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Governing Equations for Microturbulence and Kinetic-MHD

e The gyrokinetic Vlasov equation in (R = x — p, v, u = v} /2B, t) coordinates,
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at d?f aR d?f (%H

— 0. (1)

e In general geometry including EM and toroidal effects for finite %, p, [Lee and Qin, 2003],
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N, 1s the total number of partlcles, pa is the gyroradius of the species «, (.o = ¢, By/mac.
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Governing Equations (cont.)

e The gyrophase averaged potentials are
(R) = </ (x)0(x—R —p)dx),, (), Efdcp/Qﬂ.

e Gyrokinetic Poisson’s equation can be written as
(7/AD)(x) = p(x)] = —47 pye. 2)
= (/ p(R)F:(R, 11, v))3(R — x + p)dRdpdoy ).,
Poe(X) = 2 g / Foge(R)O(R = x + p)dRdvdp),.

e Gyrokinetic Ampere’s law becomes
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Governing Equations (cont.)

e For w? < I?v?, we can simply ignore the time derivative term in gyrokinetic Ampere’s law

without having to invoke any further geometric simplifications.

e The gyrophase averages in Egs. (1) - (4) can be calculated by using the 4-point scheme for a

rotating charged ring, namely,
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Governing Equations (cont.)

e The significance here is that the FLLR effects can now be accounted for by using the scheme for

all the field quantities including the perpendicular current.

e Since we assume that p/ L., ~ o(¢), the magnetic drift and diamagnetic currents, in the limit of

small % | p;, can be calculated explicitly as
c . .
3. = =% Da(V % by) L + parby x (VinBy)| .
0 «

Jj_gc - _Zo;v X FOpOd_?

i

, Fagc(X)ded,u.
Pal UJ_/Q

e Forp = p,| = paL, we recover the usual pressure balance equation as

C .
JJ_gc: E()%:b() X Vpa.

e These equations can be solved via existing particle simulation techniques

on massively parallel computers.
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Kinetic-MHD Equations
[Lee and Qin, 2003 ]

e General Geometry

2

d
d—v‘iqb + o (b V)VZA - 47r V. -J,. =0 (5)
-———+b-V¢=0. 6
o ¢ (6)
dpa
e\
dt
c
3. = i ) Pa(V % by)L + paby x (VinBy)] . (7)
e Slab Geometry: more general than Strauss’ equations [1976]
dV*
dt”ﬁ (b - V)V*4 = 0. (8)
-———+b-V¢=0. 9
o ¢ ©)
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Thermodynamic/Numerical properties of Alfvén Waves
[Lee et al., 2002]

e Fluctuation-Dissipation Theorem for A : ¢ = ¢ + (1/c) f OA/Otdz N —no. of particles

— Total Noise

‘/€¢d ‘ \/7/%

— Noise from Alfvén Waves with cold electrons
ew‘ 1
\/7/€pS w + w? 2 [ k?

— Noise from Alfvén Waves with warm electrons
ew‘ 1
\F kps 1+ E2p?

o Compressional Alfvén Waves: |A, /A ~ (w/kvy)?
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Global Gyrokinetic Toroidal Particle Simulation Code: GTC

e Magnetic coordinates (1, ¢, () [Boozer, 1981 ]

e Guiding center Hamiltonian [Boozer, 1982; White and Chance, 1984]

e Non-spectral Poisson solver [Lin and Lee, 1995]

e Global field-line coordinates: (¢, v, (), v = 0 — (/q

— Microinstability wavelength: A oc p;, A\ o< ¢R

— With field-line coordiantes: Grid # N o< a?, a: minor radius, A < R

— Without field-line coordinates: grid # N o a®, A o p | ¢ |

— Larger time step: no high £ modes

mmmmmmmmmmmmmmmmmmmm
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e Collisions: e-1, 1-1 and e-e 0

e Neoclassical Transport Code: GTC-neo [W. X. Wang, 2004] - *~




Recent PMP Code Comparisons and Controversies

(W. M. Nevins, 04)
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Velocity Space Nonlinearities on Toroidal ITG Modes
Cyclone parameters with a/p = 500 [W. W. Lee et al., Sherwood ‘04]
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Velocity Space Nonlinearities on Toroidal ITG Modes (cont.)

