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Strongly magnetized plasmas (@

« Plasma: 4 state of the matter: hot gas, in which thermic
motion 1s strong enough to separate 1ons and electrons
mteracting via EM fields

* Strongly magnetized plasma: charged particles rotates very
fast around magnetic field lines: cyclotronic motion

* Magnetically confined plasmas: the gyration radius (£L) 18
much smaller than the size of the system (a)

w~ 1KHz 2 = 95.7TMHz

pri ~ lcm

* Fusion reaction: release energy by creating from light
Hydrogen 1sotops heavier elements
0 Natalia Tronko nataliat@ipp.mpg.de
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Laboratory devices

Challenge: bring energy from the Sun to the Laboratory

* New source of energy
* Goal: self-sustained controlled fusion reaction

* Variety of magnetic configurations
* Tokamak (toroidal geometry)
* Stellerator (twisted magnetic field lines)
* Challenge: Multi-scaled, Multi-species dynamics

in space and time governed by
turbulence: space-time chaos .

| ~ 1073
e o 241.83%10° =
T
= w
~ 1073
ﬂci
Lt
~ 107°
l ﬂce

Wendelstein 7 X,

Greifswald, Germany
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Fusion plasma technical challenge (®)

* Magnetic field 10.000 stronger than on the Earth

* Plasma temperature 100 Millions degrees Celsius

* Plasma density 250 000 tunes thinner then the Earth’s mantel
* Requires ultra-robust costly materials

Ignition criterion: no external heating needed to maintain fusion reaction

Temperature 108 degrees Celsius
Density | 10%° m* ntgT > 2 x 10%2®m>s °C
Energy Confinement time 2 sec

Toroidal magnetic configuration:
Tokamak JET in Culham UK . |
nteT ~ 0.4 x 102®m3s°C

Stellerator configuration: | N 2% 3 o
Wendelstein 7X Greifswald, nTpl ~ 0.03 x 10m™"s°C

Germany: new record June 2018,
Nature MNatalia Tronko nataliat@ipp.mpg.de




Sources of deconfinement ®)

Free sources Microinstabilities
of enercy mmmmp  (exponential growth mmm) Plasma turbulence:
VT of EM field fluctuations) Low-frequency
_ rt t :
Vn OB ~ 6Bg e” OF ~ 6FEg e W< O, — ilB _ 9571 x 107 ¢!
E._
\,ﬂ. B 7/ z-;—-s
- ~ e ¥ -—..=_“-."*\_ ! |
. ; Turbulent
(anomaleous)
transport
U{i 200 400 600
Time [R /c,]
Plasma
Improvement of experimental set up deconfinement

requires numerical modeling

Natalia Tronko nataliat@ipp.mpg.de
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Computational challenges

* Duirect approach:

+ Simulating 10?® particles interacting by mean of electromagnetic field

Technical requirements: 500 Milliards of TB of data storage=5* 10*! Bytes= 5 Million
PetaByte:

* 10 days of calculation on SUMMIT Top 500 of Supercomputers
in the world (Oak Ridge National Lab)

Modeling Plasma Turbulence: realistic scenario

A model
* contaming essential physical mechanisms driving turbulence
* robust mathematical structure and conservation properties

!

Hamiltonian and Lagrangian description 1n order to control quality of numerical
simulations are essential

Natalia Tronko nataliat@ipp.mpg.de



Vlasov-Maxwell Hamiltonian system (@)

=
Replace a particle (x,v) by a probability density on the phase space f(x,v):
Kinetic description: essential for resonant field/particles interactions

Morrison 1980
Marsden Weinstein 1982

*Phase space

/ (X? v, t) with constraints V-B=0

E(x,t), B(x,1)  Poisson equation ‘F-E:4wz / d*v f(x,v,t)

*Hamiltonian H[E,B, f] = 3 Z f d*x d®v f(x,V,t) mepvl, + ;r d*x (E2 + B?)

