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The UK’s Spherical Tokamak for Energy Production (STEP) programme, aiming to provide a prototype 
fusion power plant (SPP) based on the spherical tokamak concept targeting 2040 [1], has now moved 
from the conceptional to the preliminary design phase.  Key objectives of the SPP, which will drive the 
creation of a UK fusion economy, are to deliver net electric power 𝑃net > 100	MWe and demonstrate 
tritium self-sufficiency.  Choosing a fully non-inductive flat top operating point without inboard 
breeding drives the design to low aspect ratio 𝐴~1.8, high elongation 𝜅~3 and high normalised plasma 
pressure 𝛽$~4 [2] as fusion power scales as 𝑃fus ∝ (𝛽$𝐵())𝜅*5𝑅geo 𝐴⁄ 8-at high bootstrap current 
fraction 𝑓BS = 𝐼BS 𝐼p⁄ ~0.8 − 0.9.  The high 𝑓BS reduces the demand on the auxiliary microwave based 
heating and current drive system on STEP.  In addition to the usual electromagnetic electron cyclotron 
wave current drive (ECCD), the use of electrostatic electron Bernstein waves current drive (EBCD) 
combined with ECCD is considered [3]. EBCD provides normalised current drive efficiency that is up 
to 3 times higher than ECCD and potentially creates opportunities to access scenarios at commercial 
power plant-relevant fusion gain, 𝑄 = 𝑃fus/𝑃aux~30.  The ECCD scenario operates at 𝑄~11.  Since 
publishing the original design base (SPP-1) (𝑅geo,1 = 3.6	m, 𝐵(,5 = 3.2	T, 𝐼6,5 ≤ 23	MA, 1.5	GW ≤
𝑃fus ≤ 1.8 GW in 2025) [1], to reduce the risk to the centre column, the design has moved to a larger 
baseline (SPP-2) with 𝑅geo,2 = 4.3	m, 𝐵(,5 = 3	T but with the same fusion power range and aspect ratio, 
leading to a similar 𝐼6.  Plasma solutions for the larger design have proven to be more challenging in 
some areas, while making it easier to find an exhaust solution.  To handle the heat load in the divertor 
at this high fusion power a core radiation fraction 𝑓rad = 𝑃rad 𝑃heat⁄ ~0.7 is adopted.   
Recent efforts to explore solutions with lower recirculating power have led to a change of assumptions. 
On the one hand, with dedicated R&D it seems reasonable to assume an increase of the wall plug 
efficiency for the HCD system from 𝜂;<= = 0.4 to 𝜂;<= = 0.6, which for a 𝑄~10 device has a 
significant impact on the 𝑃>?@ required to achieve 𝑃AB( ≳ 100	𝑀𝑊. On the other hand, reducing the 
core radiation fraction to 0.5 and operating slightly above the empirical Greenwald density limit (𝑓CD =
𝑛 𝑛CD⁄ ≤ 1.4: 𝑛CD = 𝐼6(𝑀𝐴) (𝜋𝑎E)[10EF𝑚G-]⁄ ) allows for a more efficient core plasma solution at 
lower 𝑃>?@ and 𝐼6. Operating with 𝑓CD > 1 has been experimentally demonstrated on devices like 
ASDEX Upgrade, DIII-D and MAST using pellet fuelling. Overall, flat-top operating points (FTOP) 
with 𝑃>?@~1	𝐺𝑊 and 𝐼6 ≤ 18	𝑀𝐴 seem to be feasible without taking advantage of the opportunities 
given by EBCD.  The lower plasma current reduces the disruption challenge notably, but the lower 
radiation fraction puts more stringent requirements on the exhaust solution and is likely to be limited 
by the tolerable Ar concentration at the last closed flux surface (LCFS). In addition, independent core 
radiation control using Xe may not be possible, increasing the plasma control challenge.     
The new assumptions have also been used to reduce the device size again. This is not only more cost 
effective but also makes quench protection of the toroidal field system less challenging by lowering the 
magnetic energy in the system.  The experience of SPP-1 and SPP-2 shows that a reduction of the TF 
coil volume and therefore of the magnetic energy in the TF system is only possible by increasing the 
aspect ratio. Explorations of the design space with the 1.5 D integrated transport solver JETTO in 
assumption integration mode and the system code PROCESS using the learning from the previous 
design points and freedom in the range of 𝑃>?@ have led to the identification of a new net power scenario 
with 𝐴 = 2, 𝑅HBI = 4	𝑚, 𝐵(5𝑅HBI8 = 3.2	𝑇 𝐼6~16	𝑀𝐴	, 𝑓JKL = 0.5	, 𝑓CD~1.3, 𝜅 = 2.8, 𝛿~0.65, 
𝑃>?@~1	𝐺𝑊 and  𝑃M<<=~120	𝑀𝑊	 but requiring a slightly more aggressive transport assumption of 
〈𝐻NO(Q,E)〉 = (𝐻NO(Q,E) +𝐻NO(Q,E)

