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• First design base published in 2024 –  SPP-1
• see Phil .  Trans. R. Soc. A. Vol 382, issue 2280

• Plasma :  H Meyer et.al .  Phi l .  Trans. R. Soc. A.382 
20230406

• Plasma Control :  M. Lennholm et.al .  Phi l .  Trans. 
R. Soc. A.38220230403

• Based on a highly elongated and spherical 
tokamak

• Double null  configuration to protect the inner 
divertor.

• Alternative magnetic configurations in all  
divertor legs.

𝑷 𝒏𝒆𝒕
𝒆𝒍 ~ 𝟏 𝟎 𝟎 𝑴𝑾
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SPP-1

𝑅𝑔𝑒𝑜 3.6 𝑚

𝐴 1.8

𝑉𝑝𝑙 714 m3

𝐵𝑡 3.2 𝑇

𝜅 3

𝛿 0.5

𝑃𝑓𝑢𝑠 1.5 − 1.8 𝐺𝑊

Overview over the STEP Programme:
 H. Wilson tomorrow 14:40

𝑷𝒇𝒖𝒔 ∝ 𝜷𝑵𝑩𝒕
𝟒𝜿𝟓

𝑹𝟑

𝑨𝟑

https://github.com/ukaea/OpenSTEP



𝑹 𝒈𝒆𝒐 = 𝟒. 𝟑 𝒎

• Plasma design 
philosophy not changed.

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

• Height similar to EU-
DEMO

SPP-1 SPP-2

𝑅𝑔𝑒𝑜 3.6 𝑚 4.3 𝑚

𝑅𝑖𝑛 1.6 𝑚 1.9 𝑚

𝐴 1.8

𝑉𝑝𝑙 714 m3 1250 m3

𝐵𝑡 3.2 T 3.0 T

𝜅 3

𝛿 0.5 0.5 − 0.6

𝛽𝑁 4.5 − 5.3 ~4.2

𝑃𝑓𝑢𝑠 1.5 − 1.8 GW

Basel ine Concept SPP-1 see:
P h i l .  T r a n s .  R .  S o c .  A .  V o l  3 8 2 ,  i s s u e  2 2 8 0

SPP-1





• Transport dominated by hybrid kinetic 
ballooning mode turbulence (h-KBM). – See 
next talk D. Kennedy!

• 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 STEP has no external momentum 
input except α-particle loss.

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

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

SPP-1: EC-HD

D. Kennedy et al in preparation

GENE



• 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 (𝛾𝐸 , 𝑓𝑟𝑎𝑑 , …).

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

Plasma	Modelling	in	Support	of	the	
STEP	Fusion	Reactor	Programme

Howard	Wilson
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howard.wilson@york.ac.uk

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

EC-HD

19

(a) (b)

(c) (d)

(e) ( f )

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 Dir ichlet boundary condition.

The shaded area represents the profi le variation corresponding to a ± 40% variation in γE
and a ± 20% variation in Q0 and ↵. The solid line represents an interpolation through
the T3D radial grid points.

assumed

Initial results from flux driven simulations using 
a quasi-linear approach for transport from 
kinetic ballooning modes (KBM)

predicted

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

Flattening of predicted profiles reduces 𝑃𝑓𝑢𝑠 by 10%

SPP-1



• 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 (𝛾𝐸 , 𝑓𝑟𝑎𝑑 , …).

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

EC-HD

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

, γE=[0.01,0.01,0.02,0.03,0.055], γE = [0.01,0.01,0.02,0.03,0.055]

SPP-1

A Bokshi 
M Abazorius



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

• 𝛼 > 𝛼𝑡
𝑄𝐶𝐸

= 0.55𝛼𝑡 ≈ 𝜈𝑒,𝑒𝑑𝑔𝑒
⋆ ො𝑞𝑐𝑦𝑙

2 /100

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

• Unclear if applicable for ST and 

high 𝑍𝑒𝑓𝑓
𝑠𝑒𝑝

~5 − 7.

S. Saarelma, S. Henderson

      

   

    

[Dun24] M. Dunne et.al. the, Nucl. Fusion 64, 124003 (2024).
[Eich25] T. Eich et al., Nucl. Mat. and Energy 42, 101896 (2025)

QCE recently observed on MAST-U 
⇒ better understanding for STEP.



• 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 upper 8 middle, 16 lower, 
SPP-2: 12 upper, 12 middle, 12 lower. 

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

𝒏 = 𝟏 − 𝟒

Y. Liu (GA), G. Xia, X. Chen (GA), Z. Li 
(GA), T. Tang (GA), S. Saarelma

Y. Liu et.al. Plasma Phys. Control. Fusion 67, 085010 (2025)

MAST-U: RMP ELM suppression achieved for 
the first time in an ST (SN)

see J. Harrison – this confernece  

Figure of merits for ELM suppression for 4 SPP-1 (●●●●) and one SPP-2 
(●) scenario with 𝑛 = 2 and  𝐼𝑅𝑀𝑃 = 10 𝑘𝐴𝑡 (shaded region indicates the 
thresholds.). The symbols are different flow assumptions Ω0/𝜔𝐴. 

