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e Physical Context W

e Kinetic effects on MHD instabilities

— Finite ion gyroradius (e. g. comparable to boundary layer wi dth — kink)
— Finite electric field (electron inertia, electron pressure , collisionality)
— Non-fluid “compressibility”: trapped-particle effect (ki nk, ballooning)

e Kinetic destabilisation of MHD-stable modes

— Fast-ion destabilisation of Alfv  én eigenmodes: TAE, HAE, GAE, BAE
— Lower MHD destabilisation thresholds: KBM
— Interaction between (marginal) MHD and fast ions: fishbones

e EM microturbulence: global profile evolution (drift-Alfv ~ én)

1. Global approach is needed (intrinsic for MHD; needed for p rofiles)

2. Kinetic approach is needed (to address relevant physics)
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wovenr Physical scales

€Ep = ’I"g/LB <L1

€ Zw/ch k”/kJ_ ~ q5¢/T~ 5B/B <1

Perturbative elimination of fast gyro-scale =  Gyrokinetics
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WENDELSTEIN 7-X

Gyrokinetic SPC-IPP global PIC code suite W

e 1995:
e 1997:
e 1999:
e 1999:
e 2004:
e 2004:
e 2008:
e 2009:

GYGLES is developed at SPC(CRPP) with adiabatic electrons
kinetic electrons implemented in GYGLES at IPP

ORBS is developed at SPC

EUTERPE is developed at SPC

EUTERPE implemented for W7-X at IPP

GYGLES becomes electromagnetic at IPP

ORB5 becomes electromagnetic, joint development IPP  /SPC/UW
EUTERPE becomes electromagnetic at IPP

All the codes share the equations solved, physics addressed and the
discretisation principles applied. Deeper core routines a re often very
similar. Normalisation in EUTERPE and ORBS5 is almost identi cal.
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Gyrokinetic theory W

mvﬁ

-, = — m —

e — m’U”—» - — -
A*=Ag+—b, =R+ p(0)
q

e =R+ p(60) = gyro-dependent correction is not small, when kEip>1
e Eliminate fast gyro-phase dependence from the Lagrangian

eUSE LIE TRANSFORM: I = eC~y + dS

mvﬁ

2

. . B
p|— GK :T' = qA"dR + Spdf — < + uB + q(¢) — qv(All)) dt

mvﬁ

2

. - B L
v~ GK :T = qA"dR + pd + (Ab)dF — ( + uB + q<¢>> dt

T. S. Hahm (1988), A. J. Brizard (1988, 1994, 2000)
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Gyrokinetic equations (v”—formulation) W

WENDELSTEIN 7-X

e Gyrokinetic Vlasov equation: method of characteristics
O f1s > 0Ff1s 0 fis e OF), OF),
fl +R- fl ‘I—'U|| fl :_R(l) “H0s |(|1) 0
ot R B'UH 8R 8’0”
e Gyrocenter trajectories: 0(A)/0t appears in v-GK!
q: B i ot
1 = s [ = 0 (A
b= ——b VB — - (b*-V<¢>+ < '>>
mg mg ot
é*=§+msv||s(v X 5)+5V XA”b—B*—I—b \Y XA”b

S

e Gyrokinetic field equations: 0oy = 6(R + p — T)
qs s _ ~
> B G- dZ= Y an, —ViAi=m Y

s=t,f s=t,e,f s=t,e,f
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Gyrokinetic equations (p”—formulation) W

WENDELSTEIN 7-X

e Gyrokinetic Vlasov equation: method of characteristics
Ofis o Ofis Ofis R O F, O F;
fl +R. fl ‘I—'U|| fl _ R(l) . “r0s |(|1) 0
ot 3R B'UH 3R B'UH
e Gyrocenter trajectories: 0(A)/0t does not appear in p-GK!

f._t’: = (’U” — %(Am) l_;* + qlBng X [,LLVB + q (V<¢> o ”U||V<A||>)]