⋆ ) 2⁄ = 1.41  using the ITER physics basis confinement scaling law 
[4], where 𝐻 and 𝐻⋆denote the confinement enhancement factor with and without the core radiation 
taken into account respectively. Using the Petty et.al. scaling law for confinement [5], which takes the 
results of dimensionless scaling experiments into account, this equates to 〈𝐻TB((QFO〉~1. This should 
only be taken as indicative, since both scaling laws were obtained using data in a different turbulence 
regime to STEP. One of the reasons for the more challenging confinement assumption is that a 
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refinement of the bootstrap current, 𝐼UV, calculation in JETTO led to a 15% reduction due to an 
overestimation of the trapped particle fraction for the extreme shaping of STEP. Detailed comparison 
of 𝐼UV models with the NEO code show that 𝐼UV is now accurately predicted in JETTO.  With the reduced 
𝐼UV the SPP-2 design point has 𝛽$~4.8 and 〈𝐻NO(Q,E)〉~1.6, which is challenging for resistive wall mode 
(RWM) control and core transport. For the 𝐴 = 2, 𝑅 = 4	𝑚 both 𝛽$~4.2  and 〈𝐻NO(Q,E)〉~1.4 are less 
challenging, but the lower pedestal performance at the lower plasma current leads to a pressure peaking 
that is still marginal for RWM control with 𝐶W = (𝛽$ − 𝛽$XY) 5𝛽$AY − 𝛽$XY8~0.5\  (𝛽$

AY,XY the no-wall 
and ideal wall 𝛽 limit respectively). The compatibility of the 𝐴 = 2, 𝑅 = 4	𝑚 FTOP with respect to 
divertor performance and magnet requirements has been tested using an initial poloidal field coil set.    

The physics basis for STEP has matured considerably, 
reducing uncertainties in plasma core performance, 
divertor performance, control and operations without 
type-I ELMs.  The onset of high core transport fluxes 
in high 𝛽 regimes with low torque input due to the 
dominant hybrid kinetic ballooning mode (hKBM) 
turbulence is now understood.  The competition 
between the Reynolds and Maxwell stresses with 
respect to zonal flow generation leading to these high 
fluxes is governed by a threshold 𝑞E𝛽B = 𝑓(𝑠̂, 𝛾M) (𝑠̂: 
magnetic shear, 𝛾M: 𝐸 × 𝐵 flow shear). This has been 
used to optimise the flat-top solution in SPP-2. Figure 
1 shows modelling of the 𝛼-heating power using a 

