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* Role of STEP In path to power plant
Advantages/challenges of spherical tokamak approach

Plasma modelling workflow
Flat-top operating points
Divertor design

Stabllity control

EC & EBW current drive
Core confinement
o.-particle confinement
Plasma start-up
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* Role of STEP In path to power plant
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Role of STEP in path to power plant &
Energy
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Role of STEP in path to power plant o
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Deliver UK prototype fusion energy plant targeting
2040 & path to commercial viability of fusion

T1: Concept Tranche 2: Design
2019 - 2024 2024 - 2032
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* Advantages/challenges of spherical tokamak approach
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ST approach provides possible route to high F o
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Magnetic Field Line

Magnetic Surface * STsallow higher "
e N plasma pressure in

lower toroidal field
= higher

« STs operate
naturally at higher
triangularity 6 (=
Improved pedestal)
& elongation k

Pfus X n2<JU>DT X pz X ,BTZ’B;L‘

with Br ~ Ve(l + k*)Bg/fzs

Conventional Tokamak Spherical Tokamak  J.E Menard etal. NF 37 (1997) 595

B
cartoon courtesy of Y.M. Peng By = I,/aBr
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ST approach provides possible route to high F o
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Magnetic Field Line :
l Magnetic Surface « STs allow higher

e . plasma pressure in

lower toroidal field
= higher

STs operate
p ( B )4 naturally at higher
X — (K triangularity 6 (=
fus A ﬁN T Improved pedestal)
& elongation k

==
/ N
= N

b

P \ -+ B

Pfus X n2<JU>DT X pz X ,BTZ’B;L‘

\ with Br ~ Ve(l + k*)Bg/fzs
Conventional Tokamak Spherical Tokamak  J.E.Menard etal. NF 37 (1997) 595
cartoon courtesy of Y.M. Peng By = I /iBT
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ST-specific challenges for plasma -
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« Compact design =
» less surface for tritium breeding
» less surface for handling heat & particle fluxes = need alternative divertor designs
> less space for toroidal field (TF) coils = limits TF even if coils are superconducting

» less space for solenoid = design for largely/wholly non-inductive pulses

» flat-top phase probably needs to be 100% non-inductive & much longer than ramp-up + ramp-down to
ensure acceptable duty-cycle in power plant = need to plan for long-pulse operation

« Bootstrap current must be optimised to reduce need for auxiliary current drive
= operation at high normalised pressure By & elongation k

» Operation at high gy =
» need to ensure elevated q,,,;, > 2 = efficient off-axis current drive
» need to actively control resistive wall modes (RWMSs)

» QOperation at high k =
» need plasmas with low internal inductance [; = efficient off-axis current drive

| K. McClements et al. — IAEA TM on Long Pulse Operation, 15/11/2022
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* Plasma modelling workflow
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Integrated Modelling at centre of modelling workflo
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Surrogate Models

Low fidelity

Med. fidelity

High fidelity

- III

Scenario evaluation
FP confinement
(a, beamion)

Advanced MHD and FP
stability
(NTM, RWM, AE,...)

Vertical stabiliy

New models
required

Heat & Particle loads

H&CD optimisation

Plasma Lead Team:

H. Meyer, C. Roach, S. Saarelma, F. Casson,
E. Militello-Asp, T. Hender, A. Fil,
M. Lennholm S. Henderson, J. Harrison,
K. McClements, M. Henderson, S. Freethy,
K. Kirov, N. Conway
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1D transport code (JETTO) used as assumption .

Energy

i n te 9 rato r Authority

« STEP parameter regime outside validity of reduced transport
models developed for present-day conventional tokamaks
which don’t capture electromagnetic (EM) turbulence
expected to prevail in STEP

> By IS Input
» Other input parameters from systems code PROCESS

( Low fidelity - smgle point )

« Gyro-Bohm transport model produces profiles consistent with
sources & sinks

» Coefficients adapted to reflect dominant e~ transport as
observed in present-day STs & suggested by gyrokinetic
calculations

« Continuous pellet source model for fuelling \.

