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& the Tokamak Energy Team

Tokamak Energy and the 
high-field spherical tokamak 

route to fusion power
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• Introduction to Tokamak Energy

• The high field ST approach to fusion

• ST40: Overview and research programme

• HTS magnet development: Progress and future plans
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Tokamak Energy

• Established in 2009 with a mission to develop 

a faster way to fusion energy

• Private company with over £50M investment

• Engineering centre in Milton Park, 

Oxfordshire, UK

• Team of over 80 scientists, engineers and 

technicians

• Designed, built and tested 3 prototype 

tokamaks since 2012

• World leading high temperature 

superconducting magnet laboratory
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Spherical
Tokamak

High Temperature
Superconductors (HTS)

Smaller, cheaper, faster...... with distinct competitive advantage

Promising physics and emerging technologies

Improved geometry, highly efficient High current at high field

FUSION POWER
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• Cost of electricity

Economically attractive

𝐶𝑜𝐸 =
𝑂𝑝 𝑐𝑜𝑠𝑡𝑠 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠

𝑁𝑒𝑡 𝑒𝑙𝑒𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
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• Cost of electricity

• Beta is a measure of how efficiently 
the toroidal field is utilised

Economically attractive

𝛽𝑇𝛽𝑝 = 25
1 + 𝜅2

2

𝛽𝑁
100

2

Entler, S, et al. "Approximation of the economy of 
fusion energy." Energy 152 (2018): 489-497.

𝐶𝑜𝐸 =
𝑂𝑝 𝑐𝑜𝑠𝑡𝑠 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠

𝑁𝑒𝑡 𝑒𝑙𝑒𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
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• Cost of electricity

• Beta is a measure of how efficiently 
the toroidal field is utilised

• Bootstrap fraction determines 
current drive requirements

Economically attractive

𝛽𝑇𝛽𝑝 = 25
1 + 𝜅2

2

𝛽𝑁
100

2

Entler, S, et al. "Approximation of the economy of 
fusion energy." Energy 152 (2018): 489-497.

𝑓𝑏𝑠~ 𝜖𝛽𝑝

𝐶𝑜𝐸 =
𝑂𝑝 𝑐𝑜𝑠𝑡𝑠 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠

𝑁𝑒𝑡 𝑒𝑙𝑒𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
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• Cost of electricity

• Beta is a measure of how efficiently 
the toroidal field is utilised

• Bootstrap fraction determines 
current drive requirements

Economically attractive

𝛽𝑇𝛽𝑝 = 25
1 + 𝜅2

2

𝛽𝑁
100

2

𝑓𝑏𝑠~ 𝜖𝛽𝑝

𝐶𝑜𝐸 =
𝑂𝑝 𝑐𝑜𝑠𝑡𝑠 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠

𝑁𝑒𝑡 𝑒𝑙𝑒𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑




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Favourable confinement

• MAST, NSTX and GLOBUS-M (M2) have found that 

energy confinement in STs has a stronger dependence 

on toroidal field compared to large aspect ratio 

devices

𝜏𝐸 𝐼𝑃𝐵98 ∼ 𝐼𝑝
0.93𝑩𝑻

𝟎.𝟏𝟓

𝜏𝐸 𝑁𝑆𝑇𝑋 ∼ 𝐼𝑝
0.57𝑩𝑻

𝟏.𝟎𝟖
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Favourable confinement

• MAST, NSTX and GLOBUS-M (M2) have found that 

energy confinement in STs has a stronger dependence 

on toroidal field compared to large aspect ratio 

devices

• Tokamak Energy have extended ST scaling to include a 

size dependence

𝜏𝐸,𝑡ℎ
(ST, gyro−Bohm)

∝ 𝜔𝑐𝑖
−1𝜌∗

−3𝜈∗
−0.53𝛽−0.17𝑞−0.35

𝜏𝐸,𝑡ℎ
(ST, gyro−Bohm)

= 0.21𝐼𝑝
0.54𝐵𝑇

0.91𝑃𝐿
−0.38𝑛𝑒

−0.05𝑅2.14

• When extrapolating to reactor regimes this leads to a 
significant improvement in performance 𝜏𝐸 𝐼𝑃𝐵98 ∼ 𝐼𝑝

