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Tokamak Energy: developing spherical tokamak fusion pilot plants with 
HTS m a g ne t s  fo r d e p lo ym e nt  in  t he  20 30 s

Te a m  o f 250 +

W o rld -c la ss  sc ie n t is t s , e ng ine e rs  
a nd  c o m m e rc ia l sp e c ia lis t s  

Fina nc ia l b a c king  fro m  p riva t e  
c a p it a l a nd  g o ve rnm e nt  g ra n t s

$ 250 M ra ise d  t o  d a t e

Hig h-fie ld  sp he ric a l t o ka m a k (ST) 
us ing  m a g ne t  m a d e  fro m  h ig h  
t e m p e ra t u re  sup e rc o nd uc t o r (HTS)

Ap p ro a c h
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The ST40 high -fie ld  sp he ric a l t o ka m a k
Parameter Range

BT [T] 0.9 – 2.1

IP [MA] 0.3 – 0.8

RGeo [m] 0.4 – 0.5

A / κ 1.6  – 1.9  /  ≤ 2

P NB/ ENB [MW / kV] 0 .8 / 24 , 1.0 / 55

St a rt -up Me rg ing -c o m p re ss io n

ψso l [m W b ] 20 0

Ne w  d ia g no s t ic s TS, d ive rt o r-IR, La ng m uir 
p ro b e  a rra ys

Inne r 
(p la sm a ) 
va c uum  
c ha m b e r

O ut e r va c uum  
c ha m b e r

TF c o ils : 
d e m o unt a b le  
lim b

To ro id a l 
Fie ld  (TF) 
c o il:
c e n t re  p o s t

So le no id

Dive rt o r 
c o ils

Po lo id a l 
Fie ld  (PF)  
c o ils

Me rg ing  -
c o m p re ss io n  
c o ils

Co re -lim b  
TF jo in t s
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A first -o f-a -kind  p ub lic -p riva t e  c o lla b o ra t io n
In 20 19 O RNL, PPPL, a nd To ka m a k Ene rg y s ig ne d a
CRADA c o ve ring a ~ 3 ye a r c o lla b o ra t ive re se a rc h
p ro g ra m . This ha s s inc e b e e n e xt e nd e d t o Aug -
20 24 .

U.S De p a rt m e nt o f Ene rg y Fusio n Ene rg y Sc ie nc e s
(DO E FES) p ro g ra m a w a rd e d a t o t a l o f $ 3 .9 M t o
O RNL a nd PPPL t o c a rry o ut o p e n p ub lic re se a rc h
o n ST4 0 .

The  c o lla b o ra t ive  re se a rc h  c o ve rs :

• ST e ne rg y c o nfine m e nt  sc a ling s  w .r.t . h ig h  BT & IP

• Tho m so n  Sc a t t e ring  re a l-t im e  d a t a  a c q u is it io n  a nd  
ha rd w a re

• Mo d e lling  o f RF d rive n  sc e na rio s

• O p e ra t io ns  a nd  m e a sure m e nt  sup p o rt

• Ene rg e t ic  p a rt ic le  s t ud ie s

• And  m o re  !



ST40: Expanding the high -fie ld  sp he ric a l t o ka m a k p hys ic s  b a s is  fo r 
fus io n  e ne rg y d e ve lo p m e nt

• Hig h  io n  t e m p e ra t u re  p la sm a s

• Co re  c o nfine m e nt  & s t a b ilit y

• Pla sm a  e xha us t

• So le no id  fre e  s t a rt -up  a nd  ra m p -up

• Re c e n t  sc e na rio  d e ve lo p m e nt  a nd  fu t u re  p la ns
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Record ion temperatures achieved in compact high -fie ld  ST

• Ce nt ra l io n  t e m p e ra t u re s  o f 9 .6  ± 0 .4  ke V 
a c h ie ve d  in  ho t -io n  m o d e  (Ti ≫ Te)  w it h  
RGe o=0 .4 5m , A=1.6 5 , BT=1.9 T, Ip =0 .6 MA, 
a nd  P NB=1.6 MW

• Co rre sp o nd ing  t rip le  p ro d uc t  
n i0 Ti0τE≈6 ±2×10 18m -3ke Vs a t  9 .6 ke V

© 20 23  To ka m a k Ene rg y 7
S. McNamara et al., NF 2023

ST40

S. Kaye et al., PPCF 2023



Transport and micro -t u rb u le nc e  p ro p e rt ie s  o f h ig h  io n  t e m p e ra t u re  
p la sm a s

© 20 23  To ka m a k Ene rg y 8

Transport properties

• Electrons are dominant loss channel, 𝜒𝜒𝑒𝑒 > 𝜒𝜒𝑖𝑖, w it h  
io n  p o w e r lo sse s  d ue  t o  io n-e le c t ro n  c o up ling  
a nd  t ra nsp o rt  c o m p a ra b le .

