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Introduction =cooa

Time =1111.2 ms
Frame = 806

Disruption in tokamaks

= Plasma suddenly loses its confinement
= Natural = unintentional disruptions

= Understand chain of events that lead
to natural disruptions on JET
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Tearing modes

t=0.526ms t=12.962ms t=14.712ms

" Tearing and reconnecting of magnetic field
lines

= Characterized by poloidal (m) toroidal (n)
symmetry of the mode

= Magnetic islands grow = overlap =2
stochastising the magnetic field =2 heat
transport increase = thermal quench -
current quench

—_ | =— Oy: stable mode i
= Magneticflux:y = [. B-7ndS "] — ovsunstavte moe i
& v fSp - >0:unstable .| rs(Q\= 2 /
. sy |TsTOT 2%
= Stability parameter: A’ = v = 101 \L\
oV Ts—or 0.5 - i
- < 0:stable i
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Summary & Outlook ==
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Example of g-profile change

Linear RWTM study @oces

G. Pucella et al 2021 Nucl. Fusion 61 046020

Edge cooling
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Resistive wall tearing modes

il RWTM

" Linear stability analysis: ideal
wall/ no-wall

tm max ©@.18E-02

= Nonlinear simulations of JET
discharge with M3D

% 02 04 06  os i \ Minor disruption with ideal wall
] | | U(wlom“) | | (a) Major disruption with resistive wall
= Growth rate of mode ~ resistivity of the wall
VTA""?i//;u

H. Strauss, Phys. Plasmas 28, 032501 (2021)
H. Strauss, Phys. Plasmas 29(11), 2022

: H. Strauss, Phys. Plasmas 30(11), 2023

12 H. Strauss, Nuclear Fusion, 2024 R X i 2 % L6 s Ta
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Objectives

= Analyse RWTMs as they could lead to major (natural) disruptions
= RWTM linear stability solver
= Extend with growth rate calculator for finite wall resistivity
* Benchmark against MHD codes

= Simulate JET discharge with 3D nonlinear MHD CODE JOREK
that could disrupt due to RWTM

" Find shot with edge cooling
= Experimentally accurate data
= Simulate RWTM growth and subsequent disruption
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Linear solver

= Introduction of the method
= First results
= RWTM search
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Solver for RWTM growth rate

density j(r)

Resistive layer

Thin wall at r,,
—— by(r) ideal wall

" Linear

= No coupling of higher harmonics BC at a

= Geometry: cylindrical plasma

= No curvature part % i
= Finite plasma current with cutoff at 1, T 54 — r
U I..[] rj r.r_' Eu‘ rw

" Thinwallatrn, > a
) Ay _ 1 d| 3 i(l)
Cylindrical plasma: ( ) ar 2 ar |’ (dr q

= Solver method: Shooting method (Graves
2022) + boundary condition

= Mode locked = no rotation (would have stabilizing
effect)
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Solver for RWTM growth rate

(Ars) ™ (ns(r))?

( 221 (3/4) )4/5(1 +2g2)15,8305

Finite current
density j(r)

Resistive layer
Thin wall at ry,
— Gi(r) ideal wall

Growth rate;: 7 =®@a

/

Q) =
-
=

T(1/4)

5¢/ rg+or 0

Linear stability parameter 2" =

rg—or

Equation for the magnetic flux perturbation:

[ ] 4
— i) r(g=2) LCFS
d do R ov dJ — ql(n) °
r— (7“ w) + ( 0) rgmoy ¢ —m25”¢:O 3] — O ideal wall
dr dr Bg/ ng—m dr e 5: NO-Wall

A, ANp=—1.33,0.67

AN

Current density (j): A

Boundary condition
= In the core: ,,f?i) —m ' / ;\_
" a\2m | : | | |
= At the edge: L . " (1 +D-(5) ) | Oo.o 02 04 06 08 10 12
5 |, 1—-D. (%)2”” r/a (]
YUob d,, /(2mn,,) Linearly unstable RWTM: stable with
T 1+ yueb dy, /(2mn,,) ideal wall, unstable in the no wall limit
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Summary & Outlook ==

