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Tokamak Operations : from present

OX14 3DB, UK

F.G. Rimini - Head of Operations, Controls & Tokamak Systems

UKAEA, Culham Campus, Abingdon, Oxfordshire,

facilities to Next Gen and Powerplants



Disclaimer

- OCTO

U-Iz Atomic
Energy
Authority

| will cover only tokamak experiments

And this presentation needs to be seen in the
context of the whole set of materials of this week

Plots have been mostly taken from published

papers but, please, do no reuse slides without
permission.
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My background é%”mmic
nergy

Physics degree ( thesis on data analysis and power balance modelling on very small Autnonty
tokamak ) => expert plasma operator for JET and Tore-Supra

Head of JET Plasma Ops group, then JET Senior Exploitation Manager in 2022/23, during
DTE3, now Head of Operations, Control & Tokamak Systems at UKAEA

RAY-TRAJECTORY IN THE POLOIDAL PLANE

2-16-89 16707 simul. /o= 2.32 | ... together with commissioning
of the 24 klystrons of the JET
Lower Hybrid system !

Early JET role modelllng
Lower Hybrid Current Drive

propagation and absorption ...
|

e

I'm the product of an encouragement of co-operation between physics and engineering
- OCTO
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Focus on 2 statements

U-Iz Atomic
Energy
Authority

Fusion Power Plants will
be operated like present

Power Plants Al will be the solution

for everything

Outline:
what is the task of operating a tokamak
where are we now - where are we going - how can we get there (IMHO)

- OCTO
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Tokamak Ops: the physics view &

Adthorty
plasma initiation
(breakdown) flat-top & heating
=> fusion power ramp-down & plasma
ramp-up termination

toroidal field

plasma current
L

Deuterium
‘+
neutron rate

g + »
} } Tntan } : :
. .
Neutron central electron density

oo ®

total heating power =

central electron —
temperature —

time
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Fusion Lawson ignition criterion i

u? Atomic

Energy

. . . . Authority
Progress towards fusion reaction self-sustainment is measured by
the Lawson criterion

N T Ti >3 X 1021 keV s/ m3 for D-T fusion

/ \ and Ti ~ 15 keV
lon temperature

reacting ions - _
density = fuelling = efficient heating

& plasma purity  t¢ = Plasma Energy/Power
=~ confinement & insulation

=> plasma parameters / behaviour have to be optimized to achieve high triple product

J D Lawson 1957 Proc. Phys. Soc. B 70 6 : “It is found that not only must the temperature be

sufficiently high, but also the reaction must be sustained long enough for a definite fraction of the fuel
to be burnt’
——0CTO
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Parenthesis: plasma “scenarios” o

U~I2 Atomic
Energy
Authority

Instead of looking at each isolated bit of physics, thinking in terms of scenarios allows
us to look at the various engineering and physics elements together

=>» consider their interplay to achieve the objectives

high current = high T oo Heat If:ad contr_'ol
density 3 high v* s I:;elletsl)l JET example :
Edge collisionality / .
I \ in 2011 after replacement of

graphite components with metal
walls we had almost a new

' High-Z impurity m a C h i n e

Confinement

23

Neutronrate

disruptivity

]+ LX)
| Lg‘““ needed to understand new
(o T N e — physics and learn to optimise
\ beta \ e scenarios in new conditions

N MHD limits

Core MHD \ /
sawteeth
Optimise core ion

heating with RF

this took ~ 10 years

Path to high current
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Tokamak Ops: the reality is even more complex

poloidal and toroidal

Uﬁlz Atomic
Energy

Authority
| .
continuous P . field magnets
monitoring N\
sensors power supplies cooling
measurements for magnetic
field coils
plasma control
(kinetic & magnetic) fuelling vacuum
machine systems
protection additional
triggering & heating
synchronization I Cpp .
Real-Time Data electricity generation !! t”t'“'.m
transmission breeding )
- OCTO
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Tokamak Ops: reliance on real-time control %

