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Milestone M1.4 (M-GENE-3D-EM)

e "Development of an electromagnetic version of GENE-3D and implemen-
tation of methods that allow to use larger time steps ”

e Reason:

— D2.1: ”Study the turbulent transport of the main ions and electrons,
including the nonlinear interplay between I'TG and TEM turbulence
in W7-X. This will allow to anticipate fundamental features of tur-

bulence in W7-X OP2 plasmas.”
e Due date: Dec. 2021; Finished date: June 2021

e GENE-3D is now able to run simulations with kinetic electrons with rea-
sonable amounts of computational effort

e Furthermore, it is capable of including electromagnetic effects coming from
magnetic flutter (perturbed A;))
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GENE-3D in a nutshell

e Gyrokinetic turbulence code, optimized for simulations of stellarator ge-
ometries

e GENE-3Disadf code: Split full distribution function into local Maxwellian
and first-order perturbation:

Fy (X, v, p1,t) = Faro (X, v, ) 4+ Fro (X, vpp, s t)

e Uses a field-aligned coordinate system:

T = Pror = \/<I>tm~/(1>edge; ®,,, : Toroidal flux
y=og, Cyaq; « : Field line label
z=op, 0; 0* : Toroidal PEST angle

e Can perfom simulations of flux-tubes, single flux-surfaces and radially
global domains



Gyrokinetic Vlasov-Maxwell system used in GENE-3D (previous) (2}
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OF, »
du|

OF o F T
61t = — [UHbU + (VVB + Vc)] . (VFI,U qTD‘jM vg{¢1}) + miobﬂ -V By

mev? /2 4+ puBy 3
—VE, - [v ln(nl}‘o) + vln(TD,o) (lT—U — 5 FM.o-
0,0

v, - (w«],cr q”’FM”vg{qsl})

— Vg, - VFi , + C[F 4]

Gyroaverage operators: Particle drifts:
jic i
G{} : Push — forward vvpg = sBo x VBy, v.=—=-(V xbg),
4.5 Q
¢
K{} : Pull — back Vg, = ?Bo x Vo, Vg, = B2 B(] x VG {1}
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Gyrokinetic Vlasov-Maxwell system used in GENE-3D (previous) (2}
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o » Go P\ o H o »
BN = — [”UHbU + (VVB + Vc)] . (vFl,U T Vg{¢1}> + m_vbﬂ -V By O'UH
mgvt /2 + By
—vp, - |VIn(nge)+VIn(Ty o) (l/— — §)] Far o
To,o 2
CTF a
- Vg, - (VFLU + oM, VQ{¢1})
TO,U
—vg,  VF , +C[F 4]
Gyroaverage operators: Particle drifts:
2
v
G{} : Push — forward Vop = By x VB, ve=—-(Vxby),
QJBO Qs
K{} : Pull — back Vi, = éBU X Vo, Vg, = BQBU x VG {¢1}
0

Field equations:

S [ (Fee-c{Fotm}) do= T [cimoin

e Works well for adiabatic electron simulations
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Gyrokinetic Vlasov-Maxwell system used in GENE-3D (previous) (2}

aFl,o- - ( QO'FI‘JG' ) aFl N
= — |v by + +v.)| - (VFi .+ VG +—b VB . . . .
at [obo + (vos +ve)] ot Vet %0 e Works well for adiabatic electron simulations

mev? /2 + uBy
Vv lﬂ(n[},g) + VIH(TOJ) (li/n— - g F]\,i',cr
0,0

— Vg -

e Kinetic electron simulations with 8 = 0 have

QUFM,U . . .
—ve (VP S v o) severe time step restrictions due to wy mode [¥]
—VE, VFI:J + G[Fl,cr]

Gyroaverage operators: Particle drifts:
G{} : Push — forward —— BzBO X VBy, Ve= Q—” (V x by) |
KA{} : Pull — back Vg, = BQBU x Vo, vpg, = 32 By x VG {¢1}