« Simplified heating & current drive models calibrated with
higher fidelity calculations

JETTO

Pedestal
scalmg
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* Flat-top operating points
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Non-inductive flat-top operating point with
access to ECCD & EBW - B; =3.2T

ECCD: Electron cyclotron heating & current drive
EBW: Electron Bernstein wave heating & current drive
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A
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F. Casson, F. Koechl, S. Marsden, G. Szepesi, E. Tholerus, T. Wilson



Low density hot ion flat-top operating i

UK Atomic
= - Energy_
point with access to fundamental ECCD H&CD Aarty
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0.8 A ] Bt (Rgeo) [T]
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£ 061 1;(0) ~ 1.1 x 102m=3 %204 p
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“Predictive” uncertainty quantification shows margin in UK o
P.,.. & Py, needed to recover target Q Authorty

Current Bootstrap fraction (CUBS/CUR) ¢ Slmple pred|Ct|Ve Setup

 Electrons: Rechester
] Rosenbluth (RR)

= 08 / » collisionless RR with 6B/B
=] /RR Gm: from [1] & connection
I + IASE
15 - 60% D ot *7 1 / // length from [2]

— Whpd * lons: gyro-Bohm
10 - —— 2xel trans. ] .
150 200 250  —— 2xion trans. 150 200 250 300 * Predict T;, T,, ne, I
Fusion power — 0% rad, Fusion Q ° PedeStaI pped X 11(9)8 C?Vﬁs
) 30 - = Prys VEry sensitive to I,
B 20 * In base case Q ~ 10 needs
= 4 —
3 s Poux~180 MW & Pp~2 GW
27 10 == i .
2 -/_/// « Performance sensitive to
o N core radiation fraction
150 200 250 300 150 200 250 300
EC power [MW] EC power [MW] [1] J.F. Drake et al. PRL 44 (1980) 994

[2] K. L. Wong et al. PRL 99 (2007) 135003

Integrated modelling: F. Casson, F Palermo
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* Divertor design
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Non-inductive flat-top operating point with
access to ECCD and EBW = B; =3.2T

ECCD: Electron cyclotron heating & current drive
EBW: Electron Bernstein wave heating & current drive
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Outer divertor
~ —extended leg

Double null to
protect inner
divertor

Further

| optimisation of
inner & outer
divertor legs in
progress

A. Hudoba, S. Bakes



X-divertor may provide optimum exhaust

solution on inboard side

« SOLPS-ITER code used to assess level of
detachment & target heat loads in various
divertor geometries

* Inboard X-divertor poses engineering
challenge but has significant advantages:

» when strike point radius ~1.7m,
connection length L, is nearly doubled

» offers best performance with fewest

compromises in terms of neutral
trapping & peak heat loading
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 Stabllity control
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Active control of RWMs allows access to higher g, UK Atorric

Energy
Authority

- STEP scenarios marginally above ideal EC operating point
stability limit without conducting wall: e P
—A— ideal-wall, d/a=1.25 no-wall — 3 88
0.03F —m—ideal-wall, d/a=1.1 Igli,deal—wall — 6.64

,BN > ﬁﬁo—wall

0.025

« Conducting wall reduces growth rate to 0.02f

resistive values = controllable: S
0.015F
ldeal—wall
ﬁN < ﬁ]ﬁ/ v 0.01F

SPR-045

th = 4.0
» Active in-vessel coils can keep amplitude " // By = 4.4
of instability well below disruption limit 0 L4

* 6 mid-plane picture-frame coils 35 4 45 5 2-5 6 65 7 75
« Control system modelled with system noise N
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s 2
Active control of RWMs allows access to higher g3, B
Authority

« STEP scenarios marginally above ideal
stability limit without conducting wall:

IG|=15,0_ . =0.1G
noise

30

,BN > ﬁ}vw—wall

Empirical disruption
limit: 37G [1,2]

25 F

20 f

 Conducting wall reduces growth rate to
resistive values = controllable:

15F

10

,BN < ’Bll;ldeal—wall

Sk

Percentage Probability (%)

* Active in-vessel coils can keep amplitude o L E——
of instability well below disruption limit
- 6 mid-plane picture-frame coils Maximum field at sensor during feedback (G)

» Control system modelled with system noise  [1]P.C. de Vries et al. Nucl. Fusion 56 (2016) 026007
[2] G. Xia et al. Proc. 48" EPS Plasma Phys. Conf. (2022)
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« EC & EBW current drive
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ECCD O-mode covers full radius; EBW only covers -
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p > 0.4 but at 3 - 4 x higher normalised efficiency

antal (o = 32 717[A/W]ne[1020m‘3]R[m]
¢p | T,[keV]
) : :
g o6 240 « ECCD: scan with GRAY code for multiple launch
w3 positions & frequencies
D 9 05 220
-C_‘L; = * Low-field side O-mode launch from above/below
g ? 04 200 midplane allows access through magnetic field well
o ) ¢
= T g 4 s s 180 _ « High-field side absorption negates particle trapping
S 03 o . 160 (3 degradation for off-axis current drive
ozt P % | o 140 - EBW: full wave calculation using GENRAY + CQL3D
i‘ﬁ H ] EEE « High central T, makes p < 0.4 inaccessible
i el L% 120
01 MEEME LM M ;W o fﬁj*ﬁek e zgﬁ;KK g « 2" harmonic with dominant Ohkawa current drive [1]
FIGE MNMMM“’M i H | L lHK “-KK_‘ | | ; s 100
0 i l o I ..i'mﬁ%lw I "%(%:m%_
0 0.2 0.4 0.6 0.8 1
Ptor L. Figini (CNR), M. Henderson, S. Freethy [1] G. Taylor et al. Phys. Plasmas 11 (2004) 4733
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ECCD O-mode covers full radius; EBW only covers
p > 0.4 but at 3 - 4 x higher normalised efficiency