U‘E Atomic

Energy
Authority

Physics and engineering elements are combined to
operate, control and protect a tokamak

CEIRINE
control

real-time plant &
protection safety

systems systems systems

Sensors 1
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Plasma Control: magnetic o

U-IZ Atomic
Energy
Authority

For example: the magnetic controller drives the magnet power supplies to produce the
required plasma configuration and time evolution of the plasma current

#99523 t =41.2s #99523 t =47.5s

limiter Single Null Lower X-
point

+
+

JET #99523
t=41.2s
t=47.5s

Caveat : the plasma configuration has a strong impact on physics !!
- 0CTO
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BTS of magnetic control

- OCTO
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Plasma Control: kinetic

U‘Iz Atomic
Energy

Control plasma energy, fusion power, MHD stability via (additional) Authority
heating & fuelling

= X10'" m? DIII-D
4
2

=3 measurement edge

= target
0k .
4 E mon

= miom /s Gas fueling
0 ULM R

0 1 2 3 4

Time [s]

Gas injection into the torus => density

NBI power [MW]

P, [MW]

10¢
5_
0

]

0.4F measured

06! T fraction

reference

/"""""“‘ﬁ‘/\.r\
02h—" T

flow requést (1022 e!s.}

. D
1.0 w
0.5} T .

01— D-T fusion [MW]

0.8k 3
0.4¢ 3

"\
R

gas injection

2 4

6 8
Time (s)

10 12

Different gases => D-T mixture in JET

- OCTO
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Parenthesis: disruptions &

Energy_

#84675 KL14-PSWA 45.478s gy

Sometimes things go really wrong : 0
1000

disruption
100
950

l.e. rapid ( few ms on JET ) total loss of magnetic &
kinetic control of the plasma 200

= 900

the causes of disruptions could be

< 850
300

 engineering (e.g. control problems )
* physics (e.g. large internal plasma instabilities) 400

o 750

500

consequences . 700
* strong Electromagnetic forces on vessel 600 -
* heat loads on plasma-facing wall JET : melting of upper part

=> potential for serious damage to vessel & of the vessel 600

0 50 100 150 200 250

p.s. the likelihood of a disruption happening depends on the scenario ( no surprise ... )
- OCTO
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Machine & Investment protection (example applications) o omic

Anticipating possible plant problems :
e.g. regular monitoring of magnets

— early detection of incoming
failures

Known engineering limits or
weaknesses :

e.g. potential for damage due to high
forces in disruptions => limit max. I

Real-time monitoring and fault detection:

disruption prediction, avoidance &
mitigation

Energy
Authority

y
> Fsw T—'I Bsw Spring reaction force from
tangential MVP support legs

Viscous reaction

. 8!
force from radial g R

: U QR T
MVP hydraulic 4 G S R
dampers / C A

JG96.427/5¢

P - Sideways force —

JET vessel rolling movement and
distortion in high force disruptions.

Measured roll can reach 0.5cm for
forces ~ 500 tonnes !

- OCTO
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Tokamak Ops : where are we now &

U-Iz Atomic

Energy

Most of our expertise in tokamak operation has been gained by exploiting small / Authorty
medium size devices : relatively modest risks for machine integrity

A
=>» more freedom for experiments 19 :
=>» fewer constraints on real-time systems & Al :
application 9k
=> less stringent requirements on operator ~
certification Yy
N S X
=>» excellent basis for scientific exploration ... DIll-Ddy
3k M
... but not necessairily the most relevant model U:-
for Next Gen Ops S T T TR
0 3 6 9
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JET : high machine risks and D-T &

U-Iz Atomic
Energy
Authority

Exploitation based on closer interplay between science and engineering

e assessment & continuous review of machine risks N
* Investment protection (administrative and real-time) :
. 12F
=» Defence-in-Depth [
« balance risks vs. research : e.g. disruptions 93_
« more rigorous V&V of real-time control systems ~ |
* maintenance constraints ( no access to machine m-?B} .
between pulses ... ) KSTAR
« nuclear safety + safe tritium handling 3f
« more formal Operator training f
OF
« Compatibility with tritium & high neutron rates b= S e Ly
0 3 6 9
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Tokamak Ops : where are we going

»-. 4
2.4

UK Atomic
Energy
Authority

Under construction: tokamaks with superconducting
magnets to explore burning plasma physics (Q =5 )

Input Fusion First
Power Power Plasma ?

