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What is meant by ‘diagnostics and control’?

Why do we need this?

How do we do it?
* Exploring the possibilities

* Putting it all together

Case study: Six times hotter than the Sun

Where next?
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“Control”?

Toroidal field coils

Poloidal field coils
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“Control”?

Toroidal field coils

Independently-controlled

Poloidal field coils pair of poloidal field coils
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A control story

In real-time (50pus cycles)

* Sensors: measure changes in field and current

* Processor:

* analyses the measurements

e determines whatto do

* Actuator: changes the field coil currents
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A control story

In real-time (50ps cycles)
 Sensors: measure changes in field and current

* Processor:
* analyses the measurements

 determines whatto do
* Actuator: changes the field coil currents

ST40 had to be designed to allow this.

* Power supplies can only respond so fast

* Metal walls between the coil and the plasma
affect how quickly magnetic flux can change
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A control story

In real-time (50us cycles)
 Sensors: measure changes in field and current

* Processor:
* analyses the measurements
* determines what to do
* Actuator: changes the field coil currents

ST40 had to be designed to allow this.
 Power supplies can only respond so fast

 Metal walls between the coil and the plasma affect how
quickly magnetic flux can change

Experiments are designed to characterise
the plasma response to inform the
analysis.
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—TVC

—— Princeton (PI)

Avantes

® Ocean

Line diodes

TriwaSp

— SMMH

—— NIRH

SXR Single point diodes

—— Neutron Spectrometers

—— Diamond Detectors

—— Hard X-ray
SXR camera (X

)

SXR camera (;

—— SXR camera (RZ1)

—— SXR camera (RZ2)
—— Bolometer (XY1)
Bolometer (RZ1)
—— Bolometer (DV1)
4 Langmuir probe

ECE
—— Crystal X-ray
NPA
—— Thomson Scattering
A BP probes

Z [m]

T

Princeton (PI)
—— Avantes
—— Ocean
—— Line diodes
Triwasp
—— SMMH
—— NIRH
SXR Single point diodes

—— Neutron Spectrometers
—— Diamond Detectors
—— Hard X-ray

SXR camera (XY1)

SXR camera (XY2]
—— SXR camera (RZ1)
—— SXR camera (RZ2)
—— Bolometer (XY1)

—— Bolometer (RZ1)
—— Bolometer (DV1)
@ Langmuir probe
ECE
—— Crystal X-ray
NPA
% Thomson Scattering
A BP probes
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The ultimate goal

Fusion triple product:
nTtg >3 x%x10%! keVsm™3

* Densityn
* Temperature T

* Energy confinement time 7g
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What goes in?
* Hydrogen, deuterium, tritium (eventually)

* Impurity elements (on purpose or from the
machine surfaces)

* Extra power injection (neutral beams)
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Did the control recipe work?
* Magnetic field configuration
* Plasma shape

* Plasma position
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ST40 #13428 @ 160.0 ms

500
What comes out?
400
* Fusion neutrons (and other radiation) m
© 300
* Loss of power from the core g 200
=
* Heat and particles in the divertor exhaust 100
region
' -
0 200 400 600

Xp (pixels)
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Experiment vs power plant

— T\/C

Princeton (PI)

Avantes

® Ocean

Line diodes

TriwaSp

—— SMMH

—— NIRH

SXR Single point diodes

Neutron Spectrometers
—— Diamond Detectors

—— Hard X-ray
—— SXR camera (XY1)
SXR camera (XY2)
| = SXR camera (RZ1)
—— SXR camera (RZ2)
—— Bolometer (XY1)
—— Bolometer (RZ1)
— Bolometer (DV1)
@ Langmuir probe

—FCE
—— Crystal X-ray
NPA
—— Thomson Scattering
A  BPprobes

Understand as much as possible Safe, reliable operation
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Explore many scenarios Standard operation scenario

Heavily diagnosed Streamlined monitoring

Post-pulse analysis Real-time measurements

Low-radiation environment Harsh radiation
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* Exploring the possibilities

* Putting it all together
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* Exploring the possibilities