0.93𝑩𝑻
𝟎.𝟏𝟓

𝜏𝐸 𝑁𝑆𝑇𝑋 ∼ 𝐼𝑝
0.57𝑩𝑻

𝟏.𝟎𝟖
Buxton P. F., Connor J. W., Costley A. E., Gryaznevich M., & McNamara S. 

"On the energy confinement time in spherical tokamaks: implications for 
the design of pilot plants and fusion reactors." PPCF 61(3) (2019)
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The game changer: 
High Temperature Superconductors (HTS)

• HTS tape is now available at commercially 
relevant scales from a number of 
manufactures

• 2nd generation “2G” HTS made from REBCO:

✓High temperature

✓High magnetic field

✓High current density
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Approaches to fusion power

• Simplified confinement scaling

• Impose Greenwald and kink limits

𝑛𝑇𝜏𝐸 ∝
𝐻2

𝑞3
𝑅0
2𝐵𝑇

3
𝜅7/2

𝐴3

𝜏𝐸
IPB98(𝑦,2)

∝ 𝐻𝐼𝑝𝑃𝐿
−1/2

𝑛1/2𝑅2𝐴−1/2𝑘3/4

𝑛 ∝ 𝐼𝑝𝐴
2𝑅−2

𝐼𝑝 ∝ 𝑅0𝐵𝑇𝜅𝑞
−1𝐴−2

Costley, A. E. "Towards a compact spherical tokamak fusion 
pilot plant." Phil. Trans of the RS A 377.2141 (2019)
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Approaches to fusion power

𝑛𝑇𝜏𝐸 ∝
𝐻2

𝑞3
𝑹𝟎
𝟐𝐵𝑇

3
𝜅7/2

𝐴3
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Approaches to fusion power

𝑛𝑇𝜏𝐸 ∝
𝐻2

𝑞3
𝑅0
2𝑩𝑻

𝟑 𝜅7/2

𝐴3
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Approaches to fusion power

𝑛𝑇𝜏𝐸 ∝
𝐻2

𝑞3
𝑅0
2𝑩𝑻

𝟑 𝜿𝟕/𝟐

𝑨𝟑
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Fusion Power 
Demonstration

All HTS Magnets

Industrial scale heat 
production

ST-F1

Verify the high 
field ST approach

Energy gain 
conditions

Large scale HTS 
magnet 

Magnet design and 
construction

HTS Magnet Demo

Research & Development Engineering & Demonstration

A Faster Way to Fusion

Commercial Roll Out

Commercial scale 
module

Electricity 
production
(to the grid)

ST-E1
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Overview

• Introduction to Tokamak Energy

• The high field ST approach to fusion

• ST40: Overview and research programme

• HTS magnet development: Progress and future plans
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• Design parameters:

• Toroidal field, 𝐵𝑇 = 3T

• Plasma current, 𝐼𝑝 = 2MA

• Major radius, 𝑅 = 0.4 − 0.5m

• Aspect ratio, 𝐴 = 1.6 − 1.9

• Elongation, 𝜅 ≥ 2.3

• Up to 4MW of auxiliary heating from NBI and 
ECRH/EBW

• Extending the high field ST physics basis:

• Investigate confinement at high field

• Characterise divertor performance

• Demonstrate solenoid-free start-up methods

• Develop reactor relevant operating scenarios

ST40: Expanding the high field ST physics basis
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A first-of-a-kind collaboration

• This month ORNL, PPPL, and Tokamak Energy 

signed a CRADA covering a ~ 3 year collaborative 

research program

• FES awarded a total of $3.9M to ORNL and PPPL 

to carry out open public research on ST40

• The collaborative research intends to study 

world leading high toroidal magnetic field (up to 

3T) spherical tokamak plasmas to explore:

• ST energy confinement scaling's w.r.t. high BT & IP

• λq at Bpol nearly 2 x  greater than NSTX-U and 

MAST-U

• Maximum achievable ST pedestal pressures by 

temporarily relocating the NSTX-U Thomson 

pulse-burst laser system to ST40

• And more! (RF, T-CHI, MHD, fast particles …)
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ST40: Construction, commissioning 
and first results

• See Mikhail’s talk straight after this one!