*Non-canonical

Poisson bracket F,G| = | o o 2 o

1) Particle bracket / d*x d3v f (d ij , FC} ?G - 'd ({G ; ‘d hF)
oxof ovof Oxof oOvof

2) Field bracket + / d*x (% -V X % — % -V X %)

JF of oG oG af oF d oF 0 6G
- 9 9 ' . 3 2 o -
3) Coupling bracket /d BN (5]3 oviéf OE &vaf) /d ERP 1B (&véf “ v éf)

5 Natalia Tronko nataliat@ipp.mpg.de
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Vlasov-Maxwell Hamiltonian system &
*Equations of motion (for one of the species)

dE | 1 0B L .
E:![H;E] 5 TV XE ¢ Ot
dB 1 6E dre [ . 1 OE Ame |
E=[H,B]=—EE—I—‘WHB—T d*v v f(x,v,t) b — = ZE d3v v f(x,v,1)
df of of of of _ of of
= =[H,fl=% +v- 5 +(E+-vxB). == —=—v-= — (E+-vxB). =
*Multi-species challenge -

Adiabatic limt

Electrons are 1 83 x 10> lighter than ions! ' s _>_ i _
Electrons modelized by fluid

Simulations for both species (D and e) are required to achieve realistic scenario

Tume step needs to be decreased as comparing to the case of adiabatic (cold) electrons

Me 1

dity;, ~ ~ — dt_ gia
k m; 6o  ~diab

6 Natalia Tronko nataliat@ipp.mpg.de




Eulerian and Lagrangian approaches o)

for kinetic simulations
Lagrangian code Eulerian code, grid-
Particle-In-Cell based
&y
dt i‘)f+dx 3f+dv Jf_[}
i ; ot dt ox dt ov
—=E4-—-vx B
dt c
* Reconstruct Vlasov dynamics from * Gnd approach: direct discretisation
the particle characteristics of the distribution function t together with
* Fields: treated on the grid: final elements fields
* Macro-Particles in the phase- * CFL limit of the time step and space
space resolutions : limiting numerical
configurations
* Noise issue: need 10° markers at least! o At
Ax —

MNatalia Tronko nataliat@ipp.mpg.de



Difficulties of kinetic simulations O

N

* The Vlasov-Maxwell model is well known but still be unsuitable for realistic
numerical simulations

« Storage problem for 6D distribution function:

* 1 pomt in time 2,5 GB 1n 6D (x,v): (150x64x16)x(16x64x16)

« Realistic sitmulation with kinetic electrons: ®,=1.75x10% sec!

TCV energy confinement time 1= 2x102 sec will require Ntimes steps= 3,5 x10°
800*10° TB of storage

* Space available on Supercomputer Marconi: 1'TB pro Project!

« Computational resources: time resolution is limited by cyclotron frequency
space resolution is limited by Debye length 10 m!

* Reduction of Kinetic model :
« Adapting dynamic coordinates with respect to physical properties of
turbulence

« Store only energy and other moments of the distribution function
3 Natalia Tronko nataliat@ipp.mpg.de




What is Gyrokinetic theory? (@

=

Idea: Use physics as a guidance for low frequency Maxwell-Vlasov dynamical reduction

w
= ~ 1073
5 Qm’

1. Replacing particle with position x by the guiding-center: instantaneous center of
rotation X around magnetic field lines

%
vy

x = X + po

6D =—> 5D (4D+1)
f(xn V) — f(X'a ﬂ”;,u)

il

tion: use existence of fast and slow variables

R

2. Scales of motion sepaf

Systematically eliminate fastest scale of motion irrelevant for turbulent
transport: increasing dt by 1000!

_ s
* Magnetic Moment: vy
adiabatic invariant M = 2B

» Gyroangle : fast angle )

9 Natalia Tronko nataliat@ipp.mpg.de



Gyrokinetic dynamical reduction ©

A systematic dynamical reduction procedure such that at each step

(=20 Has a trivial dynamics
6D =—>  AD+]

f(x'} V) — f(X U||.,,U)

Simple gyroaveraging leads to loss of imporfant information:
resonant interaction between fields and particles

e Is uncoupled

Goal: Invertible near 1dentity change of coordinates

Range of small parameters raising from several aspects: geometry, physics of turbulent
motion: multi-scaled asymptotic theory

Goal: two step
« Systematic asymptotic procedure for —
dynamical reduction on the particle phase space

Hamiltonian approach

* Systematic coupling of the reduced : Lagrangian approach

particle dynamics with fields
10 Natalia Tronko nataliat@ipp.mpg.de




Costs of Gyrokinetic simulations ©

The GK codes require HPC platforms to get results m a reasonable amount of tume
1 node-hour = 0.4 CHF = 0.4 USD

+ EUROfusion projects: Type of Node- Restarts | Time step | Required
Marconi #18 in the simulation | hours pro | (every 24 Storage
world hours)

Adiabatic 200 0 dt =50 1 GB

« HPC Budgets electrons

" SELRCS A Linear 780 1 dt=1 5GB
850 000 node hours it

_ kinetic
. 2015—2{}1’! “VeriGyro” .jectrons
1 280 000 node hours
Nonlmnear 14400 2 dt =0.25 300 GB
with
kinetic
electrons

Investing in data storage and backups is important!