* Putting it all together

What can be measured?
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Wavelength
(metres)
Radio Microwave Infrared Visible Ultraviolet X-Ray Gamma Ray
| L | | | ] 1
T 1 i i 1 T L
103 102 10" 106 108 10-10 10712
Electromagnetic (EM) radiation W\/\/\/VWVWWW
Frequency
(Hz)
104 108 1012 1 1015 1016 1018 1020

© 2026 Tokamak Energy Image from Fibercore. https:/fibercore.numaneticsgroup.com/services-support/fiberpaedia/e/electromagnetic-spectrum
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Near-IR interferometer X-ray crystal spectrometer
IR cameras X-ray emission tomography
Radio Microwave Infrared  Visible Ultraviclet X-Ray Gamma Ray
| | | | | | |
T J J J J T T

“I#\
!

/

Microwave interferometer Impurity line emission Hard X-ray emission
Electron cyclotron emission Visible and Ha cameras Gamma ray emission
—_ _
——
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Total radiation - bolometers

Image from Fibercore. https:/fibercore.numaneticsgroup.com/services-support/fiberpaedia/e/electromagnetic-spectrum
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Particles

e Neutrons
> Cameras

» Spectrometers

e Neutral atoms

» Neutral particle analyser

© 2026 Tokamak Energy



* Magnetic field and current measurements

Tokamak Energ;w.
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* Magnetic probes
* Flux loops
* Rogowski coils
 Gas pressures
* Pressure gauges
* Residual gas analysers (RGASs)
1|1 I I T
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Passive

Measure what comes out of the plasma

* Cameras

* Spectroscopy (passive line emission)

* Bolometers

* X-ray tomography

* Neutron detectors

* Neutral particle analyser

* Gamma ray detection

* Magnetic field and current measurements

* Electron cyclotron emission

© 2026 Tokamak Energy
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Passive Active

Measure what comes out of the plasma Provoke the plasma and measure its response

e Cameras * Interferometry

* Spectroscopy (passive line emission) » X-ray crystal spectroscopy

* Bolometers * Thomson scattering

* X-ray tomography * Langmuir probes

* Neutron detectors * Charge exchange recombination spectroscopy

* Neutral particle analyser
* Gamma ray detection
* Magnetic field and current measurements

* Electron cyclotron emission
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* Exploring the possibilities

* Putting it all together

Getting what we want to know out of what we can measure

© 2026 Tokamak Energy



i .-

Tokamak Energy”

What do we want to measure?
* Hydrogen, deuterium, tritium
* |Impurity elements
* Extra power injection (neutral beams)
* Magnetic field configuration
* Plasma shape
* Plasma position
* Fusion neutrons
* Loss of power from the core
* Heat and particles in the divertor
* Density
* Temperature

* Energy confinement time

© 2026 Tokamak Energy
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What do we want to measure? Which techniques can we use?
* Hydrogen, deuterium, tritium * Filtered emission camera @3
* Impurity elements  Spectroscopy (line emission) @3 — 6\}

* Neutral particle analyser

10Mf

8Mr

6Mr

4MF He ]

Intensity [counts/s]

BI

BI BT
2M
BI
BT - b1|
BI cHor
0r cif : Mrghenrn nﬂLm; -

200 300 400 500 600 700

Wavelength [nm]
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What do we want to measure? Which techniques can we use?
* Hydrogen, deuterium, tritium * Filtered emission camera
* Impurity elements e Spectroscopy (line emission)

* Neutral particle analyser @.

x0.0075 213 oad

x0.04 @30
x0.2 . 1 2
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Pressure Ty = 8
actuator o ] J ’
auge 4 .
gaug (/; T ! Stripper Bending
‘ ! - foil magnet
A2 lon TP
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Gate T I source (ALl A
ST40 valve 7*;;?_‘ ‘“ﬂ | i R l/ ] \L—
175 | Bl i H L T
R B = e = = S |
I s
/ i H ; —r
- - ‘} W gl 2T~ Deflector
Turbopump | *u*_’ B
| s j Channeltrons
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What do we want to measure?