Stability region

Using the analytical form of g profiles that Strauss
used (Strauss 2023)

q(r) = {

(qolco)[(1 + r2¥)~1 —
Q(rc)(rfrc)z

We can separate 2 regions in parameter space in

which the plasma is stable/unstable

T

2.5

el
v ;v

o
© 0~ O

COo0o
(9

—
@]

gda(v=0.9)= 5.59
ga(v=1.5)= 3.77
qa(v=4)= 2.56

ga(v=20)= 2.14
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Stablhty region " Changing the wall resistivity:

= Changing the wall distance: TM marginal stability line changes
ideal wall TM marginal stability line = profiles that:
changes

" unstable in high resistivity \ ...,
= Stable in ideal wall limit

RWTM stability regions rw = 1.01 *a

L
0.9 1 ™ — A;=0 0.9 -
0.8 4 i
r,=1.01-a 0.8
™
, 0.7 7 o 0.7 1
W -
] 0.6 1
0.6 —— Nyldy =0 Q
— Nyldy, =5e-70Q 0.5 -
0.5 A staple —— nJdy=1e-70Q stable
_— nw.‘rdw: le-60Q 0.4 T T T T T T
: : . . qs
da
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SearChing fOl‘ RWTMS RWTM stability regions rw = 1.01 *a

0.9 1 X — N;=0
= Stable in ideal wall limit 08 | — &,=0
L e RWTM !!! 207 S ™
= Unstable in high wall resistivity limit : \
a RWTM
" Plasma with some g-profiles can be unstable to RWTM os - —
o4 2.5 3.0 3.5 4.0

2.0 ..
. — r.=0.9m

1.5 e e —/__
= 1.0-

0.5 - _

.s® _.-1‘".'—--_
0.0+~ 10° 107 10 107 107
r[m] Nw/d, [Q]
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Benchmark

= Compare findings with MHD
codes: preparation for more

involved simulations with the
MHD codes

= JOREK - STARWALL
= CASTOR3D
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JAREK-STARWALL code

" JOREK: non-linear MHD code toroidal geometry
= With many extensions: impurity, neutral etc.
= Main applications: ELMs, disruptions etc.

JOREK's domain

(Plasma MHD eguations)

" STARWALL:
= Main applications: VDE, RWM etc.

= apply natural boundary conditions for the magnetic
field including the resistive walls

= vacuum, the 3D conducting structures (walls, coils)
and all their mutual and self inductances

\“v
L2 D
.@’.’
£

iy,

1747
72
e

 —
SO

Francisco Javier Artola Such. FREE-BOUNDARY SIMULATIONS OF MHD PLASMA
INSTABILITIES IN TOKAMAKS. Plasma Physics [physics.plasm-ph]. Université Aix
Marseille, 2018. English.
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Study of RWTMs with simpler setup in JOREK

= Large aspect ratio
= Circular plasma
" Find marginally stable tearing mode with ideal wall

= Effect of wall resistivity on 2/1 tearing mode growth rate
[ -

—0005 T

s 9/23/2025 21th EFTC | 2025 Aix-en-Provence]| Lili Edes



Benchmark cosaco

Summary & Outlook ==

Introduction ooooo

Linear RWTM study @oces

Benchmark: growth rate vs wall resistivity
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Nw/dw [Q]

1= /
— iy _
204 ™ J‘cit,ur: no-wall rs(q = 2) LCFS
' —— 6y ideal wall
1.5 -
Parameter Value o = 00
N .
1o — Parameters 05 -
da 2.58 > related to q
[ 0.0 . , | : L
7e (m] 05 J profile 00 02 04 06 08 1.0
rfall
W [m] wall distance 1.01 3001 solver rc = 0.84 m corrected
Nplasma [ m] 1.94e-6 250 4 ~®- Jorekrc =0.84m +
Bo/Ry [T/m] 0.06 = 200 A
p [m~3 ] plasma density 3.345e-7 < 150 A
d [m] wall thickness 0.01 100 1
Nwan € m] Wall resistivity scan 20 7 | ,
103 101 10!