, 1 .
o) = — — [nVB+q(V(d) —vV(4)))]-b
e Gyrokinetic field equations:
Qz i — - _ _
“(p—(¢)6(R+p—T)d°Z = @t — 7
IB’L 166 - s
p—(A||> s — A= V1A= po (G + Jje)
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WENDELSTEN 7 DiSCTGtiZ&tiOH W

¢ “Klimontovich” representation for perturbed distributio n function:
Np
5fs(R9 Vs Ky t) — Z wsv(t)J(R — Rv)d(vll — v,,||)5(u — .U'V) ’
v=1

e Maxwellian distribution for all species

. ( m )3/2 msvj [ mszﬁ]
s =M ex — ex —
0 "\ 2rnT, P 2T, P 2T,

e Finite-element discretization for fields:

6@ = dtM@) . 4@ =S a®)A@)
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Cancellation problem: particles vs. grid W

/Bi /36 2 - -
— A+ 5 A = VLA = po (J)i + Jije)
P; pe ~
- ~ - particles
finite—element grid
e Very large skinterms are “generated” by pj-formulation: Not physics!
2
e Nnge
B—An = FO07 4,
p? me
e Adiabatic currents are “generated” by p-formulation: Not physics!
3 a — H quOe
H, = q,((¢)s—v(A))s) , FPY =Fpee /T — (p—v)4y)
e Adiabatic current coincides with the skin terms Must cancel each other!
2
~(ad . oM o€ Be
pods” = uoqs/vn FidP = A= —4
mMe Pz

Alexey Mishchenko - IPP Greifswald, Stellaratortheorie



Solution of the cancellation problem W

e True-particle distribution function fs can be expressed through
gyrokinetic f; by py-transform: Also in quasineutrality!

S aF sf 9 cs ~~ — 4s - A
m. v, +{S1, Fos} , w 59 — 4 (¢ V) II>

discretize with particles

fls — fls +

e Ampere’s law in terms of the true-particle distribution fun ction

_ q(A) OFy,| =
—V2A = HO/v” [f18+ 9\ Ay 0] 5(R+ p—x)d*Z
N o mg 8’0”

g;ird . ,

particles

e Discretize skin terms with particles  in Ampere’s law and quasineutrality

fls(Z) — Zwv5(z —Z,(t), Fy(Z)= ZFOS(ZV)Cv(s(Z — Z,(t))
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Mixed-variable gyrokinetics: derivation W

e Split the magnetic potential into the ‘symplectic’ and ‘Ham lltonian’ parts:
_ A(9) (h)
Ap=A47+ 4

e The perturbed guiding-center phase-space Lagrangian

rCOET s g, 12 (h)zy - mvﬁ
~ =gA -dR—l—;udH—l—qA” b-dZ+q A "b-dT — — + pB + q¢| dt
e “Mixed” Lie transform: A|(|h) — Hamiltonian, A|(|S) — symplectic structure

2
I — gA*-dR+ 1 d6 AN aR— |0 L B — o AN de
=q +qu +q( A, 5 THB+a(P—v4,
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Mixed-variable formulation: equations W

e The corresponding perturbed equations of motion are

—

b

3(1) _ ld— o A® — o A® (h) 7oy
. 0 bx VB
(D) ‘o ) | G\| _ # o/ A®

e An equation for A( )/8t IS needed

9 (s)
Al +b5-Vop=0

e Ampere’s law takes the form

) ﬁs<A|(|h)>8 —ViA =po D dps+ViAP
J ! s s=1,e,f

S:’L e
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e

nonlinear algorithm
f15(Zos AY) = frim(Zum, AV, A
A

Additional nonlinear terms

f motion
PoP 2016]

Ions O

t

in equa

ber

appear

Klei et al,
(symplectic-hamilton
alence at the 2nd order)

IR

lan equiv-

IC

.;0;.;0;.;0;.;0;.

