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* |Introduction

* Model development

— Reduced kinetic model of mildly relativistic runaway electrons
— Coupling with DYON

* Model validation
— Validation in KSTAR ohmic startup

« Conclusions Lay physical and engineering foundation of designing
a RE-free scenario in future fusion reactors

B
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Introduction
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Runaway Electrons

* Runaway Electrons (RES) (’

— Runaway electrons are the energetic electrons that will be continuously accelerated by
the electrical field due to the decrease in the Coulomb collision frequency with increasing
energy [Wilson1925].

b - 71".[ ] 1.6 40
« Hazards of REs T e
— Damage to devices [Matthews et al., 2016] - B, 0 S on
) : ageg- . i . . i éo_e 15 %
— Trigger instabilities [Liu et al., 2023] i S S "
TR = 0.2 e 5 E

& ‘ b 0.0 = (2) 0

) ! ﬁ - 1 : 4 6 8 RE }Eﬂergyl(zMeva 16 18
[JET in-vessel image] [CAW excited by REs]

 Disruption REs

— Main interest of RE research community [Breizman et al., 2019].

%@ & IAEA-FEC 2025, . Lee a



Startup runaway electrons — Obstacles of ITER startup

« Strict conditions for burn-through success
— Plasma-driven failure at high prefill pressure (>= 0.8 mPa) «imzo0z0nF

— Runaway-driven failure at low prefill pressure (<= 0.3 mPa) cribovezo1seps
Hoppe2022JPP

» The conservative prediction suggested the failure at 0.6 mPa. | __,0,40r,

Narrowed window

12 BT09 - radial slice, 18.5° down from midplane

 Risk of catastrophic threat S N oo | %
~ ©) -

—E&—BKDO
— Toroidal field coil quench - . -

> Reported in WEST '
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Safe plasma startup in ITER requires understanding of startup REs.
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Improved understanding of startup runaway physics

* Runaway electrons are born at the region-based critical momentum py,.

JdpF, m®

[ Region IV

......
F,
*a

Region V

o
T

10

[Distribution function evolution]

IAEA-FEC 2025, Y. Lee

— Not the force-free momentum p_,.;; often referred to as the critical momentum.

Force-free critical momentum p.,¢

F = Felectric — Ffric =0

Region-based critical boundary py,

Region IV

Dominant energy diffusion
dueto F =0

bv

Region V

Dominant acceleration
dueto F >0



Improved understanding of startup runaway physics

« The initial startup runaway momentum is the region-based momentum py,.
— Not the force-free momentum p_,.;; often referred to as the critical momentum.

[
10" Region IV

1011 L

JdpF, m®
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= = Kinetic, p>p,

Density of REs, m®

= =« +Fluid, numerical

— Main Conclusions

» Fluid description of runaway density evolution is good.
» Primary runaway particles are born with initial momentum py,.

@ Fluid, CH

Kinetic, p 2 p
3

3

0.2
[Distribution function evolution]
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Improved understanding of startup runaway physics

* In early startup, runaway generation mechanism in non-diffusive.

Inelastic collision prohibits o
electron acceleration — > Particle kinetic energy

Egl;—>2p Critical energy ~ p,

Collisionless acceleration allows
electron energy gain above p,

LR @

» Particle kinetic energy

E;;—ap Critical energy ~ p.

&
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Improved understanding of startup runaway physics

* In early startup, runaway generation mechanism in non-diffusive.

— The Fokker-Planck description severely underestimates the generation rate.
» The effective critical momentum can be significantly reduced or even disappear.

10%
B numerical, FP operator e L
10" F @® numerical, FPB operator —— FP operator —— FP operator
i = = L| == FPB operator [ -
analytic,in A=18,In A =0 LRY S 10P 20 ethe
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This implies vy; « ¢ and thereby necessitates a mildly relativistic correction
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Model development

Reduced kinetic model of mildly relativistic runaway electrons
Coupling with DYON

BO IAEA-FEC 2025, Y. Lee 10



Multi fluid approximation of mildly relativistic runaway current

« Multi-fluid description of runaway electrons

Bornatt =t

to = to O

. Acceleration from ¢, to t;
Bornatt =t
® o

. . Acceleration from ¢t; to t,
Bornatt =t,
(o = to + 2t ® o o

Time Energy
IAEA-FEC 2025, Y. Lee 11
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Multi fluid approximation of mildly relativistic runaway current

« The multi-fluid runaway model is consistent with the kinetic model.
— The total runaway current density is “sum” of every runaway fluid currents

JREi+1 = ecz dn,qg,_gq%ﬁ;-q% (tiv1),
i <i

— Fluid runaway velocity

Birgy (tigr) = {

By = py
ﬁz + 1 (f )

if i =4’ Seed velocity

(df)z ‘4 1(?‘3+1 —t;) ifi> i Accelerated velocity

Test Particle Method (TPM)

Runaway current density, A-m?

Successful verification !

IAEA-FEC 2025, Y. Lee
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10°
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.......