  
  

  
  

  
  

 
  

   

  
  

  
  

  
  

  
  

 
   
 

𝐼𝑅𝑀𝑃 = 10 𝑘𝐴𝑡 
 𝑛 = 2 

MARS-F/Q 
in-vessel coils





⇒
⇒

Name EC-HD

𝒇𝒓𝒂𝒅
𝒄𝒐𝒓𝒆 0.7

𝑰𝒑 𝑴𝑨 , 𝐟𝐁𝐒 22, 0.9

𝑷𝒇𝒖𝒔 [𝐆𝐖] 1.8

𝑸 10

𝑷𝒏𝒆𝒕
𝒆𝒍  [𝑴𝑾] 230

𝑷𝑬𝑪, 𝐏𝐄𝐁𝐖 𝑴𝑾 1) 174, 0 

𝒇𝑮𝑾 = Τഥ𝒏𝒆 𝒏𝑮𝑾 1

𝜷𝑵 (input) 4.2

𝒍𝒊(𝟑) 0.3

𝝉𝑬 [𝒔] 5.6

Τ𝑷𝒔𝒆𝒑 𝑹𝒈𝒆𝒐  [ Τ𝑴𝑾 𝒎] 32

(𝑯 + 𝑯∗)/𝟐 1.42) (1.4)3)

F. Casson, E. Tholerus, C. Olde, S. Marsden, T. Wilson, F. Palermo, P. Fox 

Electron Bernstein Wave (EBW) heating and current drive enables either 
reduced confinement assumption or access to high 𝑄 C. Olde, 51st EPS, Vilnius, Lithuania, 7-11 Jul. 2025

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



𝑓𝐺𝑊 > 1

Name EC-HD EB-HQ

𝒇𝒓𝒂𝒅
𝒄𝒐𝒓𝒆 0.7 0.7

𝑰𝒑 𝑴𝑨 , 𝐟𝐁𝐒 22, 0.9 20, 0.9

𝑷𝒇𝒖𝒔 [𝐆𝐖] 1.8 1.8

𝑸 10 30

𝑷𝒏𝒆𝒕
𝒆𝒍  [𝑴𝑾] 230 460

𝑷𝑬𝑪, 𝐏𝐄𝐁𝐖 𝑴𝑾 1) 174, 0 0.7, 60

𝒇𝑮𝑾 = Τഥ𝒏𝒆 𝒏𝑮𝑾 1 1.4

𝜷𝑵 (input) 4.2 4.1

𝒍𝒊(𝟑) 0.3

𝝉𝑬 [𝒔] 5.6 6.3

Τ𝑷𝒔𝒆𝒑 𝑹𝒈𝒆𝒐  [ Τ𝑴𝑾 𝒎] 32 25

(𝑯 + 𝑯∗)/𝟐 1.42) (1.4)3) 1.31) (1.4)2)

F. Casson, E. Tholerus, C. Olde, S. Marsden, T. Wilson, F. Palermo, P. Fox 

Electron Bernstein Wave (EBW) heating and current drive enables either 
reduced confinement assumption or access to high 𝑄

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

C. Olde, 51st EPS, Vilnius, Lithuania, 7-11 Jul. 2025



𝒇 𝒓𝒂𝒅 𝑷 𝒇𝒖𝒔 ~ 𝟏 . 𝟑  𝑮 𝑾

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

𝑷𝒏𝒆𝒕
𝒆𝒍  [𝑴𝑾] 230 460 180

𝑷𝑬𝑪, 𝐏𝐄𝐁𝐖 𝑴𝑾 1) 174, 0 0.7, 60 104, 0

𝒇𝑮𝑾 = Τഥ𝒏𝒆 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

Τ𝑷𝒔𝒆𝒑 𝑹𝒈𝒆𝒐  [ Τ𝑴𝑾 𝒎] 32 25 45

(𝑯 + 𝑯∗)/𝟐 1.42) (1.4)3) 1.31) (1.4)2) 1.32) (1.3)

F. Casson, E. Tholerus, C. Olde, S. Marsden, T. Wilson, F. Palermo, P. Fox 

Electron Bernstein Wave (EBW) heating and current drive enables either 
reduced confinement assumption or access to high 𝑄

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

C. Olde, 51st EPS, Vilnius, Lithuania, 7-11 Jul. 2025



• 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, 𝜂𝐶𝐷  and radial location already with 𝑃𝐸𝐵 > 10 𝑀𝑊

• Mode conversion ⇒ multiple modes + robust ray conversion. 

S. Freethy, T. Wilson, B. Biswas, A. Köhn, R. Sharma, B. Eliasson, D. Speirs, R. Vann

Plasma	Modelling	in	Support	of	the	
STEP	Fusion	Reactor	Programme

Howard	Wilson

York	Plasma	Institute,	Dept	Physics,	University	of	York,	Heslington,	York	UK

howard.wilson@york.ac.uk

[Wil25]T. Wilson, 51st EPS, Vilnius, Lithuania, 7-11 Jul. 2025

B. Biswas, Nucl. Fusion 65, 016010 (2025)



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

• Due to high , 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  

EAEs



• Optimizing the divertor for detachment access 
⇒ insufficient He exhaust (see E. Tholerus Mi 10:10)