Mixed-variable formulation

MIXED-VARIABLE SPACE

WENDELSTEIN 7-X

)

ghts constant

Inear
(s) . _A(s) (h) (h) _
3. Set A||(new) (tz) - A”(tz) — A||(old) (tz) T A||(old)(tz) and A||(new) (tZ) = 0.

1l

lable space (no

In mixed-var

1. Push coordinates and weights

Ing wel

2. Transform coordinates into symplectic space keep
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wenmn CONServation laws in mixed-variable gyrokinetics W

A gyrokinetic field theory is obtained from action principle
t2

0A =9 Ldt =0

31
where A is called the action and L the Lagrangian

CIR, Ui i 0,05 A Af) = 3 / AWydVi fr0(Zo) Lo (Z, )

qsz 2 3AS
+/dV 1.6 ——/dV|VLA||| +/dV)\ LR

GK smgle-partlcle Hamiltonian and Lagrangian are

t, = " L uB(B) + a0 ((6) — Uy (A )+ “< LG )2
. - L5 m?
La‘(R7 U||, py R, a) — qa'AZ- - R+ —a“a — H,
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e Derivation of the equations from the Lagrangian W

Liouville theorem follows from variational principle:

9Bi, o (g dR L9 (B* dU||>_O
ot boat )~ auy \" de )

Thanks to the Liouville theorem the gyro-center distributi on function of each
particle species f,(t, 7, u, 1) satisfies the gyrokinetic Vlasov equation

df, 8f, dR dU, df,

B AT vi =0

dt ot * dt Jo dt Bu”

Lagrange multiplier for Ohm'’s law constrain satisfies:

oA
b
Taking zero as an initial condition for A, which can be defined arbitrarily,
Lagrange multiplier A vanishes: A = 0.

o\ - -
/dV—A” =0 VA” = 0
ot
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Energy conservation W

GK Lagrangian does not explicitly depend on time.
There is a conserved energy related to Noether theorem:

ded% o.0 Z() —E =0
(o (-4 ~c)

This implies that the following energy is conserved
1
2 IVol+ o - [aviviay

E(t) = Z / dWod Vo fo.0(Zo) H, — / dv-- 21t

q’l/pz

This energy is split into kinetic energy and potential energ les.
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Energy conservation W

Epui(t) =5 [ AV <qn<¢> R ICHEFIZHEDSS %mmmm)

o

muﬁ

Eiin = Y / dWodVy fo0(Zo)Hop = ) / duydp dV f,(Z, t) [2 + ,,LB(R)]

Energy conservation implies

d€xin d&€,,
« it i Z/du”dudea(z,t)

dt dt

[%(Aﬁ)éj; - V(B + 4o (¢) — qouy(A]))

DAY -
+B, (:; u||< 8t“> + R - V(g () — qauu<Aﬁ’>)>]
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Conservation of total angular momentum W

As the background fields do not depend on the toroidal angle in a tokamak,
the total canonical angular momentum is conserved.

5L — —
0L = Py - R, =0, for R, = (0,0, R,), with R, any constant.

Knowing that the Euler-Lagrange equations are satisfied, yi elds

oL o oL, -
% R,= S / AWodVofro(Zo) | 22 - R,
R BR

The conserved angular momentum in mixed-variable formulat lon Is

— za:qG/deVf,,(z,t) [Ago + (%u” + (Aﬁ>) bgo]
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Numerical properties of pullback scheme W

fo is Maxwellian; B, = By¢€,, electrons are the only dynamical species,
®,A,0f ~ exp |i(kiz + kjz) — iwt]
Linearized GK equations in v -formulation:

e (0P OA 09 fe 09 fe of.

z = Y 'U|(|1) — 1 < + ”> ’ f + | f = —’Ul(|1) f 0
0z ot ot 0z 8’0”

ming

B2 I{ti(I) — Qe/5fedv|| ’ kiAH — “OQe/vH(Sfede

me

Well-known exact dispersion relation (  v¢p,e = \/2Te/me, = me/m;):

