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Disruption Mitigation System is a key plant to ensure successful operation in 
ITER and beyond

• FIG: ITER parameter range and the tolerance to the disruption loads

The ITER Research Plan:
ITR-18-003 

https://www.iter.org/technical-reports

Disruption mitigation will be commissioned 
from early operation and is even essential for 
the routine operation towards mission goal 
(Q=10).

2/22

https://www.iter.org/technical-reports
https://www.iter.org/technical-reports


Early results of INDEX project: MHD simulation of runaway electrons

• Disruption mitigation that is not optimized is even harmful 
because it drives significant runaway generation

EXTREMe code [Matsuyama+ IAEA-FEC2018 TH/4-2], a pioneering code for runaway electron fluid model
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Focus of this project – History of the JA disruption project

• BA phase1: IFERC-CSC Helios [DISRUPT] – JFRS-1 [INDEX] 
Simulation of the phenomenology, thermal quench, vertical displacement events, 
runaway electron generation, etc.
– Matsuyama+ IAEA-FEC2018 TH/4-2 (oral)

• BA phase II: IFERC-CSC JFRS-1 [INDEXBA] + DEMO design activity (DDA)
Focus is placed on designing the mitigation scheme towards ITER and DEMO
– Matsuyama+ IAEA-FEC2020 TH/P3-12 (poster)

→ Direct link to ITER DMS Task Force and JA-EU Joint DEMO design activity



Outline

1. Disruption simulations in support of the physics validation 
of ITER Disruption Mitigation System

2. Development of runaway electron simulation for EU-JA 
Joint Activity on Characterization of RE wall loads in DEMO
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INDEX (Integrated Numerical Disruption EXperiment code)

• Core plasma model: 1.5D tokamak 
model coupled to the external circuit 
model for the PF/CS coils + eddy 
currents → Self-consistent VDE + 
Current Quench model
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28 mm

Many fragments of 
D2/Ne ice 

“Shattering” pellets accelerated 
up to > 100m/s

Large Cryogenic pellet
(Ne/D2)

Core plasma

INDEX (Integrated Numerical Disruption EXperiment code)

• Core plasma model: 1.5D tokamak 
model coupled to the external circuit 
model for the PF/CS coils + eddy 
currents → Self-consistent VDE + 
Current Quench model

• Actuator: Particle tracking to 
model the Shattered Pellet 
Injection (SPI) → Forced thermal 
quench by radiation Update the position 

of fragments

Give the density 
and temperature 

the pellet surface 
recession

Get surface averaged 
particle source

Update plasma prof. 
and 2D equilibrium

Calculating 
the ablation rate



Recent progress on the project – Code verification with JOREK simulations

• Successful code benchmark with JOREK Axisymmetric SPI simulation 
[Hu+, NF2018/2021] for 5% Neon / 95% Hydrogen injection into ITER 
15 MA Hydrogen L-mode case

– Contributing to ITER DMS design validation
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Recent progress on the project – Assessment of key trends in ITER

[Matsuyama+ submitted to PPCF]

• Optimizing ITER SPI parameters (injection 
velocities, magnetic field, shard sizes…)

– Contrary to gas injection, the cold 
front that destabilizes the tearing 
mode happens behind the SPI plume

– Moderate cooling desirable for 
avoiding fast transition to RE currents 
can be achieved with large shard sizes 
and higher injection velocity with a 
relatively small neon quantities

• More work on the pellet and SPI physics is 
on-going for direct contribution to ITER

Symbol: INDEX prediction
Line: 0D analytical model

Large N -> Small shards



IMAS implementation – Adapting the INDEX code to ITER standards 

• Plasma Theory and Simulation Group (PTSG) of QST is responsible for the implementation of 
the task agreement with IO: “ITER DMS simulations with the code INDEX” (12/2020-12/2022)

IDS/IMAS
JFRS-1 DB

Simulation 
database with 

INDEXITER DB

• The prototype of the IMAS interface is underdevelopment with support from IFERC-CSC.

– The scope of the work is to provide IO with modelling of Shattered Pellet Injection 
(SPI) into plasma discharges to support the definition of design parameters of the 
Disruption Mitigation System (DMS).

– Simulation data will be provided to IO through IMAS infrastructure by the end of TA
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Disruption Load Specification is a key element for DEMO design 

• Analysis of plasma transients, taking into account both unmitigated and mitigated 
disruption loads, will provide valuable database for DEMO design study

– These data is essential from early phase of the DEMO design: safety, 
commissioning, operation scenario, in-vessel components design, etc.

