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Disruption in tokamaks
 Plasma suddenly loses its confinement
Natural = unintentional disruptions
Understand chain of events that lead 

to natural disruptions on JET

Introduction ▪▫▫▫▫
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 Tearing and reconnecting of magnetic field 
lines
 Characterized by poloidal (m) toroidal (n) 

symmetry of the mode
 Magnetic islands grow  overlap 

stochastising the magnetic field  heat 
transport increase  thermal quench 
current quench 

 Magnetic flux: 𝜓𝜓 = ∫𝑆𝑆𝑝𝑝 𝐵𝐵 ⋅ 𝑛𝑛 𝑑𝑑𝑑𝑑

 Stability parameter:  Δ′ = �𝛿𝛿𝜓𝜓′

𝛿𝛿𝛿𝛿 𝑟𝑟𝑠𝑠−𝛿𝛿𝛿𝛿

𝑟𝑟𝑠𝑠+𝛿𝛿𝛿𝛿
=

Tearing modes
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< 0: stable
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> 0: unstable
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Example of q-profile change

5

G. Pucella et al 2021 Nucl. Fusion 61 046020

Radiation
Change in 
temperature Change in current increased 𝚫𝚫′
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Resistive wall tearing modes

 Linear stability analysis: ideal 
wall/ no-wall
 Nonlinear simulations of JET 

discharge with M3D
 Minor disruption with ideal wall
 Major disruption with resistive wall
 Growth rate of mode ~ resistivity of the wall

𝛾𝛾𝜏𝜏𝐴𝐴~𝜂𝜂𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
4/9
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H. Strauss, Phys. Plasmas 28, 032501 (2021)
H. Strauss, Phys. Plasmas 29(11), 2022
H. Strauss, Phys. Plasmas 30(11), 2023
H. Strauss, Nuclear Fusion, 2024 

edge cooling as disruption precursors RWTM Disruptions

𝜂𝜂𝑤𝑤 lower
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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
 Linear
 No coupling of higher harmonics

 Geometry: cylindrical plasma
 No curvature part
 Finite plasma current with cutoff at 𝑟𝑟𝑐𝑐
 Thin wall at 𝑟𝑟𝑤𝑤 > 𝑎𝑎
 Cylindrical plasma: 𝑅𝑅0

𝐵𝐵0

𝑑𝑑𝑱𝑱𝝓𝝓
𝑑𝑑𝑑𝑑

= 1
𝑟𝑟2

𝑑𝑑
𝑑𝑑𝑑𝑑

𝑟𝑟3 𝑑𝑑
𝑑𝑑𝑑𝑑

𝟏𝟏
𝒒𝒒

 Solver method: Shooting method (Graves 
2022) + boundary condition
 Mode locked  no rotation (would have stabilizing 

effect)
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 Growth rate:

 Linear stability parameter
 Equation for the magnetic flux perturbation:

 Current density (j):

Solver for RWTM growth rate
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Current 
density 

Boundary
condition 

𝛿𝛿𝛿𝛿

Δ′

Δ𝑖𝑖′ < 0 Δ𝑛𝑛′ > 0

RWTM
Linearly unstable RWTM: stable with 
ideal wall, unstable in the no wall limit

 Boundary condition
 In the core:

 At the edge:

𝐷𝐷 =
𝛾𝛾𝜇𝜇0𝑏𝑏 𝑑𝑑𝑤𝑤/(2𝑚𝑚𝜂𝜂𝑤𝑤)

1 + 𝛾𝛾𝜇𝜇0𝑏𝑏 𝑑𝑑𝑤𝑤/(2𝑚𝑚𝜂𝜂𝑤𝑤)

Linear RWTM study  ▫▪▫▫▫
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Stability region
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 Using the analytical form of q profiles that Strauss 
used (Strauss 2023)

 We can separate 2 regions in parameter space in 
which the plasma is stable/unstable

