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• First design base published in 2024 – SPP-1
• see Phi l .  Trans. R. Soc. A. Vol  382, issue 2280
• Plasma :  H Meyer et .a l .  Phi l .  Trans. R. Soc. A.382 

20230406
• Plasma Control :  M. Lennholm et.a l .  Phi l .  Trans. R. 

Soc. A.38220230403

• Based on a highly elongated and spherical 
tokamak

• Double null  configuration to protect the inner 
divertor.

• Non-standard magnetic configurations in al l  
divertor legs.

The UK STEP programme aims to  del iver  a  tr it ium self-suff ic ient  protot ype 
power plant  ~2040 with 𝑷𝒏𝒆𝒕

𝒆𝒍 ~𝟏𝟎𝟎	𝑴𝑾

INTRODUCTION
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SPP-1
𝑅!"# 3.6	𝑚

𝐴 1.8
𝑉$% 714	m&

𝐵' 3.2	𝑇
𝜅 3
𝛿 0.5
𝑃()* 1.5	 − 1.8	𝐺𝑊

Essential to the STEP plasma design:
steady state operation ⇒ fully non-inductive flat top

𝑷𝒇𝒖𝒔 ∝ 𝜷𝑵𝑩𝒕 𝟒𝜿𝟓
𝑹𝟑

𝑨𝟑
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https://github.com/ukaea/OpenSTEP



For technical  reasons the 2024 baseline pivoted to a larger major radius 
of 𝑹𝒈𝒆𝒐 = 𝟒. 𝟑	𝒎  at  same A

• Plasma design 
philosophy not 
changed.

• Volume ~1.5× ITER, but 
only ½ of EU-DEMO

• Height similar to EU-
DEMO
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JET ITER

SPP-1

Basel ine Concept SPP-1 see:
P h i l .  T rans .  R .  S oc .  A .  V o l  382 ,  i ssue  2280

SPP-1 SPP-2
𝑅!"# 3.6	𝑚 4.3	𝑚

𝑅34 1.6	𝑚 1.9	𝑚
𝐴 1.8
𝑉$% 714	m& 1250	m&

𝐵' 3.2	T 3.0	T
𝜅 3
𝛿 0.5 0.5 − 0.6
𝛽5 4.5 − 5.3 ~4.8
𝑃()* 1.5	 − 1.8	GW

𝑃4"' 130	𝑀𝑊 270	𝑀𝑊

𝑃!"# for scenario with only 
electron cyclotron heating and 
current drive

INTRODUCTION
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S. Ding et.al. Nature 629 
(2024), p.555–560

• The plasma solution was constrained by the 
target range in fusion power 
(1.5	𝐺𝑊 ≤ 𝑃%&' ≤ 1.8	𝐺𝑊).

• Increased understanding of the balance of plant 
has questioned the lower limit 
⇒ opens space to explore more efficient plasma 
solutions.

• Increasing the electrical (wall plug) efficiency 
of the heating and current drive HCD 
system from 𝜂()* = 0.41	 to 𝜂()* ≈ 0.6 [1]
⇒ achieves net electrical power 
output with less 𝑃%&' and lower 
fusion gain 𝑄%&'.

Explored ways to reduce the recirculating power ⇒ Updated assumption set

O F F I C I A L  -  P U B L I C  -  5 2 N D  E P S  P L A S M A  C O N F E R E N C E ,  2 9 / 0 6 - 0 3 / 0 7 ,  E D I N B U R G H ,  U K  ©  U K F E  2 0 2 6

FLAT TOP OPERATING POINTS

[1] Louksha, O.I. et.al. IEEE Electron Device 
Letters (2024) Issue 9 p. 1638-1641

EBW kept as 
opportunity

AUG: P. Lang et.al. Nucl. 
Fusion 52 (2012) 023017 

𝑃+,-,. ~(0.4 − ⁄1.4 𝑄%&') 𝑃%&' − 63	𝑀𝑊

Reduced 
𝑷𝒇𝒖𝒔, 𝑰𝒑, 𝑷𝒂𝒖𝒙

Increased 
plasma 
density 
𝒇𝑮𝑾 > 𝟏

Increased 
current 

drive 
efficiency 
𝜼𝑪𝑫 (EBW)

Reduced 
core 

radiation 
fraction 
𝒇𝒓𝒂𝒅
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FLAT TOP OPERATING POINTS