Field equations:

S [ (Fee-c{Fotm}) do= T [cimoin
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Gyrokinetic Vlasov-Maxwell system used in GENE-3D (previous) (2}

6Fl,o- - ( QUFI‘JJ ) H 6F1,0'
— — [ubg + +vo)] - (VP + VG + My -vB . . ) )
ot [obo + (vos +ve)] ' o) =52 Y%, o Works well for adiabatic electron simulations
mﬂvﬁ/Q—l—,uBU 3
— Vg, VIH(TLU,G) + VIH(TU’O-) T— — 5 FM’,O‘ . . . . .
0o e Kinetic electron simulations with 8 = 0 have

QCTFM,U . . .
—ve (VP S v o) severe time step restrictions due to wy mode [¥]
—VE, VFI:J + G[Fl,cr]

e Cannot account for electromagnetic effects

Gyroaverage operators: Particle drifts:
G{} : Push — forward —— BzBO X VBy, Ve= Q—” (V x by) |
KA{} : Pull — back Vg, = BQBU x Vo, vpg, = 32 By x VG {¢1}

Field equations:

S [ (Fee-c{Fotm}) do= T [cimoin

07.06.2021 *Doerk, Hauke, and Frank Jenko. "Towards optimal explicit time-stepping schemes for the gyrokinetic equations." Computer Physics Communications 185.7 (2014) 15



Upgrade to an electromagnetic code

OF, o 4o 0o e JIFy &
2 = — b ¢ . F P 3 _b . B ]
o [UH 0o+ (v +Vv )] (V 1,0+ To. Vg{¢1}) + . 0 VB Bo
mevd /2 + ub,
_ VIn(no.q) + VIn(Ty.o) (—'; o g Mo
0,0

G'F N
—Vy (VFLU Qo 21 Vg{¢1})
4oV Fare 0G{AL )}
p

—VE, vFl,cr + C[FLJ] -

To.» ot
Gyroaverage operators: Particle drifts:
_ e _ i

G{} : Push — forward Vvp = mBg x VBy, v.= o (V xbg),

ol o

C C C
KA{} : Pull — back Vg, = ?BO x Voo, Vg, = ?BU x VG{} = v, = =

0 0

Field equations:

Faro Frto

an / (I;:]I { M G{o1} }) d%*:qu /‘]C{Flgg}dBU
4 4 " .

T S S RICEWES
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Upgrade to an electromagnetic code

OF » GoF'vi o I OF &
7 — _ [ob (vF ; P by vB, T
ET [UH o+ (vens +Vc)] (V 1,0 T+ To. VG{im} )+ - 0o VDB o,
mevt /2 4+ By 3
—Vy- [V In(ng,,) + Vin(To,») (MT— —-3 M, o S
0,0 e Explicit time derivative in the RHS
gF o , . .
—v, - (V J. Vg{q‘n}) makes finite difference scheme unstable
Q'ch*H Fs'l-‘f,cr 8g{A1|}/
—_ VEU . VFLU + C[Fl\a] - - TDEU 8{
Gyroaverage operators: Particle drifts:
pe vi
G{} : Push — forward Vv = ——5Bo x VBy, v.=—(V xbg),
4+ B Q,
) _c _c _c ‘ )|
K{} - Pull — back vy = 7B x Voo, Ve, = B0 x VG {1} = v, = 57B0 % V6 {@1 _ 7/11:”}

Field equations:

Fro Fro
S [ (Gee—x{Feg o)) de= Y [ KRyt
4 / ) ,
VLAH\—**ZJH\":*7Z / v K{F1o} d
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Upgrade to an electromagnetic code