) _ China
BEST(*) 7MA/6.1T  3.6/1.1m 4OMW  20-200MW  ieoe 2028
s e China 2027
HL-3 (**)  3MA/3T  1.78/0.65m ~ 30-40MW SWIP) raco T)
ITER(*) 15MA/53T  6.2/2m ~ 90MW 500MwW . rance 2033
(international)
SPARC 8.7MA/122T 1.85/0.6m  25MW  100-140MW D 2027
(private)

(**) HL-3 not superconducting (*) BEST and ITER will study tritium breeding

- OCTO
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China roadmap e

Energy
Authority

Developing Fusion for energy production is a very high priority for China’s govt.

Maijor (billions $) investment in fusion science and technology by public institutions
(ASIPP, SWIP) and private companies (ENN) — internal competition !

CRAFT:

Workshops on ALL
aspects of fusion
technology

BEST: Next Gen
large D-T capable
tokamak

BEST building
November 2025
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The rise of the private fusion e

By 2025: ~ $9bn up to now wordwide in > 50 companies, with ~ 4600 employees (*) i

Total number of private fusion companies by year

(Based on 2025 responses, excludes companies that have since folded or consolidated) M OStIy fOCU SSI n g O n M C F
0 but a lot on non-conventional configurations
50 0/ & very unrealistic promises
40
O
30 o General approach
@ 25 Magnetic confinement (inc. Tokamak, Stellarator)
20 o o @ 11 Inertial confinement
OO @ 6 Magneto-inertial
10 00 g 4 Hybrid electrostatic confinement
OO 1 Muon-catalyzed fusion
0 o=—0"" @ 4 Non-traditional concepts/Not stated
N N @ N @ o [=} — ™ wy P~ o o [=] — o™ ™ =
& &8 & 8 8 8 8 5 © o © o o o © © & & o

— — — o~ o™~ o™ o™ o™~ o™~ o™ o™ o™ o™ o™ o™~ o™ o™~ o™ o™

Some scientifically serious companies

Also re-focus on fusion technologies — Kyoto Fusioneering (Japan, UK, USA, Germany ...)

2025 FIA report (https://www.fusionindustryassociation.org/fusion-industry-reports/)
(*) UKAEA has ~ 2500 employees — ITER ~ 6000
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https://www.fusionindustryassociation.org/fusion-industry-reports/
https://www.fusionindustryassociation.org/fusion-industry-reports/
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Europe (public) e

Energy

Authority

short & medium-term : focus on ITER + JT-60SA (EU/Japan)
medium & long-term : DEMO + material research facility IFMIF-DONES

Short-term Medium-term Long-term _,9
-
plans for a Volumetric AR . D—C(_S
Neutron Source (VNS) for  Eieeiis e | -
material testing ? facilities, O
analysis and Consistent Commence Electricity

modelling concept construction DEMO procl;etloll NF' 2
O o

ENY

._ Q7 NN~

oY @

Material research facilities IFMIF/DONES ' \BQ 6@‘ —
I RS ZS o
. Stellarator as fusion plant? 4 ‘HMM””””"“IIA@& \9 ,.III' .cT)
H EL::CpSe SESI::/Iega’;ato r- :c;w:::n:ost through concept improvements and innovati O(b' 6 ((\(OQ‘ LI:_
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Tokamak Ops in Next Gen machines ]

u? Atomic
Energy
Authority

EM and thermal loads, large superconducting coils
=» increasing risks

* machine & investment protection !