• DEMO design activities for IFERC 
Project Task 1-2: “Evaluation of 
plasma facing components (PFC) heat 
loads during transients”

– A strategy will be proposed to allow 
protection of the first wall against all the 
foreseeable and unforeseen plasma 
transients, via the installation of discrete 
and possibly sacrificial limiters. 
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2 Geometry layout 
The basic cyclic-symmetry geometry, having a periodicity of four in the 360° wall, is shown in Figure 1 
(see Table 1 for the related references). It includes four 22.5° sectors (named as sectors #2, #3, #4 and 

#5) equipped with four poloidal limiters located in sector #2 and a second UL located in sector #4. A 

representation of the poloidal segmentation of the FW with the indicated modules is given in Figure 2, 

while an indicative divertor segmentation is shown in Figure 3. For the inner wall, the different blankets 

are the Left Inner Blanket (LIB) and Right Inner Blanket (RIB). For outer wall, the different blankets are 

Left Outer Blanket (LOB), Central Outer Blanket (COB) and Right Outer Blanket (ROB). The left or right is 

chosen from a view inside the tokamak (that is to say at plasma centre), looking to the inner wall or outer 

wall. The FW shaping is described in [2], and the modifications of the module 30 described in [3] have 

been implemented for reducing the heat flux peak at the bottom surface of the outboard wall. 

 

Figure 1. First wall views of the DEMO 90° sector equipped with #5 limiters. 

Plasma Facing Components Number of components 
DEMO FW #4 (90° DEMO sector) 

OML #1 (sector #2) 

OLL #1 (sector #2) 

IML #1 (sector #2) 

UL #2 (sectors #2 & #4) 

Table 1. Assembled components for the 22.5° DEMO sector and related references. 



RE generation mechanisms in tokamak plasmas

Seed 

Exponentiation Secondary electrons

Primary electrons

Steady source
(nuclear phase): 

Non-steady
mechanisms

Important for 
ITER and DEMO

Deformation of distribution 
function during TQ

Fast cooling: (τsource=0.1ms)
Slow cooling: (τsource=1ms)



Kinetic simulations of runaway electron generation by avalanches

Te = 10 eV, n(D) = n(Ar1+) = 1020m-3

Benchmark of avalanche growth rate using JFRS-1w/o avalanche w/ avalanche

[Matsuyama, JPSJ Autumn meeting 2020]

→ These kinetic benchmark is used to refine  
simplified RE model [Matsuyama & Yagi, PFR2017] 
for integrated simulations



Simplified RE generation model has been integrated into INDEX

out of scope

ec>18.6keV

• Include the primary RE source (Dreicer, tritium decay and Compton scattering) 
and the avalanche.

• The avalanche growth rate and the critical energy are evaluated with the 
partially screened model [Hesslow+, JPP2018;NF2019].

• Dreicer process is less important in low-T and high-n plasmas.
• No RE source from tritium decay for ec>18.6keV.
• RE source from Compton scattering mainly depends on the number of free and 

bounded electrons.

primary

avalanche



Comparison of RE generation in DT plasmas between INDEX and GO

• Code benchmark with GO code [Vallhagen JPP2020]
– The same scenario was used to benchmark with JOREK [Vandaru DMS TF meeting 2020]

Case 1

Case 4

10

Case nD/nD0 nNe/nD0 IRE [MA]

1 0 1 6.7

2 3 0.03 0

3 40 0.08 7.3

4 7 0.08 3.7

Table 1. Injected material in the four representative cases studied here (three of them are

indicated in Fig. 2a). The initial deuterium density is nD0 = 10
20

m
�3
. The final column shows

the runaway currents right before the dissipation phase (i.e. when IRE assumes its maximum).