* Extra power injection (neutral beams)

© 2026 Tokamak Energy

ST40 valve

Which techniques can we use?
* Neutral particle analyser (NPA) @3

742
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What do we want to measure? Which techniques can we use?

« Cameras @,

* Magnetic field and current probes

* Magnetic field configuration
* Plasma shape

* Plasma position

© 2026 Tokamak Energy
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What do we want to measure? Which techniques can we use?

e (Cameras

* Magnetic field and current probes 6\}

‘_.4:"‘“‘(9" . . .
* Magnetic field configuration :'Z.ffjj,fjm ®
—— Rog sen .
« Plasma shape o I ;7’/:§.
* Plasma position ‘. \ j
; OK\B % &t
0.2 .
E 9 bl
NfD.Z . b
s P :T
| L |
®
°

L | L
-0.5 0 0.5
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What do we want to measure?

e Fusion neutrons

© 2026 Tokamak Energy

Neutron rate [counts/s]

Which techniques can we use?

* Neutron detectors @3

Tokamak Energy
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What do we want to measure? Which techniques can we use?

* Bolometers @. m— d\}

* X-ray tomography

B

0.5F

* Loss of power from the core I

—0.5F
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What do we want to measure? Which techniques can we use?

e Bolometers

« X-ray tomography @3

Brightness [kW/m2]

I 4
0 20 40 60
o]
=
[
c
c
(1]
-
@)
* Loss of power from the core
15¢ 7
—E‘ 10f 1
-
o 5t -
o
D T T T T 'Tw
50 100 150 200 250

© 2026 Tokamak Energy Time [ms]
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What do we want to measure? Which techniques can we use?
 Cameras
* Bolometers
* Spectroscopy (passive line emission)

* Langmuir probes

 Heat and particles in the divertor

© 2026 Tokamak Energy



What do we want to measure?

 Heat and particles in the divertor

© 2026 Tokamak Energy
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Which techniques can we use?

Cameras @,

Bolometers
Spectroscopy (passive line emission)

Langmuir probes

ST40 #13428 @ 160.0 ms

500

400

w
o
o

Yp (pixels)

N
o
(]

100

0 200 400 600
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What do we want to measure? Which techniques can we use?

e (Cameras

* Bolometers @3 —> d}

1+

0.5F

 Heat and particles in the divertor

—0.5F

© 2026 Tokamak Energy 0 0.5 1
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What do we want to measure? Which techniques can we use?
e Cameras

e Bolometers

* Spectroscopy (passive line emission) @b ’ 6}

BI HeJT H I, @ &5

30Mr

25Mr

]
[=]
=

-
(%2}
=

Intensity [counts/s]

 Heat and particles in the divertor
10M}|

SMt

1 N

300 350 400 450 500 550 600 650 700 750

© 2026 Tokamak Energy Wavelength [nm]



What do we want to measure?

 Heat and particles in the divertor

© 2026 Tokamak Energy
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Which techniques can we use?

Cameras
Bolometers

Spectroscopy (passive line emission)

Langmuir probes @n

ST40 #13428 @ 160.0 ms

500

400

w
o
o

Yp (pixels)

N
o
(]

100

0 200 400 600
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What do we want to measure? Which techniques can we use?
* Langmuir probes
* Interferometry
* Spectroscopy (passive line emission)
* X-ray crystal spectroscopy
* Thomson scattering

 Charge exchange recombination spectroscopy

* Density

© 2026 Tokamak Energy
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What do we want to measure? Which techniques can we use?

* Langmuir probes

* Interferometry @3 — 6\}

| Laser I =
* Density

Beam Splitter

|
|
|
i
I
|
l
4

© 2026 Tokamak Energy Image from Caltech. https://www.ligo.caltech.edu/page/what-is-interferometer
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What do we want to measure? Which techniques can we use?
* Langmuir probes
* Interferometry
 Spectroscopy (passive line emission)
* X-ray crystal spectroscopy

&Ko

 Charge exchange recombination spectroscopy

* Thomson scattering

* Density

© 2026 Tokamak Energy
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What do we want to measure? Which techniques can we use?
 Spectroscopy (passive line emission)

* X-ray crystal spectroscopy @.