Introduction =eees Linear RWTM study =ooes Benchmark =oese Summary & Outlook == PFL

Benchmark: RWTM stability region

RWTM stability regions rw = 1.01 *a rc=0.70 m
rc = 0.80 m
0.9 - X — A;=0
2.5 1 , 231 — an
—_— Jé(:;) no-wall r5(q - 2) LCFS ' 204 6y: no-wall rs(q =72 CFS
2.0 - s ™ ' — Gy: ideal wall
= by: ideal wall o 0.7 )Y v
o —t
1.5 1 1.5
. \ oA 6 2000
N, N,= —3.32 i, Ay = —6.49,
1 1.0
1.0 0.5 1 stable /
0.5 A1 0.4 T T T T 0 5 T
2.5 3.0 3.5 4.0
0.0 - G 0.0 - . .
60 02 04 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0
r/all
300 — — , fall
. : : 100 :
j ! : : : ' a :
2004 oV & 4 d S pomomomm—s — SR posssmmse== i
B & & &8 RVt N W S— |
n E E | : | i i -
= 01-d-a A4 o-® Ll stable region, JOREK o, 04 + | : , _
: : : : . stable region, solver > 5 5 stable region, JOREK
UL & 4V 47 &° & = b oeeeeeecbooooeeeeeoo b e lin@@r SOlVET i N 47 47 4 A N— stable region, solver |
: -®- |JOREK-STARWALL —— linear solver
O 4 47 4 4 4 I TN ) | | -®- JOREK-STARWALL
10°° 1078 107 107° 103 107 103 1072 101 —100 +— - - - .
10 10 10 10 10
Nw/dy, [Q] Nwldy [Q]
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Benchmark with CASTOR3D

= | inear extended MHD in stellarators & tokamaks

= Solves the linearized extended MHD equations in general curvilinear
coordinates

= Benchmark still ongoing , some discrepancies, similar trend

Current profile TM unstable

- |inear solver
300 4+ -®- JOREK-STARWALL w:
- - CASTORZD

10-9 10-8 107 10-1
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Introduction

Summary & Outlook

" |n this work we studied resistive wall tearing modes (RWTMs)
as they are speculated to cause major disruptions

= An RWTM study was conducted with large aspect ratio circular
plasma
* Developed a linear solver that can estimate the growth rate of (RW)TMs
= JOREK-STARWALL simulations were conducted accordingly
= (2/1) RWTMs were found with JOREK-STARWALL for the first time
" 3 good match between the linear-solver and JOREK-STARWALL is reached

" The simulation of the major disruption in the presence of edge
cooling in JET natural disruption discharge is ongoing

Il Swiss
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Natural disruption from RWTM

= Impurity radiation = Edge cooling = current density change 2> TM
= JOREK-STARWALL simulation of JET #81540
= Simulation setup ongoing

#81540 ECE
Te from ECE LM signal comparison
1200 - |
1000 - — t=64.065s 4 B
— t=64.070s 02
800 A —— t=64.080s ,
= —— t=64.085s
% 600 - —— t=64.086 s 1.5 - FXGIRTSPALOCA
= — t=64.110 s = _— .
400 - t=64.130 s E 1.0 - Locked mode amplitude
t=64.150 s o
200 A o
s
0 E
—0.25 0.00 0.25 0.50 0.75 1.00

! I ! !
64.05 64.10 64.15 64.20 64.25 64.30

rho_norm
Time [5]
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Finite current
density j(r)
Resistive layer
Thin wall at r,,

— Gy(r) ideal wall

Solver for RWTM growth rate

1. Separate Y = ¢Y; + Ay

2. ShOOt 1pl: 0 f'To z:f f'Tc ; My
1. initial value problem (ry, s, — 6)  °%° —
0.15 - z
" 195 = freely chosen (small)
= P, (r,) =freely chosen Eig / .
m 2 S
8 l/JI’J (r0) = o Yy 0.00 1~ - - .- - 10 4 e gi
2. initial value problem (ry + 8, a) " l/a) 5- >
ST =T + 6 01 : . | rs=9|r+o6
- l/)L (TS + 5) — l/)L (TS _ 5) 54 E Jqﬁ{fé) 0.0 0.2 0.4 r[/a]OIG 0.8 1.0
- ¢£(TS+5) =1/)£(Ts_5) * — oy,
3_
d 4+ — q(r
3. Shoot Y, N 54— ?{(?;
1. initial value problem (r; + 8, a) L 11— o .
r= 7 + Fo) 0- 31 v
n l/)L (rs + 5) =0 1 qa,u=2:50,1.5 . | rs(q=l2) \ILCFS 2
0.0 0.2 0.4 0.6 0.8 1.0 i
- lpi(rs + 5) =1 r[/al !
. .y 0 T = !
4. Solve for A using the boundary condition at the edge , oy ols0. 15 | ra=a| s