* Increase requirements on pre-pulse
(scenario & programming) validation

« decrease diagnostics availability

=>» more constraints on plasma to
scenario & less experiments o
freedom

* increase exploitation of Al and model-
based real-time control & protection

« staff training ( and certification ? ) +
compliance with nuclear regulation
- OCTO
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Tokamak control in Next Gen devices &
Energy
Authority

superconducting

magnets {L U
real-time real-time plant &
long pulse & control protection safety

systems systems

burning plasma

systems

exploit Al / ML
s 1
fewer sensors Sensors ! Nuclear
safety ?

- 0CTO
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Parenthesis : timescales &

u? Atomic

Energy

For real-time closed-loop control we need to consider Authority
dynamics and timescales for response to disturbances

Reactor
M ﬁ

103 102 10-1 100 10! 102 103 104 100 106
Time WW%W‘WMM second

JET {(uum)

Plasma | MHD | Energy confinement ||Current diffusion |

Plasma Wall Interaction
—

X. Litaudon et al.,
2024 Nucl. Fusion 64 015001

Thermal | ELMs - Disruption Cooling of PFC Total thermalization
Particles | Particle confinement Wall inventory PFC lifetime/erosion
but also actuators : and sensors :
¢ magnetic : power supplies and coil type ¢ delays due to filtering
® gas valve response and delays ® processing time
- OCTO
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Long pulse operations &

Energy
Authority

In 1988, Tore-Supra (CEA) was the first LTS tokamak of a significant size,
followed by : WEST (France), EAST (China) and KSTAR (South Korea).

EAST#106915 2021-12-30 21:55

World record fusion plasma in Europe ge v v f !
s i TS 0.5
& February 19, 2025 | ® CEA (France ) ij
1,337 seco:ds or more than 22 minutes: that was how long WEST, a tokamak run from the CEA The recent pu ISe 1 PO|OidaI Beta LOOp VOltage (V)
Cadarache site in southern France and one of the EUROfusion consortium medium size Tokamak . 0
e e e ™ TS duration records of g
T e e e A TN
WEST & EAST are . S
. . 4+r {1 Q
very impressive e injected Energy (@) | 3
0 0
2f o S
n, (10°m*) . ;
1 I a0t N aabrt bt A AR i DAL I R ey it A lld'.:.(-}pI:T.ﬂa;,«.;-,a.n. <
SC tokamaks have L SN R A
0 ——— 8
7 7 d)
demonstrated "safe a” Heat Flux (MW m?) N
A
=y 4
SC technology 2 o '
exploitation for fusion ~ ° ™ 40 %0 w0 o
p time (s)

Plasma record video excerpt, Credit. CEA
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(D-T) Fusion burn control s

Energy

Authority

Plasma
Temperature

profile D-T plasma with Q =5

External Heating => plasma heating

and current drive
Fusion

Dower dominated by the self-

Bootstrap Rlasma Confinement Alpha heat|ng from fUSIOH

current current i
. i (transport) Heating
profile profile Profile

generated alpha
D/T ] .
Impurity ratio part|C|eS, in a self-
Injection
Total Fueling

organizing system
Plasma
Density

profile

[Lennholm M et al. 2024 Controlling a new plasma regime. Phil. Trans. R. Soc. A 382].
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Sensors and challenges in Reactor environment &

Energy
Authority

In future Fusion Powerplants, there will be significant restrictions on the diagnostics tha
can be installed (and where they can be installed)

for example :
magnetics will have to be placed behind the Tritium Breeding Blanket
=> |large distance from plasma
=> reduced spatial and temporal resolution + delays
also increase in measurement noise ( neutron / vibrations )

Interest in activities looking at

« devising new ways to measure plasma properties relevant for fusion reactor
control

« optimized sensor position design
« development of model-based control systems
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Al and Machine Learning for plasma control &

u? Atomic
Energy

Authority

Capability demonstration of TCV magnetic control
designed through Deep Reinforcement Learning