• Re d uc e d  c o re  io n  t he rm a l d iffus ivit y, 𝜒𝜒𝑖𝑖, p la ye d  
im p o rt a n t  ro le  in  h ig h  Ti0 .

S. Ka ye  e t  a l., PPCF 20 23Y. Re n  e t  a l., PPCF 20 23

→ p o s t e r b y S. Ka ye  – Frid a y 14 :0 0

Micro -turbulence properties

• Ins t a b ilit y g ro w t h  ra t e s  o f io n  a nd  e le c t ro n  
sc a le s  d e c re a se  fro m  e d g e  t o  c o re , w it h  no  
uns t a b le  e le c t ro n-sc a le  m o d e s  in  c o re .

• Io n  sc a le  – KSA/ KBM, ITG/ TEM a nd  UM

• Ele c t ro n  sc a le  – ETG



• High ion temperature plasmas

• Core confinement & stability

• STs have unique transport and confinement properties that scale favourably to pilot plant regimes
• ST40 is exploring confinement & stability at high toroidal fields

• Plasma exhaust

• Solenoid free start -up and ramp -up

• Recent scenario development and future plans

© 2023 Tokamak Energy 9

ST40: Expanding the high -field spherical tokamak physics basis for 
fusion energy development



Applicability of reduced and analytic transport models investigated

Recalibration of trapped particle model 
in quasi -linear gyro -fluid transport model 
TGLF improves agreement

• Predictive modelling in good agreement 
with both Ohmic and hot -ion mode pulses

© 2023 Tokamak Energy 10

→ p o s t e r b y M.S. Ana s t o p o ulo s  Tza n is  – Thursd a y 14 :0 0

Analytical BgB and CBDM models tuned 
against database of ~100 pulses

• Bo t h  m o d e ls  c a p t ure  Te a nd  Ti t re nd  w it h  BT

• Furt he r e xp e rim e nt s  ne e d e d  t o  t e s t  IP
d e p e nd e nc e

→ p o s t e r b y A. Dne s t ro vskii – Thursd a y 14 :0 0



First look at confinement time mass dependence in spherical tokamaks

© 20 23  To ka m a k Ene rg y 11

• Operations with different fuel species, 
H0→H+, D0→H+ a nd  D0→D+, e na b le d  
firs t  s t ud y o f c o nfine m e nt  t im e  m a ss  
d e p e nd e nc e  in  sp he ric a l t o ka m a k

• Ap p ro xim a t e  d o ub ling  o f c o re  io n  
t e m p e ra tu re  fro m  ~5  t o  ~10  ke V w ith  
inc re a s ing  io n  m a ss

Strong near linear dependence of total 
confinement time on 𝑴𝑴𝒆𝒆𝒆𝒆𝒆𝒆 in hot -ion 
mode plasmas

S. Ka ye  e t  a l., PPCF 20 23

→ p o s t e r b y S. Ka ye  – Frid a y 14 :0 0



Improved particle confinement with argon impurity seeding

No degradation in performance observed with argon 
impurity seeding
• Increased f rad from 5% → 15% w it h  no  d e t e rio ra t io n  o f Ti o r Te

• Ad d it io na l e le c t ro n  so urc e  fro m  a rg o n  a lo ne  c a nno t  e xp la in  
inc re a se  in  n e

Experimental observations supported by linear and 
quasilinear transport analysis
• St a b ilisa t io n  o f io n- a nd  e le c t ro n-sc a le  m o d e s

• Re d uc e d  p a rt ic le  flux d ue  t o  re d uc e d  d iffus io n  a nd  
inc re a se d  inw a rd  p inc h

© 20 23  To ka m a k Ene rg y 12

→ p o s t e r b y A. Sla d ko m e d o va  – W e d ne sd a y 14 :0 0

ΨN=0 .5



Alfvénic instabilities transition from fixed to chirping frequency with 
re d uc e d  m ic ro t u rb u le nc e  sc a t t e ring