quasi-linear reduced core transport model capturing the hKBM transport [6] in the T3D framework 
(T3D-KBM). This model does not evolve the equilibrium self consistently nor does it include the effects 
of impurities and 𝛼-particles. Starting with the initial FTOP profiles from the assumption integration 
simulations with JETTO, the T3D modelling for SPP-1 predicts a high performance state where the 
turbulent fluxes are consistent with the input power. Applying a similar approach to an initial SPP-2 
point (blue) does not lead to a consistent solution but rather collapses into a low performance state.  
However,  optimising the pressure and q-profile of the SPP-2 FTOP (orange) with respect to the onset 
of the high flux states leads to the recovery of a consistent high performance state. Whilst this gives 
some confidence in the existence of a plasma solution compatible with net electricity production, access 
to it from a low 𝛽 state is still to be resolved. It should also be noted that the modelling is very sensitive 
to the choice of initial conditions such as flow shear or the radiation fraction. Here, the pedestal pressure 
is a fixed boundary condition.  
The stability of Alfvénic modes has been assessed using the HALO code for toroidicity induced Alfvén 
eigenmodes (TAE) and ellipticity induced AEs (EAE) in the SPP-2 flat-top. As expected in a burning 
plasma device, the drive of these modes by 𝛼-
particles is strong. Nevertheless, neither TAEs 
nor EAEs should be unstable in STEP as at 
high 𝛽 the Alfvén velocity is closer to the ion 
thermal velocity than in conventional aspect 
ratio tokamaks, leading to bulk ion Landau 
damping that is stronger than the drive.     
Although most scenario exploration is 
performed using JETTO or RAPTOR with 𝛽$ 
feedback used to achieve the required 𝑃fus, 
codes that include an ST-optimised version of 
TGLF and a newly developed quasilinear 
model for hKBM transport provide flux-driven 
predictive capabilities. Machine learning has 
been used to provide surrogates for faster 
scenario evaluation. The performance of 
TGLFNNv1, a low-density ST-optimised 

 
Figure 2: Comparison typical time traces of predictive JETTO 
simulations for the low-density non-inductive ramp-up phase to 
high current with the ST optimized TGLF (red) model and the 
neural network surrogate TGLFNNv1 (blue). 

 

 
Figure 1: 𝛼-particle heating power, 𝑃!, from a flux 
driven core transport calculations with (T3D-KBM) 
suggesting that a high-performance core plasma 
state could exist. 

 

• TGLF [7] is the only fast QL transport model available that captures EM effects and ST relevant shaping
• GK comparison: Default TGLF numerical settings acceptable for ramp up but optimisation needed for flat top
• TGLF reproduces GK linear stability and EM drive – should capture gradient threshold in flux driven simulations
• In progress: Further improvements to numerical filters may improve agreement at outer radii
• In progress: Flux driven validation against MAST-U high beta
• Then: Update TGLF saturation rules also for high beta conditions

• Trained neural network surrogate to replicate TGLF results within 15D STEP ramp up 
parameter space, using active learning pipeline developed in [8]

• JETTO-BgB and JETTO-TGLF runs above used to define the space
• Strong correlations between some input variables used to restrict volume of space 

compared to 15D hypercube.  Good performance, comparable to QuaLiKiz NNs [9]
• ~1.5M simulations needed to span space (an order of magnitude fewer than for hypercube)

TGLF eigensolver numerical optimisation and validation against linear gyrokinetic for ST high beta conditions Comparison of TGLF and TGLFNN v1 proof of concept.  TGLF prediction took 2 weeks (60 CPUs).  NN prediction 
took 3 hours (5 CPUs).  TGLNN v2 in preparation to span flattop and densification space with TGLF ST settings.

• Current ramp at low density (EC dominated), flat top at high density (bootstrap dominated).  Bridge via densification
• Non-inductive burning plasma is highly nonlinear, with feedback between confinement, bootstrap current, alpha 

heating.  Also highly sensitive to model assumptions (e.g. pedestal, flow shear)
• Controlled access demonstrated with fixed H98 (RAPTOR) [6], but 𝛽′ stabilisation adds another feedback loop
• First predictive attempts:  Either undershoot or overshoot Pfus=1.7GW target (narrow window, controllers too simple)
• Need to develop advanced controllers to achieved controlled burn access within all constraints
• Several constraints not yet fulfilled: Need slower power ramp, q profile control, MHD stability, respect exhaust limits

Initial development of STEP SPP1 DT current ramp up scenario in JETTO using simple transport models, fixed 
H98, ion / ITG transport assumed dominant (TGLF predictions in last panel).  Impurities not self consistently 
modelled.  Radiation and density trajectories assumed controlled via pellet fuelling actuator including Xe doping.  