Cyclone parameters with a/p = 125

Field Energy

(a/p=125, partcell=10, mzetamax=64, cyclone case profile)
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Collisional Effects on Toroidal ITG Modes

e Weak collisons have negiligible effects on linear growths. But, they can enhanced turbulent

transport in the steady state.

e The bursting behavior is the result of the interplay between collisons, fluctuations and zonal

flows.

zonal flows

—
e
< -

[Lin, et al., 1999]

collisional damping of zonal flows causes bursts Fp pl
of turbulent transport in gyrokinetic simulations %1
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Entropy Production - ITG modes

e ¢ f-formulation: F; = Fy; + ¢ f;, v is the collison freqeuncy, and ();, is the radial ion enrgy flux

8t</ C%CH/ Fu Eyi 3(%)

1
r=T,)T,, kK =—dlnTy/dz, <...>Ev/dx, b # doo

de + 7+ 7|V LD + (1 duy —|—27'V/

>
+ ;5f@') ) = kri{Qix)

o Letw = 0f;/Fy, By = —0¢/0x), D fi/O(v) /vyi) = —=pd f;, B < 1, N is the particle number,

d w’ d ., 0, o 2 Ulje] W
5 ]Zl I~ 7o T+ Vgl +J§1 =7 By +2v7(1 = B) (Uﬁ) e rri{Qix)

e Energy balance: zonal flow plays no role here,

gﬁ _19 gﬁ 2 (‘9 gﬁ 1
VW, = Vi W; =~ — ’U W 5 =

e In the steady state (0/0t{¢* + [V $|?) = 0), withw < 1:

&g e 3w = kO
5 ]Z(l 4)w +2ur(1 = )ozjgl w; = kri(Qia)
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Velocity-Space nonlinearity reduces ion energy flux, but collisons enhance it.



Code Development - Finite Element Poisson Solver via PETSc

Old GTC solver vs. New GTC solver

[Nishimura et al., submitted to JCP]
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Shaped Plasmas

Code Development

| Wang, Klasky and Ethier]
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Code Development - Electron Dynamics and Finite-( effects
e Split-weight Scheme [Manuilskiy and Lee, PoP (2000); Lee et al., PoP (2002)]

F=F+yFy+oh

e Electron Hybrid Scheme [Lin and Chen, PoP (2002)]

F~F+yF)+ 5h(0( w/kHUH)

e Adiabatic response

DA
b=+ / ”dl‘uo

e Time step restriction for the electrons is determined by zero-th order orbit along the field line

not kHUHAt < 1.
e Use electron subcycling to speed up the code

e Implementation to GTC by Lewandowski and Nishimura
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Core-Edge Simulations via GTC

e Basic requirements for the validity of gyrokinetic Vlasov-Maxwell equations are:

p/LB ~ 0(6)7
OF /0 = 0,
d,LLB/dt = 0.

e GTC already has Lorentz collision operators for e-i, and momentum and energy conserving

collision operators for like species.

e The core uses the 0 f scheme of

Dif  DF,
DT Dt
e The edge uses the 0 f scheme of
5f=F —F,
e Core-edge simulation inside the separatrix using GTC with electrons and %Fppl

multi-species ions is feasible.



Turbulence Simulation on Transport Time Scale

Run microturbulence
simulation as an initial
value problem

Re-adjust the density,
temperature and
parallel current profiles

\ Calculations of
New magnetic

equilibrium

Reloading particles

/

SPPPL
2
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Global Turbulence Code (GTC)

=PPPL Single Processor Performance
1

i GTC test | Efficiency Relative
Processor speed T r speed
(Mtlops) N s S (user time)
Power | 1 500 173.6 12 % 1
(Seaborg) y ' -0
Powerd 5,200 304.5 6 % 1.9
(Cheetah) | ™ N ° '
SX6
: 8,000 715.7 9% 5.2
(Rime)
Earth 18% 10

Simulator

{S. Ethier)
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PPPL GTC Scalable to a Large
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More Recent GTC Performance on parallel platforms

[S.Ethier, '04]
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Summary

e Thermodynamic properties of shear and compressional Alfvén waves in gyrokinetic plasmas
and the related numerical algorithms for studying integrated plasma turbulence and kinetic-

MHD physics on massively parallel computers are reported.

e The proposed schemes depend critically on the concept of steady state turbulent transport. As
such, it calls for integrated simulation models that properly include velocity space nonlinearities

and neoclassical effects.
e The possibility of integrated core-edge simulation is explored.

e The procedures for (1) utilizing the results from turbulence and kinetic-MHD simulations using
GTC and (2) then modifying the GTC profiles interactively for the integrated simulations on the

transport time scale are outlined.

e The possibilty of using high frequency gyrokinetics for wave heating integrating with microin-

stability and kinetic-MHD simulations will be explored. %ﬂpp Pl