, :
Dot = 1 — % (aﬂ _ %) (14 oZ(@)) =0

Consider kinetic shear Alfv  én wave in slab geometry
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Numerical properties of pullback scheme W

Implicit Euler scheme with step-size Atand t =t, = nAt

0A Ajn — Ajn 1 — etiwAt
ot |, At At
Equations of motions  z,, = z,_1 + v ,—1At and v, = const,
do fe Ofen — 0fen—1 1— e:l:i(w—k”v”)At
~ ’ ’ = —iK,  fon, Ky = &i
dt |, At +fen s HKa At
The numerical dispersion relation (converges to D xact for At — 0)
28 «— (=~ [
Dy =1-2 ) (mFu — EFO,Z) =0
1 il=—x
Fo, = ey T2izy 14+ xZ(x + iy)]

Fi, = oy +2izy [a:zZ(a: +iy) + x — iy}
r=0o—2wl/At, y=—At/4, t =tk vm,
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Numerical properties of pullback scheme W

The equations to be solved in this scheme are

h
L@ _ o, @) — ge OA; déf. (1) 0 fe,0

me = Oz dt Ou,

with the field equations

2
HoTog, s Mming
(ki + —) AY = uoge [ wiéfodu)— KA}, TURK® =g, [ 6f du

Me
Ohm’s law
0A; oOP
ot 0z
and pullback transformation has to be applied at end of each t Ime step
e 8 e, Sk S
5fr = 6fe+ 20 0Te0 40 s ps b oAb o

9
me Ou I
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Numerical properties of pullback scheme W

The transformed quantities have to be used for time derivati ves:
04j|  Afns— AR,
ot At
n

Explicit Euler scheme with step-size At and t = t,, = nALt.

i de h 8fe,0 S
0fen = I gy > Al
AtK_m, " B’U,” o AtQ_
Important result Aﬂ ~ At! Putting everything together leads finally to the
numerical dispersion relation for the PT-scheme

_ 2 (1
Dpr = 1 — iQ_At (1 + _ﬁ) o (Q_Fu _E O,l) — 0.

ki k2 Mt B

— (A} — ik ®,At)

B

where Fy;, F1; now must be evaluated using y = At/4.
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WENDELSTEIN 7-X

Numerical properties

of pullback scheme

0.3

0.25

0.2

0.15

0.1

I ' I ' I

— exact
- — - vpar (implicit)

- — - pullback (explicit)|

e Explicit discretisation for the

to strong numerical instabilities.

0.7

0.6

30.5

0.4

e v- and PT-scheme give same results.
Hence, both schemes are equivalent but PT-scheme is explici t.

Larger time step

I ! I

— exact
- — vpar (implicit)

- — pullback (explicit)

v||-scheme possible but leads

Alexey Mishchenko
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€2 Collisions in electromagnetic PIC (EUTERPE) W

e collisions important for realistic description of fusion p lasmas
e electromagnetic simulations with EUTERPE including colli sions had been
unsuccessful in the past
e benchmark of EUTERPE against grid code based on decompositi on of
f(l) iInto Legendre polynomials (EF of pitch-angle collision ope rator)
fe fe v o 2 8fe 'U||
Rve =L eaLe—_—]-_ 9 -
o T fet o “ (fe) (fe) 285( 6)85 §

N
=" fi(u,t) P (¢)F, P,...I" Legendre polynomial

e kinetic Alfv én wave subject to electron pitch-angle collisions
J. W. Banks et al., Phys. Plasmas 23, 032108 (2016)
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S == Results — with and without pitch-angle collisions

