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d Magnetic confinement: an old story

1 Some recent developments at CPHT

J What next?



Fusion: a sun in a box, really?
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Easier (and dirtier) reactions

Deuterium-Tritium
nuclear fusion
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d With neutron emission

D + 3T — 5He +n° + 17.6MeV

‘D+2D — 5T +pt +4.0MeV

— 5He +n° + 3.3MeV
O Without neutron emission

°D + 3He — 5He + p' + 18.3MeV
>He + 5He — yHe + 2p™ + 12.9MeV

p+ 5 B — 35He + 8.7MeV
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Ignition criterion tells you how good you are

1 The plasma is heated by the alpha particles
P, = AE¢{ov)nzV/20

O It undergoes losses (conduction, radiation, etc.)
Ploss — Wth/TE Wth — SnekT

1 Losses have to be compensated by
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Ignition criterion tells you how good you are

60T
LJ S <UU>AEf

- Inertial fusion: If you don’t want to bother confining your
plasma for a long time, you’ll have to increase the density
significantly

1 Magnetically confined fusion: If you don’t like the idea of
having solid like densities in your plasmas, then you’ll have to
confine your plasma over macroscopic times



Magnetic confinement

0 Plasma density 7. ~ 10" — 10*m™>

Q Necessary confinement time : e ~ 0.1 — 1s
1 2
5 = —mv” —+ ,LLB Basic Magnetic Mirror Machine:
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Higher field means

smaller Larmor radius: (] Particles undergo a mirror force —pV B
particles are confined

in 2 out of 3 directions

(ikipedia)

U Too many particles escape through
the edges :



The torus solytion conundrum

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

JG05.537-\¢

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)



The culprits are drifts

FEF x B
Oy = -

HRV00.0/0/0,0.0.0/0;

More generally for any transverse force, a drift
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A helical field becomes necessary

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

JG05.537-\¢

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field 9
(secondary transformer circuit)



The origin of current instabilities

Current
Wire

Magnehc

«Mo

1 Flexible current coil in a magnetic
field

1 Ideal instability can develop

1 Characteristic time : Alfven time



The sawtooth instability [Von Goeler 1974]

~ JET #84616
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How do we study this problem?

NUCLEAR FUSION 5 (1965)

NECESSITY OF THE ENERGY PRINCIPLES FOR MAGNETOSTATIC STABILITY

G. Lavar, C. MErcIER, R. PELLAT

GROUPE DE RECHERCHE DE L’ASSOCIATION EUrATOM-CEA sUR rA Fusion

FonTENAY-AUX-ROSES (SEINE) FRANCE

Three energy principles for magnetostatic stability are known that are supposed to give necessary
and sufficient conditions. For this reason their minimization has been the subject of a lot of work
in plasma physics. Indeed one can easily justify the sufficiency of the conditions of stability devised
from these energy principles. But to the demonstrate their necessity one usually assumes that the
operators of the perturbed linearized motions have a complete spectrum of eigenfunctions in the
space of square integrable functions. We show the weakness of that assumption and propose two
new demonstrations of the necessity of energy principles for stability that require less stringent
assumptions. The first demonstration involves some properties of the Laplace transform. In the
second one we use the integral invariants of the linearized motion. The conclusions in both cases
are identical : if one finds & trial function which makes the potential energy negative, the equilibrium
is unstable. We give lower and upper bounds for the growth rate of the unstable perturbation.
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How do we study this problem?

VOLUME 35, NUMBER 24 PHYSICAL REVIEW LETTERS 15 DECEMBER 1975

Internal Kink Modes in Toroidal Plasmas with Circular Cross Sections

M. N. Bussac and R, Pellat
Centve de Physique Théovique, Ecole Polytechnique, 91120 Palaiseau, France

and

D. Edery
Compagnie Intevnationale de Sevvices en Informatique, 75680 Pavis Cedex 14, France

and

J. L. Soule

Association EURATOM —~Commissaviat a U’Enevgie Atomique, 92260 Fontenay aux Roses, France
(Received 22 July 1975)

The stability criterion of the internal kink mode is given in toroidal geometry for plas-
mas with circular cross sections. Contrary to known results in cylindrical geometry, the
internal kink mode can be stable if the pressure gradient is sufficiently low.