11
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Stability region
 Changing the wall distance:

ideal wall TM marginal stability line 
changes
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Linear RWTM study  ▫▫▫▪▫

 Changing the wall resistivity:
TM marginal stability line changes
 Profiles that:
 unstable in high resistivity
 Stable in ideal wall limit 

RWTM !!!
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Searching for RWTMs

 Stable in ideal wall limit
Unstable in high wall resistivity limit 
 Plasma with some q-profiles can be unstable to RWTM

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

 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
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-STARWALL code

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
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Benchmark: growth rate vs wall resistivity

Parameters 
related to q 
profile
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Parameter Value

𝑞𝑞0 1.018

𝑞𝑞𝑎𝑎 2.58

𝑟𝑟𝑐𝑐 [m] 0.9

𝑟𝑟𝑤𝑤 [m] wall distance 1.01

𝜂𝜂𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 [Ω m] 1.94e-6

𝐵𝐵0/𝑅𝑅0 [T/m] 0.06

𝜌𝜌 [m−3 ] plasma density 3.345e-7

𝑑𝑑 [m] wall thickness 0.01

𝜂𝜂𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎 [Ω m] Wall resistivity scan

Benchmark ▫▫▪▫▫
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Benchmark: RWTM stability region 
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rc = 0.80 m
rc = 0.70 m
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Benchmark with CASTOR3D

 Linear extended MHD in stellarators & tokamaks
 Solves the linearized extended MHD equations in general curvilinear 

coordinates
 Benchmark still ongoing , some discrepancies, similar trend
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Summary & Outlook

 In 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 
 a 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
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Natural disruption from RWTM 

 Impurity radiation  Edge cooling  current density change  TM
 JOREK-STARWALL simulation of JET #81540
 Simulation setup ongoing
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#81540 ECE 

Summary & Outlook ▫▪
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1. Separate 𝝍𝝍 = 𝝍𝝍𝑳𝑳 + 𝚲𝚲𝝍𝝍𝒔𝒔
2. Shoot 𝝍𝝍𝑳𝑳

1. initial value problem (𝑟𝑟0, 𝑟𝑟𝑠𝑠 − 𝛿𝛿)
 𝑟𝑟0 = freely chosen (small)
 𝜓𝜓𝐿𝐿 𝑟𝑟0 = freely chosen
 𝜓𝜓𝐿𝐿′ 𝑟𝑟0 = 𝑚𝑚

𝑟𝑟0
⋅ 𝜓𝜓𝐿𝐿

2. initial value problem (𝑟𝑟𝑠𝑠 + 𝛿𝛿,𝑎𝑎)
 𝑟𝑟 = 𝑟𝑟𝑠𝑠 + 𝛿𝛿
 𝜓𝜓𝐿𝐿 𝑟𝑟𝑠𝑠 + 𝛿𝛿 = 𝜓𝜓𝐿𝐿 𝑟𝑟𝑠𝑠 − 𝛿𝛿
 𝜓𝜓𝐿𝐿′ 𝑟𝑟𝑠𝑠 + 𝛿𝛿 = 𝜓𝜓𝐿𝐿′ 𝑟𝑟𝑠𝑠 − 𝛿𝛿

3. Shoot 𝝍𝝍𝒔𝒔
1. initial value problem (𝑟𝑟𝑠𝑠 + 𝛿𝛿,𝑎𝑎)

 𝑟𝑟 = 𝑟𝑟𝑠𝑠 + 𝛿𝛿
 𝜓𝜓𝐿𝐿 𝑟𝑟𝑠𝑠 + 𝛿𝛿 = 0
 𝜓𝜓𝐿𝐿′ 𝑟𝑟𝑠𝑠 + 𝛿𝛿 = 1

4. Solve for 𝚲𝚲 using the boundary condition at the edge

Solver for RWTM growth rate
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1. Separate 𝜓𝜓 = 𝜓𝜓𝐿𝐿 + Λ𝜓𝜓𝑠𝑠
2. Shoot 𝜓𝜓𝐿𝐿
3. Shoot 𝜓𝜓𝑠𝑠
4. Solve for 𝚲𝚲 using the boundary condition at the wall