Nonlinear characteristics of Alfvénic instabilities 
are important for determining fast ion losses

• STs – chirping/avalanching
• CTs – fixed -frequency

Transition from fixed to chirping response as 𝝌𝝌𝒊𝒊
decreases

• Mo d e s  id e n t ifie d  a s  n=1 b e t a -ind uc e d  Alfvé n  
a c o us t ic  e ig e nm o d e s  – BAAEs

• Crit e ria  fo r c h irp ing  like liho o d  suc c e ssfu l id e n t ifie s  
re sp o nse

© 20 23  To ka m a k Ene rg y 13

→ p o s t e r b y V. Dua rt e  – Frid a y 14 :0 0

J . Bla nd  e t  a l., NF 20 22V. Dua rt e  e t  a l., NF 20 23



ST40: Expanding the high -fie ld  sp he ric a l t o ka m a k p hys ic s  b a s is  fo r 
fus io n  e ne rg y d e ve lo p m e nt

• Hig h  io n  t e m p e ra t u re  p la sm a s

• Co re  c o nfine m e nt  & s t a b ilit y

• Pla sm a  e xha us t

• Co m p a c t  d e vic e s  a re  e xp e c t e d  t o  ha ve  h ig h  he a t  lo a d s  t o  w a lls , a nd  m it ig a t io n  s t ra t e g ie s  a re  ne c e ssa ry
• ST4 0  is  s t ud ying  sc ra p e -o ff-la ye r w id t h  a nd  he a t  e xha us t  p ro p e rt ie s  in  c o m p a c t  h ig h-fie ld  ST

• So le no id  fre e  s t a rt -up  a nd  ra m p -up

• Re c e n t  sc e na rio  d e ve lo p m e nt  a nd  fu t u re  p la ns

© 20 23  To ka m a k Ene rg y 14



Potential for scrape -o ff la ye r w id t h  b ro a d e n ing  in  ST4 0  p la sm a s

• Pre d ic t ive  sc e na rio s  d e ve lo p e d  
us ing  flig h t  s im ula t o r c o up le d  t o  
p la sm a  c o n t ro l sys t e m .

• XGC1 s im ula t io ns  (PPPL) sho w  
fa c t o r o f 2-3  b ro a d e n ing  a b o ve  Eic h
sc a ling  a t  Ip  = 1MA.

• Firs t  he a t  flux m e a sure m e nt s  w it h  
d ive rt o r IR c a m e ra  a nd  La ng m uir 
p ro b e s  t a ke n . W o rk o ng o ing  t o  
a cco unt  fo r g e o m e t ric  e ffe c t s .

© 20 23  To ka m a k Ene rg y 15

T. Eich et al., NF 2013

→ p o s t e r b y S. J a nhune n  – Thursd a y 8 :30
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ST40: Expanding the high -fie ld  sp he ric a l t o ka m a k p hys ic s  b a s is  fo r 
fus io n  e ne rg y d e ve lo p m e nt

• Hig h  io n  t e m p e ra t u re  p la sm a s

• Co re  c o nfine m e nt  & s t a b ilit y

• Pla sm a  e xha us t

• So le no id  fre e  s t a rt -up  a nd  ra m p -up

• Se ve ra l ST p ilo t  p la n t  c o nc e p t s  re ly o n  RF H&CD fo r s t a rt -up  a nd  c urre n t  sus t a inm e nt
• Be ing  h ig h  fie ld , ST4 0  c a n  a c ce ss  m o re  re p re se n t a t ive  o p e ra t ing  c o nd it io ns  a nd  d e m o nst ra t e  t he se  sc he m e s

• Re c e n t  sc e na rio  d e ve lo p m e nt  a nd  fu t u re  p la ns

© 20 23  To ka m a k Ene rg y 16



Fundamental LFS X -mode can generate 
significant current at low densities

• At low n e and high T e, X1 absorption can 
occur at Doppler shifted frequencies before 
reaching the cut -off if resonance condition 
is satisfied ⁄𝜔𝜔 − 𝜔𝜔𝑐𝑐𝑒𝑒 𝑘𝑘∥𝑣𝑣𝑡𝑡𝑡 ≤ 3

• Ge ne ra t ing  s ig n ific a n t  c urre n t  d rive  w it h  
h ig h  e ffic ie nc ie s  o f 0 .8 A/ W