11 Natalia Tronko nataliat@ipp.mpg.de



Costs of experiments (®

* 1 shot of TCV Tokamak in SCP Lausanne costs 1000 CHF
* 1shotof ITER is estmated 1 000 000 CHF

TV IR

Major radius 1.54m 6.2 m
Minor Radius 0.56 m 2.0m

= 1.54T 5T

n 20%10*°m™ 10%10%° m
T, < 1KeV 8.0 KeV
TE

Discharge time 2.6s 400s
Plasma Heating 1 MW 40 MW
Energy gain no yes

Developing trustable and robust mathematical modeling is essential for success of

magnetic fusion
[ Natalia Tronko nataliat@ipp. mpg.de




Small parameters: 1) Magnetic curvature O

Small parameter

€B = PL

V5
B

Separation of scales of
motion

Natalia Tronko nataliat@ipp.mpg.de



Small parameters : 2) Anisotropy of 7®)
turbulence =

Plasma turbulence :

perpendicular to — K1
magnetic field lines Ery
€| = k” <1 Bl”
ki — a1
B11
The center of instantaneous rotation
(guiding-center) slowly drifts from the
magnetic field: due to
* Parallel 10n Yl ~ 100
* Magnetic field curvature velocity Vil
* Fluctuations of electromagnetic fields
(when considered) « Parallel
electron Ue| ~ 104
velocity Vel

14 Natalia Tronko nataliat@ipp .mpg.de



Small parameters : 2) Anisotropy of
turbulence

®)

* Fluctuations of electrostatic potential:
early (left) and late (right) stage of
turbulence.

* Development of short wavelength
perturbations with respect to the size
of the tokamak

* 3D vue: elongation of perturbations
along the magnetic field lines

Turbulent structures are of
the Larmor radius size: small
scales need to be solved

kipi~1

Lagrangian simulations with ORBS code
by L. Villard. SCP [ausanne

ed¢ Typical parameter to
es = ki p; ? characterize turbulent
*  fluctuations

15 Natalia Tronko nataliat@ipp.mpg.de
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GK Orderings

Guiding- center: backeround quantities: e = po |VB/B|

Gyrocenter: fluctuating fields: €5 = (,I;; i Pz‘)

- o (i

el = ky/kL <1

Anisotropy of turbulence

,..__E” P iy TS ER

Ordering defines physics: There is NO unique gyrokinetic model

« Gyrokinetics
kipi ~1
* Dmnft-kinetics
kipi <1

Maximal ordering

€Ep ~ Ej

Code ordering

Ep & €5

[Tronko, Chandre, J.Plasma Phys., 2018]

[Brizard, Hahm Rev.Mod.Phys., 2007 ]

EB:EE
Sf2
EB:Eﬁf

MNatalia Tronko nataliat@ipp mpg.de




Phase space Lagrangian formalism (®

.

* Charged particle in
external magneticfield B =V x A

’}/ — LP dt . Phase-space one form

d aLp B de v = EV x B  Lorenz force
dt ov ov
—
‘ V=X « Lagrangian constraint
d L, 0L, B
dt ox  0Ox
— * Starting point of guiding-center reduction

1 Natalia Tronko nataliat@ipp.mpg.de




Guiding-center dynamical reduction (@

\=
Splitting difficulties: first solving problem for particle motion in external non-
uniform magnetic field

Goal: removing gyroangle dynamical dependencies up to the first order in €B

VB

B

- Exact solution in SLAB geometry exists, i.e.for €5 =0

~ Pip; ‘(")2 A /9z; 357;;’! * Physical ordering: with respect to

€ p—
B = Po curvature of magnetic field

« Stepl: infinitesimal shift in velocity space:

* Second order in €B shift in velocity:

- [A (X +p0) = A (%) ~ (po - V) AX) — 5 (popo : VV) A(X
' ~ O(éd)

W = fu.rHB(x) +w, 1(6,x)

* Particle position decomposition : instantaneous rotation center and Larmor

18 radius X =X+ po _ s
MNatalia Tronko nataliat@ipp.mpg.de




Guiding-center gauge transformation (®)

4
« Step2: Y=Y+ +do1+ Y do;+0O v
P | 2::2 (€B) [Littlejohn 1983]
e —~
« Symplectic part free from Yo = (—A(x) + muw) b(f{)) -dx — Hdt
oscillations at lower oder &
* Hamiltonian H = m‘wﬁ [2 + ??1’11}3_ /2