1. Using continuity of 𝑟𝑟 𝜓𝜓
′

𝜓𝜓
at the plasma-vacuum interface

2. From the plasma side: 

3. From the vacuum side: 

𝜓𝜓 is not necessarily 0 at the wall, 
BC at the wall:  

4. 𝐷𝐷(𝛾𝛾 Δ′ Λ )

D is related to 𝛾𝛾 𝛾𝛾 is related to Δ′ Δ′ is related to 𝚲𝚲 : 

5. Solve the equation for Λ:
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Solver for RWTM growth rate

J P Graves et al 2022 Plasma Phys. Control. 
Fusion 64 014001



RWTM stability regions
• problemsqGoal: 

• For a given wall distance (r_w): RWTM stability 
region plot generated

Method:
• Scans in rc (e.g. from 0.55 *a to 0.99*a ) and 

finds qa for which Delta’ = 0
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Effect of wall distance on growth rate
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Parameter Value

𝑞𝑞0 1.018

𝑞𝑞𝑎𝑎 2.58

𝑟𝑟𝑐𝑐 [m] 0.9

𝑟𝑟𝑤𝑤 [m] wall distance scan

𝜂𝜂𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 [Ω m] 1.94e-6

𝐵𝐵0/𝑅𝑅0 [T/m] 0.06

𝜌𝜌 [m−3 ] plasma density 3.345e-7

𝑑𝑑 [m] wall thickness 0.01

𝜂𝜂𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎 [Ω m] Wall resistivity 0

RWTM study ▫▫▫▪▫▫

Increasing the wall distance also increases growth rate
In high wall resistivity limit the growth rate is converging towards 
the no-wall limit



Introduction ▫▫▫▫▫ Summary & Outlook ▫▫Linear RWTM study  ▫▫▫▫▫ Benchmark ▫▫▫▫▫

Non linear MHD – toroidal geometry 
 Ansatz for B and v

 the toroidal field, the ansatz is justified when the vacuum toroidal field is large compared to the toroidal field 
produced by the plasma (F ≈ F0), which typically the case for most tokamaks

 The velocity ansatz can be understood as an E × B velocity that lies in the poloidal plan
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JOREK 𝑟𝑟
𝑑𝑑
𝑑𝑑𝑑𝑑

𝑟𝑟
𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+
𝑅𝑅0
𝐵𝐵0

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑛𝑛𝑛𝑛 − 𝑚𝑚

𝑑𝑑𝑑𝑑_Φ
𝑑𝑑𝑑𝑑

−𝑚𝑚2𝛿𝛿𝛿𝛿 = 0
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Tearing mode growth rate 
dependency of wall resistivity

Parameters 
related to q 
profile

Matching only 
on magnitude
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Parameter Value

𝑞𝑞0 1.018

𝑞𝑞𝑎𝑎 2.58

𝑟𝑟𝑐𝑐 [m] 0.9

𝑟𝑟𝑤𝑤 [m] wall distance 1.01

𝜂𝜂𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 [Ω m] 1.94e-6

𝐵𝐵0/𝑅𝑅0 [T/m] 0.06

𝜌𝜌 [m−3 ] plasma density 3.345e-7

𝑑𝑑 [m] wall thickness 0.01

𝜂𝜂𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎 [Ω m] Wall resistivity scan

RWTM study ▫▫▪▫▫▫
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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
 Identify patterns for precursors
 Simulation of representative cases
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 JOREK: non-linear MHD code toroidal geometry
 Reduced MHD:
 With many extensions: impurity, neutral etc.
 Main applications: ELMs, disruptions etc. 

 STARWALL: 
 Main applications: VDE, RWM etc.
 apply natural boundary conditions for the magnetic 

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 

conducting materials
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-STARWALL code

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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