1
10" :
b Legendre approach, vy=0.0 -----.
[ EUTERPE, v(=0.0 —e—
L1 Legendre approach, vo=0.15Q; - - - .-
EUTERPE, v4=0.15Q; —e— .
o <
0 PY [ 4
10 o
g .ﬁ‘."
3 .
P ® EUTERPE parameters: |-
1 @ Ng=4 Mio.
10 o ® :
At=varying
102
0.1 1 10
KiPs

e real frequency not affected by collisions

e collisions lead to collisional damping for all

Y,

Legrendre approach, vg=0.0 - ...
EUTERPE, v(=0.0 —e—
Legrendre approach, vg=0.15€; - ...
EUTERPE, v4=0.15Q; —@— |3
o,
L
EUTERPE parameters:
N¢=4 Mio.
At=varying
7 ",,.. .
¢
'..
s % @ hd Q- 'Q
9 [ 2 >
0.1 1 10
KiPs
kJ_ Ps

e large k| ps (small scales) effectively damped by pitch-angle collisio ns

e EUTERPE and the Legendre approach agree very well

e stochastic scheme replaces Runge-Kutta: weaker convergen
C. Slaby et al., Comp. Phys. Comm. 218, 1-9 (2017)

cein At

Alexey Mishchenko
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SIMULATIONS

Toroidal Alfv én Eigenmode
Energetic Particle Mode
Internal Kink Mode
Collisionless Tearing Mode
Stellarators (EM drift modes)
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o Tokamak configuration W

0.8 —————
I I I I I I I I I | S
N
0.7F Z 4
I m - <
185 % e 17
S 0.6F i
c | e ]
o 18 gosy \/— PIC TAE |
Here, the gap isformed < -+ MHD TAE] -
50.41 _
1.75 - I
0.3f i
Ty NI R I I S I P N R I 0.20
0 01 02 03 04 05 06 07 08 09 1
r/r

Large-aspect-ratio, circular cross-sections
Major radius Ry = 10 m, minor radius 7, =1m
Magnetic field on the axis By = 3.0 T, flat density ng =2 x 10" m=3
Flat bulk-plasma temperature and density ( Gpux =~ 0.18%) , Hydrogen
Toroidal mode number n = 6
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€ 3 Radial structure (GYGLES, EUTERPE, ORB5) W

[ [ [ [ [ [ [ [
1.5e-13} 1.5e-13}
le-131 le-13|
k= k=
5e-14 5e-14
O0 O0

Radial pattern resulting from the PIC simulations
(in some particular point of time)

It resembles a typical TAE structure.
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€2 ITPA benchmark (CYGLES, EUTERPE, ORBS5) W

. CAS3D-K (ZOW)
&6 GYGLES (FLR)
| | @8 CKA-EUTERPE (FLR)
G-© MEGA (FLR)
wv—5 NOVAK (FLR)
*—% LIGKA (FLR)
B8 EUTERPE (FLR)

5B8/B,/ 10

=8 EUTERPE y =0

+—+ CKA-EUTERPE y,=4-10’s "

v . | | 1x10* 1x10°
L L L L _1
0 200 400 600 800 y/rad s

Successful worldwide benchmark (ITPA framework)
Linear with and without FLR
Nonlinear (EUTERPE vs. ORB5; GK vs. reduced models)
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Nonlinear simulations (ORB5, EUTERPE) W

WENDELSTEIN 7-X

600 - T - T - T - T

T

500 .

T

400 .
S 3001 .
200 .

- I' li | ! |. |
100 — N | i | L
L s " SN e | -15 !

0 0.2 0.4 0.6 0.8 0 20 4|o éo ab 160
S .
t, 1103 o1

T

log(Re(2))

Nonlinear mode structure (fast-particle nonlinearity)
Mode saturation through resonance detuning and radial deco upling
(Fulvio Zonca talk; this conference)
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Long-time simulations (EUTERPE) W

2.5e+06}
20 ITPA benchmark case
2.0e+06 ] 118 (tokamak, n=-6 TAE)
| Fully GK simulations
 lseronl ¥ | using EUTERPE
. - 1™ DMUSIC algorithm
{12 (parametric method
. " superior to FFT)
GK DMUSIC spectrum
woere - o ¥ compared with MHD
kil 6 continuum
O'Oe+0%.=§ 0.2 ;gg(gi 0.6 0.8 1.0
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|l

