain access to the vessel.

3
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This placed limits on the size and weight of each component
in the assembly.

2.2. ST40 diagnostics and integrated analysis

ST40 is equipped with numerous diagnostics. A full set of
magnetic field and flux sensors are used for real-time mag-
netic control and post-pulse magnetic reconstruction. The
plasma position and shape are determined in real-time using
an in-house reconstruction code, PFIT, which estimates the
plasma current centroid position and last closed flux sur-
face, enabling both plasma current centroid position and gap
control. Between shots, equilibrium reconstruction is pro-
duced using EFIT [10], with a magnetics-only reconstruction
available after every pulse, and work on adding kinetic and
other constraints on-going. The line integrated electron dens-
ity is measured using a radial sub millimetre (SMM) inter-
ferometer system running at 0.94 mm and 0.91 mm. A vis-
ible survey spectrometer and line-filtered diodes (Dα, Dβ ,
C-II, C-III, O-II, O-III) are used for low-Z impurity and
Bremsstrahlungmonitoring. A suite of diagnostics comprising
of foil based bolometers, multi-element AXUV diodes (cam-
eras) and single-element AXUV diodes are used to provide
measurements of the radiated power. Two foil based bolomet-
ers [11] and two AXUV cameras provide tangential horizontal
and radial vertical views of the plasma. The AXUV cameras
each have a fan of 16 lines of sight and the horizontal and
vertical bolometers have 8 and 12 lines of sight respectively.
These cameras are used to provide tomographic measurements
of the radiated power profile. The AXUV cameras have two
channels, one with no window and the second with a 25µm
Be filter. The unfiltered channel provides fast bolometer-like
measurements of the radiated power. Four filtered AXUV
diodes, sharing a single line-of-sight through the plasma,
provide a time-resolved measurement of the line-integrated
soft x-ray (SXR) emission. Different filters are used for each
diode (10µm Be, 250µm Be, 50µm Al, and 250µm Al), and
the diagnostic thereby works as a coarse four-channel spectro-
meter based on the x-ray transmission of the metal foils. These
systems will be used to provide information on the radiated
power profiles, plasma composition, be able to resolve core
MHD activity (with the AXUV camera operating at 100 kHz),
and determine the sawtooth inversion radius.

Fusion neutrons are detected using diamond detectors and
scintillation spectrometers, both of which are capable of
resolving the 2.45 MeV and 14.1 MeV neutrons originat-
ing from the plasma. The detectors can distinguish between
neutrons and gamma rays using methodology based on total
charge deposition and pulse shape analysis, respectively [12].
Additionally, hard x-rays are recorded using NaI scintillation
detectors, which are calibrated to generate a gamma spectrum.
High-resolution fast visible (10 kHz) and Dα (1 kHz) cam-
eras view the main chamber and part of the upper/lower diver-
tors. An IR camera views the central column and parts of the
divertor regions. A high spectral resolution x-ray crystal spec-
trometer (XRCS) diagnostic [13], measures electron and ion
temperatures in the core region across a single LOS viewing

radially across the midplane, and it requires a small prefill puff
of argon in every shot. The XRCS ion temperature is obtained
from the He-like Argon resonance line w and the electron
temperature from the k/w and n = 3/w line ratios. A visible
charge-exchange recombination spectroscopy (CXRS) system
[13] using a conventional grating spectrometer from Princeton
Instruments, viewing the C-VI 529 nm and Ne-X 525 nm
spectral lines, measures ion temperature and toroidal rotation
profiles along 6 lines of sight intersecting the 24 keV heat-
ing neutral beam. A second spectrometer (TriWaSp—Triple
wavelength spectrometer) with a higher input numerical aper-
ture allows a greater signal collection and improved signal-to-
noise ratio on three different spectral regions using 3 grisms
[14]. The grisms are chosen to view simultaneously on the
same lines of sight: (i) deuterium (main ion) at 656 nm for
Ti, Vrot, fast-ion Dα (FiDa) and beam emission spectroscopy
(BES) studies; (ii) B-V line at 494 nm; and (iii) C-VI and
Ne-X at 529 and 525 nm respectively. The TriWaSp is cur-
rently configured to view the 55 keVHNBI beam in a near tan-
gential configuration. A 15-channel neutral particle analyser
(NPA) measuring neutral hydrogenic particle fluxes at ener-
gies between 1–41 keV provides information on the fast ion
distribution function.