losses are operational even when there is no net increase in free electron density (and
thus there is no net increase in the chemical potential of ionized species), as radiative
recombination may balance or outweigh the collisional ionization events that take place
continuously. As a possible intermediate step between the time-dependent energy balance,
(2.9), and the Ohmic-radiative equilibrium, (2.11), one may also consider evolving the
temperature according to Eq. (11) of (Aleynikov & Breizman 2017), where the line radia-
tion and ionization coe�cients assume the ionization states to be in a coronal equilibrium
and radiative recombination is disregarded, but the heat capacity and chemical potential
of ionized species are included. This would lead to results similar to our figure 2b,
indicating that accounting for the heat capacity and chemical potentials of the ionized
species does not make a major di↵erence.
Finally, starting the iterative solution of (2.11) from an initial temperature of 5 eV

ensures that a rather low equilibrium temperature is obtained whenever that exists, while
the time-dependent approach can evolve towards a higher equilibrium temperature. This
mainly a↵ects position of the solid green line in figure 2.
The results are similar for elongated plasmas, see figure 2c for a radially constant
 = 1.6. Plasma elongation generally reduces the runaway generation due to its significant
e↵ect on Dreicer generation (Fülöp et al. 2020), but it has only a marginal e↵ect
for this ITER-like scenario, where tritium decay and Compton seed dominate over
Dreicer generation. Elongation does, however, extend the parameter regime of interest as
constrained by the CQ times. Injecting argon instead of neon leads to marginally higher
runaway currents for certain parameters (and reduces the parameter regime of interest
as constrained by the CQ times), compare figure 2a with 2d, but the general conclusions
are the same.
We identify four qualitatively di↵erent regions: (1) a region with large conversion

at high neon densities and low deuterium densities, (2) a region with very long CQ
times and negligible runaway generation, (3) a region with large runaway conversion at
high deuterium densities and (4) a region between (1) and (3) with the lowest runaway
conversions. A representative case from region (1) has already been presented in the
previous subsection. In what follows, we analyze the representative cases from the three
remaining regions. These cases are marked in figure 2a and given in Table 1.
The radial profiles of the temperature, electric field and runaway current density at

a few time slices are shown in figure 3 for Cases 2-4. In Case 2, shown in figure 3a,d
and g, the temperature remains of the order of 100 eV in the central part of the plasma,
resulting in very long CQ times. The increasing temperature in the central part of the
plasma occurs because the injected material does not cause su�cient radiative losses to
counteract the Ohmic heating there. Furthermore, due to the local temperature drop in
the edge plasma, a strong electric field is induced (see figure 3d), and that will di↵use
inward and lead to additional Ohmic heating. The e↵ect of this increased heating is



Common Reference Data Developed for Disruption Load Assessment 
due to VDE & REs

• Free-boundary equilibrium of EU-DEMO was well benchmarked between CREATE-NL and INDEX.
– Max. Difference in PF/CS coil currents only about 80 kA (less than 1% of max. Icoil ~ 20 MA)
– Plasma shaping, pressure profile, and safety factor profiles well reproduced 
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Good agreement in plasma dynamics between INDEX and CREATE
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• Wall contact point was compared between INDEX and CREATE using 2D flux map provided after last meeting 
– Good agreement for both first touching and final termination point – Good ref. for wetted area analysis!
– Exact agreement at intermediate step is not expected because of the model difference for plasma 

parameters (different evolution of βp and li)
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Future work: RE beam simulation during Vertical Displacement Events

Workplan

Code adaptation Scenario of RE wall 
impact Orbit loss analysis Assessment of 

machine protection

FY2021 FY2022 FY2023-2024

ü Implement RE model 
to INDEX 

ü Compare VDE 
simulations between 
JA and EU 

ü VDE analysis with RE 
beam 

ü Identify low-n MHD 
unstable scenario of 
RE beam

ü RE orbit analysis with 
MHD modes

ü Evaluate energy 
deposition pattern

ü Workflow applied for 
sacrificial limiter 
design

ü Disruption mitigation 
scenario development

Volumetric energy deposition modeling by FLUKA
[Courtesy of F. Subba & L. Singh]

JT-60U [Tamai+ NF2002] RE energy flux due to external kink in 
ITER div config. [Matsuyama+, PSI2013]



Summary: Progress on disruption analysis for ITER and DEMO through 
Project [INDEXBA] and related collaboration

1. Disruption simulations in support of the physics validation of ITER 
Disruption Mitigation System

– QST has made a key contribution to physics validation of ITER DMS with close 
collaboration with IO. The project gains much benefits from the support by IFERC-CSC 
project (computational resources, IMAS development, and other technical supports…)

– Joint work has been launched with focused effort and the code adaptation (model 
development, code benchmark, simulation setup, etc.) has been progressed in FY2021. 
More results are expected in FY2022 by completion of collaborative workflow for the 
characterization of RE wall loads, which addresses a critical issue on tokamak DEMO 
design.

2. Development of runaway electron simulation for EU-JA Joint 
Activity on Characterization of RE wall loads in DEMO


