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ABSTRACT

Turbulence and transport in tokamaks are studied using a 3-dimensional gyrokinetic particle
code that uses the generalized split-weight scheme for the electrons. The inaccuracy problem
at high plasma [ is solved by using the same marker particle distribution as is used for Jf to
evaluate the Bm;/m.A; term in Ampere’s equation, which is solved iteratively. It is found that
for H-mode parameters, the nonadiabatic effects of kinetic electrons increase linear growth rates
of the Ton-Temperature-Gradien-Driven (ITG) modes, mainly due to trapped-electron drive.
The ion heat transport is also increased from that obtained with adiabatic electrons. The
linear behavior of the zonal flow is not significantly affected by kinetic electrons. The ion heat
transport decreases to below the adiabatic electron level when finite plasma [ is included due
to finite-3 stabilization of the ITG modes. This work is being carried out using the ”Summit
Framework.”



Split-weight Scheme

e Perturbation E, = V,¢, E; = V¢ — aA“ , 0B, =VA; xb
o Use p =y, + %AII as a coordinate to eliminate %— (Hahm’88)

o fu= fuo+eed L+

e Quasi-neutrality: ¢ = = [p(b)¢y. exp(ik - x)
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e Equation for ¢ /0t
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e Ampere’s law ( V 4 2 ) Ay = o (upi — wye)



® T =T—"Ty, y:%(qe—g), z = qoRo0.

o [, = 2mqyRy. Periodic in x-y, toroidal bc’s.

e Predictor-Corrector (no electron sub-cycling and orbit averaging)

e Fourier method for gyrokinetic quasi-neutrality condition and Ampere’s law

e 1D domain decomposition in z with domain cloning at each z. (C. Kim and S. E. Parker,
2000)



High 8 Problem and Solution

2
e For k, p; <1 the w_cpTe — e% term much larger than the ki term in the Ampere’s law.

e This term should be exactly cancelled linearly by a corresponding part of uj.. However,
this cancellation is difficult to attain, since e comes from particles and contains the effects
of finite particle number and finite particle size

Upe(X) = ?wej vy S(x; — X)

w, electron weight. S is the particle shape. x location of the grid point, x; the particle
position.

e The problem is not caused by the split-weight scheme. Using v, formulation with the same
split-weight scheme does not solve the problem. However, v, formulation with a different
split-weight scheme (W. W. Lee, 2001) was demonstrated in low-dimensionality simulations
to be free from this difficulty. It is not clear whether this is true in 3-D simulations.

. . . . . 0A . . . .1
e v, formulation with finite differencing a—t”, even time centered, leads to numerical instability.
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Solution of the 8 Problem

e The @% term in Ampere’s law comes from fo.(p), Maxwellian distribution in terms of
p)

1
& [ foe] = —/fOe ve, ) Ay(x) dv = EAII-

e The difference between fie(v)) and foe(p)) is represented in particle weights. The linear
part of foe(v)) — foe(p)) is

Jfoe(vy) — foe(p)) = =701 A foelp));

The current from this linear part is the same as that coming from f,.(p) but in the opposite
direction,

| (=mp4) foe(py)) vy dv = ——An

Me

e Rewrite §j|foe] so that it has the same velocity dependence in the integral
5j[f0€} — T/fOe('UL,pH)pﬁ A||(X) dv.

e Replace fpe with its discrete representation (with proper normalization),

—~ V 1
fOe

Nomo, Ej? 0(x —x;) 6(vy — vj) 6(vy — vy),



e The same scattering operation as that used for | hv; dv has to be used to distribute A; at
the particle location to nearby grid points,

= V

) ~ 7 S0 44 (x) S(x - x).

e The value of A at the particle location x; is calculated from the values at the neighboring
grids using the same shape function,

Ayx) = X Ay(Ximn)S(Xj — Ximn);

11,1

e Rewrite Ampere’s law as

Bi

(—Vi + —e) AT = Bi(owy — duye) + B (miAﬁl B gj[fOeD !

€

e Number of iteration 5 ~ 7.

e [t is found that similar technique for the egnge%gb term in the quasi-neutrality condition is
not necessary, since €, < 1.



