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Abstract
STEP is a UK programme to build a prototype fusion power plant targeting 2040 demonstrating fuel self-sufficiency and net 
electric power output of the order of 100 MW. The plasma scenario is central to the STEP mission. Progress has been made 
in the understanding of the underlying physics and integration of the scenario components with increasing modelling 
capability. A first existence demonstration of the flat-top operating point is given using a predictive flux-driven quasilinear 
model describing the transport in STEP. A recent size change for technical reasons necessitated a redevelopment of the 
scenario, showing some clear disadvantages of a larger device. An overview of the scenario work is presented.
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Abstract

• First design base published in 2024 – SPP-1 [1] – ITER volume

• Spherical tokamak 𝐴 = 1.8 with double null divertor(DN)
and alternative divertor leg
configuration.

• More shielding for TF coils 
⇒ size change, SPP-2

• No change in plasma
design philosophy

• Volume: ~1.5× ITER,
 ⁄! "× EU-DEMO

• Similar height to EU-DEMO

Introduction
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• Transport dominated by hybrid kinetic ballooning mode
turbulence (h-KBM). 

• Subdominant: Micro-tearing mode turbulence (MTM).

• Good agreement between global and local nonlinear
gyrokinetic simulations.

• Fixed gradient not flux driven!

• MTMs suppressed. 

• h-KBM turbulence strongly reduced by flow shear, but
STEPhas no external momentum input except α-particle
loss.

• h-KBM also reduced by high pressure gradients 𝛽′ and
negative magnetic shear. 

EM turbulence can drive unsustainable transport fluxes

• New quasi-linear model for hybrid kinetic ballooning mode (h-KBM) transport neglecting fast ions 
and impurities.

• Benchmarked with local NL GK simulations.

• Strong transport at SPP1 reference, but transport relaxes profiles to a nearby marginal state.

• Flux driven calculations weakly sensitive to flow shear.

• Detailed evolution sensitive to initial condition, assumptions (𝛾#, 𝑓$%&, … ).

Flux driven calculations show existence of high 𝜷 state19
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Figure 15: Comparison of initial (dotted lines) and final (solid lines) temperature (a),
density (c) and pressure (e) profiles as well as their inverse gradient scale length [(b), (d)
and (f)]. The initial profiles are taken from JINTRAC. The round markers denotes the
position of the radial grid points in the T3D grid. The value of the density and pressure
at the outermost radial grid point is imposed by the finite Dirichlet boundary condition.
The shaded area represents the profile variation corresponding to a ±40% variation in �E
and a ±20% variation in Q0 and ↵. The solid line represents an interpolation through
the T3D radial grid points.
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, γE=[0.01,0.01,0.02,0.03,0.055], γE = [0.01,0.01,0.02,0.03,0.055]

SPP-1

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

• In the separatrix operating space according to [Eich25] the 
SPP-2 edge sits in region of quasi continuous exhaust mode 
(QCE).

• 𝛼 > 𝛼(
)*# = 0.55𝛼( ≈ 𝜈+,+&-+⋆ 8𝑞/01" /100

• Access criteria from [Dun24] also met depending effect 
of impurities on 𝜕𝑇+/𝜕𝑟.

• Unclear if applicable for ST and high 𝑍+22
3+4~5 − 7.

• Detailed evolution sensitive to initial condition, assumptions 
(𝛾_𝐸, 𝑓_𝑟𝑎𝑑,…)

• In- and ex-vessel coils for resonant magnetic perturbations
(RMP) included in the design. 

• Studied 5 cases (4 SPP-1, 1 SPP-2) with MARS-F/Q
for in-vessel coil set.

• SPP-1: 16 up 8 mid, 16 low, SPP-2: 12 up, 12 mid., 12 low. 

• Figure of merits derived from SN conventional aspect ratio
can be exceeded with  𝐼567 = 10 − 20	𝑘𝐴𝑡 n = 1,2  or
 𝐼567 = 100 − 200	𝑘𝐴𝑡 n = 3, 4 .

Small ELM (QCE) and RMP ELM suppression seem feasible

𝐼567 = 10	𝑘𝐴𝑡	
 𝑛 = 2 

MARS-F/Q 
in-vessel coils

• ECCD only 𝑓89~1 – more favourable 
compared to SPP-1 because of lower 
density.

• EBW enables way to high Q ≈ 30 with 
𝑓89~1.4.