€ 2  TAEEPM transition (GYGLES, ORB5) W

| | T | | L T T T T T T T T ]
1.5e-13| . < resonance (v, =V, / 35 — T T
3o : } 6e-13f
|
|
le-13F - /I\T |
T FOW stabilization | 4e-131
> | [Ei | =
[ perp FE
S5e-14 ] 10F |'sS 1 @ - 2e-13F
Sl
L | O]
|
A , | , | , | , | , 0 L
OO 1 0 2e+05 4e+05  6e+05 8e+05 1e+06 1.2e+06 0 0.8

T, [eV] (B, kept const)

Dependency on the fast-particle temperature ( 8y = 0.134% kept constant)
Destabilization is most effective near the resonance Vihy =~ va/3
At large T, finite-orbit-width (FOW) stabilization is seen
At smaller T} (larger nt to keep 3; constant), an EPM appears
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Safety factor and SAW continuum W

805/ : , —— ¢ , :
T T T T T T T T T 08 ' ' ' ' ' T ' T ' e+ 5 i .'-:. ...'. t.'- / 2/ \/ |
_ s Q 1 I ]
25T |— q() = 1.71 +0.16 (r /1)’ (ITPA) o7l D ]
—qnN=15+(/ ra)2 (this work) w | - ms 77 < | 6e+05F i 3 /\
[ B < | -.......-. ] :-'.KAW \\._1 H
g g 06 | | o FTAE (kin, T=9kev) 5 f — 2 B Kaw
“(E © _8 '—’—’---?(_:— — e -v— LI . W -
z° 205F —PIC TAE [{ £4e+05- ; .
= x T - MHDTAE| { 3 : E A
@ 3 0.4 - ; = 1
2e+05 i Pz >
B &7 { ‘.\“’ [ =
15 03F m ='\0 3\\ - _ .. | “Nj =
E— '( 04 06 ] ') TR 0 2- D G L N "\j! Y]
s (sqrt norm. tor. flux : _ _ . _ ! . ! : I ! A
0 0.2 0.4 S 0.6 0.8 1 O0 0.2 oA 0.6 08 1

sqrt norm tor. flux

e Simulation Concept
— Modify the ITPA benchmark parameter safety factor (magneti c shear)
— But: use flat bulk plasma density and temperature (same v as ITPA)
e New physics (compared to ITPA)

— The resulting continuum is much more complicated than ITPA
— The gap is deformed and involves many modes; continuum reson ances
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Gyrokinetic Eigenmode (GYGLES, EUTERPE, ORB5) W

isformed

pure TAE has |ess interaction with fast ions?

I global kinetic structure

e—eGKPIC (T, =9 keV)|
=—a hybrid gyrokinetic
+—+GKPIC (T, =1keV)

) . EV = 6.:7359:?2e-03 +i -7|.948I117e-(|)7 . , : , e , : , 30000
[-=m=10n=-6 Re { SN KAW |4 . ]
— = m=11n=-6 Re —
osl{— — m=12n=-6 Re| M . i |— m=10(SVD)
||—— m=13n=-6 Re| | . |— m=11 (SVD) 20000
el l= = m=9n=-6 Re | | 1 h |-—- m =10 (MHD)
. 2
I I -—- m=11 (MHD)|| 3
‘ S
oal ,‘ I 4 osf + = 10000
i 'y |
0.2} / |
KAW 7 I/ NN\ KAwW L
i \ *.:. ; | 0
Ofem o = —— == c_l_\-m-&-_"_‘ — - |
i \ / 1 0 . | \}V l T | 7 N ] | . 2e+05
025 : ! : ! : ! : ! : 0 0.2 0.4 0.6 0.8 1

0.2 0.4 0.6 0.8 1

e Electrostatic radial pattern at different times

e KAWS are excited at continuum resonances

" 1 "
3e+05

e Resonantly excited KAWs mix with the global eigenmode (inte

¢ Kinetic mode is wider comparing to ideal mode (KAW admixture

1 " 1 "
4e+05  5e+05

1 "
6e+05

T, eV
rference)

