1

Y

e
| [ said i g7y Hevy
>
- 5
. .
.-
el |

|

- =
3 of J* 5 3 L # e & § - - - :
- y. L ]

M \\\%\\\\}i\i

1Y

< g
e
i
=
i _
NS —
=
v
N |
Al

oy
0

e N
& P b L

Plasma Breakdown and Runaway Modelling
in ITER-scale Tokamaks

Junxian Chew

IAS Series
Band/ Volume 57
ISBN 978-3-95806-730-1

lJ JULICH

Forschungszentrum

Mitglied der Helmholtz-Gemeinschaft




Forschungszentrum Jilich GmbH
Institute for Advanced Simulation (IAS)
Julich Supercomputing Centre (JSC)

Plasma Breakdown and Runaway Modelling
in ITER-scale Tokamaks

Junxian Chew

Schriften des Forschungszentrums Jilich
IAS Series Band/Volume 57

ISSN 1868-8489 ISBN 978-3-95806-730-1



Contents

Declaration of Authorship

Acknowledgements

List of Figures

List of Tables

1 Introduction

2 Tokamak breakdown physics

2.1

2.2
2.3
24
2.5
2.6

General description of tokamak . . . . .. ... ... 0 0L
2.1.1 Scaling laws and tokamak dimensions . . . ... ... ... .. ..
Tokamak plasma initiation theory . . . . . . . . . ... ... ... ... ..
Tokamak experimental considerations . . . . . .. ... ... ... .. ..
Recent numerical studies . . . . . . . ... oL
0D ionisation fraction growth rate . . . . .. ... ... ... ... ... .
Research motivation and goals . . . . ... ... ... ... ... .

3 Implementation of numerical model

3.1

3.2
3.3
3.4

Selection of plasma model . . . . . . .. ..o oo
3.1.1 General overview of particle-based models . . . . . . .. ... ...
Pretty Efficient Parallel Coulomb solver . . . . . . ... ... ... ....
Gyrophase corrected Boris pusher algorithm . . . . . . ... .. ... ...
Scattering and ionisation model . . . . . . ... ... oo
3.4.1 Collision probability . . . . .. .. ... .. ...
3.4.2 Scattering angle . . . ... ...

3.4.2.1 Random Scatter model . . . . ... ... ... ......

3.4.2.2 Vahedi & Surendramodel . . . . . ... ... L.

3.4.2.3 Obhkrimovvsky model . . . . ... ... ... ... ...,
Tokamak field calculations . . . . . . .. ... ... ... ...
3.5.1 Vector potential of current density in circular loop . . . . . .. ..
3.5.2 Poloidal Bfield . . . ... ... . o
3.5.3 Toroidal Bfield . . .. ... ... ... . oL
354 Toroidal Efield . . . . ... ... .. oo