Since the completion of Programme 2.2 a range of new dia-
gnostic systems have been installed. These included a ded-
icated fast (0.8 kHz) high-resolution (640× 512 pixels with
0.2 mm spatial resolution) divertor-IR camera, installed in col-
laboration with Oak Ridge National Laboratory, which views
the upper outer divertor strike surface and is used to meas-
ure the scrape-off-layer width and edge plasma conditions;
an array of 6 embedded single Langmuir probes installed in
the upper and lower outer divertor targets, which operate in
sweep mode measuring ion saturation current, electron tem-
perature and density; an 8 channel foil bolometer viewing the
upper divertor [11]; and a Thomson scattering (TS) system for
measuring electron temperature and density profiles [15]. The
TS system uses a 100 Hz, 1 J, Nd:YAG laser with a 8 ns pulse
width, and measures 30 spatial points along a tangential line of
sight along the midplane, passing close to the center column,
with a varying spatial resolution across the plasma, ranging
from∼40 mm at the high-field side, to∼20 mm at the plasma
core, and with the highest resolution of ∼10 mm at the low-
field-side pedestal region. An example image from the diver-
tor IR camera and the corresponding heat flux profile fitted to
using the Eich formalism for the scrape-off layer profile [16]
is shown in figure 3.

To make the most of the available diagnostics in each
plasma operation phase, forward models of various diagnostic
systems are constantly being developed and exploited [17].
These are used to aid diagnostic design, provide consistency-
checks of the instruments being commissioned, develop dia-
gnostic analysis methods, as well as constrain higher-level
parameters for discharge interpretation andmodelling. In com-
bination with other codes and databases such as Open-ADAS
[18], FIDASIM [19], ASCOT [20] and NUBEAM [21], these
forwardmodels have been used to: design neutron diagnostics,
bolometer and AXUV camera systems; test methodologies

4
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Figure 3. (Top) An example divertor IR camera image for pulse
#11376. Each of the tiles are square with 3.5 cm side length. Some
of the Langmuir probes are visible to the left of the image. (Bottom)
Parallel heat flux, q∥ as a function of distance from the separatrix
(Rmid −Rsep) mapped from the divertor strike surface to the outer
midplane (black crosses) and corresponding profile fitted using the
Eich formalism for the scrape-off layer (red curve).

and uncertainties related to inverting/inferring radiation pro-
files with the limited set of LOS; assess potential of non-
locality of the CXRS measurements close to the plasma edge
due to spectral shearing/smearing; constrain the fueling source
rate using the D-alpha camera; and aid the design, interpret-
ation and calibration of the new TS diagnostic. The mod-
els have also been arranged in integrated analysis workflows
using stepwise optimization algorithms and Bayesian meth-
odologies. During the 2022 campaign, in the absence of pro-
file diagnostics, the main application of these workflows was
to constrain the kinetic profile shapes using a combination of
XRCS, CXRS, SMM and EFIT measurements [22]. In the
2023 campaign, since the installation of the new Thomson
scattering diagnostic, these workflows are being expanded and
re-scoped to constrain the ion temperature profile, infer the
effective charge profile using visible Bremsstrahlung, estimate
2D poloidal maps of the radiated power combining data from
the AUXV cameras and bolometry, and other applications.

Figure 4. Overview of discharge #10009, showing (a) plasma
current and neutral beam injection parameters, (b) stored energy, (c)
line averaged electron density, (d) ion and electron temperatures
measured using x-ray crystal spectroscopy viewing He-like Argon
(XRCS) and CXRS, and (e) plasma volume. Reproduced from [22].
© 2023 The Author(s). Published on behalf of IAEA by IOP
Publishing Ltd. CC BY 4.0.

3. High ion temperature scenarios

In 2022, ST40 obtained a central deuterium ion temperature
of 9.6± 0.4 keV, demonstrating for the first time that ion tem-
peratures relevant for commercial fusion can be obtained in a
compact, high-field ST [22]. Such high ion temperatures have
previously only been reached in significantly larger devices
and never in a ST. These high temperatures were achieved in
hot-ion L-mode discharges, where Ti ≫ Te, in deuterium plas-
mas with deuterium neutral beam injection. Hot-ion modes
generally share common features of centralised ion heating,
low ion-electron collisional coupling to minimise power trans-
fer from the hotter ions to cooler electrons, peaked density pro-
files, and suppression of turbulence leading to improved ion
confinement.

