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— Prototype

Our path to commercial fusion

Our next advanced prototype,
ST-HTS, will demonstrate long pulse,
high performance D operation
required for commercial fusion
energy

The pilot plant will demonstrate
long pulse DT operation and net
power gain required for

commercial fusion energy

First of a Kind (FOAK) will be a
commercial fusion power plant
generating 500 MWe
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ST40: Expanding the high field ST physics basis
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Magnetic field lines in a Spherical Tokamak

Bad Curvature
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Megnetic field lines in a Spherical Tokamak

Plasma Phys. Control. Fusion 53 (2011) 054017 M Romanelli et al

Z

The safety factor g

varies on the magnetic
surface

(@)
e=0.8 ©6

a=B; (Rey) / B,Roy b

Figure 5. (a) Cross sections of three flux surfaces having the same value of g, but different aspect
ratios or elongation. (b) Magnetic field lines on the magnetic surfaces in (a) for ¢ = 0.1 dotted
line) and ¢ = 0.8 plotted in geometric angles. The field structure is chosen to coincide around
#=0andd = 2.
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Diffusivities and Fluxes in STs

Plasma Phys. Control. Fusion 33 (2011) 054017

M Romanelh er al

Figure 7. Scaling of the calculated diffusion coefficients (diamonds) with collisionality in the
P-S (a) and banana (b), (c) regimes (p = 0.0014m, Vi = 3.4 = 10* ms—!, Ro/a = 1.25).
Circles indicate the values of the analytical neoclassical P-S diffusion coefficient (a) and Dy (b),
(c) calculated with g = gou and & = 0.4, The squares in (a) indicate the values of the P-S diffusion
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Due to the strong variation of the field in the
toroidal direction of an ST the fluxes can be
expected to be different

ST40 Visible Camera
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STs can sustain higher beta operation
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STs require much lower
toroidal magnetic field on
axis to achieve the same Qedge
of CTs

This means that for a given Bo
the plasma current can be
much larger (B is proportional
to |p)

B values in STs are due to:
small aspect ratio, high
elongation, increased
magnetic shear and higher
plasma current accessible at
the same Bo
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Turbulent Transport

« Strong variation of the magnetic field /
Larmor radius along the field lines (need
higher resolution in the parallel direction)

 Electromagnetic turbulence

 Turbulent transport is different in STs
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Global Confinement

Plasma Phys. Control. Fusion 61 (2019) 035006

P F Buxton et al
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Dimensionally correct scaling laws in physics variables

P. Buxton 2019, PPFC, 61
Michele Romanelli and Francesco Paolo Orsitto 2021 PPCF 63

We assume that the thermal energy confinement time depends on plasma physics, and can be
expressed as a power law using the following parameters:

x
X Put KV DXB AXA A4 Xg XX

Cyclotron frequency  w., BrA™?!

Note: the following variables are dimensionless:
Ps Vi, B, M, q, €, and k. And only the cyclotron
frequency, w.,, has dimensions of inverse seconds.

Normalised ion p, < A®STO5¢~1R-1p1
Larmor radius

Normalised v, X N,RT ~?qe~1°

. . . llisionalit
Therefore, for the equation to be dimensionally coTISIonatty

: Plasma beta « n,TB7?
correct we require x,, = —1. B oneTBy
. . Safety factor « BrRI>1e?k
So, we only need to experimentally find 7 A% 5 € Ka
exponents not 8! Inverse aspectratio e =aR™!

Effective elongation  k, =V,/(2n*Ra?)
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Dimensionally correct scaling laws in engineering variables

* Using the definitions, we can re-write the scaling law into engineering variables

X XD XV DX AXA AKX X i X
TE th,[s] X a)c:)[s_l]p* V, .8 FA AqTIe"EKTH

] pAT pAp—=0Q o -
TEth,[s] X IpIBTTPL PR M AYMROR ey ¢ Cyclotron frequency  w,, x BrA™
\ Normalised ion p, < A%ST05¢=1R-1p-1
, : —= Larmor radius
« But we still require x,, = =1, (we only need to _ o ik
Normalised V, X n,RT ~“qe™*

experimentally find 7 exponents not 8). This

_ _ collisionality
requirement can be written as:

Plasma beta f xn,TB7?
> +1 + 2 _|_3 +5 Safety fact ByRI;e?
Ap = — A —Qa a — — arety ractor q X BrRI, "€Kg
) ) ) Inverse aspect ratio € =aR™!
« S0, we can deduce a size scaling from a single
machine! Effective elongation  k, = V,/(2n?Ra?)