[1] Louksha, O.I. et.al. IEEE Electron Device 
Letters (2024) Issue 9 p. 1638-1641

EBW kept as 
opportunity

AUG: P. Lang et.al. Nucl. 
Fusion 52 (2012) 023017 

𝑃+,-,. ~(0.4 − ⁄1.4 𝑄%&') 𝑃%&' − 63	𝑀𝑊

Reduced 
𝑷𝒇𝒖𝒔, 𝑰𝒑, 𝑷𝒂𝒖𝒙

Increased 
plasma 
density 
𝒇𝑮𝑾 > 𝟏

Increased 
current 

drive 
efficiency 
𝜼𝑪𝑫 (EBW)

Reduced 
core 

radiation 
fraction 
𝒇𝒓𝒂𝒅

Lower 𝑷𝒇𝒖𝒔 and lower 𝑰𝒑 

⇒ explore if a smaller device size is more attractive



• New assumptions: 
𝑓/01 = 0.5, 𝑓23 = 1.1 
⇒ lower 𝑃%&', 𝐼4, 𝑃0&5.

• Enables tolerable 
exhaust solution at 
𝑓/01~0.5.

• Core radiation from 
Ar alone1) ⇒ higher 
𝑝167 ≲ 20	𝑃𝑎

Explore higher 𝑨 = 𝟐 point ⇒ compromise between magnets, size and plasma
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SPP-2 A=1.8 A=2
𝑅%&' 4.3	𝑚 4.0	𝑚

𝑅() 1.9	𝑚 2.0	𝑚

𝐵* 3.0	T 3.2	T

𝐼+ 20	𝑀𝐴 16	𝑀𝐴

𝑃,-. 1.9	𝐺𝑊 1.0	𝐺𝑊

𝑃)&* 270	𝑀𝑊 110	𝑀𝑊

𝑃/-0 150	𝑀𝑊 120	𝑀𝑊

𝑉+1 1250	m2 800	m2

𝑓!" 100% 𝟏𝟏𝟎%

𝑓3/4 0.7	(Ar, Xe) 𝟎. 𝟓	(𝐀𝐫)

𝑓56 0.82 0.85

𝜅, 𝛿 3.0, 0.55 2.9, 0.65

𝛽7 4.8 ~4.3

𝛽+ 3.5 3.8

𝑃.&+/𝑅 32	𝑀𝑊/𝑚 38	𝑀𝑊/𝑚

𝐻#$ 1.5 1.4

𝐻8&**9:$ 1.0 1.0

SPP-2 𝐴 = 2, 𝑅 = 4	𝑚

FLAT TOP OPERATING POINTS

1) see also poster by G. Suarez-
Lopez on Ar shielding



• Competition between Reynolds (ES) and 
Maxwell (EM) stresses on zonal flow 
⇒ onset of large transport fluxes.

• Ideal ballooning physics ⇒ 𝛽′ stabilisation 
⇒ access to high performance regime.

• Detailed evolution sensitive to initial condition, 
assumptions (𝛾8 , 𝑓/01 , … ).

First f lux-driven calculations increase confidence in the existence of a 
f lat-top operating point
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EC-HD

Access from low 𝜷𝒆 still unclear as 𝜷𝒆 drive must be 
overcome by 𝜷𝒆′ and flow shear stabilisation.

Model: M Giacomin et. al.  J. Plas. Phys. 91 (2025) pE16

quasi-linear model capturing hybrid KBM driven turbulent 
transport – no impurities, no 𝛼-particles, no equilibrium

D. Kennedy et al, Thu 9am

CORE TRANSPORT PREDICTION

A. Bokshi, M Abazorius, B. Patel, D. Kennedy, 
C. Roach, H. Dudding, M. Giacomin, D. Dickenson 

𝒒𝟐𝜷𝒆 = 𝒇 )𝒔, 𝜸𝑬 ∝ 𝜷𝒑 -𝒂 𝑹
𝑠̂: magnetic shear
𝛾8: flow shear



First predictive non inductive ramp-up simulations with fast TGLFNN 
surrogate
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• Need to broaden the current 
profile to avoid current hole.

• Increase density at full 
current ⇒ fusion burn.

• Developed surrogate model 
(TGLFNN) from ST-
optimised version of TGLF.

• Coupled an advance control 
framework to JETTO/TGLF 
⇒ prove that slow access to 
fusion burn is possible. 