B Swiss . 0.0 0:2 0.4 0:6 0.8 1:0
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Separate Y = Y + Apg
Shoot Y,
Shoot Y,

1.

Linear RWTM study @oces

Solver for RWTM growth rate

ry’
Y

From the plasma side:

g) is not necessarily 0 at the wall,

C at the wall:

4. D(y(A'W))

From the vacuum side:

Dis related to y

_ YTwd/(2mb)
14 y7wd/(2mb)

5. Solve the equation for A:

9/23/2025

dw
Swall = Mo?“wn—w/m

oY Sy + AS

«w B Tasz T Aoy,

J P Graves et al 2022 Plasma Phys. Control.

Fusion 64 014001

y is related to A’

(Aler) ¥ (ns(r )

4/5
271(3/4) 2Y1/5 ¢3/5
( iEL ) (1 +2g2)158

Y =y

oy + Ao,

,Ir
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S(a <t <b)=ci1Kpm (

Benchmark oosooo

. Solve for A usmg the boundary condltlon at the wall

a

RO

w ) + C2Im (—

A isrelatedto A :

S, + Ao, |

(= Loy

51 — qlr)
— j(r)
4 — 6w5
— 6WL
3
L~
2 -
1
0
_1 ga, v=2:50,1.5 rs(g =2) \LCFS

0.0 0.2 0.4 0.6 0.8 1.0
r[/a]

O 1A A=497 12.74
ga, V= 250 1.5 rs(g =2) L CFS

0.0 0. 2 0.4 0.6 0.8 1.0
r[m]




RWTM stability regions

Goal:

* For a given wall distance (r_w): RWTM stability

region plot generated
Method:

e Scansinrc (e.g. from 0.55 *a to 0.99*a ) and
finds ga for which Delta’ =0

2.00 1 galv=0.9)= 7.18
1.75 q( =1.5)=4.95
=347
1.50

— q{ =20)= 2.91
1.25 -

Jir)

0.254 — j(r,v=4)

— j(r,v=20)

1.00 \ \

0.75 - ‘\\ \l
| j (r,u=0.9) ‘

050 j(r,v=1.5) \

0.00 ~

0.0 0.2 0.4 0.6
9/23/2025 r[m]

0.8 1.0 )
21th EFTC | 2025 Aix-en-Provence| Lili Edes

RWTM stability regions rw = 1.1 *a

1.0

0.9 1
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2
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0.9

0.8 1

fe.fs

0.7

0.6

0.5 1

™ A;=0
— N,=0
w\
stable
T T T T
.0 2.5 3.0 3.5 4.0

ek

RWTM stability regions rw = 1.2 *a

™ ;=0
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stable
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Effect of wall distance on growth rate

550 A
Parameter Value 500 |
qO 1.018 o 450 e SOlVET: Ny/dy, =0 Q
5 £g = 100 ~0— J-S5,Nu/dy=0 Q
da - |
350 A
7. [m] 0.9
300 A
1, [m] wall distance scan o ) » T ” A
T] [.Q, m] 1 94e 6 b wall distance [/a]
lasma . - . . .
P Increasing the wall distance also increases growth rate
Bo /Ry [T/m] 0.06 In high wall resistivity limit the growth rate is converging towards
p [m~3 ] plasma density 3.345e-7 the no-wall limit
650 ]
d [m] wall thickness 0.01
600 -

Nwau [ m] Wall resistivity 0 _ T sovers e~ te 5.0
< 550 - solver: n,/dy,=5e—-5Q
>~ —— solver: n,/d,=1le—-40Q