vi

iii

ix

xiii

12
16
18
18
20



Contents

3.5.5  Grid interpolation of poloidal B field . . . . . . ... ... ... .. 46
4 Merging algorithm 51
4.1 Introduction . . . . . . . . . . L L 51
4.2 Particle selection for merging . . . . ... ... 0oL 53
4.2.1 Spatial proximity selection . . . .. ... ... oL 54
4.2.2 Species selection . . . . ... 58
4.2.3 Energy proximity selection . . . .. ... ... ... 59
4.2.4 Momentum unit vector selection . . . . . ... ... .. 60
4.3 Particle merging and momentum partitioning . . . . .. .. ... 61
4.4 Benchmark of the merging algorithm . . . . . . ... .. ... ... ... . 65
4.4.1 Influence of merging candidates sample size on total energy and
momentum . . . ..o e 66
4.4.2 Influence of AQ) on super-particle Ae . . . . ... ... ... ... 68
4.4.3 Influence of AQ) on super-particle momentum . . . . . . ... ... 71
4.4.4 Conservation of energy in tokamak scenario . . . . . ... ... .. 72
4.5 Super-particle collision events . . . . . . .. .. oL 7
4.6 Benchmark of the super-particle ionisation . . . . . . ... ... ... ... 78
4.6.1 Unphysical merge test . . . . . . . . .. .. oL 81
4.7 Compute resources COmparison . . . . . . . . . . ... 82
4.8 Conclusion . . . . . . . e 84
5 Townsend avalanche benchmark 86
5.1 Introduction . . . . . . . . . .. L 86
5.2 Parallel plate experiment . . . ... ... oL oL Lo 87
5.3 Electron-Hydrogen cross sections . . . . ... ... ... ... ....... 88
5.4 Numerical experiment . . . . . . ... .. Lo 91
55 Results. . . . . . 94
5.5.1 Influence of At on obtained av . . . . . . .. Lo 96
5.5.2 Influence of E/ponobtained o . . . . . . ... ... L. 96
553 Discussion . . . . . ... 99
5.6 Conclusion . . . . .. .. e 100
6 ITER-like breakdown scenario 102
6.1 0D ionisation fraction equation . . . . . . . ... ... ... L. 102
6.2 Numerical setup of the benchmark case . . . ... ... ... . ...... 104
6.2.1 Field configurations . . . ... ... ... ... ... 105
6.2.2 Electron - Ho impact cross sections . . . . . . .. ... ... .... 108
6.2.3 Time step restriction . . . . . ... ... oo 111
6.3 Results and discussions . . . . . ... ... oL oL 113
6.3.1 Electron velocities . . . . .. .. ... oL 113
6.3.1.1 Vigim. over time . . . ... ... ... 113
6.3.1.2  Velocity distribution . . . . . . ... ... ... 0. 114
6.3.2 Growth rate comparison . . . . . ... ... 115
6.3.3 Charged particle spatial distribution . . . . . . ... ... ... .. 118
6.3.3.1 Backtraced connection length Ly, . . . . ... ... ... 118
6.3.3.2 Internalfields. . . . . . .. .. ... ... ... .. ... 121

vii



Contents

6.3.4 Extrapolation in time . . . ... ... ... ... ... 123

6.3.4.1 Time evolution of electron Vpar . . . . . . . . . ... .. 123

6.3.4.2 Formation of closed magnetic field . . . . ... ... ... 125

6.3.4.3 Extrapolation of Eyye. . . . . . . ..o 127

6.4 Conclusion . . . . . . . . .. 129

7 Variants of ITER-like plasma breakdown 131
7.1 ITER-like tokamak scenario variants . . . . . . .. ... ... ... .... 131
7.2 Lpg comparison . . . . . . . oo ot e e 134
7.3 Electron Vp,, distribution . . . ... ... ... . o000 136
7.3.1 Bimodal distribution fit of electrons’ f(Vpar) . . . . . . . . .. .. 139

7.4 Numerically fitted v coefficient . . . . . .. ... ... ... ... ... .. 141
7.5 Prediction of terit. - « « « o v e e e e 143
7.6 0D L and (Lpy, seed) COMPArison . . . . . . .. . ..o v 143
7.7 Conclusion . . . . . . . . ... 144

8 Summary and outlook 146
8.1 Parallel plate experiment benchmark . . . . . .. .. ... ... ... ... 146
8.2 ITER-like plasma initiation simulations . . . . ... ... ... ... ... 147
8.3 Merging algorithm . . . . .. ... L 148
8.4 Remark on ITER’s plasma initiation . . . . . . .. ... .. ... ... .. 149

A Cross Sections 150
B Derivations 156
B.1 Current Density in a Circular Loop . . . . . . .. ... ... ... ..... 156

B.2 Expressing Vector Potential in Complete Elliptic Integral of 15 & 24 Kind 157

C Numerical Fit Coefficients 159

C.1 Vpar distributions . . . . . ... ... .o 159
D Curriculum Vitae 161
Bibliography 164

viii



IAS Series
Band/Volume 57
ISBN 978-3-95806-730-1

9 JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



	Declaration of Authorship
	Acknowledgements
	List of Figures
	List of Tables
	1 Introduction
	2 Tokamak breakdown physics
	2.1 General description of tokamak
	2.1.1 Scaling laws and tokamak dimensions