© 20 23  To ka m a k Ene rg y 17

1 MW (104 / 137 GHz) gyrotron on order 
ready for operations in 2025

• St e e ra b le  m id p la ne  LFS la unc he rs  w it h  
b e a m  p o w e r sp lit t e r, a nd  c e n t re  c o lum n O -X 
m irro r p o la rise r

• Ena b le  d e ve lo p m e nt  o f no n-ind uc t ive  s t a rt -
up  t e c hn iq ue s  a nd  EC H&CD

EBW  a nd  ECR s t a rt -up  m o d e lling  sho w s p o t e n t ia l fo r h ig h  c urre n t  d rive  
e ffic ie nc ie s

Electron Bernstein Wave (EBW) –
ideal for start -up due to strong 
absorption, even at low n e and T e

• EBW  e xc it e d  via  O -X-B sc he m e  us ing  
c e n t re  c o lum n m irro r p o la rise r

• Pe a k c urre n t  d rive  e ffic ie nc ie s  o f 0 .15A/ W  
e xp e c t e d

M. O no  e t  a l., NF 20 22E. d u  To it  e t  a l., PPCF 20 22

EBW current drive efficiency (A/W) 
for different densities (x 10 19m -3)

Te0 (keV)
1.0
0.8
0.6
0.4
0.2



ST40: Expanding the high -fie ld  sp he ric a l t o ka m a k p hys ic s  b a s is  fo r 
fus io n  e ne rg y d e ve lo p m e nt

• Hig h  io n  t e m p e ra t u re  p la sm a s

• Co re  c o nfine m e nt  & s t a b ilit y

• Pla sm a  e xha us t

• So le no id  fre e  s t a rt -up  a nd  ra m p -up

• Re c e n t  sc e na rio  d e ve lo p m e nt  a nd  fu t u re  p la ns
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Diverted H -m o d e  a nd  no n-ind uc t ive  sc e na rio s  re c e n t ly d e ve lo p e d

Diverted H -mode scenarios

• DND, upper and lower SN

• Wide range of B T=0.9 -2.1 T and I P=300 -750 kA

• Sustained ELM free period

• First pedestal measurements with TS

© 2023 Tokamak Energy 19

Non -inductive scenarios

• Limited and diverted scenarios with I p=300kA

• Ohmic solenoid swing is halted or reversed

• Vloop ~0, βp ~1.5 , βN~4 , q 9 5~10

TS profiles



ST40 future upgrades and operations

© 20 23  To ka m a k Ene rg y 20



Summary

ST40 is expanding the high -field spherical tokamak physics basis for fusion energy development

Record ion temperatures of ~10keV demonstrated for first time the in compact device

ST40 is exploring confinement & stability at high toroidal fields

• Predictive capability developed with reduced and analytic transport models

• First look at confinement time dependence on ion mass showing strong scaling in hot -ion mode

• Argon seeding improved particle and energy confinement

• Turbulent suppression of chirping modes observed and chirping likelihood criteria validated

Potential for scrape -off -layer width broadening in ST40

• New divertor diagnostics enable first measurements of divertor heat flux

Operations with 1 MW gyrotron will develop non -inductive start -up and current drive techniques

• Predictions for EBW and LFS -X1 start -up show high current drive efficiencies can be achieved

© 2023 Tokamak Energy 21



ST40 and Tokamak Energy IAEA -FEC c o n t rib u t io ns

Wednesday 18 th 14:00 poster session

EX-C-2145: A. Sladkomedova et al., Impact of impurity injection on core confinement in ST40

Thursday 19 th 8:30 poster session

TH-D-2412: S. Janhunen et al., Assessment of the scrape off layer width and target heat loads in ST40

Thursday 19 th 14:00 poster session

TH-C-2293: M.S. Anastopoulos Tzanis et al., Validation of the TGLF model on ST40 ohmic and hot ion plasmas

TH-C-2251: A. Dnestrovskii et al., Predictive modelling of hot -ion mode plasmas in ST40

TH-C-2268: A. Gibby et al., GSFit: an open source, python based, equilibrium reconstruction algorithm

Friday 20 th 14:00 poster session

TH-W -2328: V. Duarte et al., Turbulent suppression of bursty fast -ion -driven instabilities in high -field ST40 experiments

EX-C-1900: S.M. Kaye et al., Transport and microinstability properties of high performance ST40 plasmas

© 2023 Tokamak Energy 22
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