500 4 —— solver: n,/d,=10Q
450
1.0 1.T1 1T2 1T3 1?4 1.5
b wall distance [/a]
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JOREK rd< d5¢>+<R°>mm5lpd]‘¢—m25¢=o

dr r dr By/ng—m dr
* Non linear MHD — toroidal geometry

Ow
Swall = HOTw 7 /TA

YTwd/(2mb)
= Ansatz for B and v D= ) (amb)
= the toroidal field, the ansatz is justified when the vacuum toroidal field is large compared to the toroiaai tieia
produced by the plasma (F = FO), which typically the case for most tokamaks
= The velocity ansatz can be understood as an E x B velocity that lies in the poloidal plan B = F0V¢ + V¢ X V¢

v=uyB+ R*V ¢ x Vu
dp

Mass: a—‘rV'(pV):O %I—V'(PV)-FV'(DLVLP)-FSP
0
Momentum: p(%—FV'V)V:JXB—VP eaﬁ'VXRz(PB—:=—PV'VV—V(ﬂT)+J><B+MAV—VSP)
0
Energy: %(—7) — () B- (pa—: =—pv-Vv—V(pT)+J x B—I—,uAv—vSp)
13
(VXE:—%—]? p%—fz—pV-VT—(’y—l)pTV-V-ﬁ-V-(KLVJ_T+}£|V|T)+ST
Maxwell: ¢ Bt VxB=1n %_f = ~I'B - Vutn(j ~ o)
|V xB =1 j =A%
V-B=0. w = Apor

| Swiss

58 9/23/2025 2025 Aix-en-Provence| Lili Edes




Introduction =eees Linear RWTM study == RWTM study oa=ees Summary & Outlook == Pr-L

Tearing mode growth rate
dependency of wall resistivity

10-2 | S e —— - - I )
—— eta_w = le-9
107 1 — eta w = le-8
= 1078 1 — eta_w = le-7
Parameter Value = o —— eta_w = 1e-6
A =4 —— eta_w = le-5
o 1.018 Parameters 5 1071 —— eta_w = le-4
10717 4 — eta_w = 1le-3
da 2.58 > :iljftltlej tog ¥ ] eta w = 1e-2
r eta w=1
T' . T T T T -
¢ [m U J 0 20 40 60
1w [m] wall distance 1.01 Time [ms]
T]plasma [.Q. m] 1946—6 3001 solver rc = 0.84 m corrected
250 4 ~®- Jorekrc = 0.84m _‘,,~—+
Bo/Rg [T/m] 0.06
p [m~3 ] plasma density 3.345e-7
i onl
d [m] wall thickness 0.01 St dV
Incuae
Nwan [£2 m] Wall resistivity scan . , | | | |
10-1 107? 1077 10-° 103 1071 101
M fdw [Q]
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Outlook

= JET #81540

= Match radiation for accurate edge cooling
= Observe whether 2/1 (RW)TM is dominant
= Estimation for growth rate from the solver

= Statistical analysis of multiple JET shots
= Disruption Event analysis framework for FUSion Experiments - DEFUSE
= Define filtering for natural disruptions
= |dentify patterns for precursors
= Simulation of representative cases
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JAREK-STARWALL code

= JOREK: non-linear MHD code toroidal geometry
= Reduced MHD: B = F;Vo + VY x V¢
= With many extensions: impurity, neutral etc.
= Main applications: ELMs, disruptions etc.

= STARWALL:
= Main applications: VDE, RWM etc.

JOREK's domain

(Plasma MHD eguations)

STARWALL's domain |

(Vacuum, coils and conductors

= apply natural boundary conditions for the magnetic I,,."" i

field including resistive walls

= vacuum, the 3D conducting structures (walls, coils)
and all their mutual and self inductances

= Thin wall approximation
= Create response matrix between plasma boundary
Francisco Javier Artola Such. FREE-BOUNDARY SIMULATIONS OF MHD PLASMA

con d u Ct In g m ate rla I S INSTABILITIES IN TOKAMAKS. Plasma Physics [physics.plasm-ph]. Université Aix
Marseille, 2018. English.
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