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Zonal Flows observed
in Nature, Experiments,
and Simulations.
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Zonal flows generated by resistive
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a cylindrical plasma

Hasegawa & Wakatani, PRL (1987)

Sugama, Wakatani & Hasegawa, PoF (1988)
[ T |

. . -20.00 -10.00 0.00 10.00 20.00
Potential contours



Zonal Flow Dynamics in Toroidal Systems
(Toroidal ITG Turbulence Case)

suppression

EXB zonal flow — plasma turbulence

< anomalous transport
Reviewed by Diamond et al. PPCF (2005) generation

Itoh et al. PoP (2006)

Response of zonal flows to initial perturbation (or source term)
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Geodesic Accoustic Mode (GAM)

fowon/n=dv Vg =(2CE/RB) sin 0 V.= cEXB/B?
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Gyrokinetic Equations (for ITG Turbulence)
koo, =1, k.p, <<l

Ion gyrokinetic equation for o f(x, v, u,?)
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Physical mechanism of the toroidal ITG mode
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Simulation Model for Tokamak Configuration

e Toroidal Flux Tube Model
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The gyrokinetic equation is directly
solved in the 5-D phase space.

Linear Benchmark Test of ITG Instablities



Gyrokinetic Simulation of Toroidal ITG Turbulence

[Watanabe & Sugama, NF (2006)]

Time evolution of Structures of electrostatic
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Velocity-Space Structures of fin
Toroidal ITG Turbulence
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* Fine-scale structures generated by the ballistic motions
appear in the stable mode, and are dissipated by collisions,

while the transport is driven by macro-scale vortices.

e High-velocity space resolution is necessary for weakly
collisional plasmas.



Time Evolution of Tokamak I'TG Turbulence
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Responses to initial condition and to nonlinear sources

Perturbed gyrocenter distribution function :

0fY (1) = Y |Uew(?)

a’'=1.e

+/dt
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Uder (1

— t/ Fa,’OSa"kL (t/)]

N, (t) = [ v Uio(t) — [ dPv Upgy(t)

RAGEIRC)

Propagator : U, (t) (a,d = i,e)
Zonal-flow potential : e, (1) _ ! >
1; no [1 —To(b)] a=i,e
it
T / dt' N, (t —t')
Jo

Fa.OSakL (t/>:|

a linear initial value problem.

Response to a given turbulence source can be evaluated by solving




Gyrokinetic Simulation of EXB Zonal Flow Damping in Tokamaks

Watanabe & Sugama,
/GAM Nucl.Fusion 46, 24(2006)
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Rosenbluth-Hinton theory.
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Residual zonal-flow potential for kp, <1 (ITG)

quasineutrality condition § n® =k2p.2n,e¢ /T, classical ion

polarization
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Comparison between Gyrokinetic Theory and Simulation
Results of Zonal-Flow Dynamics

Time evolution of zonal-flow

electrostatic potential in a tokamak Gyrocenter distribution function  9Jf(v,u)
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Collisionless Kinetic-Fluid Model of
Z.onal Flows in Toroidal Plasmas

Sugama, Watanabe & Horton, Phys. Plasmas (2007)



Gyrofluid Equations for zonal flows k, = £, Vr
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Structures of the perturbed gyrocenter distribution
for zonal-flow components (tokamak case)

Simulation results
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Analytical solution (rapid oscillations dropped)
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The gyrocenter distribution for residual
zonal flow part can be described by the
analytical solution.

[k2 p? + {ik, (Bp — p»)

7 — 2oi)/(1+1.6g%/€'/)]

Useful information to derive
a kinetic-fluid closure model



Closure Model for Zonal Flow Dyanamics (I)

Parallel [ 3 i 1,
heat fluxes [qH” C]J - / dvof [(”Wz - 3T> Vi <§va - T) v”]

Fourth-order ‘ 1 1
moments [6I'HH’ 51'Hr 61'_|_J_:| = / d>v of [mv?, Emvﬁvi, vai]
q — q (l) —I— q ( S) (1) long-time behavior | 4 | (s) short-time behavior
” H (residual zonal flow) (GAM damping)
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Closure Model for Zonal Flow Dyanamics (II)

[ S
1=q) +q)

Hammett-Perkins
type model

(1) long-time behavior

-

(s) short-time behavior
(residual zonal flow) (GAM damping)

-

q" = - \/:lnov E‘ 1, e
(S) \/:lnov E—(ST e

Fourth-order variables

(854,875,,67,,)=(3,1,2)xTv}6n

n,07T, | = 5p|| —Ton

n,oT =o6p, —Ton

where the Maxwellian part of the perturbed distribution is taken into account.



ITG-Mode-Driven Zonal Flow

Gyrofluid equations for ions combined with

the quasineutrality condition

(g)
8_1)1',.-'"/2 5nl'kl . b_l 57}J_kL L G%L

Gyrofluid simulation shows a GAM
damping process toward the same
residual zonal-flow level as given
by gyrokinetic simulation and the
Rosenbluth-Hinton theory.

Rosenbluth-Hinton formula
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Radial Wavenumber Dependence of ITG-Mode-Driven Zonal Flow
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Im(w .,y ¢ fails in reproducing the k -dependence of the Kinetic GAM
damping rate because the correct GAM phase velocity is not
taken into account by the present closure model.
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ETG-Mode-Driven Zonal Flow

Gyrofluid equations for electrons combined with
the Poisson equation

L’(})ki
T,

(g)
e—bc,/"lz 6”<’M B b, 5T"J—kL e'(z)kL
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<¢k(t )>/<¢k(0)>
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Gyrofluid simulation shows the same
residual zonal-flow level as given

by gyrokinetic simulation and the
analytical theory.
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Radial Wavenumber Dependence of ETG-Mode-Driven Zonal Flow
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Gyrofluid simulation successfully reproduces the k -dependence of the residual

zonal flow given by gyrokinetic simulation and the analytical theory.



Z.onal Flows and
ITG Turbulence in
Helical Plasmas
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