#6706
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ST40: Upgrade and research programme
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ST40: P1 & P2 Diagnostics
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ST40: P3 Additional diagnostics

• Burst pulse Thomson Scattering 
system on loan from NSTX

• Divertor IR cameras
• High resolution in lower divertor

• Lower resolution in upper divertor

• Langmuir probes

• Toroidal array of fast magnetics

• Neutron diagnostics
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ST40: 2020 vacuum vessel upgrade

Programme 1 & 2 Programme 3
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Energy confinement studies

• ST40 can extend confinement 
database to low collisionality in OH 
and NBI heated regimes

• Research topics:
• Core and pedestal confinement 

scalings

• Ion scale turbulence supersession in 
new regimes

• Dominant anomalous transport 
mechanisms
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Developing solenoid free start-up methods

• Merging Compression (MC)

 Direct access to burning plasma regime

 In-vessel, high voltage, coils

• Double Null Merging (DNM)

 Direct access to burning plasma regime

? Ex-vessel coils but still inside TF

• RF assisted start-up (EBW/ECRH)

 Remote hardware

• Transient CHI

 Suitable target plasma (low li, moderate Ip)

 In-vessel electrodes

? Impurities?
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Developing solenoid free start-up methods

• Merging Compression (MC)

 Direct access to burning plasma regime

 In-vessel, high voltage, coils

• Double Null Merging (DNM)

 Direct access to burning plasma regime

? Ex-vessel coils but still inside TF

• RF assisted start-up (EBW/ECRH)

 Remote hardware

• Transient CHI

 Suitable target plasma (low li, moderate Ip)

 In-vessel electrodes

? Impurities?
Yamada, T, et al. “Merging Startup Experiments on the UTST Spherical 
Tokamak" Plasma and Fusion Research Vol 5, S2100 (2010)



©
 2

0
1

9
 T

o
ka

m
ak

 E
n

er
gy

Developing solenoid free start-up methods

• Merging Compression (MC)

 Direct access to burning plasma regime

 In-vessel, high voltage, coils

• Double Null Merging (DNM)

 Direct access to burning plasma regime

? Ex-vessel coils but still inside TF

• RF assisted start-up (EBW/ECRH)

 Remote hardware

• Transient CHI

 Suitable target plasma (low li, moderate Ip)

 In-vessel electrodes

? Impurities
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Developing solenoid free start-up methods

• Merging Compression (MC)

 Direct access to burning plasma regime

 In-vessel, high voltage, coils

• Double Null Merging (DNM)

 Direct access to burning plasma regime

? Ex-vessel coils but still inside TF

• RF assisted start-up (EBW/ECRH)

 Remote hardware

• Transient CHI

 Suitable target plasma (low li, moderate Ip)

 In-vessel electrodes

? Impurities?
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Divertor performance

• ST40 is uniquely placed to study SOL 
width, λq, at high Bpol

• Access to heat loads of up to 
40MW/m2

• Partially closed LFS divertor

• High resolution IR camera in lower 
divertor to study heat loads

• Lower resolution IR camera in upper 
divertor to study up/down power 
balance

ST40 
2MA

ST40 
1MA

T. Eich et al., NF 2013;

PRL 107, 215001 (2011)



©
 2

0
1

9
 T

o
ka

m
ak

 E
n

er
gy

Liquid metal development

• Tokamak Energy have partnered with three leading laboratories:

• Theoretical modelling of flowing liquid lithium

• Developing ‘true’ free surface models

• Developing the flowing liquid lithium divertor plate for ST40

• Developing a diagnostic to measure the depth of the 
flowing liquid lithium
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Developing a flowing liquid lithium 
divertor for ST40

• Developing a flowing liquid lithium divertor plate for 
ST40

• 3 year project, has been running for nearly 1 year

• Planning to test ST40 prototype in HIDRA

• Initial testing in vacuum at different orientations (to 
check the analytic model)

• Later testing with plasma
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Programme 4: Divertor concepts

• We are exploring a range of divertor concepts

Flowing liquid lithium 
divertor

Solid divertor with flowing 
liquid lithium pump

Lithium vapour box

Low recycling ✔ ✔ ✘

Heat flux (MW/m2) 5-10 <15 15+

Low long term erosion ✔ ✘ ✔

Low Z impurities ✔ ? ✔
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ST40 lithium conditioning
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Overview

• Introduction to Tokamak Energy

• The high field ST approach to fusion

• ST40: Overview and research programme

• HTS magnet development: Progress and future plans
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HTS magnet development