B, represents the pressure
content within the
instability range
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The structure of an internal kink

Pressure perturbation

Helical m=1/n=1
perturbation
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The structure of an internal kink

Poincare

Plots
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First nonlinear simulations (cylindrical

NUCLEAR FUSION, Vol.31, No.11 (1991)

TRANSITION FROM A RESISTIVE KINK MODE
TO KADOMTSEV RECONNECTION

H. BATY, J.-F. LUCIANI, M.-N. BUSSAC
Centre de physique théorique,

Ecole polytechnique,

Palaiseau, France

ABSTRACT. The scaling of the non-linear reconnection process associated with the m = 1 internal kink instability
is studied in cylindrical geometry, using a three-dimensional numerical code with a full set of resistive MHD equations.
In the presence of an ideal unstable kink mode, the non-linear evolution of the instability shows a transition from a
purely resistive kink mode for high resistivity to Kadomtsev reconnection driven by the ideal kink mode for low
resistivity. For the case of low resistivity, the assumptions of the Kadomtsev reconnection model have been checked,
and the results confirm Kadomtsev’s estimations of a scaling law of 9'2. A model is proposed to understand the
transition and to compare the studies with previous numerical results obtained for different plasma parameters.
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FIG. 2. Displacement of the magnetic axis versus time (in Alfvén
time) for values of 1 ranging from 107 10 10”7, The displacemeni

o = 0.15 a, corresponding to the saturation of the ideal kink, is
indicated by the dotted line.

Cylindrical simulations: paving the
way for the XTOR code
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The equations solved by XTOR-2F code

[Lutjens & Luciani 2008, 2010]

Continuity equation
Op = —V - (pv) + DV7p
Pressure equation
Op=—v-Vp—IpV-v+x, VD
Induction equation
0B =V x (vxB)+nV’B

Momentum equation

1
Ov=~(J xB—-Vp)—v-Vv+rvVu
p




More complete 2-fluid model

g—?JrV-(nv—l—nv;):V-DLVnwLSn
n(g—;}—l—v~Vv+v§-VvL> =J xB—-Vp+V @V (v+v)))

Op 25 s _ p p
EﬂLv-prLFpV-ergV-q =V - (nxLVﬁ> + V- (nXHVHﬁ) +H
0B 1 V| Pe

— =V x(vx B)+ Vx( ”pb)—Vx(nJ)

ot WeiTA n

d The diamagnetic (ion in red, electron in blue), account for:
(J Rotation of the mode and the plasma
 Linear stabilisation of internal kinks
 Strong nonlinear acceleration effects
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Succesful simulations of Sawteeth and Tearing

0.04 : ; : . : :

XTOR-2F

TS #44634
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Ta
 First sustained sawtooth cycles 1 Modelling of density dynamics during
[Halpern PoP 2011] the crash, well compared to
experimental observations [Nicolas
 Fast crash using electron PoP 2012]
diamagnetic effects O Impurity dynamics [Nicolas PoP 2013]
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Succesful simulations of Sawteeth and Tearing
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Outline

Focus at CPHT on the internal kink mode for decades

Sophisticated tools developed and leading research
carried out

Sawtooth cycles and a few puzzling phenomena
elucidated

Long-lasting problems still unsolved (fast crash)

A new playground opens with the hybrid kinetic/MHD
code XTOR-K



Kinetic effects

Toroidal
Direction

Separatrix k%
e

Projection of Trapped lon ’ h ;
Trajectories is Banana Shaped :
(for illustration only)

N

X-point " ~
2 lon gyro-motion A [

Divertor
Targets

Banana
Trajectory

 Particle motion: 3 periodic motions

(d Resonance with fluid modes for the slowest precession motion

 Can be stabilizing or destabilizing
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Sawteeth as a root cause for disruption

Sawteeth are basically inevitable on tokamaks,

. will be a concern for ITER operation )

sawteeth degradation




The hybrid approach to model
energetic particle effects

+o00
Hk:/ u; ® ug fr(u,r, t)d u—Zukz@)um —rg.i(t))

— OO

—  Particle push _ _ _
(d Particles are integrated in 6D

l \va Hz’,k (Boris-Buneman)

. d Typically 100 M particles
MHD Evolution yPIEETY P

l (d Nonlinear phase not
accessible yet

E(t), B(t)
Fields along
Trajectory

——  Converged?

1 d  Typically 2-3 Picard iterations

dare necessary
Converged?



The hybrid approach to model
energetic particle effects

Fast-particle

PIC Collisions triggered
Impurity Transport MHD
In MHD perturbation Yet to come, possible with the code
Myself, ongoing work Fast-particle
Stabilized

MHD

PhD student at CEA
Cadarache: G. Brochard

Heating

Eq. distribution function Edge stability

and
Postdoc at CPHT: F. Orain transport

Collaboration with EPFL



Physics of the fast crash: difficult

[Huang APJ 2017]

O In z direction : 2880 points

O In x direction: 37800 points

d More than 100 000 000 fluid
unknowns!

O First plasmoids obtained with XTOR-2F

 But unrealistic if one wants to compute
relevant resolutions

Poloidal angle

1 Not sure how to go further here

27
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Conclusion

d Still a lot to say about