By injecting 1.6 MW of neutral beam power into a plasma
with an on-axis toroidal magnetic field of BT0 = 1.9 T, plasma
current Ip = 0.6 MA and plasma of volume 0.9 m3, car-
bon ion temperatures of 9.2 keV were measured using a
charge exchange recombination spectroscopy (CXRS) sys-
tem, where the most central line of sight measures approx-
imately 1 cm from the magnetic axis [13]. Using the integ-
rated analysis procedure described above, the on-axis car-
bon impurity temperature was estimated to be 9.8 keV, with
a corresponding main ion temperature of 9.6 keV determ-
ined using TRANSP [23]. Parameters from one such high
ion temperature discharge, #10009, are shown in figure 4
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Figure 5. Profiles of (top) electron density, deuterium ion and fast
ion densities, (bottom) impurity and deuterium ion, and electron
temperatures determined using the integrated analysis approach for
pulse #10009 at time of maximum ion temperature (60 ms).
Reproduced from [24]. © IOP Publishing Ltd. All rights
reserved.

and the corresponding temperature and density profiles at the
time of peak ion temperature, 60 ms, as determined using
the integrated analysis procedure and TRANSP, are shown
in figure 5. The effective ion charge, Zeff is estimated to
be 2 with the main impurity species assumed to be carbon,
helium and argon. The total injected neutral beam power, PNB,
was 1.6 MW with 5%–8% shine through, the Ohmic heat-
ing power, POH, was 0.5 MW and the fast ions account for
approximately 30% of the stored energy. Taking these values
and the thermal stored energy, Wth, the energy confinement
time, defined as τE =Wth/(PNB +POH − dWth/dt), is calcu-
lated to be 15ms and the corresponding fusion triple product is
ni0Ti0τE ≈ 6± 2× 1018 m−3keVs.

4. Confinement and stability

4.1. Transport and microstability properties of high
temperature plasmas

The integrated analysis procedure described above was used
to infer the Te, Ti, and ne profile ranges that were input into
TRANSP to determine the plasma transport characteristics
of the high performance, hot-ion mode plasmas [24]. Plasma
density and temperature profiles for a high Ti are shown in
figure 5. The fast ion (beam) density, as calculated in the
NUBEAM Monte-Carlo code, was about 20% of the thermal
deuterium density. The impurity ion temperature was input
to TRANSP, which computed the deuterium ion temperat-
ure from power balance considerations. As can be seen, the
TRANSP calculations based on these profile ranges indic-
ated that hydrogenic ion temperatures were only 0.5–1.0 keV
lower than those measured in the carbon impurity, reaching
the 10 keV level.

The TRANSP power balance calculations for this discharge
are shown in figure 6 for the electrons (left panel) and ions
(middle panel). In each frame, power sources are plotted as
positive numbers, and the losses are plotted as negative num-
bers. A comparison of the electron and ion channels show
that electrons were the primary loss channel through thermal
conduction. For the ions, the beam thermalisation (beam ions
slowing down to <5/2Ti) was comparable to the direct colli-
sional heating of the thermal ions by the beams, and the energy
loss through ion-electron coupling (energy flow from ions to
electrons due to Ti > Te) was comparable to the thermal con-
duction loss. The thermal diffusivity profiles (figure 6(right
panel)) reflect the power balance results, with χe > χi across
the entire profile. While the ion thermal diffusivity was very
low in the plasma center (< χneoclassical), reflecting the fact that
it was, to a large extent, reduced central ion transport that led
to high Ti, the ion thermal transport in these hot-ionmode plas-
mas was much greater than neoclassical in the mid- and outer
regions of the plasma.

Linear gyrokinetic stability analysis of ST40 hot-ion mode
plasmas has been carried out to identify the most unstable
micro-instabilities [25] using the initial value gyrokinetic
code, GS2 [26], which finds the fastest growing mode.
Local Miller equilibrium [27], with kinetic electrons and
ions (including impurities and fast ions), full electromag-
netic effects, and collisions were used in the simulations.
Simulations were performed at three different locations,
ρ= 0.3, 0.6 and 0.8, where ρ is the square root of the normal-
ized magnetic flux, across both ion and electron scales from
10−2 ⩽ kθρs ⩽ 102 where kθ is the poloidal wavenumber and
ρs is the ion gyro-radius.