F. Eriksson, C. Olde, J. Mitchell, F. Casson, K. Kirov, C. 
Challis

• 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

TGLF numerical parameters
nbasis_max width_min width theta_trapped

Default ES 4 0.300 1.65 0.70
ST EM opt. 10 0.495 1.90 [0.3-0.7]

STEP t=500s, 
Ip ~ 8MA

STEP t=2500s, 
Ip ~ 20MA, βe ~ 4%

STEP flat top, 
Ip ~ 21MA, βe ~ 10%

GS2 / CGYRO
TGLF default
TGLF ST opt.

MAST-U 48657 0.5s

Linear GK

IBM stability

Flux driven QL
T3D-GS2

Sensitive to initial 
condition, access 
highly nonlinear

Nonlinear GK, gradient driven

Pfus fGW (%)

H98 

Second stability
becomes MHD 
unstable if not 
controlled 

𝐼𝑝

Need IBS to rise 
faster than IIN + 
IEC falls

Pellets under 
FB control

Ions receive
alpha heating

Elec. heating 
radiatedTe

Ti

Nonlinear gyrokinetic

Quasi-linear 
gyrokinetic

QL gyrofluid

Surrogate
ML

Database # dims 
scan

CPU 
time  (s)

Models

~100 3 ~1e7 NL-
CGYRO

~10,000 7 ~1e4  QL-GS2

~ 1e7 15 1-10 TGLF

N/A N/A 0.01 TGLFNN
GS2-GP

𝐼𝑝 Te

Ti
ne

FuellingH98

ρtor [0 1]

kyρskyρskyρs

Ψ𝑁 [0 1] Ψ𝑁 [0 1]

~𝛽′
~𝛽′

This work has been funded by STEP, a major technology and infrastructure programme led by UK Industrial Fusion Solutions Ltd (UKIFS), which aims to deliver the UK’s prototype fusion powerplant and a path to the commercial viability of fusion.

βe
a/LTe

F. Casson, 29th EU-US TTF, Budapest, Hungary, 8-12 Sep. 2025

INTEGRATED MODELLING – DYNAMIC PHASES

SPP-1

see also posters by S. Gabriellini (Tue, 14:00) 
and F. Watts (Tue, 14:00)



Adaptive Observer

O F F I C I A L  -  P U B L I C  -  5 2 N D  E P S  P L A S M A  C O N F E R E N C E ,  2 9 / 0 6 - 0 3 / 0 7 ,  E D I N B U R G H ,  U K  ©  U K F E  2 0 2 6

Burning plasma control requires novel control techniques ⇒ Adaptive Observer 
and adaptive model predictive controller

𝜓(𝜌, 𝑡)

𝑇𝑖(𝜌, 𝑡)

𝑛𝑒(𝜌, 𝑡)

𝑇𝑒(𝜌, 𝑡)

𝑞(𝜌, 𝑡)

Sparse Stochastic 
Measurements

Linearised model
𝐴! , 𝐵! , 𝐶! , 𝐷!

Innovation 
&

 Correction 

Map to 
Measurement

𝐼"(𝑡)

𝑃#$%(𝑡)

State Prediction

𝑒𝑟𝑟𝑜𝑟

Estimated 
state

Estimated 
parameters

𝑦;

𝑥

𝑧

Non-linear RAPTOR Process Model

Update physics 
model

[𝑦

[𝑥, 𝑧]

[𝑥
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Adaptive - MPC

Update model Output 

Quadratic Optimisation of Objectives and Constraints 

Trajectory 
Optimisation 

Manager 
(TOM) 

≤ 10% (1σ)

BURNING PLASMA CONTROL



Kinetic controller performs well despite noise, model uncertainty and model 
disturbance

O F F I C I A L  -  P U B L I C  -  5 2 N D  E P S  P L A S M A  C O N F E R E N C E ,  2 9 / 0 6 - 0 3 / 0 7 ,  E D I N B U R G H ,  U K  ©  U K F E  2 0 2 6 J. Mitchell, IAEA TM, 18 – 22 May 2026, Oxford

Noisy performance

MODEL PREDICTIVE CONTROL
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HELIUM particle exhaust improved through divertor design

• Three key design features have been 
identified that significantly alter the He 
particle exhaust:

• Divertor to sub-divertor duct location
• Dome shape
• Strike-point geometry

• Including state-of-the-art impurity closure 
models in SOLPS-ITER improved confidence 
in the absolute predictions of He transport 
and pumping