Finite § Effects on Slab ITG - Good Agreement
Between Simulation and Dispersion Relation

Slab dispersion relation —ki%(Ml — M, — k%) = B(N. — N))(K* — L; + L.) with

Li = (@ = Qu)To + Qnilw, Mi = —To(1 + GiZ) + (30niTo — Qnilw — QL0)GiZ — QLo (L + GZ), Ny = —£[QT0(1 + G:Z;) +
(—391iT0 + To + Qnil) (1 + GiZi) + Quilo(5 + ¢F + 2], Le = Q, Me = 1 — (2 — Q1e/2 — 1)CeZe(e) — QmeCZ(1 + CeZe), Ne =
— 20 + GO+ CZ) + (0= Ome/2 = V(1 + )]s fn = G0 no, wra = ~90)Ty, @ = kykyjw, Qra = wraky/w, To =
To(b) = To(k20%/02), Ty = T — b(To —T1), k2 = 1 —To(b). (o = w/V2kvia- Za = Z(Ca) the plasma dispersion function.
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Electron-ion Collisions

e Lorentzian operator

10 0
CL(fe) — Ve§5(1 - )\2)8—/\]06
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Hee(z) = + (1 — — erf(z).

VT 22
e Expand Cr(f.) as

0.
Cu(f) = Cul o) — Cilegd

The €, term is nonlinear and will be neglected. The first term is given by,

Cr(foe(p))) = —TVeA) foe,

implemented as an additional term in the electron weight equation. Cf(h) is implemented

) + CL(h)

using the Monte-Carlo method

Anew = Aold(l — V€6t> 4 [(1 _ )‘(2)](1) Ve5t]1/2

Y

where + means equal probability of + or — (Boozer and Kuo-Petravic, '81). §t = At for
corrector step and dt = 2/t for predictor step, At is the time step.



Linear Benchmarking with gks and GYRO
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Ion Heat Flux Decreases below Adiabatic Level due
to 0 Stabilization of the ITG Modes
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Finite-5 Important in Determining Transport Level

e DIII-D Cyclone Base Case parameters: R/Lt; = 6.9, R/Lt. =0, R/L, = 2.2, qo = 1.4,
s=0.78,rg/R=0.18, m; = 1, m, = 1/1837.

o [, = 104p;, [, = 128p;, resolution n, xn, = 128 x 128. With collisions. Atw. = 10, 4, 2.5.
Particle number 8 388 608 per species.

e Low-( results are converged with respect to particle number and box size. 8 = 0.8% case
not tested.

e With kinetic electrons vL,/vr; = 0.21, with adiabatic electrons vL,,/vr; = 0.12. The
increase is due to trapped electrons.

e With kinetic electrons x;/p;v; = 0.01, significantly increased from that with adiabatic
electrons, x;/p;vri = 0.0065.

e As a result of the nonadiabatic effect of the electrons, a finite particle number flux is
observed D;/p;vr; =~ 0.016.

o At = 0.8% y; is significantly reduced from the adiabatic level. The heat
flux could be further reduced as 5 increases to just below the KBM thresh-
old.
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Evolution of Zonal Flow and the Residual Level not
Significantly Changed by Kinetic Electrons
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Summary and Future Work

e Linear electromagnetic simulation of microinstabilities with kinetic electrons using the split-
weight scheme is extended from the regime of ﬁe% <1to ﬁeg—i > 20, for instabilities on
the ion Larmor radius scale.

e Benchmarking with gks and GYRO shows good agreement.

e The flux-tube based code includes both passing and trapped drift-kinetic electrons, gyroki-
netic ions, electron-ion collisions.

e Simulation of the DIII-D base case shows that finite-3 effect important in
determining the transport level. y; changes with 8 from above the adiabatic level
to below.

e The evolution of the sonal flow is not significantly changed by kinetic electrons.

Future Work

e (-scan of transport level.
e Better Ampere solver?

e Extending the algorithm to general geometry and using quasi-ballooning coordinates are
underway using the Summit Framework.