Figure 7 shows the linear growth rate, γ, and real frequency,
ω, for a typical hot-ion mode pulse, #9831. The linear growth
rates of both ion- and electron-scale (i.e. kθρs ⩾ 0.2) modes
decrease from the edge toward the core of the plasma, while
at ρ= 0.3 the change of linear growth rates at kθρs < 0.2 is
non-monotonic (see figure 7(a)). Towards the plasma centre,

6



Nucl. Fusion 64 (2024) 112020 S.A.M. McNamara et al

Figure 6. (left) Electron and (centre) ion power balances as functions of the square root of normalized toroidal flux. Positive values indicate
energy sources, while negative values indicated energy losses. (right) Thermal diffusivity profiles as functions of the square root of
normalized toroidal flux for electrons (blue) and ions (red). The ion neoclassical thermal diffusivity profile (pink) is also shown. Reproduced
from [24]. © IOP Publishing Ltd. All rights reserved.

ρ= 0.3, no unstablemodeswith kθρs > 5were found and there
was around an order of magnitude reduction in the maximum
linear growth rate in the ion-scale range when compared to
the outer region of the plasma. The maximum linear growth
rates in the ion scale at all three locations are significantly
higher than the corresponding Waltz-Miller E×B shearing
rate, indicating that ion-scale modes may be important in driv-
ing transport in ST40 hot-ion mode plasmas.

The ω spectrum at ρ= 0.3 is seen in figure 7(b) to have a
discontinuity between kθρs = 0.2 and 0.3, indicating the exist-
ence of two branches of solution of the dispersion relation. It
is found through parametric scans that while the kθρs ⩽ 0.2
modes are likely to be kinetic ballooning modes (KBM), the
kθρs > 0.2 modes are most likely to be the ion temperature
gradient (ITG) mode or trapped electron mode (TEM). At mid
and outer radii, ρ= 0.6 and 0.8, at electron scales the negative
real frequency (propagating in the electron direction) and rap-
idly increasing ω with increasing kθρs are consistent with drift
wave characteristic of the electrostatic electron temperature
gradient (ETG) mode. At intermediate length scales between
ρi and ρe the ω spectrum displays very different characterist-
ics, staying small over a wide range of wavenumbers (kθρs
from about 5–60 at ρ= 0.8 and from about 5–30 at ρ= 0.6),
indicating the existence of a different, unidentified, instability
in addition to the typically electrostatic ETG mode. At the ion
scale, the dominant mode is identified as the ubiquitous mode
(UM) [28], which is characterised by ω at ρ= 0.8 switching
sign at kθρs ≈ 0.34 from negative (electron direction) to pos-
itive (ion direction) as kθρs increases from 0.05 to 2 (see the
insert in figure 7(b)). Parametric scans in inverse aspect ratio
and Te and Ti gradients support the identification of UM at
both ρ= 0.8 and 0.6, although at ρ= 0.6 the ω spectrum does
not show a sign switching as at ρ= 0.8.

4.2. First measurements of confinement mass dependence

Kinetic profiles determined using the integrated data analysis
workflow were the basis for studying the mass dependence

of plasma confinement for the first time in any ST [24].
This was done using H0 → H+, D0 → H+, and D0 → D+

plasmas. The central ion temperature was seen to increase
from ∼5 keV to ∼10 keV with increasing plasma mass,
and while the electron thermal conduction, as computed in
TRANSP, was dominant, the increase in central ion temper-
ature was driven by a reduction in core ion transport with
increasing effective ion mass, Meff, which overcompensated
for the increased ion-electron collisional coupling as Ti, and
thus Ti −Te, increased with mass. This allowed the ions to
decouple from the electrons. This reduced transport with
increasing Meff is reflected by the strong, near-linear depend-
ence of thermal energy confinement time onMeff (see figure 8).
Additionally, higher Ti was observed at higher BT for con-
stant Meff, and this dependence is coupled to a factor of sev-
eral reduction in both core ion and electron thermal diffus-
ivities at higher toroidal field in these H0 → H+ plasmas.
Although, the difference in Ti may also be attributed to dif-
ferences in sawteeth activity in the discharges at these two
toroidal fields.