0.10s 0.30s 0.40s 0.45s 0.47 = 0.49 = 0.50 s 0.60s 0.90 E ~
—_— — — — — — — — )
| \ \ "' \ x x N\ \\ :g §
D . D :
()]
. LI_. L
i ! Q} 8
' > 3
> S > > o
" T [ T 2
ot \— 7 \VE /g - /7 B \ /4 D

+ initial tests of faster than Real-Time models exploitation in control systems
(e.g. RAPTOR)

but embedding Al/ML fully ( and safely !! ) in the control and protection systems of Next Gen
& FPP will be more challenging
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Al and ML for model predictive control & trajectory planning &

Energy
Authority

sensor data + real-time reduced predictive models + synthetic diagnostics

Control Object: state estimation

actuators + + modelling

Actuator Request Sensor Data
= plasma +

MIMO sensors
M

controller Faster than real %,

Actuator Request time pred ictive  Predicted Sensor output c&;*
models

controller

Real Time
Model Tuning
algorithm

[9€0960 (v20Z) 9 uoisnd “]anN wjoyuuai ‘K]
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... and, eventually, Prototype Fusion Power Plants &

UK Atomic
Energy
Authority

ARC (concept)

STEP (concept)

Likely to employ Concepts of Operation and processes, training,
Ops tools similar to Fission Power Plants
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The role of Tokamak Ops experts in Next Gen and FPP o

U-Iz Atomic
Energy
Authority

Presently: roles like the Session/Physics Ops Leader and Engineer in Charge at JET &
other fusion experiments are central to the safe and efficient exploitation of the device.

iIn Next Gen facilities:
there will still be the need for experts in Tokamak Ops and Plasma control
( to support the scientific research )

but the requirements for machine protection, nuclear safety and restrictions to
experimental freedom will start changing the nature of these roles

we need to prepare now !
( and we are already doing it )
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Staff training & process development: timeline to FPP &

Energy
Authority

Prototype FPPs will start operating like Next Gen DT experiments
=> we have an unmissable opportunity to focus training on “why” , not only on “what”

=> and adopt more formal methods for Ops staff appointment & certification: University
courses, learn from energy production industry

N
rﬁren d?:JIr/n | Next Gen D-T de\{ices: prototype
size devices consolidate grow new generation of > FPP
~ lessons learned expert operators
& propose (not just Plasma Ops) lessons learned
- ~  processes for test Concept of Ops, olan & implement
JET Next Gen training/certification transition from
JT-60SA | ilelet experimental device to
\_ / reactor-like FPP Ops
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parenthesis: how to start a Tokamak ]

u'}? Atomic
Energy
Authority

The route from the end of the tokamak construction and the achievement of
its maximum performance is long

system Integrated
commissioning commissioning

expand ops demonstrate routine
space performance Ops

Even just the Integrated Commissioning to First Plasma & basic Plasma Ops in present
devices takes at least 2 years: can we speed-up these activities ?
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Al in support of machine commissioning &

U-Iz Atomic
Energy
Authority

Large Language Models could be useful in

| xjisforms (JOTTER Log) FEE

e e e | accelerating and de-risking machine &
@Eﬁ%ﬂ?ﬂﬂ:wmlmﬁwl e plasma commissioning activities

Summanry |n'||:||:lE C 20 kA fast rise aperture expansion - 0K

Pre-Pulse Comment Physics Result :  +++ — I

POGFirst_Plasma_2011/002.010 (5L only) - for 0" or "+° pulses, please tick cause(s): H H

move ¢ 211 ei7ae cty i e xgensin - 13T e — e.g. coherent analysis of logs (machine,
gim 1 prefit 650 mbar - 120msec pufl I PINI trip _I Pellets unavaiable

gimd feedback from

el - pews 8 e | @NQiNeering and physics):