OF » 4o 0o I OF &
— = — |v;/b | VF —V —Dby-VB :
py [v/bo + (Ve + V)] ( 1,0+ T, G{p1} | + L 0 a0,
mevd /2 + ub,
o [t (2],
0,0 e Explicit time derivative in the RHS
—v, - (V F ng M, ng{tfn}) makes finite difference scheme unstable
4oV Faro OQ{AH}/ e Previous attemps of GENE by solving GK equation for
_VEU 'VFI,U+C[F1\J]_ . T - 8{ qO-’UH F}\,:{‘U A ' . L 3
¢ Toe 4- 0o = F1o + TT,,,Q{ 1,/|} become unstable nonlinearly at high
Gyroaverage operators: Particle drifts:
2
c v
G{} : Push — forward Vvp = ;—B(%Bg x VBy, v.= % (V xbg),
C C
K{} : Pull — back vE, = =By X Voo, Vi, = 7B x VG {91} = v, = BzBU % VG {@1 — —Al u}
0 0 0

Field equations:

ch / (}%M - {FMog{q’)l}}) ds?f:ZQ‘a [’C{Fl,a}dSU
VLAH\—**Z,MHETZ*?Z / o K{F10} dv
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How to deal with A4, /adt

ind __ 1941
e Define EII = —<—%;
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How to deal with A4, /adt

e Define Eind — _ 194y
| c Ot

e Write GK equation as 81; = R, + QUUH 7 og {Emd}

07.06.2021

20



How to deal with A4, /adt

0A
o Define Find = —1Z2LI
| c Ot

o Write GK equation as agt = Ry + qov) 7% Ft.o g {Eznd}

e Take derivative of Ampere’s law wrt time:

1 2 aAlaH 2 pind _ 8Fla
TV T VAR S Zq"/v"lc

07.06.2021
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How to deal with A4, /adt

o Define Eind — — 194111
|| c Ot

o Write GK equation as o )l - =Rs; + qng” T g{

e Take derivative of Ampere’s law wrt time:

1 2 8A1:|| znd
Vi T - Zq"/”'
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How to deal with A4, /adt

0A
e Define Eﬁ”d = -2l

e Write GK equation as ‘;Hj 7 =

07.06.2021
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Final set of equations

8F a FA' a i
e = Rs + qsv Ve g{EH'f}

ot T,
Q'G'FM o H aFl.cr
R, =—|v b |V + ——=V —bg-VB :
[v)bo + (Vo + ve)] ( 1o+ Tow g{@l}) + P " Du,
mevi/2+ uBy 3
Vin(nge)+ Vin(Ty,,) ('—0 - = Mo
' TU,O
— Vo (VFI,G T Vg{¢1})
0,0
—VE, VFl,cr + C[Fl\a]
Gyroaverage operators: Particle drifts:
02
G{} : Push — forward Vop = He —Bo x VBy, v.= il (V xbg),
1. B; Q,
C
K{} : Pull — back Vg, = B_§B0 x Voo, Vg, = B—ng x VG {1} —v, =

Field equations:
qu/(Fﬂ{,a¢1]C{F}\/f,og{(bl}}) dBU:quf]C{Fla}dSU
o TUO' TO,CI‘ - !
4 47 ' . :
vz All\ *_T J1|J_?Zj ’L’H}C{f‘l‘g}dsv

mci Am Z qﬂ /«pl {l;':ﬂg{Eilmi}} dB’U = i Z e / ?H}C{R }d v

07.06.2021

C ‘ v
B—(Q)Bu x VG {0’)1 - %Al,H}

24



Linear electromagnetic tokamak benchmark against GENE W

e Verify EM upgrade against x-global version
of GENE, performing $-scan presented in [*]

07.06.2021 *Gorler, T., et al. "Intercode comparison of gyrokinetic global electromagnetic modes." Physics of Plasmas 23.7 (2016) 25