5. Energetic particles

Experimentally, a distinction has been observed in terms of the
Alfvénic nonlinear response in tokamaks of different aspect
ratios. Spherical tokamaks tend to exhibit frequent Alfvénic
chirping and avalanching, accompanied by wave amplitude
bursting, while conventional tokamaks tend to have Alfvénic
waves oscillating with a nearly fixed frequency and a quasi-
steady amplitude [29]. This difference in behaviour has been
attributed to microturbulence scattering of resonant fast ions.
Anticipating the nonlinear character of Alfvénic instabilities is
important in predicting the nature of fast ion losses, which can
allow for the deployment of appropriate actuators to mitigate
them. While chirping instabilities lead to convective transport,
fixed-frequency ones lead to dominant diffusive losses as a res-
ult of mode overlapping.
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Figure 7. (a) Linear growth rate, γ, spectra and (b) real frequency,
ω, spectra at ρ= 0.3 (red squares), 0.6 (green diamonds) and 0.8
(black circles). The horizontal dashed lines denote the Waltz-Miller
E×B shearing rates at three radial locations with the same
corresponding colours. The insert in (b) is a close-up view of the
ion-scale ω, where the blue horizontal dashed line denotes ω= 0.
Modes with positive ω propagate in the ion diamagnetic direction
and modes with negative ω propagate in the electron diamagnetic
direction. Both γ and ω are expressed in the unit of the local Cs/a,
where Cs is the ion sound speed with electron temperature and a is
the half width of the last closed flux surface at the height of
magnetic axis. Reproduced from [25]. © The Author(s). Published
by IOP Publishing Ltd. CC BY 4.0.

Two ST40 discharges, #9831 and #9894, that displayed
a clear transition in their behaviour from the quasi-steady,
fixed-frequency phase to the wave chirping phase are ana-
lysed in [30]. Kinetic and fast ion profiles from TRANSPwere
used as a basis for computing the linear Alfvénic continua by
the ideal MHD code NOVA [31]. The most intense Alfvénic
waves were identified as beta-induced Alfvén-acoustic eigen-
mode (BAAE) with toroidal mode number n= 1. BAAEs [32]
are mixed Alfvén-acoustic polarization modes that reside in
the gap that arises from the coupling between the acous-
tic and the Alfvénic continua. In both shots, a considerable

Figure 8. Electron, ion, and total thermal energy confinement as a
function of plasma fuel species for high performance pulses.
Reproduced from [24]. © IOP Publishing Ltd. All rights reserved.

reduction in ion transport, χi, as determined by TRANSP, pre-
cedes the emergence of chirping. In #9831 this reduction in
χi is attributed to increased density peaking between 40 and
90 ms, which decreases the ion temperature gradient (ITG)
drive associated with ηi = |∇ lnTi|/|∇ lnni|. Relevant para-
meters from shot #9831 are shown in figure 9. In #9894,
the density peaking remains approximately constant, however,
there is a significant increase in toroidal beta, βϕ, which also
acts to suppress ITG turbulence. A criterion for chirping like-
lihood implemented in NOVA-K, the kinetic post-processor
of NOVA, correctly characterises the chirping response in
these pulses.

In certain pulses, a possible interplay between these beam-
driven BAAE modes and transitions between H and L-mode
like confinement has been observed [33]. A small chirp-
ing (primer) mode of increasing amplitude was seen to
build up during the H-mode confinement period, followed
by a larger (dominant) chirping mode that initiates dur-
ing the fast H-L transition and continues into the L-mode
period. The chirping modes are also observed to systemat-
ically correlate with a decrease in toroidal plasma rotation,
observed using the charge-exchange-recombination spectro-
scopy (CXRS) diagnostic. The NOVA code was used to
determine the mode structure of the BAAE modes, which
were found to have toroidal mode number n= 1 and a vari-
ety of poloidal mode numbers present, with the m= 1 har-
monic having the strongest amplitude. The resonant beam-
mode interaction was assessed with the initial value particle
following code ASCOT [20] where simulations of the fast
ion evolution were performed with an imposed n= 1, m= 1
perturbation of varying amplitudes. The fast particle con-
tent and corresponding torque were shown to decrease as
the amplitude of the chirping perturbation is increased.
The reduction in torque correlates with the experimentally
observed reduction in plasma rotation, which could explain
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Figure 9. (Left-hand side) magnetic spectrogram and time-dependent poloidal field oscillation amplitude for discharge #9831. The
transition from fixed frequency to chirping happens at around 0.08 s. (Top right) the inferred thermal ion heat conductivity at the radial
location around the peak of the eigenstructure of the most unstable mode. (Bottom right) boxcar-smoothed ηi = |∇ lnTi|/|∇ lnni| before
(t= 0.04 s) and after (t= 0.09 s) the transition to chirping. Reproduced from [30]. © 2023 The Author(s). Published on behalf of IAEA by
IOP Publishing Ltd. CC BY 4.0.

the degradation of edge transport barrier and transition back to
L-mode.