----- Kinetic, pzp,,
Fluid, v__=c
o Fluid, TPM, p_, = p,

.......... Fluid, FF, P = Pos

o Fluid, TPM, p,, = 1.3 p_, | ?

0.0

0.1 0.2
Time, s
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Single fluid approximation of mildly relativistic runaway current

- Simple idea is to introduce the mean runaway velocity frg; = JRE,i

ecngRg,l

seed

— Runaway current density : ]RE ecfy* RE + ec flREnggaer

» Single fluid model has comparable accuracy to multi-fluid free fall model.

— Two critical asymptotes "4 strong beam ;E o
» When runaway seeding is weak M/\ ERR
= B goes to runaway “beam” velocity. > D g 10°F
|t p
swongseed & 10| o Y
» When runaway seeding is strong /\_/\ § I e P, FF, oomp
o

0.0 0.1 0.2 0.3
Time, s

» Brg goes to runaway “seed” velocity.
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Model development

Reduced kinetic model of mildly relativistic runaway electrons
Coupling with DYON

@ @ IAEA-FEC 2025, Y. Lee 14



Transport features of runaway electrons during startup

* Runaway transport mechanism relies on magnetic configuration.

Evolution of magnetic configuration

. Closed field configuration

Radial stochastic transport
a2
TRg X —
VRE

. Open field configuration
Parallel streaming loss

L

VRE

Barely closed Well closed

TRg =

Need to be coupled with mildly relativistic runaway velocity vgg #+ c !

%@ @ IAEA-FEC 2025, Y. Lee 15



Reliable startup design by multi-machine validated code, DYON

 Self-consistent coupling with DYON

» Key code features
— Multi-machine validated code.

» MAST-U, DIII-D, EAST, KSTAR, VEST

— Unique approach for model-based
description of magnetic configuration.

— Minimize free parameters and re
solution non-uniqueness.

» Critical lesson from startup RE mo
validation in JET [deVries2025NF].

duce

del

IAEA-FEC 2025, Y. Lee

2Z{m)

Regular oral talk on model validation
by H.-T. Kim et al
17t Oct, 11AM

1 1
R(m)

Kim2022NF
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Two macroscopic populations on dual magnetic configuration

» Describe species in closed (cl) and open (op) magnetic configurations
— The particle-conserving evolution of runaway particle density

| T
dnct - 1 H d !
: -l 1 1 I
f =8, + (Vava — —5—)NRE _'RREdf log V; A
TRE.L | Particle-conserving correction

I ) Fvel e 4 "-;g""--"l
NRE = SOP 4 (yoPi )% 4 2 "RE I tnor % Jog Vor !
p lava op RE op __cl 'RE p -
dt (R R 78 I N '

djg el pel d I- d cl :
5 =Sy By + (a Yova — = )JRE +JREdt log AR 'JREd log V", 1
The,L L 1 Momentum-conserving correction
G _ pogonge 1 & rog g o e o 4 oy
P = ecSyPBY + (Vava — TE)%)JRE "‘.}'REGH log Bz "':Vpop o | i_ii" B gy log V¥ i
_____________________ J

Transport from closed to open field region

S, : Primary generation rate Tre - Runaway confinement time
Yava - RUNAWay avalanche growth rate V, : Plasma volume

@ @ IAEA-FEC 2025, Y. Lee 17



Self-consistent coupling with DYON

» Self-consistent runaway current evolution

Amended circuit equations Dominant balancing
dl 1 o . dL
d—: - L_ (V}oop - R]D(IP - IR;,)E - IF;E) - d—tpfp)=
f n / nop —~ SopTUP
dlgp I gel gel p d i 1,] 1 I RE ™ "p "RE|’
E — ecAYSBY + Igy — log B + (7T — —— I,
dt p v RE dt RE ava cl RE>» op op QOop Q0p _op
TRE.L Igp = ecA™SITBy TRE||’
dIEF"E 1 d Rcl Icl
= ecAPSPBY + (Ve — =5 M i + Ine— log fge + cRE :
dt P g dt : Rer Tg{E,l

» Self-consistent runaway confinement on dual magnetic configurations

< Ly, >
o 0 ~~
TP~ ——— " DYON model

RE vop el . el

RE >§A TRE ¥ TRE, L
angrZ Runaway model . , )
cl ~ op =1 _, op — op —
Tpg | X C————— (TREp) = (TRE,J_) + (T35 ”)
’ 2mR, V5. B2 ’
0VrED @

] &) IAEA-FEC 2025, Y. Lee 18



Model validation

Validation in KSTAR ohmic startup

BO IAEA-FEC 2025, Y. Lee 19



Validation of DYON-RE in KSTAR Ohmic startup

» Reliable prediction of plasma parameters by coupled DYON-RE

26031 (RE rich)

27340 (RE scarce)
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Measured rogoski coil current agrees

with synthetic signal (I, + I4;»)

Measured line-averaged electron
density agrees with synthetic averaged
electron density (n,)

Measured line missions agree with

synthetic line emission intensity (H,, Cy;p)
* Indirect Te validation
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Validation of DYON-RE in KSTAR Ohmic startup

