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Net Zero 2050

We need a new energy source:
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We cannot use fossil fuels! “Nuclear Fusion” or “Artificial Sun”



* Introduction: What is nuclear fusion & plasma?
ML for plasma diagnosis

ML for plasma prediction

* ML for plasma control

* Summary




Artificial Sun?

iy
e S 2
™ A )
b4 bod &;‘
-\ \

1X X j
A

'3 J
S48

SA RIS

na
oj
rio
>
e




Sun = Plasma = lonized gas

It is an “electrically

g conducting gas.”
®@ @
© é = |
For nuclear fusion,

>100 million "C needed!

The 4t state of matter, plasma




Tokamak: a “Sun Container”

Hot plasma
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Confines the plasma with

magnetic field!




For fusion energy,

- We need to maintain the high-pressure plasma with stability.

- S0 we need

(1) High-temperature “Plasma diagnosis” Q>
(2) Predict the plasma dynamics “Plasma prediction” @
(3) Control the plasma “Plasma control” % &




Let's use ML for nuclear fusion!

- By using ML,

(1) How to diagnose the plasma @

(2) How to predict the plasma

(3) How to control the plasma

Unstable plasma



ML for plasma diagnosis
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Plasma “diagnosis?”

 How to measure the temperature of hot plasma?

Plasma /-s/ Using coils

()
Water A

Inverse &
ill-posed problem!

11

-



A simple way: Data-driven diagnosis

* In the past,

10.03267

000000

grasma prnbfiles
cmperature, mag field, ...)

e Data-driven

R Shousha*, J Seo* et al, Nucl. Fusion 64 (2024) 026006

Neural network 0
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Another way: Physics-informed NN (PINN)

Measurement Py 10y Y ,dp 1dF?

@ 1. How well it satisfies physics laws
@ Lphys = |l[f(T,n, ;P

2. How well its synthetic measurements

match the true measurements
Neural network 9 ‘ Lmeas — ”M(y) - Mtrue”

t t

Normal ML:
al'g;nin(lly - ytrue”)

g ’
But we don’t know V;yq,.!

Physics-informed ML:
arg;nin(l'phys + Lmeas)

13 J Choi, J Seot et al 2026 (in preparation) F?lm}%%%




* ML for plasma prediction
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Typical plasma discharge in tokamak

Plasma current, I,

t=0.534s \ t=1.121s £ ‘\ 1=1.814s

Heating, P VAN
8 Cext = //, . ,,7/ ;:,/‘ \.\.}\
7 \ / ‘ \
Plasma pressure, %\\‘_.. /) ?s\\ / 7, i /,/

N\ . / /

Magnetic structure, q95 |, . N
Plasma shape
evolution

Time
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Difficulty of plasma prediction?

J Seo et al, Nucl. Fusion 61 (2021) 106010
J Seo et al, Nucl. Fusion 62 (2022) 086049

- Predict the “average” dynamics (u(t))
: LSTM or transformer

- Predict the “uncertainty” of the dynamics (o(t))
. Bayesian or ensemble

| t [ Tokamak
npu |_l control €~
Example

KSTAR
database

Plasma &~
response

Output

Example

Time




Data-driven plasma prediction

J Seo et al, Nucl. Fusion 61 (2021) 106010
J Seo et al, Nucl. Fusion 62 (2022) 086049

* NN architecture & training with KSTAR database

e KSTAR
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Data-driven plasma prediction

* Plasma parameter prediction in KSTAR

Given =—» (2

Predict
p(t) & o(t)

: " IpA[O.lMA]
) | Pyg IMW]
: — | 77
k| H I |
- (b) 13 ﬁN } :
’ True & Prediction
(c) 5 q‘fl'_—!
- 29
1 o
(d) - ot

#23819 (Standard H-mode, 1.8 T)

#24042 (L-mode ITB, 2.57T)

J Seo et al, Nucl. Fusion 61 (2021) 106010
J Seo et al, Nucl. Fusion 62 (2022) 086049

#22675 (Hybrid, 1.8 T)

ol

13
ors l‘
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1, [0.1 MA]
Py [MW]

L

N l

# of models: 1 * Run

l

Shuffle models v Plot NBI/EC v Plot heat load v Overlap device

Input parameters
Ip [MA] — 0.500
Bt(T] — 1.800
GW.frac. [-] e 0.400
Pnbla [MW] 1.500
Pnblb [MW] 0.000
Pnblc (MW] 0.000
Pec2 [MW] 0.000
Pec3 (MW] 0.000
Zec2 [cm] e 0.000
Zec3 [cm]  e—— 0.000
In.Mid. [m] e ——— 1.340
Out.Mid, [m] e— 2,220
Elon. [-] — 1.700
Up.Tri. [-] e 0.300
Lo.Tri{-] O 0.750
Run only 01sp»

| > 15 b j

https://qithub.com/jaem-seo/KSTAR tokamak simulator

Output
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https://github.com/jaem-seo/KSTAR_tokamak_simulator

* ML for plasma control
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We can predict, then we can control!