	2.2 Tokamak plasma initiation theory
	2.3 Tokamak experimental considerations
	2.4 Recent numerical studies
	2.5 0D ionisation fraction growth rate
	2.6 Research motivation and goals

	3 Implementation of numerical model
	3.1 Selection of plasma model
	3.1.1 General overview of particle-based models

	3.2 Pretty Efficient Parallel Coulomb solver
	3.3 Gyrophase corrected Boris pusher algorithm
	3.4 Scattering and ionisation model
	3.4.1 Collision probability
	3.4.2 Scattering angle
	3.4.2.1 Random Scatter model
	3.4.2.2 Vahedi & Surendra model
	3.4.2.3 Ohkrimovvsky model


	3.5 Tokamak field calculations
	3.5.1 Vector potential of current density in circular loop
	3.5.2 Poloidal B field
	3.5.3 Toroidal B field
	3.5.4 Toroidal E field
	3.5.5 Grid interpolation of poloidal B field


	4 Merging algorithm
	4.1 Introduction
	4.2 Particle selection for merging
	4.2.1 Spatial proximity selection
	4.2.2 Species selection
	4.2.3 Energy proximity selection
	4.2.4 Momentum unit vector selection

	4.3 Particle merging and momentum partitioning
	4.4 Benchmark of the merging algorithm
	4.4.1 Influence of merging candidates sample size on total energy and momentum
	4.4.2 Influence of  on super-particle 
	4.4.3 Influence of  on super-particle momentum
	4.4.4 Conservation of energy in tokamak scenario

	4.5 Super-particle collision events
	4.6 Benchmark of the super-particle ionisation
	4.6.1 Unphysical merge test

	4.7 Compute resources comparison
	4.8 Conclusion

	5 Townsend avalanche benchmark
	5.1 Introduction
	5.2 Parallel plate experiment
	5.3 Electron-Hydrogen cross sections
	5.4 Numerical experiment
	5.5 Results
	5.5.1 Influence of t on obtained 
	5.5.2 Influence of E/p on obtained 
	5.5.3 Discussion

	5.6 Conclusion

	6 ITER-like breakdown scenario
	6.1 0D ionisation fraction equation
	6.2 Numerical setup of the benchmark case
	6.2.1 Field configurations
	6.2.2 Electron - H2 impact cross sections
	6.2.3 Time step restriction

	6.3 Results and discussions
	6.3.1 Electron velocities
	6.3.1.1 Ve,sim. over time
	6.3.1.2 Velocity distribution

	6.3.2 Growth rate comparison
	6.3.3 Charged particle spatial distribution
	6.3.3.1 Backtraced connection length Lbt
	6.3.3.2 Internal fields

	6.3.4 Extrapolation in time
	6.3.4.1 Time evolution of electron Vpar
	6.3.4.2 Formation of closed magnetic field
	6.3.4.3 Extrapolation of Eint.


	6.4 Conclusion

	7 Variants of ITER-like plasma breakdown
	7.1 ITER-like tokamak scenario variants
	7.2 Lbt comparison
	7.3 Electron Vpar distribution
	7.3.1 Bimodal distribution fit of electrons' f(Vpar)

	7.4 Numerically fitted  coefficient
	7.5 Prediction of tcrit.
	7.6 0D L and Lbt, seed  comparison
	7.7 Conclusion

	8 Summary and outlook
	8.1 Parallel plate experiment benchmark
	8.2 ITER-like plasma initiation simulations
	8.3 Merging algorithm
	8.4 Remark on ITER's plasma initiation

	A Cross Sections
	B Derivations
	B.1 Current Density in a Circular Loop
	B.2 Expressing Vector Potential in Complete Elliptic Integral of 1st & 2nd Kind

	C Numerical Fit Coefficients
	C.1 Vpar distributions

	D Curriculum Vitae
	Bibliography
	Leere Seite
	Leere Seite