6. Electron cyclotron assisted plasma start-up
predictions

A multi-frequency electron cyclotron resonance heating
(ECRH) and current drive (CD) system, employing a dual fre-
quency 104/137 GHz gyrotron capable of delivering up to
1 MW of power, has been ordered and is due to be opera-
tional in 2025. The system is designed to enable the study
of non-inductive plasma start-up, current ramp-up, and sus-
tainment. It will consist of a poloidally and toroidally steer-
able low-field side (LFS) launcher that will allow conventional
ECRH and CD schemes. A grooved mirror polarizer (MP) on
the centre column provides the option of electron Bernstein
wave (EBW) excitation via an O-X-B scheme, illustrated in
figure 10. The mirror polarizer is made frommolybdenum and
is recessed below the centre column tiles and is therefore pro-
tected from direct exposure to the incoming plasma heat flux.
O-mode is launched from the LFS onto the MP where it is
converted to X-mode and propagates back into the plasma.
The X-mode undergoes mode conversion to EBW at the upper
hybrid resonance (UHR), which propagates towards the cyclo-
tron resonance (ECR) where it is fully absorbed. Detailed
modelling of the system has been conducted for various launch
configurations [34, 35].

Conventional 2nd harmonic X-mode (X2) heating can be
used for plasma heating and current sustainment. Modelling
shows strong X2 absorption at a wide range of plasma densit-
ies and magnetic field strengths with modest current drive of

Figure 10. O-X-B scheme proposed on ST40 for the excitation of
EBWs via a grooved mirror polarizer installed on the centre column.

up to 50 kAMW−1 expected [34]. Plasma start-up and ramp-
up can be studied with the O-X-B scheme. EBWs are strongly
absorbed, even at low densities and temperatures, and can gen-
erate strong current drive. Modelling has shown current drive
efficiencies up to 150 kAMW−1 can be expected, depending
on the density and temperature [34], as shown in figure 11. For
the range of densities considered, ne = 0.5− 3× 1019m−3, the
current drive efficiency peaks between Te = 2− 3 keV. At
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Figure 11. EBW current drive efficiency for different central
electron densities (coloured lines and markers as indicated by the
legend and in units of 1019 m−3) as a function of central electron
temperature. Reproduced from [34]. © IOP Publishing Ltd. All
rights reserved.

higher Te, X-mode absorption at the ECR increases, reducing
the power converted to EBW. As the current drive efficiency
for X-mode is much less than EBW, the overall current drive
decreases.

Additional, it was found that fundamental X-mode absorp-
tion could be used to generate significant current at low
densities [35]. Typically X-mode injected from the LFS is
reflected before it reaches the ECR, but it can be absorbed
before the cut-off is reached if the Doppler shifted resonance
condition ((ω−ωce)/(k∥vth,e)⩽ 3), is satisfied, whereω is the
angular frequency of the injected wave, ωce is the electron
cyclotron angular frequency, k∥, is the parallel wave number,
and vth,e is the electron thermal velocity. Increasing the paral-
lel wave number or temperature (and thus vth,e) will improve
absorption. Figure 12 shows the absorption and current drive
at different temperatures as a function of density. High current
drive efficiencies up to 800 kAMW−1 can be achieved at low
densities and high temperatures, with current drive decreas-
ing with density and increasing with temperature. As density
increases, absorption at the 2nd harmonic resonance, which is
less efficient for current drive, increases, while fundamental
absorption decreases.

7. Recent scenario development activities

The 2023 ST40 operational programme focused on exploring
and expanding the range of achievable scenarios, with a partic-
ular focus on developing H-mode diverted scenarios and scen-
arios with high non-inductive current fractions. These scen-
arios will form the basis of future operational campaigns and
enable ST40 to further advance the physics basis for the high
field spherical tokamak.

Figure 12. (Top) Absorbed power for 1MW of injected power for
different central electron temperatures. The power shown is split
into the sum of the fundamental (Ωe) and 2nd harmonic (2Ωe)
absorption, which represents the total absorbed power, and the
power absorbed at the 2nd harmonic only. (Bottom) corresponding
driven current, again separated into the sum of the fundamental and
2nd harmonic and 2nd harmonic only contributions. For the 2nd
harmonic, the driven current is negligible. The toroidal magnetic
field is BT0 = 2.3 T and the radio-frequency wave has a frequency,
f = 105 GHz and parallel refractive index N∥0 = 0.3. Reproduced
from [35]. © 2022 IAEA, Vienna. All rights reserved.