Improved confidence of He exhaust

Design optimisation for both detachment 
onset and He exhaust 

EXHAUST OPTIMISATION

see posters by: O. Myatra (Mon 14:30)  and
L. Aho-Mantila (Tue 14:00)

Dome shape
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HELIUM particle exhaust improved through divertor design

• Three key design features have been 
identified that significantly alter the He 
particle exhaust:

• Divertor to sub-divertor duct location
• Dome shape
• Strike-point geometry

• Including state-of-the-art impurity closure 
models in SOLPS-ITER improved confidence 
in the absolute predictions of He transport 
and pumping

Improved confidence of He exhaust

Design optimisation for both detachment 
onset and He exhaust 

EXHAUST OPTIMISATION

Dome shape

He optimized funnel 
divertor

see posters by: O. Myatra (Mon 14:30)  and
L. Aho-Mantila (Tue 14:00)



O F F I C I A L  -  P U B L I C  -  5 2 N D  E P S  P L A S M A  C O N F E R E N C E ,  2 9 / 0 6 - 0 3 / 0 7 ,  E D I N B U R G H ,  U K  ©  U K F E  2 0 2 6

Demonstrated good linear coupling in ELM-free regimes and good agreement of 
CRAYON with observations on MAST-U

S. Freethy, EC-23, 
Barcelona, Spain, 18-22 
May 2026

C. Hopkins, EC-23, 
Barcelona, Spain, 18-22 
May 2026

MBER measurements

CRAYON 
predictions

MBER on MAST-U

• UKAEA and Univ. of York built a microwave camera to 
visualise EBW coupling on MAST-U

• Detailed measurements confirm location and size of 
coupling windows

• Verified some key design assumptions for the MAST-U 
system 

• Provided validation for elements of CRAYON code ⇒ 
STEP predictions

HEATING AND CURRENT DRIVE - VALIDATION



Standard vertical  control  wil l  require extreme accuracy to keep 
𝜹𝒓𝒔𝒆𝒑 < 𝟏 − 𝟐	𝒎𝒎

O F F I C I A L  -  P U B L I C  -  5 2 N D  E P S  P L A S M A  C O N F E R E N C E ,  2 9 / 0 6 - 0 3 / 0 7 ,  E D I N B U R G H ,  U K  ©  U K F E  2 0 2 6

TCV experiment with standard vertical control shifting the plasma up and down by 2 cm 

TCV

VERTICAL CONTROL

Power 
distributions in 
the divertor

X-point flux 
separation

Vertical 
displacement

M. Lafferty et.al., IEEE Trans. on Plasma 
Science 54 (2026) no 6 p. 2640



Advanced vertical  control  wil l  keep Double null  configuration

O F F I C I A L  -  P U B L I C  -  5 2 N D  E P S  P L A S M A  C O N F E R E N C E ,  2 9 / 0 6 - 0 3 / 0 7 ,  E D I N B U R G H ,  U K  ©  U K F E  2 0 2 6

TCV experiment with novel vertical control shifting the plasma up and down by 2 cm 

D
N

B 
C
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M. Lafferty et.al., IEEE Trans. on Plasma 
Science 54 (2026) no 6 p. 2640

TCV

VERTICAL CONTROL

Power 
distributions in 
the divertor

X-point flux 
separation

Vertical 
displacement



Improved scenario performance:
• Changed assumption set (𝑓/01~0.5, 𝑓23 > 1, ) has led to more attractive scenarios at lower 

𝑃%&'~1	𝐺𝑊  and lower 𝐼4   ⇒ possible way to a smaller plasma. 

Increased scenario confidence:
• Onset and regulation large fluxes due to KBM turbulence understood.
• Predictive capability for scenario modelling achieved.  
• Advanced/novel control techniques for kinetic and vertical control developed.

Novel divertor geometry to optimise He pumping and detachment:
• Improved confidence that He can be exhausted fast enough whilst maintaining good 

detachment. 

Considerable progress in understanding and de-risking the STEP plasma
CONCLUSIONS

S T E P O F F I C I A L  ©  U K I F S  2 0 2 6  |  H .  M E Y E R  I T P A - I O S  T G M ,  1 2  M A Y  2 0 2 6 ,  N A K A ,  J A P A N

Key plasma challenges remain but STEP has developed a strong 
team and efficient design tools.  
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Thank You for your attention 
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