• Lower 𝑓$%&~0.4 ⇒ lower 𝑃2:3 and 𝐼4

Scenario points with three different optimizations

Name EC-HD EB-HQ EC-LR
𝒇𝒓𝒂𝒅
𝒄𝒐𝒓𝒆 0.7 0.7 0.4

𝑰𝒑	 𝑴𝑨 , 𝐟𝐁𝐒 22, 0.9 20, 0.9 19, 0.8
𝑷𝒇𝒖𝒔	 [𝐆𝐖] 1.8 1.8 1.3

𝑸 10 30 12
𝑷𝒏𝒆𝒕𝒆𝒍 	 [𝑴𝑾] 230 460 180

𝑷𝑬𝑪, 𝐏𝐄𝐁𝐖 𝑴𝑾 1) 174, 0 0.7, 60 104, 0
𝒇𝑮𝑾 = ⁄2𝒏𝒆 𝒏𝑮𝑾 1 1.4 1
𝜷𝑵 (input) 4.2 4.1 3.8
𝒍𝒊(𝟑) 0.3
𝝉𝑬	[𝒔] 5.6 6.3 3.0

⁄𝑷𝒔𝒆𝒑 𝑹𝒈𝒆𝒐 	[ ⁄𝑴𝑾 𝒎] 32 25 45
(𝑯 + 𝑯∗)/𝟐 1.42) (1.4)3) 1.31) (1.4)2) 1.32) (1.3)

1)Values corrected for residual “inductive” current.
 2) IPB98(y,2), 3) ITPA20-IL

𝐻∗: confinement factor corrected for highly 
radiating plasmas

JETTO as 
assumption 
integrator

• New robust fast ray-tracing tool for scenario modelling of EBCD ⇒ CRAYON [Wil25].

• Coupling to high energy tail ⇒ Relativistic ray tracing + non-linear power absorption.

• Shift of optimal launch, 𝜂*; and 
radial location already with 𝑃#< >
10	𝑀𝑊

• Mode conversion ⇒ multiple 
modes + robust ray conversion. 

Relativistic and non-linear effects are important for EBCD

• Toroidicity & ellipticity induced Alfvén eigenmodes (TAEs & EAEs)
propagate at Alfvén speed 𝑐= & are resonantly driven by alpha-
particles with 𝑣∥ = 𝑐= 

• Due to high b, Alfvén speed & ion thermal speed are closer in STEP
than in conventional tokamak burning plasmas

• Bulk ion Landau damping suppresses all TAEs & EAEs in flat-top

Alfvénic instabilities are damped by bulk ion Landau damping 

EAEs

• Optimizing the divertor for detachment access 
⇒ insufficient He exhaust (see E. Tholerus this conf.)

• Core requires He concentration of 𝑐?+
3+4 < 6%. 

• Main He source through the X-point from inner divertor recycling.

• STEP can only pump from the outer divertor!

• Pumping close to the strike-point (corner) optimal for He but detrimental for 
DT.

• Inventory limit on DT puff from fuel cycle!

• Improved light impurity transport in SOLPS-ITER [Mak23] reduces 𝑐?+
3+4 by a 

factor of 2 (sim. to ITER mod.)  ⇒ SPP-2 𝐜𝐇𝐞
𝐬𝐞𝐩~𝟒% with optim. div..

Pumping from the private flux improves He Exhaust

• Need to broaden the current profile to avoid
current hole.

• Increase density at full current ⇒ Fusion burn.

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

• Plasma initiation using resistive solenoid with
Δ𝜓*D~5	𝑉𝑠. (𝑉1EE4 > 15	𝑉) – DYON.

• Inductive ramp-up to NI target: Δ𝜓*D~10 − 15	𝑉𝑠

First predictive non inductive ramp-up simulations

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

𝐼𝑝 EC power
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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
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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.
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Novel control keeping 𝚫𝒓𝒔𝒆𝒑~𝟎 demonstrated on TCV 
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CONCLUSIONS: The plasma scenario and control work continue to reduce the uncertainty of  the plasma solution for STEP. Tools and 
workflows have been developed to re-evaluate efficiently any design changes, and these are progressively being further optimised to 
increase modelling fidelity. For example, core transport solutions can now be based on predictive modelling though important features 
are still missing, such as fusion α-particles and impurities. Furthermore, the plasma design is strongly integrated with the engineering 
effort – a key aspect of successful power plant design. W W W. S T E P. U K A E A . U K
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