{co

Normalised EBW CD efficiency

+ SPR-008 +
124 + SPR-011 I Tt
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SPR-046 . ¥t *
1.0
H *
;7
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.|.
. +
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0.4 1 +
+
0.2 + 5
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ﬂ.ﬂ N + 4 L
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P
D. Speirs (U. Strathclyde) , T. Wilson, M. Henderson, S. Freethy
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n[A/W]n.[10°°m™>|R[m]
T, keV]

(cp = 32.7

ECCD: scan with GRAY code for multiple launch
positions & frequencies

Low-field side O-mode launch from above/below
midplane allows access through magnetic field well

High-field side absorption negates particle trapping
degradation for off-axis current drive

EBW: full wave calculation using GENRAY + CQL3D

High central T, makes p < 0.4 inaccessible

2"d harmonic with dominant Ohkawa current drive [1]

[1] G. Taylor et al. Phys. Plasmas 11 (2004) 4733
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 Core confinement
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Microstability in STEP differs significantly from UK Atonic

Energy

JET, DEMO & ITER | Authority

B.S. Patel et al. Nucl. Fusion 62 (2022) 016009 g2 UNIVERSITY

ay of
* Electromagnetic turbulence dominates

> 2 types of micro tearing mode (MTM) at ~ 10% iy
low k, ps (i-MTM) & high k, p; (e-MTM) _ g O

4]
» kinetic ballooning modes (KBMs) 3 1077 60 6 900000 o5
> o

« KBMs have highest growth rates at low )
k, ps but may be stabilised by flow & g/ 10—

+ MTMs mainly drive conductive electron 10 KBMs —<go-0i0°
o
00

heat transport via turbulent radial s 0 o o KBM m MTM
reconnection of field lines (magnetic CAp: IQ MTM
flutter [1]) o * @
107" 10°
[1] J.D. Callen PRL 39 (1977) 1540 - B. Patel
kips
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* o-particle confinement
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Power loads due to o-particle losses used to constrain i

Energy

parameters of TF & ELM control coils Authoriy

* Full a-particle orbits in 3D fields tracked using
LOCUST code

* TF ripple-induced a-particle losses & j — LocusT
distribution of associated power loads on 1st = ifngram
wall calculated for N = 16 picture-frame coils 107 1
with range of outer limb radii R_; 3

A.P. Prokopyszyn, H.J.C. Oliver

« Maximum loads occur on low field side main
chamber wall which can tolerate up to
~1MWm-=2 in total (including EM radiation)

> 8.0m

« Coils designed for RWM control & error field ' | |
correction may also be used for ELM control 1072 5

101 +

Max Energy Flux [MWm 2]

 Power loads acceptably low for R

coil

T T T T T T T T
7.00 1.25 7.50 175 8.00 8.25 8.50 8.75

 a-particle loss & power load calculations for 3D R o
fields needed for ELM control coils underway —

significant uncertainty in coil configurations K.G. McClements et al. Proc. 48" EPS Plasma Phys. Conf. (2022)
required for suppression of Type | ELMs
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* Plasma start-up
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Burn-through achieved after 350 ms with
Vieop < 10V using hexapole null at R =3 m

STEP #10003
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ion density[m
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Small ~9 Vs solenoid
used for initiation &
target plasma production
DYON code used to
simulate burn-through

» supported by free
boundary equilibrium
solver (FIESTA)
self-consistent
calculation of eddy
currents & Townsend
break down
ECRH pre-ionisation &
heating expected to
lower Vj40p requirement
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feasibility of ST-based fusion power plant capable of
long pulse operation
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Limited space for central solenoid & long ramp-up time in compact device =
challenges of long pulse operation in power plant need to be addressed

Fast concept turn-around has made it possible to explore variety of whole plant
concepts using 1D transport code & integrated modelling tools

Three fully non-inductive flat-top operating points have been defined, trading
confinement risk against heating & current drive maturity

Tool set for scenario modelling is reducing uncertainties/risks in exhaust,
stability, current drive, core plasma/a-particle confinement, start-up & ramp-up
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