7.1. H-mode diverted scenario development

During the most recent operational campaign diverted scen-
arios, in both double-null (DN) and upper single-null (USN)
diverted configurationswere developed. TheDNplasmaswere
developed with elongations κ⩽ 2, across a broad range of
toroidal fields, BT0 = 0.9− 2.1 T, and plasma currents, Ip =
250− 600 kA. The USN scenarios have favourable ion ∇B
drift (towards the x-point) and can be used to study the scrape-
off layer heat flux width using the divertor diagnostics dis-
cussed in section 2.2. Several improvements to the plasma
control system were made to expand the accessible oper-
ating space. This included restructuring the magnetic con-
trol scheme into inner and outer loops for fast vertical con-
trol, poloidal field coil current control, and main plasma
parameter (total plasma current and plasma current centroid
position [36]) control. Proportional-integral-derivative con-
trollers were experimentally tuned and now feature bumpless
transfer and anti-windup capabilities.

An exampleH-mode diverted plasma equilibrium and scen-
ario for a beam heated scenario with BT0 = 1.8 T and Ip =
400 kA are shown in figures 13 and 14 respectively. The
plasma becomes diverted at 70 ms and enters an ELM-free
H-mode phase around 110 ms, shortly after the injection of
the 24 kV neutral beam, which persists until the beam power
is reduced. Preliminary electron temperature and density pro-
files measured with the recently installed Thomson scattering
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Figure 13. Example H-mode plasma equilibrium, from pulse
#11418. EFIT equilibrium at 150 ms showing plasma in a DN
configuration with a slight bias towards the lower divertor. The blue
and orange contours shows the last-closed-flux-surface (LCFS) for
the primary (active) and secondary (in-active) x-points respectively.

system are shown in figure 15 around the time of the L-H
transition. For the H-mode scenarios developed, typical pedes-
tal top densities and temperatures are in the range of ne,ped ≈
3.5− 5.5× 1019 m−3 and Te,ped ≈ 200 eV. These ELM free
periods appear to be a feature of ST40 plasmas and are present
in the majority of H-mode scenarios developed thus far. ELM-
free H-modes have been observed on other devices, such as C-
Mod [37, 38], ASDEX-U [39], DIII-D [40] and NSTX [41].
Further work is required to characterise these operating modes
and determine their classification.

Across the range of toroidal magnetic fields and densit-
ies achievable, the fast ions from both the 55 kV and 24 kV
beams can be born with either super- or sub-Alfvénic velo-
cities, vA = B/

√
µ0mini. This, combined with the high beam

power densities, means ST40 is well placed to explore fast ion
instabilities and the resulting fast ion transport and losses in
spherical tokamaks. In upcoming operations, these scenarios
will be used to study confinement and stability, and plasma
exhaust properties across a broad range of plasma parameters,
building on the work discussed above.

7.2. Non-inductive scenario development

Simulations have shown that non-inductive current fractions of
more than 70% should be attainable in ST40 with both beams
at a plasma current of around 250 kA. The bootstrap fraction,

Figure 14. Example H-mode scenario, from pulse #11418. (a)
plasma current from EFIT and neutral beam parameters, (b) stored
energy from EFIT,Wp, (c) line integrated electron density, n̄e, from
preliminary TS data (black) and radial sub millimetre (SMM)
interferometer (red) (d) Dα signal. The transition to H-mode occurs
at around 110 ms and can be seen by the reduction in Dα, increase
in Wp and n̄e, and formation of a pedestal, shown in figure 15.

