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Kinetic Electron Closures for Electromagnetic Simulation -- Qutline LL;

1. A practical algorithm for particle simulation of electromagnetic drift-wave
turbulence and transport with kinetic ions and electrons

2. Examples — Simulations of kinetic shear Alfvén waves, and collisionless drift
wave and ion-temperature-gradient instabilities at finite b in a two-dimensional
unsheared slab

3. Extension to toroidal flux-tube algorithm
4, Summary --

Successful particle simulations of shear-Alfvén waves and
electromagnetic drift-wave and ITG instabilities with kinetic electrons for
pm; / me >1 (hot core plasmas) in slab. Toroidal code being debugged.

Related work within the ScCiDAC Plasma Microturbulence Project: continuum
methods -- GS2 by W. Dorland, et al., and GYRO by Waltz and Candy; particle
methods -- Z. Lin and L. Chen, W. Lee.



How to Accommodate pm/m.>>1 ? -- Hybrid Il Electromagnetic Algorithm LL;

» Extend the “massless” electron hybrid model of Parker, et al. and P. Snyder
(Ph.D. thesis, Princeton U., 1999) to include drift-kinetic electrons.

» Consider the modified electron momentum equation (Ohm’s law) in slab
geometry:

A0 o OB . I

enge B0V = - NyRe + 75 Nenged - NpeMe(d /at + Vg XN)uye
where N = KR + T Ryone™ + noeNipTie with Kiy(TE! +8Tje) =0, T is a
constant, Sn{?) =8n, - AnX =electron fluid density, AnK = ad3vh, is the split-

weight 8f kinetic increment, and dn, = total perturbed density consistent with
moment of split-weight electron distribution function (like Lin and Chen, 2001):

£, = fiy(%,9) +(6n(e%)e)fM (V) + hy(%.7)

« Use Ohm's law to advance A, “V.,, = (E +R¢)»© =..



Hybrid Il Electromagnetic Algorithm (cont’d) Lug

« With updated A use Ampere’s law to determine parallel electron current:

A7 %L +T;, where I; is the gyrokinetic parallel ion current.

— — C
Lje = Noeljle = e

» Use the electron continuity equation to advance the total electron density:
aon

22 + g (B(O) +8B0 ) xR + Ve g oRI(n§? +8n) = 0
(assumes no magnetic curvature)

» Determine the electric potential ¢ from the quasineutrality relation using the
updated electron and gyrokinetic ion densities

» Advance the gyrokinetic ions and the drift-kinetic electrons with same At.

» From drift-kinetic equation for electrons with split-weights (after cancellations),

dw?

L . 5B, 2 -
@ = Ve X+ B Te((z - 3) * NiYe

using |An§,< /6n(eo) |<<1 as an expansion parameter.



Hybrid Il &f Algorithm — Improved Shear Alfvén-Wave Simulations LL;

» Simulations of kinetic shear-Alfvén waves in slab.
Parameters: kypS: p/8, T=T, B,/B,=0.01,r =2Dy, 32x32 grid, (0,1) mode

theory - - - simulation results: 0 = Rew / Q; , * =- Imw /Q; Landau dpg. rate
B 100
Ll
O 10-1 | o~ . Rew/Q;
1021 x~
O 5 X
S ~
..% 10—3 ! }6\'|m (D/QI
= %
oC F K
o 1074 | h
g |
- 1072 Lo

1074 1073 1072 10~
Electron Beta [3¢

Freq

* No restriction on w_ Dy/c and results are similar to Z. Lin and L. Chen’s 2001
reported results. (As B.m/m.® 0 the algorithm fails and goes unstable.)



Extended Hybrid Il 8f Algorithm — Collisionless Drift-Wave Slab Simulations LL;

* Of slab simulations of collisionless drift-wave instability with no magnetic shear.
Parameters: kypS: p/4, p /L= 0.2, T=T,, B,/B,=0.01, r =2Dy, 16x16 grid, and (0,1) mode,
theory (J. Cummings Ph.D. thesis) - - -,
o= standard df simulation, * = extended Hybrid Il code with kinetic electrons.
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* The Hybrid Il algorithm gives good results for fm;/m, >1 and any skin depth, while the
standard &f simulation fails except for fm,/mg £ 1 and Ay<c/w,,.