First attempts to demonstrate fusion burn access in SPP1 with JETTO and TGLF settings optimised for high beta 
ST. No solenoid usage, DD->DT in ~10s. Simple controllers. Proof of concept used to develop research plan. 

• Many competing constraints and optimisations within a complex and novel scenario, optimisation in-silico
• TGLF simulations of current ramp take ~2 weeks on 60 procs, not many runs can be done, slow turnaround 
• Complex optimisation problem (lowest aux. power, faster ramp), not yet fully optimised within all constraints
• Searching for optimal trajectories within multiple constraints by trial and error laborious and ineffective 
• Optimal trajectory changes when assumption or constraint is changed. Use RAPTOR opt. framework [6]

• STEP SPP1 has limited space in centre column for a small solenoid; used only for initiation up to 2MA [1]
• ECCD (O1 then O2) will be used to drive a low density non-inductive current ramp up from 2 to 20MA
• Initial simulations to optimize trajectories conducted with Bohm-GyroBohm transport  (H98=1.3 prescribed) [2] 
• Current Ramp optimized for ECCD efficiency -> low density 10x more efficient due to Te/ne scaling
• After full current is reached, densify plasma and transition to burning plasma, high bootstrap regime [3] 
• Required auxiliary power ~150MW depends on confinement assumption and CD efficiency

F.J. Casson, F. Eriksson, D. Kennedy, M. Giacomin, J. Mitchell, B.S. Patel, C.M. Roach, A.P. Snodin, L. Zanisi, A. Bokshi, T. Brown, C. 
Challis, H.G. Dudding, S. Freethy, T. Hender, W.A. Hornsby, S. Henderson, H.T. Kim, K. Kirov, F. Koechl, H. Meyer, E. Tholerus, R. Sharma

[1] STEP special issue, Phil. Trans. R. Soc. 2024: https://doi.org/10.1098/rsta.2023.0416
[2] F. Eriksson EPS 2022;  [3] E. Tholerus NF 2024;  [4] D. Kennedy NF 2023, IAEA 25; [5] M. Giacomin JPF 2025;  
[6] J. Mitchell FED 2023; [7] G. Staebler Phys Plasmas 2007;  [8] L. Zanisi NF 2024, IAEA 25;  [9] A. Ho NF 2021

Slow current ramp up, monotonic q, optimised for vertical stability

𝐼𝑝 EC power

Te

Ti

ne

fGW (%)

𝛽𝑁

• Pathway through densification phase found 
using RAPTOR code (BgB transport, H98 fixed) 
while respecting more constraints:
• q >2 monotonic / MHD stable, no solenoid 

use, slow 𝑃𝑓𝑢𝑠 ramp consistent with power 
cycle constraints, vertical stability

• Aim to bring first principle based predictive 
confinement models into rapid optimisation 
framework via hierarchy of models

RAPTOR densification
with optimisation

• Flat top scenario is high 𝛽𝑒 ~ 10%, dominant instability is hybrid-KBM only unstable when 𝛿𝐵 ∥ included [4] 
• Existence of high-performance burning plasmas demonstrated with T3D-GS2 quasilinear (SPP1); 