• Core requires He concentration of 𝑐𝐻𝑒
𝑠𝑒𝑝

< 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 𝑐𝐻𝑒
𝑠𝑒𝑝

 by a factor of 2 (sim. to ITER 

mod.)  ⇒ SPP-2 𝒄𝑯𝒆
𝒔𝒆𝒑

~𝟒% with optim. div..
[Mak23] S. O. Makarov et al., Nucl. Fusion 63, 026014 (2023)

R. Osawa, 51st EPS, Vilnius, Lithuania, 7-11 Jul. 2025

        

         

         

         

       

                 

      

     

                    
 

 

  

  

  

                             

                           

 
 
   
 
  
  
 
  
  
 
 
  
  

 
  
  
  
 
 
  
 
 

                  

    

    

    

    

    

     

 
  
 
 

                              

          



SPP-1

H.-T. Kim, O. Bardsley

DYON: H.-T. Kim Fr 11:00 

SPP-2

Prefill: 1 mPa
Impurity: 1% O

Hexapole null at 
𝑅 = 3.5 𝑚

• Resistive solenoid with Δ𝜓𝐶𝑆 ≈ 20 𝑉𝑠 .

• Break down and burn through from 

small solenoid: Δ𝜓𝐶𝑆~5 𝑉𝑠 . (𝑉𝑙𝑜𝑜𝑝 >

15 𝑉) - DYON

• Inductive ramp-up in limiter phase to 

create a full-bore target plasma with 

𝐼𝑝 ≈ 1 − 2 𝑀𝐴  Δ𝜓𝐶𝑆~10 − 15 𝑉𝑠



• 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. SPP-1

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

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





Combination of…

1. Flux difference between x-points being observed and 
controlled.

2. Dedicated, fast, in-vessel coils controlling x-point fluxes.

3. Feedback control on a timescale equal or faster than vertical 
control.

DNB
control coils

Vertical
control coils

*Illustrative example; 
not STEP design.

This mitigates a key risk on the vertical position accuracy 
for H-mode access and divertor protection!

M. Lafferty, SOFE, Boston, USA, 3-26 Jun. 2025



𝛿 𝑟𝑠𝑒𝑝 < 1 − 2 𝑚𝑚

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

M. Lafferty, SOFE, 
Boston, USA, 3-26 
Jun. 2025

TCV



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

D
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B
 C

o
n

tr
o

l c
o

ils

M. Lafferty, SOFE, 
Boston, USA, 3-26 
Jun. 2025

TCV





• Tackling of scenario design challenges with increased physics capability and 
understanding ⇒ uncertainty reduction. 

• Pivot to a larger design has uncovered new challenges ⇒ improved physics 
understanding.

• The compatible exhaust solution requires a physics driven optimised divertor 
design and magnetic configuration. 

• Novel control schema increases confidence that operation in double null at high 
elongation is feasible.  

Key plasma challenges remain but STEP has developed a strong 
team and efficient design tools.  





• Burn control is a key function for 
an FPP 
⇒ multi objective control needed.

• First time: simultaneous control of 
𝑃𝛼 , 𝑞 𝑟  and 𝑙𝑖(3) in a fully NI 
scenario.

• Unrealistic Δ𝑃𝛼~240 𝑀𝑊 step 
down for 300s to test response.
• Recovery worse due to 

accumulated errors.

• Good control of 𝑞 𝑟  and 𝑙𝑖(3) not 
possible, but 𝑙𝑖 3 < 𝑙𝑖

𝑙𝑖𝑚 = 0.4 and 
𝑞𝑚𝑖𝑛 > 𝑞𝑚𝑖𝑛

𝑙𝑖𝑚

J. Mitchell et al., Fusion Engineering and Design 
219, 115202 (2025)



• First design base published in 2024 –  SPP-1

• see Phil .  Trans. R. Soc. A. Vol 382, issue 2280

• Plasma :  H Meyer et.al .  Phi l .  Trans. R. Soc. A.382 
20230406

• Plasma Control :  M. Lennholm et.al .  Phi l .  Trans. 
R. Soc. A.38220230403

𝑷 𝒏𝒆𝒕
𝒆𝒍 ~ 𝟏 𝟎 𝟎 𝑴𝑾

We are here
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SPP-1

𝑅𝑔𝑒𝑜 3.6 𝑚

𝐴 1.8

𝑉𝑝𝑙 714 m3

𝐵𝑡 3.2 𝑇

𝜅 3

𝛿 0.5

𝑃𝑓𝑢𝑠 1.5 − 1.8 𝐺𝑊



Ip

B

Ip

B

• STs allow higher plasma 
pressure in lower toroidal 
field ⇒ higher 𝛽

• STs operate naturally at 
higher triangularity  ( 
improved pedestal) & 
elongation 𝜅

Conventional Tokamak

Magnetic Field Line

Spherical Tokamak

Magnetic Surface

Stable

Unstable

cartoon courtesy of Y.M. Peng

𝑷𝒇𝒖𝒔 ∝ 𝜷𝑵𝑩𝒕
𝟒𝜿𝟓

𝑹𝟑

𝑨𝟑

E. Tholerus et.al. Nucl. Fusion 64 106030

for a constant (high) bootstrap 
fraction and  𝜅2 ≫ 1



• Plasma design 
philosophy not changed.