* Thomson scattering

 Charge exchange recombination spectroscopy
* Langmuir probes

* Electron cyclotron emission

* Temperature

© 2026 Tokamak Energy
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What do we want to measure?

* Temperature

© 2026 Tokamak Energy

Intensity [counts s]

Which techniques can we use?

800k
700k
600k
500k
400k
300k
200k
100k

0

Spectroscopy (passive line emission)

« X-ray crystal spectroscopy @3

0.3945

0.595 0.3555
Wavelength [nm]

0.396
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What do we want to measure? Which techniques can we use?
* Spectroscopy (passive line emission)

* X-ray crystal spectroscopy

« Thomson scattering @D d}

3 2

* Temperature

© 2026 Tokamak Energy
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What do we want to measure? Which techniques can we use?

* Electron cyclotron emission @3

08 [ ml]

06 |

04 ¢

02}
E of
N

02 F

* Temperature
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What do we want to measure? Which techniques can we use?

* Electron cyclotron emission @3

B [T]

N\

08 r

11.9

06 | Frequency

04 | e

- maghnetic field

02}

— —> position
E of P
N

-0.2 |

* Temperature

© 2026 Tokamak Energy



Tokamak Energ;"":.

What do we want to measure? Which techniques can we use?

* Electron cyclotron emission @3

— B [T] -
( N\
06 } 9 Frequency
04 | b
| . - maghnetic field
02} |
. 1.6 - position
E of P
v 1.5
0.2 }
1.4 .
Intensity
0.4 i
06 o5 - temperature
* Temperature
0.8 1.1
0.5 1
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What do we want to measure? Which techniques can we use?
+ Everything! 0, 80, 00,

Confinement time is complex:

stored energy [ ] ]

" rate of energy loss [ ] s™1]

TE

stored energy = pressure X volume

Pretty much everything in the list has to contribute

* Energy confinement time

© 2026 Tokamak Energy
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What do we want to measure? Which techniques can we use?
+ Everything! - 80, 80,

Confinement time is complex:

stored energy [ ] ]

" rate of energy loss [ ] s™1]

TE

stored energy = pressure X volume

Pretty much everything in the list has to contribute
+ modelling

* Energy confinement time

© 2026 Tokamak Energy
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More than six times hotter than the centre of the Sun:

How do you measure 100,000,000°C?

© 2026 Tokamak Energy
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‘Charge’ - an electron 1 ]
0.5+ |
=
—D.S_ -
-1 ]
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‘Charge’ - an electron i

‘Exchange’ - between an atom from the neutral beam
and a plasmaion

0.5

—0.5F

© 2026 Tokamak Energy
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‘Charge’ - an electron i

‘Exchange’ - between an atom from the neutral beam
and a plasmaion

0.5

‘Recombination’—the electron recombines with the
plasmaion and lands in an excited energy level

/ e

—0.5F

© 2026 Tokamak Energy
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‘Charge’ - an electron i

‘Exchange’ - between an atom from the neutral beam
and a plasmaion

0.5

‘Recombination’—the electron recombines with the
plasmaion and lands in an excited energy level

‘Spectroscopy’ —the excited electron relaxes to a >
lower energy state and emits the excess energy
as a photon, which we observe

—0.5F

AN
C AE|= hv -1F

© 2026 Tokamak Energy



Look at species that will exist in the core (where
the highest temperatures will be)

v" Fully-stripped carbon, C®*
v" Fully-stripped neon, Ne'%*

Recombination produces C°®" and Ne®* with a
single electron each (C VI and Ne X in
spectroscopic notation)

CVllineis at529 nm

Ne X lineis at 525 nm

© 2026 Tokamak Energy
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Ne X and C VIl lines are close together — use both species to validate the measurement

—— data

600

0
o
e

=Y
o
©

Intensity (counts)
N W
© O
© O

[
o
e

=

522 524 526 528 530 532
Wavelength (nm)