J Seo et al, Nucl. Fusion 61 (2021) 106010

* Reinforcement learning for plasma control JSeo etal, Nucl. Fusion 62 (2022) 086043
" Gym.Env ~ : .
What we need to do is defining act, obs, and rwd!
:u(ln-:d.h. ..;.'u.v Aum Shuffie mosels | v Mot NBLEC v Pt hest load v Overlag Sevice SimUIator
e = core 1 S -
i — T e - Action: Control variables
e —— =— - Observation: Plasma response & target
M= . s i - Reward: Higher if the plasma is close to the target
e | [ = T
N - e———

—_— orse

1 RS — 4
> -~ .‘A.I Lod
o (] e 1,100 “' y : T —rn
- 1
W b = 0300 . u.'ni
s L
bamikd T 5 20 2 a 2 1 0
n

Rus ooty Slie Nelative tme |8
_ R - m—— : Action: {I,,k, 8,8}, Rin, Rout}
__ Observation: Previous action, {3, qos, ,qos, ,{Png's
def ._init_(): def .step(act): def .reset(): 1B G5, 1i} 2 1By o5 }target (Pys's)
load simulator Y=Yearget
return obs, rwd return obs Reward: —RMS (.5—)
) Y Y=PBpdos.li

Observation

\_
Action ; a Reward
20 RL agent (TD3) G Target ’g_l
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Plasma control with RL

* Training in the simulation

Reward
-0.9085 -1.2747 -1.2512 -1.7357 -0.0499 -0.0793 -0.2720 -0.1338
2.0 i 2.0
ﬂ P Targets ﬂ p Targets
15 c 1.5 Y it
Response — Response
1.0 1.0
[} P — : ol
995 Training of
5 1 — e 5 x 10° episodes >
Targets —
% l : P : e : : y lepisode : : : o .
IR, - 10 ‘_‘N‘_’ - After enough training, the Al determines
09 [ Targets s = T— reasonable solution of I, and the boundary
0.8 4t + . 4 | . Plasma responses by control + . 1! 1! ] !
T Y dmes R T shape to reach the target of multiple
“lo.sasmal [ 0.591 MaA "'. 0,552 MA ‘ 0.548 MA ‘ 0,525 MA 1 0,562 MA :] 0,448 MA t 0.558 MA parameters.
3 T
N ~N
[ T rpr——— https://github.com/jaem-seo/Al_tokamak control

v s 10 s N s in
R [m] Rm]

Before trainin After trainin -
21 etore tra g ter tra g FEIFUSIONPLASMA




Plasma control with RL

* Validation in the KSTAR experiment

Target setting

(ﬂpi 495, ll)
= (1.8,6.0,0.9)
& (1.2,4.0,1.0)

0.25
0.00 -
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Controlled scenario

rin [m] e
’_.‘-‘ "-‘"'f -
R, [m] Control i Relax | Control ; Relax 1}
0 2 R 6 8 10
Time [s]

- The plasma response followed the preset targets.

- However, actual shape controls were not perfect.

-> Control/diagnostics uncertainty should be reflected later.
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Plasma control with RL

e N ow, let’s try real-time control https://github.com/jaem-seo/Al_tokamak_control

# of models: |1 < Damp factor:  0.00 *| Shuffie models | v Plot NBI/EC v Plot heat load v Overlap device Test control ..
A T - After RL training, the Al can control
Al-designed plasma shape 0.75 Al operation trajectory Response and target the Command Slgnals for
— 1p [MA] — .
0.50{ = 0.1¢Pnb (Mw) W 2 rget - Bo | |1450 {I,, Pyp, shape} to track the time-
0.25- ¥ .
. varying targets.
o= Elon -1 B e 5
—é- — t)::;',' F 6- — Tyrget
N i 4 e - It seems reasonable (f,, vs NBI / q95
e n.Gap [m] p J— VS Shape).
0.104 — out.Gap[m] 1.0 #e Target
0.05- I w b.s b =
.9 1 b =% 3.t = 6 I - Will be tested with different RL
Rfflative time [s] Relativd time [s]
settings and constraints.
Al-determined Al-determined Target & plasma

plasma shape
23
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Plasma instability

* Although we can control the plasma, the plasma can become very unstable!

Normal

Tearing mode, TM
(Unstable)

. | Disruption

24




Avoiding plasma instability with ML

* Let’s use two different Als: prediction & control

Al 1: Predicting future TM possibility
ing Disrupted

Tear




Avoiding plasma instability with ML F,Y//A,

26

Implementation in DIII-D

a Sensors b Actuators
;' “_%\
\ / f/ e\ %
Tearing m
avoidance ‘M ‘
control g | ‘
i Tumno
‘l vo:cied @
= Magneticprobe @ —— Magnetic flux surface s First wall
®  Magnetic flux loop —+= =2 surface B Poloidal field coil
X  Thomson scattering Plasma B Electron cyclotron RF
+ CER spectroscopy Possible tearing instability B Neutral beam injection

NATIONAL FUSION FACILITY

Tearing avoidance control -

Measurements
(R

‘ Real-time processing

‘ Observation

Al controller

‘ High-level control

Plasma control system
(PCS)

‘ Low-level control

DIlI-D

25 ms interval

Actuators

3
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Avoiding plasma instability with ML

a Diagnostics (Al observation)
g s = . = p
What AI sees » £ 104 e§ 25 5 [kHz] £ 5.0 {Reconstructed o econstructed
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* s 04 -
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Avoiding plasma instability with ML

Beam power (MW)
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* Summary
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3. RL-based tokamak controller
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4. RL-based instability avoidance

a Measurements b Actuators c —-{ Tearing avoidance control ]——

( \ Measurements
- ° .“.“}q“l'}(&.". G ——
2. Data-driven plasma simulator
(]
‘ Real-time processing
#otmodels: 1 = | Run Shuffie models v/ Piot NBUEC v/ Plot heat koad v Overlap device
Input parameters Output

o [MA] [E— 0500 -
Y] —_— 1.800 ' } | I

= 2D poioidal view 3 0D evolution Yeming ;
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Thank you for
your attention!
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