• Elongation is maximised 
𝜅~3

• Volume ~1.5 × ITER, but 
oly ½ of DEMO

• Height similar to DEMO

SPP-1 SPP-2

𝑅𝑔𝑒𝑜 3.6 𝑚 4.3 𝑚

𝑅𝑖𝑛 1.6 𝑚 1.9 𝑚

𝐴 1.8

𝑉𝑝𝑙 714 m3 1250 m3

𝐵𝑡 3.2 T 3.0 T

𝜅 3

𝛿 0.5 0.5 − 0.6

𝛽𝑁 4.5 − 5.3 ~4.2

𝑃𝑓𝑢𝑠 1.5 − 1.8 GW

Basel ine Concept SPP-1 see:
P h i l .  T r a n s .  R .  S o c .  A .  V o l  3 8 2 ,  i s s u e  2 2 8 0

SPP-1

JET
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• System code + fast transport 
modelling for concept space 
exploration. 

• JINTRAC integrated modelling 
framework for scenario refinement. 

• Stand-alone modelling and model 
development for uncertainty 
reduction. 

H Meyer et.al. Phil. Trans. R. Soc. A.382 20230406



Monday

13:20 F. Casson A non-inductive ramp-up scenario for STEP

13:20 M. Lafferty Vertical Stability of Transient Plasma Scenarios for STEP

15:40 C. Roach
Recent Progress in our Understanding of Electromagnetic 
Turbulence in a Conceptual Spherical Tokamak FPP (STEP) 

Tuesday

15:00 K. McClements
Confinement of fusion alpha-particles and Alfve ́n 
eigenmode stability in the Spherical Tokamak for Energy 
Production (STEP) – 15:00

Thursday

11:40 L. Xiang Physics Studies for STEP Divertor Design 

12:00 C. Olde
Optimising the STEP current ramp-down phase with 
JINTRAC 
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• Multiple shattered pellet injections still 
leave an intolerable RE beam current of 
IRE~13 𝑀𝐴

• 2 stage: D2 then Ar + D2

• Could lead to loss of coolant accident 
(LOCA)

• Try to reach benign termination 
(D2+MHD) regime ⇒ improved modelling

LOCA due to RE beam remains a very high risk 
⇒ exploring RE mitigation by 3D fields 

Planned injected quantities able to radiate all 

thermal energy (mitigates thermal quench  heat 

loads) with current quench time ~ 20ms

J. Morris, T. Hender, (A. Fil), (L. Henden), M. Hoppe, 
E. Trier, S. Newton, O. Valhagen

A Fil et al 2024 Nucl. Fusion 2024 64 106049



𝜹𝒓 𝒔𝒆𝒑 < 𝝀 𝑺𝑶𝑳 ~ 𝟏 − 𝟐 𝐦𝐦

• Power distribution between four divertor 
legs changes dynamically as plasma 
fluctuates vertically due to control action

• Dynamic double null

• Initial assessment of vertical control 
system with RMS noise of 1 ms -1 shows 
promising performance

• Achievable with in-vessel coils and passive 
stabilising rings.

• Assessment with “full” conducting structures 
in progress 

O. Bardsley, S. Bakes, M. Lennholm 

𝛿𝑧 ≈ 3 − 4 × 𝛿𝑟𝑠𝑒𝑝

M. Lafferty poster Mon 13:20-15:00 



• Normalised current drive efficiency, 𝜁𝐶𝐷, is not 
affected by the size pivot.

• New transport assumption (h-KBM), lower 𝑛𝐺𝑊 =
𝐼𝑝/𝜋𝑎2 and lower 𝑝𝑝𝑒𝑑. ⇒ different profiles!

• Change in absolute efficiencies: 
𝜂𝐸𝐵𝑊 = 2 𝜂𝐸𝐶  ➔  𝜂𝐸𝐵𝑊 = 0.77 𝜂𝐸𝐶

SPP-1                  SPP-2

• Optimisation of pedestal stability and pellet injection
⇒ some EBCD performance can be recovered. 

• High-Q EBW scenario harder due to decrease in 
𝑇𝑒,ped

SPP-1

SPP-2

S. Freethy, M. Henderson, I. Konoplev, T. Wilson, R. Sharma, B. Lloyd, R. Vann, B. Biswas, F. 
Maiden, L. Holland, M. Kahn, B. Eliasson, , A. Köhn, A. Cross, K. Ronald, D. Speirs, M. Higgens, L. 
Figini

S Freethy et.al. Nucl. Fusion 2024 64 126035

ECCD using GRAY
EBCD using CQL3D/GENRAY

Highly efficient 
Ohkawa current 
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• Alternative configurations needed to handle 
heat loads and erosion (𝑇𝑖 < 5 𝑒𝑉).