relies on 𝛽′ stabilization / 2nd ballooning stability [5]
• KBM strongly stabilised by ExB shear in gradient driven simulations, less sensitive in flux driven steady state [5]
• Ideal ballooning stability seems to be a useful proxy for hybrid-KBM stability and transport [4]
• Strong drive to validate this physics in MAST-U with EBW / low rotation
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surrogate for TGLF, is shown in Figure 2, comparing typical time traces for simulations of a low-density 
fully non-inductive ramp-up to high plasma current. An important phase for the whole plant design is 
the onset of the plasma burn as the plasma density is increased. Initially it was envisaged to do this 
quickly, 𝒪(10𝑠), to optimise the trade-off between auxiliary-driven and bootstrap current. Following 
control and predictive modelling, the time for the access to fusion burn has now been slowed to 
Δ𝑡Z?JA ≳ 300𝑠 to mitigate implications on the wider plant.  
An optimised divertor design has been developed to provide good detachment access and efficient He 
exhaust at the same time. This features a novel extended dome design as well as an optimised pump 
duct position. On STEP direct pumping of the inner divertor legs is difficult to realise and the He must 
therefore be exhausted using a pump in the outer divertor. He recycled in the inner divertor can enter 
the core through the X-point region, leading to intolerably high He concentrations in the core. This can 
be avoided by optimising the inner under-dome passage opening with respect to the inner strike point. 
A vertical outer target configuration with pumping from the private flux region (PFR) close to the strike 
point would give the best results in terms of He exhaust but is the worst solution with respect to 
achieving detachment, whilst a horizontal target with pumping from the scrape-off-layer (SOL) away 
from the strike point optimises the detachment onset. Placing the pump duct opening approximately 
horizontally aligned with the low field side dome outflow and co-aligning the detachment front with 
both provides sufficient He pumping whilst retaining good detachment access.  
The first coupled core edge simulations using JETTO and EDGE2D (COCONUT) are being used to 
understand the impact of He and Ar on scenario performance. These computationally expensive, 
complex simulations are still using the SPP-1 design with a non-optimised dome and are performed for 
He and Ar as impurities separately without drifts enabled in EDGE2D. Here NCLASS is used for core 
impurity transport. For He, advanced simulation control would be needed to get stable solutions with a 
fixed Bohm-Gyro-Bohm transport assumption. In the absence of this the initial calculations to 
determine suitable He pumping speeds 𝑆;B are done in two steps [7]. First, COCONUT simulations 
with 𝛽$ (fusion power) control are used to determine the relation between the 𝑆;B and the He density 
at the separatrix 𝑛;B