Figure 15. Thomson scattering density and temperature profiles for
pulse #11418 around the time of the L-H transition, which occurs at
around 110 ms. The formation of the pedestal can be seen with the
final pedestal top parameters being ne,ped ≈ 4× 1019m−3 and
Te,ped ≈ 200 eV.

fbs, is proportional to beta poloidal, βp, which is confinement
rather than stability limited in the target range (fbs > 50%,
βp ∼ 1.5 and BT0 = 1.8 T). Both limiter and diverted H-mode
plasmas have been obtained with Ip ≈ 300 kA, in which the
Ohmic solenoid swing is halted or even reversed during the
pulse. Thus far, the highest performance has been achieved
in the limiter configuration discharges. During the period of
low or reversed surface loop voltage the plasma stored energy
reaches Wth ≈ 35 kJ, with corresponding poloidal and nor-
malised betas of βp ∼ 1.4 and βN ∼ 4.4 respectively. These
plasmas are highly dynamic, having rapidly increasing energy
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content and density, although the plasma current is constant.
Stability analysis has shown that the limiter discharges plasma
exceed the no-wall beta stability limit, which then terminated
the H-mode. The diverted plasmas entered the H-mode late in
the neutral beam pulse and were still evolving when the neut-
ral beam pulse ended. The planned extension to the duration
of the 24 kV neutral beam should enable these pulses to reach
more static conditions and for the period of low loop voltage
to be extended.

8. Conclusions and outlook

ST40 is expanding the physics and technology basis for the
spherical tokamak route to commercial fusion energy, and dur-
ing the last two years of plasma operations has made substan-
tial progress in this area.

Record plasma ion temperatures of 9.6± 0.4 keV have
been achieved in hot-ion mode regimes, demonstrating for
the first time that commercial fusion relevant ion temperat-
ures can be obtained in a compact high-field spherical toka-
mak. Ion temperatures in the 10 keV range have only previ-
ously been obtained in significantly larger devices and never
in a ST. These high temperature plasmas had a correspond-
ing fusion triple product of ni0Ti0τE ≈ 6± 2× 1018 m−3keVs.
Transport analysis showed that the core ion thermal diffusiv-
ity was very low, reflecting the fact that reduced central ion
transport was largely responsible for the high central ion tem-
peratures. Linear gyrokinetic analysis revealed that a range of
micro-instabilities were present, including kinetic ballooning,
ion temperature gradient and trapped electron modes in the
core and electron temperature gradient and ubiquitous modes
at mid to outer radius.

By developing scenarios with different main plasma and
beam species the mass dependence of thermal energy confine-
ment was investigated for the first time in any ST and found
to have a strong near-linear dependence on the effective ion
mass.

Energetic particle studies investigated pulses that displayed
a clear transition in their nonlinear Alfvénic response from a
quasi-steady, fixed frequency phase to a wave chirping phase.
The difference in response has previous been attributed to
microturbulence scattering of resonant fast ions. This beha-
viour was confirmed on ST40, with the transition from fixed
frequency to chirping corresponding to a reduction in micro-
turbulence, and a criterion for determining the likelihood of
chirping correctly characterised the response.

Recent ST40 operations have focused on expanding the
operating space by developing diverted H-mode plasmas
across a range of magnetic fields and plasmas currents, as well
as establishing scenarios with a high non-inductive current
fraction. Both DN and USN diverted configurations have been
established, with the DN diverted scenarios developed over
a broad range of toroidal magnetic fields, BT0 = 0.9− 2.1 T,
and plasma currents, Ip = 250− 600 kA. These diverted H-
mode plasmas typically feature sustained ELM free periods,

and further work is required to characterise these operating
modes. For the non-inductive scenarios, thus far the highest
performance has been achieved in discharges with a limiter
configuration. These plasmas had Ip ≈ 300 kA and had periods
where the Ohmic solenoid swing was halted or even reversed.
During this period, the plasma is highly dynamic and the nor-
malised beta reached βN ∼ 4.4, which stability analysis has
shown exceeds the no-wall beta stability limit, and led to the
termination of the pulse. In the next operational phase, planned
for 2024, these scenarios will be used to explore confinement
and stability at magnetic fields higher than that achieved in
other spherical tokamaks and to investigate exhaust properties
in a compact, high power density device.

Following the 2024 operational period, a 1 MW dual fre-
quency (104/137 GHz) gyrotron will be installed to enable
the study of non-inductive plasma start-up, current ramp-up
and sustainment, and to extend confinement, stability and
exhaust studies to plasmas with dominant electron heating.
Three electron cyclotron (EC) current drive schemes have been
investigated, conventional 2nd harmonic X-mode low field
side launch; an O-X-B scheme for exciting electron Bernstein
waves that uses a mirror polariser mounted on the centre post;
and a fundamental X-mode scheme that utilises the strong
Doppler shift of the resonance location that occurs at low dens-
ities and high electron temperatures. These schemes are pre-
dicted to have peak current drive efficiencies of 50, 150 and
800 kAMW−1 respectively.
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