• Outer legs: Extended (Super-X)

• Inner legs: Expanded flux (X-divertor) 

• STEP may marginally work in single null but a 
commercial ST power plant likely requires DN

R.T. Osawa et al 2023 Nucl. Fusion 63 076032

S. Henderson, D. Moulton, R. Osawa, L. Xiang, A. Hudoba, S. Newton, 
J. Karhunen, A. Järvinnen, M Kryjak, B. Lipschultz, C. Ridgers



Simple model can be used to predict detachment 
based on known engineering parameter

Plasma	Modelling	in	Support	of	the	
STEP	Fusion	Reactor	Programme

Howard	Wilson

York	Plasma	Institute,	Dept	Physics,	University	of	York,	Heslington,	York	UK

howard.wilson@york.ac.uk

S. Henderson, D. Moulton, 
R. Osawa, L. Xiang, A. 
Hudoba, S. Newton, 
J. Karhunen, A. Järvinnen, 
M Kryjak, B. Lipschultz, 
C. Ridgers



𝒄 𝑨𝒓 ~𝟑%

• Worst case point during ramp-up – High current 𝐼𝑝 ~10 𝑀𝐴 , “low” density.

• Realistic wall structure may increase heat loads by a factor 2-3. 

Developed coil-set allows good optimisation 
of the inner and outer divertor geometry

S. Henderson, D. Moulton, R. Osawa, L. Xiang, A. Hudoba, S. Newton, 
J. Karhunen, A. Järvinnen, M Kryjak, B. Lipschultz, C. Ridgers

Plasma	Modelling	in	Support	of	the	
STEP	Fusion	Reactor	Programme

Howard	Wilson

York	Plasma	Institute,	Dept	Physics,	University	of	York,	Heslington,	York	UK

howard.wilson@york.ac.uk

near X 
inner 
divertor

extended 
leg outer 
divertor

Double null to 
reduce the power 
to the inner legs 

𝑝𝑑𝑖𝑣~10 − 20 𝑃𝑎

S Henderson et.al. 

Nucl. Fusion accepted

Here SPP-1 
but similar 
for SPP-2



• Losses & wall loads calculated for 𝑅𝑔𝑒𝑜 = 3.6m 

device due to TF ripple, resonant magnetic 
perturbations & controlled resistive wall modes

• Loads highly localised, with strongest peaks in 
outer leg of lower divertor (collisionally-delayed 
losses) & upper divertor dome (prompt losses)

• Divertor loads well within 10 MWm -2 limit

collisional 
losses in 
lower 
divertor

prompt 
losses 
on upper 
divertor 
dome

K. McClements (oral) Tue 15:00

SPP-1

A. Prokopyszyn, J. Oliver, K. McClements, M. Fitzgerald

increasing 𝑠𝜃

Flux limit: 
~1 MWm-2

Flux limit: 
~10 MWm-2

Flux limit: 
~1 MWm-2

Flux limit: 
~10 MWm-2

Flux limit: 
~1 MWm-2



• Non-inductive flat-top operating 
points need core ECCD 
⇒ restricted range in (𝑩𝒕 , 𝒏𝒆) for 
access. 

• A novel fast relativistic ray-tracing 
tool (CRAYON) has unlocked a 
class of EBW rays that can 
propagate to near the core 

CRAYON is planned to be used in 
integrated modelling of EBW in JINTRAC

S. Freethy, M. Henderson, I. Konoplev, T. Wilson, R. Sharma, B. Lloyd, R. Vann, B. Biswas, F. 
Maiden, L. Holland, M. Kahn, B. Eliasson, , A. Köhn, A. Cross, K. Ronald, D. Speirs, M. Higgins, 
L. Figini

B. Biswas subm. to NF

Plasma	Modelling	in	Support	of	the	
STEP	Fusion	Reactor	Programme

Howard	Wilson

York	Plasma	Institute,	Dept	Physics,	University	of	York,	Heslington,	York	UK

howard.wilson@york.ac.uk

87 GHz



 
stabilisation 

“promised land”  Can we get there?

Hybrid-KBM
• Transport dominated by hybrid kinetic 

ballooning mode (h-KBM)

•   scan on reference surface 
(𝛾𝐸 = 0)

•   set consistently     

• Flow shear becomes essential as this 
reduces the  h-KBM transport strongly.  

𝜷 𝒆

𝜷 𝒆
′

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

Plasma	Modelling	in	Support	of	the	
STEP	Fusion	Reactor	Programme

Howard	Wilson

York	Plasma	Institute,	Dept	Physics,	University	of	York,	Heslington,	York	UK

howard.wilson@york.ac.uk

M Giacomin et al 2024 PPCF 66 055010
D. Kennedy et al 2023 Nucl. Fusion 63 126061
D. Kennedy et al 2024 Nucl. Fusion 64 086049

𝜶-particle losses provide a small torque 
input (TF ripple, 3D fields)

𝛾𝐸
𝑑𝑖𝑎 =

1

𝐵

𝜕𝜓

𝜕𝜌

2
1

𝑝𝑖𝑛𝑖𝑒 1 +
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𝜕𝑝𝑖

𝜕𝜓

2

−
1

𝑛𝑖𝑒

𝜕2𝑝𝑖

𝜕𝜓2  

C. Roach oral Mon 15:40

𝛽𝑒 𝑎𝑡 𝑞 = 3.5
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• RWM analysis with MARS-F 
indicates RWM control should 
be easier than in SPR-045

• n = 1 almost passively stable

• n = 2,3 stable

Ideal ballooning MHD

• n = infinity stable 
after q optimisation

TD-0020612

SPP-1 SPP-2

SPP-1

SPP-2



The parameters that need to be predicted:

• 𝑛𝑒
𝑝𝑒𝑑

, 𝑇𝑒 
𝑝𝑒𝑑

from Europed at pedestal top

• Equilibrium quantities (Bt, Bp) from self-consistent 
equilibrium of the Europed profiles

• Δ𝑒𝑞𝑢𝑖 calculated 

• 𝛼 = 4° (𝜀⊥ = 𝜀∥ ⋅ sin 𝛼)

• ELM buffering expected with Ar seeding 
(observed on JET and AUG)

𝟎. 𝟐
𝑴𝑱

𝒎𝟐 ≲ 𝜺 ⊥ ≲ 𝟎. 𝟑
𝑴𝑱

𝒎𝟐 ⇒

Eich projection for ITER: 0.7 MJ/m2

Material limit (Eich):        0.5 MJ/m2

Cracking limit :            0.1 MJ/m2

T. Eich: 𝜀∥ = Δ𝑒𝑞𝑢𝑖 ⋅ 2𝜋𝑎𝑔𝑒𝑜
1+𝜅2

2
⋅

3

2
⋅ 𝑛𝑒

𝑝𝑒𝑑
⋅ 𝑘𝐵⋅ 𝑇𝑒

𝑝𝑒𝑑
⋅

𝐵𝑡

𝐵𝑝

T. Eich et.al. NME (2017) 12 p. 84-
90

MAST

JOREK ELM modelling needed to confirm 
estimates 

STEP

SPP-1



Approx. constant
(much higher for EBW off-axis)

𝐼

𝑃
  =  

𝜁CD 𝑇keV

𝑛20 𝑅m
 

Key changes:

1. Major radius has increased 

2. Core density decreased

3. Core temperature has increased 

4. Temperature pedestal height decreased

Consequences:

1. Net increase in ECCD efficiency inside mid-radius

2. Net decrease in EBCD efficiency (off-axis)

efficiency
Decreases 
efficiency

Increases 
efficiency

x2

x0.6



50% REDUCTION OF 𝑷𝒇𝒖𝒔

RAPTOR simulation of controlled step 
down in alpha power:

Optimised control to try to maintain:

• q-profile, 

While assuring:

• Greenwald Fraction <1

Main actuators: 

• Plasma current (ECCD power)

• Density (Pellet fuelling)

Good burn-control seems
 feasible with time constant ~50s

M. Lennholm, D. Valcarcel, J. Mitchell, O. Bardsley, M. Lafferty, B. Kool, M. van Berkel, M. 
de Baar, A. Ho, E. Westerhof, R. Albanese, R. Ambrosino,A. Castaldo, M. Matta, D. 
Humphreys, A. Himak, J. Barr, A. Pajares, M. Walker, A. Welander, X. Zichuan



𝒇 𝒓𝒂𝒅
𝒄𝒐𝒓𝒆

• Operating space explored to match set of 
constraints using JETTO with simplified 
models.

• EC only FTOP requires 1.2 < 𝐻98 < 1.4

• EC+EBW scenarios viable with 
“conservative” confinement assumption

EC only

7 Constraints:

1. 1.5 𝐺𝑊 < 𝑃𝑓𝑢𝑠 < 1.8 𝐺𝑊 

2. 𝐼𝑝 ≤ 25 𝑀𝐴 

3. 𝑄𝑓𝑢𝑠 ≥ 11 

4.
𝛽𝑁−𝛽𝑁

𝑁𝑊

𝛽𝑁
𝐼𝑊−𝛽𝑁

𝑁𝑊 ≤ 0.5 

5. Τ𝑃𝑠𝑒𝑝 𝑅𝑔𝑒𝑜 ≤ 45 𝑀𝑊/𝑚 

6. EC access (yes/no)

7. 𝐻98
⋆ < 1.2 or 𝐻98

⋆ < 1.4
F. Casson, E. Tholerus, C. Olde, S. Marsden, T. Wilson, F. Palermo, P. Fox

E. Tholerus et.al. Nucl. Fusion 64 106030



jPlasma target

jBootstrap

HCD shall provide

𝒋𝑯𝑪𝑫(𝒓, 𝒕) =  𝒋𝑷𝒍𝒂𝒔𝒎𝒂(𝒓, 𝒕)  −  𝒋𝒃𝒐𝒐𝒕𝒔𝒕𝒓𝒂𝒑(𝒓, 𝒕) 

• Cover all 5 phases of the pulse

• Support EC and EC+EBW operating 
scenarios

• Adapt to variations in ne and Te

(cloud of operating points)

Design Achieves:

• PEC = ~170MW with 30% reserve

• PEC+EBW = ~150MW with 30% reserve

• Pheating = 50MW

• 10% redundancy for component failure (not 
active)

SPP-1 Design Proposal :

• P injected = 300MW

• P installed = ~336MW

The HCD system design is well-advanced and 
achieves all currently-set requirements