© 2026 Tokamak Energy Image from J. Wood et al 2023 JINST 18 C03019
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Ne X and C VIl lines are close together — use both species to validate the measurement

© 2026 Tokamak Energy
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Ne X and C VIl lines are close together — use both species to validate the measurement

© 2026 Tokamak Energy
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Ne X and C VIl lines are close together — use both species to validate the measurement

— data
600 — total
= 500. n C-VI (CX)
= / C-VI (edge)
3 400! —— Ne-X (CX)
L ---- Ne-X (edge)
2300 !
7
< |
© 200 |
+ N
= | TN
100
0l — : : :
522 528 530 532

Wavelength (nm)

© 2026 Tokamak Energy Image from J. Wood et al 2023 JINST 18 C03019
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Ne X and C VIl lines are close together — use both species to validate the measurement

—— data
600 —— total
—_ C-VI (CX)
n 500 4
& 4 C-VI (edge)
o 400- —— Ne-X (CX)
L ---- Ne-X (edge)
2300 |~ edge lines
(7
3 200 M |
4 J \
c M ‘ i AL L“
100- a/h
N
IN
0 . — — :
526 528 530 532

Wavelength (nm)
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Ne X and C VIl lines are close together — use both species to validate the measurement

© 2026 Tokamak Energy
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Ne X and C VIl lines are close together — use both species to validate the measurement

© 2026 Tokamak Energy

Intensity (counts)
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Ne X and C VIl lines are close together — use both species to validate the measurement

o
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The width of the fitted Gaussian line can be converted into temperature.

Use the “full width, half maximum” (FWHM), AAgwumMm

2 2 —— data
mc AAFWHM 600 C-VI (CX)
— . - C-VI (edge)
kB A 2 t 200 —— Ne-X (CX)
0 3 400 ---- Ne-X (edge)
9 —— edge lines
2300 total
0
c
Q
F=]
=

522 524 526 528 530 532
Wavelength (nm)
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The width of the fitted Gaussian line can be converted into temperature.

Use the “full width, half maximum” (FWHM), AAgwumMm

2 2 —— data
mc AAFWHM 600 C-VI (CX)
— . _ C-VI (edge)
kB /1 2 ‘2500 —— Ne-X (CX)
0 3 400 ---- Ne-X (edge)
9 —— edge lines
2300 total
BUT %
§ 200
[ =
Any instrument adds its mark to the measurement that we’re 100 _
trying to make 0533 524 526 sés 530 532

Wavelength (nm)

* Account for as many sources of error as possible
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Instrument function — broadening from the hardware alone

le7
1.4 1
— data
— fit
1.2 —— data
600 C-VI (CX)
- C-VI (edge)

1.0 - £ 500 —— Ne-X (CX)
— 3 ——- -
7 3 400 Ne-X (fzdge)
= 9 —— edge lines

0.8 -
S 2300 total
= § 200
2 0.6 - hag -
Q =
E 100

0.4 - 0 — - — ; — :

522 524 526 528 530 532
Wavelength (nm)
0.2
0.0 -

658.0 658.5 659.0 659.5 660.0 660.5 661.0 661.5 662.0
Wavelength (nm)
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Instrument function — broadening from the hardware alone

The equation from the previous slide becomes:

—— data
2 2 2 600 C-VI (CX)
mec AAFWHM - A/’{inst - C-VI (edge)
— p . 3 2 500 —— Ne-X (CX)
B /10 3 400 ---- Ne-X (fzdge)
G —— edge lines
2300 total
0
c
Q
F=]
=

522 524 526 528 530 532
Wavelength (nm)
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Recorded data is a lot more varied than the

N
o
e

ideal model response data
600, C-VI (CX)

-~ C-VI (edge)
0 500 N g
c - Ne-X (CX)
3 ———- Ne-
0 400 Ne-X (edge)
& —— edge lines
2300 total
)]
c
O
el
=

=
(=
o

522 524 526 528 530 532
Wavelength (nm)

o

© 2026 Tokamak Energy Image from J. Wood et al 2023 JINST 18 C03019



Tokamak Energy”

Recorded data is a lot more varied than the
ideal model response

Examples:
* Thermal noise on a detector chip

* “Shot noise” —when counting photons,
this is proportional to the square root of
the intensity

* Fitting errors

© 2026 Tokamak Energy
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- Ne-X (CX)
---- Ne-X (edge)
—— edge lines
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End game: series of measurements throughout a pulse, with estimates of uncertainties, that
confirm that we hit our target temperature (backed up by cross-checking with other diagnostics).