© 2019 Tokamak Energy
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Characterisation and technology development

• Novel HTS magnet design
• Soldered, non-insulated

• Electro-Thermal Interface (ETI) plates for 
current injection

• “QA” magnets

• Compared tape IC(B,T,) from six 
different HTS suppliers

• Characterised tape performance in a 
magnet as opposed to short sample

• Results used to verify magnet models
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24.4T at 21K in all-REBCO Solenoid

• All-REBCO magnet, conduction 
cooled to 21K

• Six pancake stack
• ID-50mm, OD-140mm

• 735m of 12mm HTS tape

• 24.4T peak field on coil

• Operated at >20T for 10s hours

• ~700 A/mm2 current density22.2 T



©
 2

0
1

9
 T

o
ka

m
ak

 E
n

er
gy

High field HTS magnet demonstrator

• Demo4 – a mid-scale tokamak type 
magnet to develop and demonstrate 
HTS technology and manufacturing 
methods

• Approach conditions expected in a 
reactor:

• Exceed 20T on HTS surface

• Exceed 250MPa compressive stress is 
centre column

• Simulate fusion heat loads

• Demonstrate scalable quench 
protection

• Test PF/TF interaction
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We’re hiring and looking to collaborate!
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ST40: Performance Potential

Dnestrovskij, A. Y, J. W. Connor, & M. P. Gryaznevich. "On the confinement 
modeling of a high field spherical tokamak ST40." PPCF 61(5) (2019)

• ST40 has low neoclassical ion 
transport due to high field

ASTRA modelling indicates potential 
performance

• Electron transport scaled to match 
global confinement time

Hot ion mode access with as little as 
1MW NB power

ST40 will test ST scalings

Option for VNS
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ST40: Performance Potential

Dnestrovskij, A. Y, J. W. Connor, & M. P. Gryaznevich. "On the confinement 
modeling of a high field spherical tokamak ST40." PPCF 61(5) (2019)

• ST40 has low neoclassical ion 
transport due to high field

• ASTRA modelling indicates potential 
performance

• Electron transport scaled to match 
global confinement time

• Hot ion mode access with as little as 
1MW NB power

• ST40 will test ST scalings

Option for VNS
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ST40: Performance Potential

• ST40 has low neoclassical ion 
transport due to high field

• ASTRA modelling indicates potential 
performance

• Electron transport scaled to match 
global confinement time

• Hot ion mode access with as little as 
1MW NB power

• ST40 will test ST scalings

• Potential VNS?

Dnestrovskij, A. Y, J. W. Connor, & M. P. Gryaznevich. "On the confinement 
modeling of a high field spherical tokamak ST40." PPCF 61(5) (2019)
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ST40 – first experience with lithium

• Significant reduction in impurities observed

Lithium
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47

Note: Tokamaks are operating unless indicated otherwise.
(1) Under construction.
(2) The International Thermonuclear Experimental Reactor (“ITER”) megaproject is supported by China, the European Union, India, Japan, Korea, Russia and the United States.
(3) No longer in use.

San Diego, CA
DIII-D

Oxford, UK
JET

Saskatoon, SK
STOR-M

Gandhinagar, IN
SST-1 / ADITY

Prague, CZ
COMPASS

Frascati, IT
FTU

Garching, DE
ASDEX

Cambridge, MA
Alcator C-Mod(3)

Lisbon, PT
ISTTOK Lausanne, CH

TCVMadison, WI
Pegasus Princeton, NJ

LTX / NSTX

Hefei, CN
EAST

Daejeon, KR
KSTAR

QUEST
Kasuga, JP

Kurchatov, KZ
KTM

Cadarache, FR
ITER(1)(2) / WEST

JT-60SA(1)

Naka, JP

Conventional Tokamak

Spherical Tokamak

Oxford, UK
MAST

GLOBUS-M
St Petersburg, RF

T15-M(1)

Moscow

HL-2
Chengdu, CN

• Fusion research is advancing
• However, progress towards Fusion Power is constrained

Public fusion programmes
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Cambridge, MA

Orange County, CA

Los Angeles, CA

Vancouver, BC

Oxford, UKOxford, UK

Conventional Tokamak

Spherical Tokamak

Non-Tokamak Technology

Langfang, PRC

Private fusion
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49

Expanding private sector