S. Freethy, M. Henderson, B. Lloyd, 
M. Nightingale, S. Craig …



𝒏 = 𝟏, 𝟐 ⇒

Higher-n RWMs can be stable or unstable

8 RWM control coils to allow n=1 and 2 feedback

RWM coils

EC-HD

n=1 with-wall

G
ro

w
th

 R
a

te

Feedback modelling with noise ⇒ Control of 𝒏 = 𝟏 and 
𝒏 = 𝟐 RWMs  seems feasible

Effect of conducting structures on 𝒏 =
𝟏, 𝟐 control not yet fully assessed

Guoliang Xia et al 2023 Nucl. Fusion 63 026021

ELM coils 
in-vessel top

ELM coils 
in-vessel 
bot

ELM/EFC coils 
ex-vessel top

ELM/EFC coils 
ex-vessel bot

J. Morris, T. Hender, G. Xia, E. Trier, A. Hudoba, S. 
Bakes, D. Ryan, (A. Fil, L. Henden), Y. Liu



𝑛 = 1

• LOCUST modeling of RE shows 100% deconfinement with 𝐼𝑅𝐸𝑀𝐶 > 1.5 𝑀𝐴 ⇒ large EM forces

• 100% deconfinement ⇒ no runaway electron beam can form

• Needs to be balanced against high heat loads (rapid deconfinement) and EM forces (large REMC 
current)

• Initial uncertainty quantification provided by 2 different equilibria: Flat-top and pseudo disruption

SPP-2

J. Morris, RE Physics Meeting, Lausanne, 
Switzerland, Sep. 2025



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

• Due to high , 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  

TAEs



• Alternative configurations needed to handle 
heat loads and erosion (𝑇𝑖 < 5 𝑒𝑉).

• Outer legs: Extended (Super-X)

• Inner legs: Expanded flux (X-divertor) 

• STEP may marginally work in single null but a 
commercial ST power plant likely requires DN
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S. Henderson, D. Moulton, R. Osawa, L. Xiang, A. Hudoba, S. Newton, 
J. Karhunen, A. Järvinnen, M Kryjak, B. Lipschultz, C. Ridgers

A Hudoba et.al. Nucl. Fusion 2024 64 086055



Martin scaling

Martin scaling  for H2L mode transition 

𝑃𝐿−𝐻 = 0.0488 𝑛𝑒,20
0.717 𝐵𝑡

0.803 𝑆0.941
2

𝑀

EC-HD (SPR-45)

Fixed equilibrium
at full bore

Flat-top boundary 
conditions

K. Kirov F. Eriksson, Z. Stancar, C. Olde, C. Challis, 
M. Lafferty

H2L transition is the most critical phase as 𝒍𝒊 increases, 𝜷 
decreases and the plasma needs to maintain high 𝜿 ⇒ vertical 

control hard ⇒ Driven current profile needs to be tailored. 

ve
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𝑠

𝑚𝑠 = Τ𝜕𝐹𝑠 𝜕𝐹𝑑 − 1

Plasma current (MA)

𝛽𝑁
H2L

SPP-1

https://iopscience.iop.org/article/10.1088/1742-6596/123/1/012033/pdf
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Fixed equilibrium
at full bore

Flat-top boundary 
conditions

K. Kirov F. Eriksson, Z. Stancar, C. Olde, C. Challis, 
M. Lafferty

H2L transition is the most critical phase as 𝒍𝒊 increases, 𝜷 
decreases and the plasma needs to maintain high 𝜿 ⇒ vertical 

control hard ⇒ Driven current profile needs to be tailored. 
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𝑚𝑠 = Τ𝜕𝐹𝑠 𝜕𝐹𝑑 − 1

Plasma current (MA)
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H2L

SPP-1

https://iopscience.iop.org/article/10.1088/1742-6596/123/1/012033/pdf


• 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 upper 8 middle, 16 lower, 
SPP-2: 12 upper, 12 middle, 12 lower. 

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

𝒏 = 𝟏 − 𝟒

Y. Liu (GA), G. Xia, X. Chen (GA), Z. Li 
(GA), T. Tang (GA), S. Saarelma

Y. Liu et.al. Plasma Phys. Control. Fusion 67, 085010 (2025)

𝐼𝑅𝑀𝑃 = 10 𝑘𝐴𝑡

MAST-U: RMP ELM suppression achieved for 
the first time in an ST (SN)

see J. Harrison – this confernece  

MARS-F/Q 
in-vessel coils
Figure of merits for ELM suppression for 4 SPP-1 (●●●●) and one SPP-2 
(●) scenario with 𝑛 = 2 and  𝐼𝑅𝑀𝑃 = 10 𝑘𝐴𝑡 (shaded region indicates the 
thresholds.). The symbols are different flow assumptions Ω0/𝜔𝐴. 