Hybrid Il Code — Slab ITG Instability Accurate for fm/m.>1 LL;

2D Hybrid Il simulations of shearless ITG accurate for fm/m, >1
and no constraint on the skin depth, i.e., c/w, relative to the cell size Ax.
Accommodates finite ).
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* 2D slab simulations with no shear, 6=0.01, T_=T, n, =n =4, p/L =0.1, Q Jo =1,
m/m_=1836, p,=2Dx, 32" 32 grid. Frequency and growth rates for the (0,1)
mode (kyps »7/8) Vs. B, =(w, DX/ €)*(p/AX) (M/m)( /Q,)°
theory (- - -) (J. Cummings, Ph.D. Thesis, 1995) (x10% error bars in obs. Re w)
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® Consider the consequences of the explicit backward differencing of the inertia
term in the Ohm’s law, which leads to a numerical instability at low £:

Hybrid Il Code — Shear-Alfvén Instability for fm;/m.<1

= ~(0 & OB & - & -1 -1
ey B0 =- NjRie +75 Nenogh - NoeMe(d /9t + Vg XN)Uje, ... 0U / 9t = Dt (uFe - Uje )

® A heuristic stability analysis yields the following dispersion relation for shear-

Alfvén waves:
W+ wi IKECH)(h - 1)° 14N =0fiDt%/4,.. 0 ° exp(- iwDt)

pe
® Limits---
Electrostatic: u)%e/ kic? = (Pem /Mg) IK? ps2 <<l ® A =1/(1+wuDt)
|l |>1 instability !!
Electromagnetic: m%e/ kic? = (Pem /Mg) /K ps2 >>1and kyvaDt/2<1

stability with wDt/2=+3kvaDt(1- € /2)- ie (3kvaDt)%,e © Kic® /w5 <<1
General dispersion relation is a cubic (for a cold plasma), and there is
numerical stability for m 5e/ kic” = (Bem /ms) /k< ps > O() .



Hybrid 1l Code — Implicit Solution of U, to Improve Numerical Stability LL;

* If we Introduce implicit time differencing of u in the electron inertia term in
Ohm’s law, then
Bn

enOeExB(O) = N“Fne +=5- Nengg - NpaMe(d /9t + Vg ><N)u||e,...au|p/at =Dt 1(u

n+1
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* Next solve for A" in terms of u,."** and substitute into Ampere’s law to obtain
an elliptic equation for uy,"**
2 . 2 2y nHl_ o2
(- N/\ +(Dpe/C )Uﬁle :-N/\ (...)n

* We would expect this modification of the hybrid algorithm to have improved
numerical stability for smaller values of u)%e/ kic? = (Bem /my) S psz. How much

smaller?

* However, the hybrid algorithm will remain poorly posed as § ® 0 because of
the presence of A, and use of Ampere’s law which becomes 0=0.



Toroidal Flux-tube Implementation of the Hybrid |l Algorithm LL;

» Determine the parallel electric field from the modified electron momentum

equation (Ohm’s law) including toroidicity (ref: P. Snyder and G. Hammett)
engeE 0% = - NRe + % Nenoed - NpeMe(d / at + Vg N) Uy
- (38P.e - 8Re)0®NInB
where NjRe =NRL + TR, One - 3 ) + noelNdTie with Ny (T +8Te) = 0.

’ 0 — | "
« Use Ohm’s law to advance A, %t = (E +Ng) %@ =
« With the updated A, use Ampere’s law to determine parallel electron flux:
[jie = Noelje = j‘;zel(lg —ﬁ“ +T;, where T is the gyrokinetic parallel ion current.

» Use the electron continuity equation to advance the total electron density:

L 2
+meQ = (B” NB)N(15R ¢ +5Re) + ”Oe(B NB) <y =0
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Hybrid Il Toroidal Electromagnetic Algorithm (cont’d) LU;

* Determine the electric potential ¢ from the quasineutrality relation using the
updated electron and gyrokinetic ion densities:

N% - T(‘;Dq)) = 4me(d - dne)

» Advance the gyrokinetic ions and the drift- klnetlc electrons including the

. . - ~ _ _ + n
toroidal drifts: Vgs = Vi + VE" B + Vs e 2

Vs = QSB 280 N €25 ° gsBp/ msC
and mirroring. A A o

= (0s/ Ms)b>E - (us/ mg)bxNB + v (b Nb) g g
* From drift-kinetic equation for electrons with split-weights (after cancellations)

WP = (e~ Kne)X (Ve B+V|D) - Vae None / e + Bx(Uye / B) + (v / V) (& + V- g )y
+v (019NN B)(30pne - dpje) / (oeTe ) + Ve g e o b + 2 e NinB) /T
+(NpeMeReB*)(B”~ NB) xN(8pje + 30 ) +(2¢/ B*)(B~ NB) ¢

» Use flux-tube coordinates: x=r-r,, y=(r,/00)(q0-2), z=9,R,q
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Initial Comparison Run of Toroidal Hybrid || and GEM Codes

L

e Toroidal ITG simulations with 32x32x32 grid, b=5x10*, h;=3.5, ¢,=1.4, kinetic electrons

and ions, m/m,=1837, comparing GEM (conventional low-b code) to toroidal Hybrid Il

preliminary results. Toroidal Hybrid Il is being debugged.
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