(providing other exponents are well known) —
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Experimental practicalities

Unfortunately, on NSTX the power and electron
density were co-linear, meaning that we don’t
know both ap and «a,, instead we know combined
value.

To resolve this, we followed a similar procedure,
and choose to assume that the energy
confinement time has a gyro-Bohm scaling, i.e.

-1 — xV*
TE,th,[S] X wCi,[S_l]p* 31/* ﬁxBAququxEKxK

We now have enough information to extend the
NSTX confinement scaling to include a size

dependence.
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which in engineering variables is:

_INSTX, gyro-Bohm) __ (.54 091 p—038 —0.05 p2.14
= 021103 B p;O3% 7005 R214. (13)
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ST40 hot lon mode scenario

S.A.M. McNamara et a/ 2023 Nucl. Fusion 63 054002

Maximum W during high T, phase
of 35kJ.

Diverted up to ~48ms
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Record hot ion mode temperature - Profiles

S.A.M. McNamara et a/ 2023 Nucl. Fusion 63 054002

Shot 10009 at 57.5ms
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profiles inferred for pulse 10009, and shapes validated using TS in the 2023 campaign.
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Magnetic Field and Current Scans (preliminary results)
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Collisionality scan S.M. Kaye et al 2013 Nucl. Fusion 53 063005

« A scan with same plasma
conditions of NSTX

m 0.04¢ - - - (diverted, H-mode) is
2501 T f . needed to confirm the ST
. 0.03f ] trend of confinement
g 'E : : strong dependency with
t:m 150+ T ~ 0.022 ] collisionality
@ 10.04+ 1 E ]
- ST40 0.01 : - Operation at lower
0T il 3 3 density / higher
00 ] 0.00F . . . temperatures in ST40 will
003 004 jiﬁ(x:&; 007 008 0.00 0.05 t 0,15 0.15 0.20 alloyv to extend the
Vie (x=0.5) scaling to even lower
collisionalities (next ST40
campaign)
S. Kaye et al, IAEA FEC, 2023
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GK analysis

Gyrokinetic analysis of ST40 high performance plasmas indicate a rich unstable
turbulence spectrum (with unstable UMs at low-k,, ETGs at high-k, and intermediate-k,
electron modes), while fast ions and impurities provide substantial stabilisation of the
linear turbulent modes.

The plots show the linear growth rates of pulse 10014 (maximum T,) flat top case and
impurity/fast-ion stabilisation.
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GENE’s non-linear simulation of ST40 ohmic plasmas

n-electron @ t=0
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This confirms that ST40 plasmas are dominated
by electrostatic turbulence

This is consistent with the relative low beta of

the above plasmas
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“ GENE’s nonlinear simulations (electron
o density fluctuations) for ohmic plasmas
20 produce ion and electron heat fluxes in
1o the range of those found with ASTRA-
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Global Confinement in ST40 Hot ion mode plasmas

ST40 (all NBI data) compared with L-mode scaling, Kaye 1997 NF 372, A 5@ Q (}

100 ST40 (all data) compared with ELMy type | H-mode scaling, Verdoolaege NF 2021
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Conclusions

1 ST40 is the only spherical tokamak operating at B > 2T (towards reactor
conditions)

1 ST40 scenarios have the potential to extend the range of dimensionless
parameters of present day STs towards those of a ST reactor (high beta,
low collisionality)

d Experiments / modelling / theory development are ongoing at Tokamak
Energy to confirm the expectation of strong dependence of confinement
from B and v* in ST power plant grade plasmas.
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