	Default Section
	Slide 1: UK STEP towards a  fusion power plant plasma
	Slide 2: Thanks to the STEP Plasma, Control and HCD team…
	Slide 3: Overview

	Introduction
	Slide 4: The STEP programme aims to deliver a Tritium self-sufficient prototype power plant  ~2040 with bold italic cap P sub bold italic n bold italic e bold italic t to the bold italic e bold italic l ~ bold 1 bold 0 bold 0 , bold italic cap M bold ital
	Slide 5: For technical reasons the baseline pivoted to a larger major radius of bold italic cap R sub bold italic g bold italic e bold italic o equals bold 4 . bold 3 , bold italic m  at same A

	High Confinement
	Slide 6: Getting To high confinement
	Slide 7: EM turbulence in STEP can drive unsustainable transport fluxes
	Slide 8: First flux-driven calculations increase confidence in the existence of the flat-top operating point
	Slide 9: First flux-driven calculations increase confidence in the existence of the flat-top operating point
	Slide 10: Evidence of access to QCE in STEP is growing
	Slide 11: Fall back: active RMP ELM suppression seems feasible with bold italic n equals bold 1 minus bold 4 

	The Plasma Scenario
	Slide 12: The scenario
	Slide 13: Compared to SPP-1 Larger minor radius ⇒ Lower density ⇒ Higher ECCD efficiency
	Slide 14: EBCD enables access to high Q but at f sub cap G cap W greater than 1
	Slide 15: Lower bold italic f sub bold italic r bold italic a. bold italic d  would enable route to lower bold italic cap P sub bold italic f bold italic u bold italic s ~ bold 1 . bold 3 , bold italic cap G bold italic cap W  but is more challenging for 
	Slide 16: EBCD modelling requires inclusion of relativistic and non-linear effects
	Slide 17: Alfvénic instabilities are damped by bulk ion Landau damping  
	Slide 18: Pumping from the private flux improves He Exhaust
	Slide 19: Small solenoid facilitates generation of diverted target plasma for the NI ramp-up
	Slide 20: First predictive Non inductive ramp-up simulations with fast TGLFNN surrogate

	Plasma Control
	Slide 21: Plasma Control
	Slide 22: Accurate double null control with a novel controler
	Slide 23: Standard vertical control will require extreme accuracy to keep delta r sub s e p less than 1 minus 2 , m m 
	Slide 24: Advanced vertical control will keep Double null configuration

	Conclusions
	Slide 25: Conclusions
	Slide 26: Considerable progress in understanding and de-risking the STEP plasma

	Back-up
	Slide 28: Back-up
	Slide 29: Multi-objective control developed for STEP burn control
	Slide 30: The STEP programme aims to deliver a Tritium self-sufficient prototype power plant  ~2040 with bold italic cap P sub bold italic n bold italic e bold italic t to the bold italic e bold italic l ~ bold 1 bold 0 bold 0 , bold italic cap M bold ita
	Slide 31: The Spherical Tokamak provides a route to a steady state compact FPP
	Slide 32: For technical reasons the baseline pivoted to a larger major radius
	Slide 33: For technical reasons the baseline pivoted to a larger major radius
	Slide 34: Integrated plasma scenario design allowing for different levels of fidelity
	Slide 35: Contributions at the 22nd ISTW
	Slide 36: Mitigation of Runaway Electron (RE) beam still insufficient 
	Slide 37: Accurate vertical control needed to protect inner leg by keeping absolute value bold italic delta bold italic r sub bold italic s bold italic e bold italic p , , end absolute value less than absolute value bold italic lambda sub bold italic cap 
	Slide 38: Profile changes favour ECCD current drive in the larger size device
	Slide 39: Profile changes favour ECCD current drive in the larger size device
	Slide 40: Double null (DN) operation to shield the inner divertor
	Slide 41: Simple analytical model can be used to predict detachment onset
	Slide 42: Fully detached operation is feasible with bold italic c sub bold italic cap A. bold italic r ~ bold 3 % during ramp-up and flat-top
	Slide 43: Wall loading due to external field-induced alpha-particle losses are well within material limits
	Slide 44: Relativistic effects may give access to EBW only scenario
	Slide 45: May need to overcome high hybrid-KBM transport region as bold italic beta sub bold italic e  EM drive competes with bold italic beta sub bold italic e to the prime  stabilisation
	Slide 46: May need to overcome high hybrid-KBM transport region as bold italic beta sub bold italic e  EM drive competes with bold italic beta sub bold italic e to the prime  stabilisation
	Slide 47: MHD Resistive WALL MODE control
	Slide 48: FTOP perpendicular ELM energy fluence estimates subscript base , bold 0 . bold 2 , bold italic cap M bold italic cap J over bold italic m to the bold 2 , less than or equivalent bold italic script epsilon , end base , sub up tack less than or eq
	Slide 49: radius change has different impacts on on-axis & off-axis current drive
	Slide 50: 50% reduction of bold italic cap P sub bold italic f bold italic u bold italic s  with good profile control seems feasible
	Slide 51: Adding EBCD and reducing the requirement for bold italic f sub bold italic r bold italic a. bold italic d to the bold italic c bold italic o bold italic r bold italic e  opens the possible operational space
	Slide 52: HCD System Design: Modular & Adaptable
	Slide 53: bold italic n equals bold 1 ,bold 2 RWMs can be unstable implies need 8 coils
	Slide 54:  Mitigating runaway electrons using an n equals 1 perturbation seems feasible
	Slide 55: Alfvénic instabilities are damped by bulk ion Landau damping  
	Slide 56: Double null (DN) operation to shield the inner divertor
	Slide 57: A possible ramp-down path has been identified by tailoring the ECCD current drive profile
	Slide 58: A possible ramp-down path has been identified by tailoring the ECCD current drive profile
	Slide 59: Fall back: active RMP ELM suppression seems feasible with bold italic n equals bold 1 minus bold 4 