* Oscillating part: aiming to
eliminate up to the second order in €B

vy = (E (po-V)A+ i (popo: VV)A + m.wJ_I (0, x + po)| + mw [b(}_{ + Po) — E(}_{)}) .dx

€ £ & - =~
+ (EA + - (Po-V)A + % (Popo : VV) A +mw, L (6,x+ po) + mwb(x + .00)) ~dpo

* Defining Larmor radius, g — mwjc .
eliminating @(E'f'g) oscillating terms eB
* First gauge transformation 0y = ——A - pg — o (po-V)A - pg— = (popo : VV ) A - pg
C c c

15 MNatalia Tronko nataliat@ipp.mpg.de



Guiding-center gauge transformation ()

* Step 3: Near identity coordinate transformation
X=X+ €(X,WH,WJ_,@)
w| :W”"_W“(X,WH,WJ_,@) SNWH ~ W, NTNO(GB)
w, =W, —|—WL(X,W||,WL,@)
0=0+TX,W,W.,0)

* Gauge transformation defines @-independent symplectic form and new coordinates
up to the second order in €B

4
D=~ 4y + Y doy = (EA(X) +mWb(X) — @uR) dX + Z5pde
i1 C e (&
R=Vb,-b, ~O(B)

mWi
282

IU/:

Hamiltonian still being ®-dependent, therefore final coordinate change is required
1 1
H = omWi + omWT +m(W W + WW1) + O(ep) ©-dependent

-0 Last step: canonical Lie-transform on Hamiltonian to remove ®-dependency

Natalia Tronko nataliat@ipp.mpg.de
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Guiding-center Poisson bracket

(//‘

* Inverting the symplectic matrix

— — () ¢ J _ 1ye
w dI’ wwdz A dz ‘ {F, G}gc = 94 (w ) J o

e (OFOG OFOG\ B’ oG OF b
F = — - . F — — . F
WGy = 00 (ae on  on (‘99) T mB; (V oW, oW, VG) (VEXVE)

 Adiabatic invariant contains the whole coordinate transformation
mWf
252

ILL:

* Symplectic magnetic field

B*=B + %WHV X B—|— O(EQB)

21
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Canonical Guiding-center Lie transform )

* Formal scales separation in the Poisson bracket
{F7 G}gc — {F7 G}—l + {F7 G}O + {F7 G}l

* Canonical Lie-transform (infinitesimal transformation)

H(z) = e 5 H(Z) = H — {8, H}ue + 5 {5 {5, H}ae}uc + O(S°)

* Coordinate transform is constructed simultaneously with reduced
Hamiltonian
X = X+€+{37X}gc
z=ct57 w) =W+ W+ {5, W }e
w,| = WJ_ —|—WJ_ + {S,WJ_}gC
0 =0+T+{5,0},

* Scalar invariance H(z) = H(Z)

22
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Guiding-center reduced dynamics

(///"‘T
{
=

* Guiding-center generating function

m’c® [W} W2 (o onh A o ) N
See= iz |3aL VB+— (( V)b p— (L V)b-J_)JrW“WL(be) p;
SlNO<€B)

* Guiding-center Hamiltonian

1 1 1
ch = §mW||2 + §mWi +m (WHWH + WJ_WJ_) = 5mWH2 + ubB

* Guiding-center Phase-space Lagrangian up to the second order

AN

e = (ZA(X) +mWb(X) — %m) L dX + %Md@ — Hyodt + O(é3)

23
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Guiding-center dynamical reduction @)

Homogeneous &
Non-homogeneous
magnetic field

Position and velocity shift
+

Gauge transformation:

Far from 1dentity phase-
space transformation

Larmor radius definition:
exact solution for SLAB

(homogeneous) magnetic
field

Non-homogeneous
magnetic field

Building a near-identity
phase-space coordinate
transformation with gauge-
transformations

Goal: At the end of this step
a symplectic part is free from
gyroangle dependencies

!