Linear electromagnetic tokamak benchmark against GENE W

. . : 1a] -*- GENE . 3.0 A}
e Verify EM upgrade-) against x-global version ] -e- cEnEID
of GENE, performing S-scan presented in [*] | '3 2.54
o= L ," =
. -»- GENE
e GENE-3D and GENE show excellent agreement oz ; N i RS
: ~ ¢ = e i
for both, growth rates and frequencies, >0.61 4 =
. . /
in ITG as well as KBM regime oarSaey
0.2 SN ) 1.0
.2 =
’--‘__"
000 10 15 20 25 05 1.0 15 20 25
BI%] BI%]

07.06.2021 *Gorler, T., et al. "Intercode comparison of gyrokinetic global electromagnetic modes." Physics of Plasmas 23.7 (2016) 26



Linear electromagnetic tokamak benchmark against GENE W

e Verify EM upgrade against x-global version b T EEEE-BD .,” o %
of GENE, performing S-scan presented in [*] ] F 4 2.54 \\\
1.0 ’ —
e GENE-3D and GENE show excellent agreement %0-8- 4 . o EEEEBD
for both, growth rates and frequencies, 06/ f' 3 ]
in ITG as well as KBM regime o.4-'~\‘\ ‘,’
0.2- Svo =
e Nonlinear benchmark was also conducted, 00 b 0:';":0"41:5 —
but is omitted here for simplicity BI%] BI%]

07.06.2021 *Gorler, T., et al. "Intercode comparison of gyrokinetic global electromagnetic modes." Physics of Plasmas 23.7 (2016) 27



Preliminary: EM ITG turbulence in W7-X W

2.0 e Use flattop profiles with strong ITG drive

o— Ti/Tref
1.8 re . .

; ;ZTF; e Standard configuration, geometry consistent
- with profiles
1.4
13 e Realistic electron mass
1.0- ® pr.;=1/184
0.8
- e Smaller pr, , makes the simulation cheaper
| £ \ [c.f. p* i ~ 1/350]; realistic p* is still doable

03 04 05 06 0.7 "~ 03 04 05 06 07
x [al x [a]
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Preliminary: EM ITG turbulence in W7-X W

2.0 e Use flattop profiles with strong ITG drive

Eo— Tl/ Tref
*  N/Npef
— Te/Trer

1.8+
e Standard configuration, geometry consistent

- with profiles
1.4+
1.3 e Realistic electron mass
1.0- ® pr.;=1/184
0.81
e Smaller pr, , makes the simulation cheaper
0.6 . C
V4 \ [c.f. p¥ it ~ 1/350]; realistic p* is still doable
03 04 05 06 07 "~ 03 04 05 06 07
x [a] x [a]

Compare:
1. Kinetic electrons in the ”electrostatic limit” B.(z/a = 0.5) = 104

2. Kinetic electrons with S.(z/a = 0.5) = 0.5%

07.06.2021 29
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(Q)v[QcE]

Qes, i» electrostatic —Qes.i» B=0.5% = Qem,i» B=0.5%
= Qes e, €lectrostatic  =——=Qcs e, B=0.5% =—Qem,e» B=0.5%

184

= =
N ()]
1 1

(Qes)rs, t[Qaa]

(®)]
1

w
1

1 1 1 1 O 1 1 I
0 50 100 150 200 0.3 0.4 0.5 0.6 0.7
tla/cs] x[al

Reduction of ion transport channel: Peak value decreases from
(15.8 £2.8) Qg — (14.3 + 1.3) Q@p through electromagnetic effects

Electron channel reduced from (2.5 £0.4) Qg — (2.3 +0.3) Q¢

Slight reduction (~ 10%) in nonlinear heat flux
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Ongoing/future work W

e D2.1: "Study the turbulent transport of the main ions and electrons,
including the nonlinear interplay between I'TG and TEM turbulence in
WT7-X. This will allow to anticipate fundamental features of turbulence in

W7-X OP2 plasmas.”
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including the nonlinear interplay between I'TG and TEM turbulence in
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Thank you for your attention!
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