10

8.6keV = 100,000,000° =& |- = = = === - FoNgo - - - - - Te (XRCS)
—+— T: (XRCS)
; 6 —e— T (CX, R=0.52m)
g 4
= 2
0 0.8MW, 24keV
1.0MW, 55keV

O 20 40 60 80 100 120 140 160 180
Time (ms)
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End game: series of measurements throughout a pulse, with estimates of uncertainties, that
confirm that we hit our target temperature (backed up by cross-checking with other diagnostics).

10
T. (XRCS)

81 —— T; (XRCS)
S 6 —— T, (CX, R=0.52m)
2 4
= 2]

0] 0.8MW, 24keV

1.0MW, 55keV

O 20 40 60 80 100 120 140 160 180
Time (ms)
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Final stage is incorporating all the measurements into the integrated analysis codes

* Most likely temperature profiles across the plasma at any given time

—— Electrons
0 — lons
XRCS
8.6keV =100,000,000° = |--"g@—-~--—-——-—-—---—~- —g— Xacs
8 4
— 6 T
>
Y
4 .
2 -
O -
0.0 0.2 0.4 0.6 0.8 1.0
1 Ppol 1
0 re ed g S Image from S.A.M. McNamara et al 2023 Nucl. Fusion 63 054002
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Final stage is incorporating all the measurements into the integrated analysis codes

* Most likely temperature profiles across the plasma at any given time

—— Electrons
10

8.6keV =100,000,000° —»8_— __________

—~ b7
g
a
=3
4 -
2 -
0-
0.0 02 NS 06 0.8 1.0
1 Ppol 1
Core ed g e Image from S.A.M. McNamara et al 2023 Nucl. Fusion 63 054002
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What did we learn?
* Validation of measurements is key
* Accountfor uncertainties in capturing and analysing data

* Incorporate data into models to build a bigger picture

© 2026 Tokamak Energy



Tokamak Energ;w.

© 2026 Tokamak Energy



Tokamak Energ;":.

Many of the diagnostics I’ve discussed won’t be used on a power plant (not in their current form).

CXRS:
* Neutral beams not reactor-relevant
* Processing 2D detector images isn’t streamlined
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Many of the diagnostics I’ve discussed won’t be used on a power plant (not in their current form).

CXRS:
* Neutral beams not reactor-relevant
* Processing 2D detector images isn’t streamlined

BUT

All the information gathered will go into designing how a power plant is built and controlled
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Many of the diagnostics I’ve discussed won’t be used on a power plant (not in their current form).

CXRS:
* Neutral beams not reactor-relevant
* Processing 2D detector images isn’t streamlined

BUT

All the information gathered will go into designing how a power plant is built and controlled

e Move to real-time control
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Many of the diagnostics I’ve discussed won’t be used on a power plant (not in their current form).
BUT
All the information gathered will go into designing how a power plantis built and controlled

e Move to real-time control

Density Interferometer Gas puff

Current profile Magnetics Gyrotron
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Tokamak Energ;"":.

Many of the diagnostics I’'ve discussed won’t be used on a power plant (not in their current form).
BUT
All the information gathered will go into designing how a power plantis built and controlled

e Move to real-time control

Density Interferometer Gas puff

Current profile Magnetics Gyrotron

These requirements will need to be designed into a reactor
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Contact us:

Hannah Willett
Senior Plasma Diagnostician
Hannah.Willett@tokamakenergy.com

www.tokamakenergy.com

© 2026 Tokamak Energy

Thank you
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