» Reliable prediction of plasma parameters by coupled DYON-RE

26031 (RE rich)

27340 (RE scarce)
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Measured rogoski coil current agrees

with synthetic signal (I, + I4;y,)

Measured line-averaged electron
density agrees with synthetic
averaged electron density (n,)

Measured line missions agree with

synthetic line emission intensity (Hg, C;j;)
* Indirect Te validation
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Validation of DYON-RE in KSTAR Ohmic startup

» Reliable prediction of plasma parameters by coupled DYON-RE

26031 (RE rich) 27340 (RE scarce)
400 — lp*law.exp d W 400{ — lptlaw.exp e
i 759 === lp+lgiv 7.5
= 500 E 50 — Y% | 2001 E 50
55 mmet V! 251 1. Measured rogoski coil current agrees
....... op & . . .
o] 0.0 V” o 00+ with synthetic signal (I, + I4;y,)
84 .
— neep || 1.00. 1001 — neexp || 1001 2. Measured line-averaged electron
¥ e 751 T e ' density agrees with synthetic averaged
m 4] -, 0751 A5 0751 ;
£ h| 1R 050/ 5.01 = electron density (n,)
Y i 0.25 21 = 0.251 ' o .
0,00 dred 2 T Al - 3. Measured line missions agree with
— - - synthetic line emission intensity
sl g’”' £ 2001 el = g’”‘ P (Hq, CIII) o
200 ' " ' " * Indirect Te validation
2 3 2 1.0
[] (0] J < “\_4
100 100 /
0.5
— T — T ,/
0+ N . 0 . . 0.0 fome”
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S S S
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Validation of DYON-RE in KSTAR Ohmic startup

« Qualitative validation of runaway signatures

26031 (RE rich) 27340 (RE scarce)
i 10— 06— I 100 06
1 — — 7. |1 — — T,
18 - 0.41 1% o 041 In RE rich discharge
I o] T fReg ‘ L - . ’
B RETN] 3 L& ™ f e R 3
1 401 A N ~ 0.21 1 ~ 40 ¥ 0.21 .
I i l - Two-stage runaway generations are observed.
201 4/~ U/Triggered b 201 /. . . L
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| 1% - 16
: B 104 : b i T..@2lexp | - Strongrunaway seeding (~ t=0.1 s) triggers
I 1014] 4+— e I jou \\\ 0.4 anomalous increase in honthermal ECE
: ! -+ nge B T Tee@21fexp :'e — e | B, radiation (> 12 keV [exp] > 0.25 keV [DYON]).
I 1012_ sifesss ng;::t?‘ I 1012_ cime n,%’E i
1 I i R I || e npe 0.0 . . .
1 ool b { % 0t I g0 ! - During strong runaway production, mildly
. 5 : - y relativistic correction renders g < 1.
| 4] — HXR.exp | — B 4] — HXRoexp
: N : ---- Bk N - Note that highly relativistic runaway electrons
: 1071 — Bre 2 ] : Vs I e 2 5] do not satisfy the resonance condition so can’t
i cl B .
I - 1] I 5 explain the anomalous increase.
"""" RE 1

: 1072 . 0 I I | 1072 : 0% I

0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2
I I
|— S S 1 S S
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Validation of DYON-RE in KSTAR Ohmic startup

« Qualitative validation of runaway signatures

26031 (RE rich) 27340 (RE scarce)
Tttt U o N
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i cl B .
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Validation of DYON-RE in KSTAR Ohmic startup

« Qualitative validation of runaway signatures

26031 (RE rich) 27340 (RE scarce)

T T Y ——— 1
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Validation of DYON-RE in KSTAR Ohmic startup

« Qualitative validation of runaway signatures

26031 (RE rich) 27340 (RE scarce)
100 0.6 r-------------o‘e- -------- :
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Validation of DYON-RE in KSTAR Ohmic startup

« Qualitative validation of runaway signatures

26031 (RE rich) 27340 (RE scarce)
100 0.6 =- 100 0.6 :
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Validation of DYON-RE in KSTAR Ohmic startup

« Qualitative validation of runaway signatures

26031 (RE rich) 27340 (RE scarce)
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Validation of DYON-RE in KSTAR Ohmic startup

« Qualitative validation of runaway signatures

26031 (RE rich) 27340 (RE scarce)
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Conclusions

« Lay physical and engineering foundation of designing a RE-free scenario
in future fusion reactors

— Model development of reduced startup runaway model

» Single fluid model with non-light-speed velocity vgzy # ¢
= No overestimation in runaway current density
= No underestimation in runaway confinement time.

» Self-consistent coupling with reliable startup code DYON.

— Model validation in KSTAR Ohmic startup

> In RE rich shot,

» Timing of strong runaway seed formation coincides with that of anomalous increase in non-
thermal ECE intensity.

» In RE scarce shot,

» Measured ECE intensity is comparable to DYON's electron temperature.
» Bursting characteristics in ECE intensity is consistent with formation and loss of runaway beam.
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