S)

7e+05
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Internal kink mode (GYGLES) W

T | --g;dp?ﬂcﬁlggggigg)méhw> ———— ~~MHD, shooting method|
.. oK PIC(T:;SOOOeV) [\ Damped Alfven continuum 40000~ o GK PIC (Ti =200¢eV)
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e Intertial layer: plasma inertia can compete with magnetic tension
e Poloidal plasma rotation with  vg o< d¢/Ir resolves the MHD singularity

e The width of the intertial layer Ay o« éWnnaD

e “MHD regime”: Ay exceeds all microscopic kinetic scales (p;, O €1C)
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Collisionless m = 1, n = 1 tearing mode (GYGLES) W
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“Collisionless m = 1 tearing mode” [Porcelli 91]
a 2\1/3 2
8q(re)va(re) (dep;) / B R r dq
Y = s Vg = s Sq = — —/—
Ry Tc v/ Hom;nyg q dr

e Drift-kink mode: fine scale feature at resonant flux surface

e Sub-gyro scales are involved — Kinetic Alfv én Waves (KAW)
resonantly excited by the drift-kink mode

e Mode dynamics as a combination of MHD dynamics,
reconnection and the KAW excitation (“continuum damping”)
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Internal kink mode in tokamak (GYGLES)
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Internal kink mode in tokamak geometry (  Ry/r, = 10); strong MHD drive
(pressure+current); GK-efluid comparison; fast-ion effec t: MHD drive pg,
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WENDELSTEIN 7-X

KBM/ITG in LHD-like geometry (EUTERPE)
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A. Mishchenko et al, Phys. Plasmas 21, 092110 (2014)

Alexey Mishchenko - IPP Greifswald, Stellaratortheorie



KBM/ITG in W7-X stellarator (EUTERPE) W
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Outlook: going mainstream W

e Cancellation problem has prohibited large-scale effort on GK EM global
PIC simulations (Reynders 1992, Cummings 1995)

¢ Reduced models have been widely used to circumvent the probl em.
hybrid kinetic-MHD, fluid-electron models

e Limitations of reduced models: closure issues, no micro-te aring physics

e A lot of work has been done to mitigate the cancellation probl em.

control variate, mixed-variable pullback scheme; US schem es
e The mitigation schemes can be used both in linear and nonline ar regimes

e The mitigation schemes have been validated on many examples :
Including the international ITPA benchmark

Global gyrokinetic EM PIC simulation schemes approach main stream
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Mixed-variable formulation: the algorithm W

1. At the end of each time step, redefine the magnetic potentia | splitting:
(s) _ _ (h)
Al (8) = Ay (8:) = A1) () + A (£:)
2. As a consequence, redefine A|(|l(131ew)(ti) =0
3. New mixed-variable distribution function coincides wit h symplectic one

(pullback O-form): 17 (2®, AP) = ™ (2, A, AY)

1

(h)
m s m q (Ao (ti)) OF,
P @) = £ ) = Fo (8) + ——Y

m 8’0”

4. Proceed, explicitly solving the mixed-variable system o f equations at the

next time step t;+ At ina usual way, but using the symplectic coordinates
as the initial conditions.
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€3 Solution of the cancellation problem (iterative scheme) W

WENDELSTEIN 7-X

e Ampere’s law computes A). But p-transform depends on Aj!
qs(A)) 0Fy,

m, Ov

_ ViAH — “0/”” [fls + {Sla FOS} + J(R + ﬁ_ _’)dGZ

e Solution: introduce an easy-to-compute estimator for tran sform ( B./p?)
(s+La=j3j=>(s+La=j+(8§—8a=(§+L)a=35+(8§—s)a
e Employ ||§ — s|| = O(e) and solve Ampere’s law iteratively
a = ap+e€a;+€as+. .., (5+L)ay =3, (§+L)ay =73+ (§—5)ag ...

3 al
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