1 PINI voltage resirictions | _ Poor ice quality

S PIN|n el jabie WVacuum and Vessel

W™ | e gt * identify more quickly recurring issues and

st e v e track solutions
I Bad coupling Diagnostics ] ] . .
;::::;T:;E ﬁ:ﬁm:ﬂer;h no sign of runaways bul guite a few sparks : l‘_.::;n = B E:gqu&] e ¢ p red I Ctlve m a I n te n a n Ce ( e . g . J ET O h m I C

control looks good, speciroscopy measurements don'l see worrying

¥ i _I Energy Restriction 1 5L emor [ . .
mhlrg‘t'ﬁru;tﬁﬁ enough current at PCD to go into Rog control at the _I LHCD trip ’ heatl ng CI rCU It )

soft stop, and i seems 1o work ( but will be commissioned fuly later ), Fhysics
D2/03 current contral alsn warks. - LHCD unavalable i Unexpecled resulls
Hewewer, we have no data from YC on density control & gas injection, _I Radiation limits

o Padon Other lesse specty « provide rapid ( and automated ) progress

I Wrang wavelorm |

Puise Detall reports
C| (Time : |19:1I] Diate : [2408/2011 Red. 1d. : [2030308 Entered by : [fgr #|Pulse Humber : |80128

But staff needs to be trained in writing meaningful comments ( not just “ok” ) - industry ?
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Al will be the solution for everything &

U-Iz Atomic
Energy
Authority

well, not quite

Al / ML can contribute to

« Advanced modelling and optimization of new devices design & scenarios

 de-risking and accelerating the exploitation of Next Gen facilities
« preparing the basis for FPPs

But we have to remain skeptic & realistic for certain applications:

« plasma control vs. safety critical functions, defence-in-depth, magnet protection
« importance of explainable Al, V&V in model design
 uncertainty quantification

- OCTO
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FPP will be operated like present Power Plants oy

u? Atomic

Energy
Authority

yes

FPP will be far from our present research facilities

Long-term aim: to operate a FPP routinely and with a small engineering crew

( even if FPP will have different characteristics from presen Power Plants )

Next Gen facilities will be crucial:

« developing & providing a
realistic testing ground for
staff + processes

* ready to be validated and
refined early in FPP
exploitation

Wilton Power Station (UK)

- OCTO
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concluding thoughts

We live in exciting times for Fusion
Energy research

We have learned major lessons from
smaller tokamaks + the D-T success in
JET and TFTR + advances in stellarators

The Next Gen D-T facilities present a
unique opportunity to validate physics &
technology and prepare for FPP
operation

Additional challenge: find effective ways
to involve industrial partners and learn
from their experience

Wurzel & Hsu - Phys. Plasmas 32, 112106 (2025)
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1%

UK Atomic
Energy
Authority

« P7
ANV A
L -A y & " )

thanks for your attention
and patience
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UK Atomic

Energy
Authority

back-up slides
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Exploit Al for staff training &

U-IZ Atomic

Energy
Authority

comprehensive training
of full Tokamak team
(engineering + physics)
In realistic, random
virtual tokamak scenarios

simulator + Alto | g4 rehearse processes

analyse & refine | rqining and decision taking

training progress
J Prog look ahead to

transition and rehearsal
of FPP roles and

Processes

digital whole plant twin
( not just plasma simulator )
with realistic randomness

( plant and physics ) staff certification
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Tokamak Ops roles: JET examples

Session Leader

» expert for Xps preparation within scientific team

* responsible for delivering session aims & pulse programming
 first line of defense + duty of care

U-Iz Atomic

Energy
Authority

. co-ordination of H&CD / fuelling | LA @:
 interaction with Engineering staff >\ :1\ Q“@ “Q T \
Engineer in Charge AR TP
. engineeripg knowledge bu’F not = communication
necessarily a plasma physics expert — “trust”
« during a session has ultimate 2L
responsibility for machine & m Fi
personnel safety IR EEniEEe el ag
Scientific / Research co-Ordinator - L;; 1.