@B6. Then scans of the pedestal pressure and energy confinement time are used to 
determine the fusion performance. These calculations show that 𝑆;B ≈ (50 ± 20)𝑚- 𝑠⁄  would be 
likely to provide adequate He exhaust if there is no turbulent inward particle pinch, as indicated by the 
hKBM modelling. COCONUT modelling for SPP-1 has been performed to determine the tolerable Ar 
seeding rate. As mentioned above, the radiated power due to Ar entering the core can be substantial. In 
addition to the COCONUT modelling, the fast FACIT code as well as the most complete  JETTO+NEO 
models have been used to determine neoclassical Ar transport in the pedestal with FACIT and NEO 
showing good agreement with respect to the Ar screening.  The 1D SOL code DART is used to relate 
detachment onset to the Ar concentration at the separatrix and the neutral pressure in the divertor. This 
modelling indicates that at 𝑓JKL~0.5 a tolerable Ar concentration can be achieved but at higher divertor 
neutral pressures of 15	𝑃𝑎 ≤ 𝑝LX[ ≤ 20	𝑃𝑎. However, SOLPS-ITER simulations for SPP-1 with both 
He and Ar as impurities including drifts indicate that simulations without drifts may underestimate the 
Ar content in the core. The simulations show a 50% higher Ar content originating from the low field 
side main chamber SOL. This was due to an increased escape of Ar from the lower outer divertor, fed 
by increased leakage of neutral Ar from the lower inner divertor. With drifts active, Ar accumulation 
rises by an order of magnitude in the lower inner divertor due to strongly-enhanced parallel flow of Ar 
in the high field side SOL leading in these simulations to a different detachment state in the inner and 
outer divertor legs, which can likely be mitigated by asymmetric Ar seeding in the four divertor legs.  
Vertical control is critical, due to the need to keep the plasma in an exact double null (DN) configuration 
where the parallel heat flux to the inner divertor is minimised [8]. Exact DN is also important to enable 
good access to H-mode [9].  The SOL decay length is expected to be only 𝜆V\]~(1 − 2)	𝑚𝑚 and the 
accuracy required of the vertical control is thus very high. A novel DN control scheme that allows 
independent control of the vertical position and the difference in poloidal flux between the X-points has 
been developed. Initial tests on TCV [10] show that accurate DN balancing and constant power 
distribution between all four divertor legs is maintained during substantial pre-programmed shifts in 
vertical position. Whilst the control on similar time scales has not yet been demonstrated, modelling of 
this for STEP is encouraging and the engineering implications for the STEP design are being accessed.  
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A new kinetic controller with an adaptive observer (AO) and adaptive model predictive control (AMPC) 
enables the assessment of burn control in the context of measurement and model uncertainties. Here, 
the RAPTOR code is used as a plasma model. Multi objective control is tested using unrealistically fast 
steps in fusion power. The AO uses a nonlinear RAPTOR process model to predict the state and to 
generate a linearised model that is fed into the AMPC to calculate an optimised trajectory for the next 
50 s.  Data from a sparse stochastic measurement set are compared to virtual measurements that are 
mapped from the state prediction. The differences between the measured and predicted quantities are 
used to update the physics model as well as parameter estimates. The new updated linearised model is 
then fed into the AMPC for a new trajectory optimisation. Disturbances on the physics model in 
RAPTOR are used to mimic potential differences between the plasma model and the physical plasma 
as the latter is not yet known. Even without measurement errors or disturbances, it is not possible to 
tightly control all quantities of interest such as the q-profile and internal inductance. However, control 
within tolerable bands that don’t violate hard constraints is possible. Satisfactory control within the 
constraints is still maintained after adding 1	𝜎 ≤ 10% errors and some disturbances in heat diffusivity, 
resistivity, 𝛼-power and bootstrap current density, provided that sufficient auxiliary heating power is 
installed. This framework is now being used to develop requirements for the plasma diagnostic set and 
the actuators.  
Disruptions are a major threat to any tokamak-based power plant concept. The reduction in plasma 
current and stored plasma energy achieved by the new assumption set reduces the engineering challenge 
posed by disruptions. The highest risk during a disruption is the generation of a runaway electron (RE) 
beam.  Early modelling in SPP-1 suggested that shattered pellet injection (SPI) alone might not be 
enough to mitigate the RE beam [11]. Therefore, an RE mitigation coil (REMC) has been incorporated 
into the design to enable dissipation of the RE current in combination with SPI.  Deconfinement of the 
RE beam for several mock RE equilibria with a given REMC design has been modelled for several 
values of the REMC current using the orbit following code LOCUST. The calculated currents are used 
in the engineering design to assess the forces on the coil, which will set the limit for this method of RE 
mitigation. From this modelling it seems feasible that > 75% of the REs can be deconfined in less than 
0.1	ms. 
Using MAST-U and other tokamaks, experimental validation of the codes and assumptions has 
progressed. Experiments on EBW heating on TCV have confirmed the predictions by the CRAYON 
code – a key design tool for STEP – showing record coupling efficiencies ≳ 80%.  Good agreement 
between CRAYON simulations and EBW emission on MAST-U gives further confidence in the 
modelling. The achievement of ELM suppression on MAST-U for the first time in an ST is another 
example of how STEP plasma risks are being burned down.  
A manageable R&D programme to develop key diagnostic systems for STEP is being established. 
Considerable progress has been made in STEP scenario modelling capability but still many challenges 
remain.   The burning plasma solution is driving physics development at the forefront of fusion research. 
This work has been funded by STEP, a major technology and infrastructure programme led by UK Fusion Energy 
Ltd (UKFE), which aims to deliver the UK’s prototype fusion powerplant and a path to the commercial viability 
of fusion.  
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