Poisson Bracket on the
reduced phase space free
from gyroangle
dependencies until the

required order

Non-homogeneous
magnetic field

Final step:

Canonical Lie-
transformation: on the
Hamiltonian only (scalar
function) use Poisson
Bracket on the reduced
phase space

Goal: remove all gyroangle

dependencies from the
Hamiltonian

24
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Gyrocenter dynamical reduction

* 1-form phase-space particle Lagrangian: reinjection EM field fluctuations

VertEL ert'dt: EJAX ‘|‘€5EA1 X,t + mv -dx — Hdt
p | c

c
1
* Perturbed Hamiltonian H = imv2 + esedr (x, 1)
* Gyrocenter _ €
Velocity shift  © ¥ T € chl(X’ t)

* Removes all the fluctuating fields from the symplectic part to the Hamiltonian part

e
C
* Canonical Lie-transformations on the Hamiltonian part: Gyrocenter dynamical reduction

1 2
H = Smv + esedn (x,8) = e——v - Ar (1) + € (=) A (x, )

First derivation in [Brizard 1989].
25 Natalia Tronko nataliat@ipp.mpg.de
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Gyrokinetic field theory: concept Q)
Particles(GK) dynamical reduction I .
; Goal: remove fastest scale of motion i Variational principle: | Reduced |
: G | i GK Vlasov+ |
i auge i i i
i transgformation | Coupling fields & | GK Maxwell !
i [Littlejohn 1983]1 & i gyrocenters i equations §
| Canonical Lie- | |
§ Transform i
{  Guiding-center | P
; L . ' _eX ' | Bonus: Noether |
§ (Brizard 1989] C.anonical i N / § theorem ff)r energy i
5 Lie-Transform | “egeetip Seagss | conservation g
g ;’ | diagnostics E
. Gyrocenter i \ e EEEE R :

* Polarization effects: fields and particles are not evaluated at the same position anymore:
polarization shifts in GK Ampére and Poisson equations

26 Field theory guarantees consistency
Natalia Tronko nataliat@ipp.mpg.de
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Gyrokinetic field theory: GENE & ORB5 Q)
« Common framework for code models derivation: [Sugama Phys. Pl. 2000, Brizard PRL 2000]
' Eq|" — By
L = Z/dﬂ f(Zo,to) L, (Z[Zo,to],Z[Zo,to];t) +/dV
S &
. ) _ * Field terms: option to
Phase-space volume  df) = dV dW couple with fluid model
* Time-dependent: GENE * Time-independent: ORBS
. 21 27
Z=(Xp,,0):dW = —sBitdpydp Z= (X, ps,p,0):dW = — Bjdpdps

| Goal: Coupling reduced particle dynamics with fields within the common mathematical structure

]

Getting consistently reduced set of Maxwell-Vlasov equations

________________________________________________________________________________________________________________________________________________________________

f(ZO , to) Distribution function of species “sp” at arbitrary initial time ¢

7 Lp Gyrocenter Lagrangian: reduced motion of a single particle

Natalia Tronko nataliat@ipp.mpg.de
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Gyrocenter Lagrangian: GENE & ORB5

7,
(11
A\

__________________________________________________________________________________________________________________________

* Hamiltonian representation: ORBS

(&
Pz = My + 265141” Z = (X,pz,,u,e)

* Parallel Symplectic representation: GENE
p| = muv) Z = (X,py, 11,0)

* Symplectic form: time dependent
C ~
B*™ =V x (A + {65141” —+ Epn} b)
ot

* Symplectic form: time independent

B* =V x (A+ Eng)
e

e (Characteristics with

[APS invited: Tronko, Bottino, Gorler,
Sonnendriicker, Told, Villard, PoP 2017]

28
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Hamiltonian hierarchy: Theory & ORB5 Q)

 Hamiltonian model defines polarization and magnetization in the field equations
* Any approximated model can be used: Padé, adiabatic electrons

2
ORB5 __
2 HO - 2m
H =Hy+esHi +€5Ho HORB5 _ o & ( 1ORB5)
_ 0
ORB5 __
0 =¢1— (p2/m)Ay
* Theory: Hamiltonian correspondance to Hahm’s 1988 electrostatic model
HTHEORY ._7 (A (X + )2) 62 gc 0 ORBS(X 4+ )
2full chg 0 1] Po 2B 0 alu Po
Electromagnetic coupling between
« ORBS5 semi-electromagnetic GK Poisson and Ampere equations
ORB5 _ € 2 , M e’
H, =53 Ay (X)© + 25 ‘V¢A1||(X)‘ + §§A1|\V¢A1||(X) Ve ¢1(X + po)°

Uncoupled GK Poisson and Ampere equations

29
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Linearized Uncoupled GK Poisson and &)
Ampere equations: ORB5