« session preparation with team, incl. SL

« during session : focus on science output & assess progress
« after session : analyse data & prepare follow up

- OCTO
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Parenthesis : everything is connected — the H-mode &

Energy
Authority

In certain conditions ( = threshold) the plasma behaviour improves : H-mode

. plasmais § 2RA Tt 1986 however, the quality and character
S |+ 2MA (poiny of the H-mode varies with:
much ho’Fter & % | i 8 - o2
more fusion > | wsuA(com) g U plasma composition (isotope
output for 3| L ) D effect)
same heating W A S + magnetic configuration
power ® “ d Py 7 .
s | QA&A‘“ v heating power
. ' ' o . .
(think of it as o 8 -« localized radiated power
installing £ of QD i X densit
double glazing) Z# q O mzﬁ“ LINITER § ensity
*  big gain !! , uh ®
0% . L )t = highly integrated system
Heating Power (MW) — challenging for control
- OCTO
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Control Room: linking physics and engineering %

UT(‘Atomic
Energy
Authority
JET Experimental Control Room NN TS T
I 2 e
i il S
= e L e D
Es . iy 4 8
e | Dg g Session /<<;> \M > =
: / <__1 Leader 06"/,‘; \J\ q
= 1) A~ @gr/ i@) T = = - ’50) QQ,, =
N : H — ' N (o 7 (ws)
%LDlagnostlc E T : o 2/ 1 @
O s T s I o Core ' LD @i
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ARSI W Wi A , O] g |4
Terminals for ” | Nyt //\/ S04
. . pe e 8 |
scientific team 2| 1T support P Tl L B
TP S e R ] etlets B2 o
&} e Lilﬁ_ l" FE} ;@ ] u' | J;// 2
7] n : : : I s
_| Diagnostics Jﬂ 1o i | Diagnostics ) 1 ,
SCIRSREIP= yile. Yo o 0 —1 ICRH
T GIm il N ]
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Defence-in-depth: control and protection

Algorithms and their software /

¥

UK Atomic
Energy
Authority

Nuclear Safety

hardware implementation can (hardwired) Systems Interlock
be different at the various levels and Disruption mitigation

of control & protection, e.g. :

Exception Handling:

* more configurable software
in Plasma Control System
(PCS)

* but still rigorous V&V

« safer hardware for the
Nuclear safety critical
applications

Exc. Handling

PCS: normal

control & limit
avoidance

return to normal

trajectory

soft landing
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Sensors and challenges in D-T plasma environment %

UK Atomic
Energy

in JET high neutron flux in D-T =» failure of camera electronics in the Torus Hall AUTSL

=>»optical relay to take the image to cameras outside the tokamak’s biological shield

1A= =" T "1

-
_—
- o ey
-
S
—

NIR

System

=» protection available
against wall overheating
even in D-T !

200 EEEP

300 1384

400 e

900

Tnfrared vuew of =
J ET vessel 3

850

800

- 750

- 700

- 650

degC
(calibration for W coated CFC)

600

550

500
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Al and ML for machine protection: disruptions %

UT(‘Atomic
JET-ILW 2D GT Map i
In some of our devices, e.g. JET, disruption "‘ B— |
management is already a vital part of machine i

protection (large vessel forces & heat loads).

B non-disr
. M disr.

Over the years we have developed algorithms to
predict — detect — avoid — mitigate (1

Success on JET = DIlI-D
( but not AUG = JET ...)

100

80

60

DIII-D pulse

40

Al/ML prediction capability not yet demonstrated
on completely new machines and new high
performance scenarios

class membership %

20

C. Reaetal., FST 2020

25 3 35 4 45 5
time [s]
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Knowledge capture & staff training methods ]

- OCTO

U-Iz Atomic
Energy
Authority

We have an unmissable opportunity to focus on “why” , not only on “what”

capture relevant knowledge, e.qg.
EUROfusion activities, JET Ops papers

novel digital training methods, e.g. UKAEA

train staff for effective communication &
interaction, e.g. JET Engineer in Charge
training and MAST-U table-top exercises

develop processes for management of Ops
(engineering & science) - and plan for their
rehearsal + review !

F.G. Rimini — Ops & Boundary Unit

adopt more formal methods for Ops staff appointment & certification: University
courses, learn from energy production industry
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