Polarization equation in strong form
oL
——o0¢1 =0 mp
01

20
Y faaa e =a [0 fe g (A (6D - 195 @F)

Ampere’s equation in strong form

oL

oAy =0
JAq)
av 2 Dr oc
65/5 V. Ay :;/de . o ()
2
q: m
- 265/‘19 Je (m—A%n + 5 AV 4y +A1||V2¢A1|})
s#e 5
30
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GK Vlasov equation: ORB5

/
(/

* Vlasov equation is reconstructed from the characteristics

. 8([‘[0 + €5H1) B* C =~
R X = — b x V(H H
0 ap. B oB x V(Hy+esHy)

0Z || ||
) B

), = —— -V (Hy + esH
Z = (X,pz, 1) ST (Ho + esH)
d 0 dZ 0
%f(z[z()at()at]?t) - af<zat) + E ) a—Z (Zat)

 0of model requiers first order characteristics : only H, and H,
e Full-f (nonlinear) model requires H, contributions in the characteristics

31

Natalia Tronko nataliat@ipp.mpg.de




Part ll: Numerical advantages of a consistent - 78)
theory derivation =

* Ground code verification: Linear electromagnetic benchmark
* Successfully accomplished; Results published

* ORBS New understanding of electromagnetic microinstabilities; new
connections to fundamental GK derivation from the variational principle

Noether Powerbalance

theorem h diagnostics

32
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Cyclone Base Case
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Common framework for benchmark: [Dimits, Phys. Pl. 2000]
electrostatic simulations, adiabatic electrons

: * The original discharge DIII-D:
H- mode shot #81499 at t=4000 ms;
flux tube label r=0.5a

—-RdIn Ty/dr

q(r) = 0.86 — 0.16(r/a) + 2.52(r /a)?

A(r) = A(ro) exp [ kaaAA tanh ( AA?;LO)]

0 0.2 0.4 0.6 0.8 1

wree N,/0,(0) ATZ = ATL = 03

—-RdIn ni/dr

kr, = 6.96 Ky = 2.23 T./T; =1

0 0.2 0.4 0.6 0.8 1
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Linear electromagnetic 3-scan: 5 codes

* Looking at one of the most unstable modes n=19

\
)
z

e
{
=

[Goerler, Tronko, Hornsby et al, PoP 2016]

*  Successful comparison of 4 different codes (2xPIC and 2xEulerian)

* All codes agree at the ITG/KBM transition

* Threshold shifted comparing to flux-tube growth rate » Important for

* Growth Rate and Frequency scan

Bret(r/a = 0.5)
0.01 0.015 0.02 0.025

EUTERPE

0 0.005
18 = GENE, local
16 | —w— GENE, global
14| == GKW,global
3 2 ORB5
SEE
S o8
~
S 06
04
02
0
0 05
(a)
* ORBS code
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experiment
Bret(r/a = 0.5)

0 0.005 0.01 0.015 0.02 0.025
3.5 . r

== GENE, local
3} —#— GENE, global 6
--&-. GKW, global
25 EUTERPE 5 ¢
e «we ORBS >
g ‘%
d &
< 15 38
’ 1*.-%3 2 E
05 N 1
0 0
0 0.5 1 1.5 2
(b) Trer/4.66 - 101°m =3

4 global codes 1 local (GENE)
Size of the _PL _ 1

*

system a 180
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Electromagnetic Powerbalance ORB5 ©

\=?
2 .
* Noether theorem & = Z an f Pz 1B Particles energy
- 2Mg
E=&L+EF
Ep = a0 Pz 4 Field
* Verification of energy =5 Z f <(/51 T e 1||> 1elds energy
conservation in the i
simulations d1n &, d1n Ex
dt dt
Electromagnetic Powerbalance 8 «10Powerbalance, nonlinear Cyclone
0.02; — —dInE/dt
_dInEL/dt 6 _dInEk/dt
0.015 .
0.01
% 0.005 riz
0,
-0.005 |
0.01 500 1000 1500 o 0.5 1 1.5 2
time time %10°
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Open questions and further developments ()

* GK codes: significant development: electromagnetic implementations

* Electrostatic gyrokinetic implementations : theory & simulations: well
established for core of Tokamak

* Global electromagnetic gyrokinetic implementations:
* Next level of complexity: Alfvén physics
e Alot of freedom for approximations (Poisson and Ampere equations)
 Different codes implement different version of GK equations

* Need to question existing orderings
 Comparing with experiments
* From the core to the edge of devices: very different physical properties
* Exploring model validity in new regimes
* New magnetic geometries (Stellamak: under construction)
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