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Introduction

RF-driven sheared flows may be important
» control turbulence and transport barriers

 probe fundamental physics of noninea waves and flows

RF codes and experiments can help to
understand turbulence & transport barrier

formation

 rf driven flows are “open loop’, easier than “closed loop’
turbulence problem

0 just uncerstand hawv agiven wave dfeds flows and
MaaoscopiC responses

0 separate off problem of how maaoscopic changes
affed instabiliti es, turbulence

= flows modify the wavesthat creae them —
important but a separate issue

rf allows fundamental nonlinear physicsin a
controlled context

U lowis



The challenge —ways in which the rf problem is
difficult

 rf vs. turbulence problem:

o turbulencedriven flows are normally caculated for
waves with w<< Q; for ICRF must cdculate
noninea forces for waves with w~ Q;

 conventional “poncderomotive force” caculations are
Inadequate
o theflow drivetypicdly arisesfrom disdpative terms

o for inclusioninto maaoscopic evolution codes (e.g.
transport codes) we need the drives for the moment
equationsonafluid element (not a guiding center)

e recent 2D AORSA simulations of | CRF mode conwversion
scenarios under the rf SCIDAC projed [Jaeger et al., poster
BP1.074 require a2D cdculation d the noninea forces
that drive flows

 previous cdculations are generali zed here

o0 elkonal result [Myra& D’l ppdito, PoP 7, 3600
(2000] to multi ple modes

o bilinea form results [Jaeger, Berry & Batchelor, PoP
7, 3319(2000] to 2D covariant forms

« 2D AORSA cdculations of power deposition and flow
drive ae computationally feasible but burdensome

o0 runtimetypicdly dominated by post-processng
o fast algorithms/formulations are desired



Theoretical calculations

Framework
» 2nd order in E, quasilinear calculation

* energy and momentum moments of VIasov equations
» hot plasma, quasi-local theory
0 kpp ~ 1, gyrokinetic theory (nonlocal)
» introduces bilinear operator W(k, k')
o 2D dab physics
» direction along B isasymmetry direction
» no toroidal corrections to dielectric response
0 €electromagnetic

0 W>> (drift

o retain first order in p/L where L = envelope of rf
waves, or equilibrium scale length (local)

0 weak absorption (damping rate y << w Q)

* energy moment recovers results of Smithe [1989] and
Brambilla

0 depends on gyrophase-averaged distribution <f>¢
e momentum moment
0 depends on gyrophase-dependent distribution

Gyrokinetic formalism

of of
—+v0f —Q—=-0,, af

R=r+iv><b
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The X moment equation is given by

[ddvxf = e a3y X fye®
k

Energy moment: X = mv2/2

(recovers results of Smithe[PPCF 31, 1105 (1989)] and
Brambilla)

The local power absorption is

W=— Ze'(k k)mj'd?’vv@Df e'% +cc
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The tensor W is a symmetric bilinear operator that is related to
the conductivity

W(k, k' - k) =a(k)
W is given explicitly in terms of orbit and [d3v integrals

2noZ%e?
W = - dv f|\/| dVDVDfI\/lDL
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or, on carying ou the gyrophase integrals:

L zme|n (9'—9)
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Q(k) =kpvp EJn (a) +bxkpvpi Iy (a) + bv)dn (a)

It can be shown [L. Berry] from this form that the power
absorptionis positive definite.

Momentum moment: X = mv
The order |E|2 terms arise from the Lorentz force

F, =ZerE+=JxB
C

or using Maxwell’ s equations

1
F o= ET[(DED) D-0 EQDED)]+ cc
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where D J

and from the norlinea stresstensor
My = % 3 eik"rfd3v(vv — <vv>)f|£?)ei5k" +cc
kll

Note that gyrophase dependent parts of f are required, These
are obtained by integrating vv—<vv> by parts.

The gyrophase areragef givesriseto CGL type presaure tensor
elementsthat we do nd cdculate —they are seaular unlessa
sink for the rf heaingis eafied.

Suppressngthek, k' sum and the phases, the total force can be
expressd in the form



F=Fq-0O0
The direct term contains the photon momentum absorption and a
reactive term
Kk

Fy=—E"wH E+- L DETE):wA
20 4w

The remaining term combines parts of Fi_ and My
M :i[(EDJ +JETxb+tr+bxJET+ L DET+co
40 1611

where u = 1/4 (1) for [J,00 ({J,])) components
J isageneralized plasma current

‘Jk - Z W(k,k') Ek'
K

Specialized limit: [JJdynamics

The [ force from [ gradientsis
F=Fy-UOpgX; +bx0X4
where
m

X, =— y ek k)mj’d?’ve'ékf b xay +cc
8Q 1k

IS ameasure of the parallel torgues on the plasma, and

_ M i(k'K)E 3., O wp
X e d°ve “kf . v @ +cc=
d~ BQ Kk I kT =k 20

IS ameasure of the perpendicular dissipation.
Xy and Xq are mostly from ions.



Specialized limit: electrostatic modes
E =~k = -id(k  +k;b)

J = -id(ak g +Bbxk +ykb)

Thetota forceis
F=Fy-UOpX, +bx0Xy4

+b0)E R”E‘r bxk ELB—D”(BM 1)
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and we define
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What is required for driving flux-surface
averaged flows?

let <> be aflux surface average
* toroidal rotation isdriven by torque <RFz>

e poloidal rotation is driven by

(B) - o(RR)
where
o) =RB /(R?).
Identities
(DA :%% O(RBA )
1 dZ Bz aQ _
<BD||Q> - Ujdej’ I RZ a? =0
<BF> vanishes when F = [ (scalar)
(Re; 0N = (0 [Reg ) = %% U<R259r| q,z>

<RFz> vanisheswhen I'l is a diagonal tensor



(B M) = (B Qbb) = ~(QB) = 0 )

<BF> vanishes (to the order we cae sou) when I isa CGL
tensor

Therefore:

» diagordl I tensors of the CGL form (in particular forces
that are gradients) don't contribute to the forcing terms for
flux-surface aeraged flows

o they groupwith the presaure and contribute to
diamagnetic-like flows

» flowsaredriven by disgpative terms correspondngto
o dired absorption d phaon momentum P k/w
0 disgpative stresssin lNxy andto some extent in y;

Forces driving flux-surface-averaged flows —
electrostatic limit

<F>:<Fd>+<bxmxd>+<bbkamg;ﬂ_ljll@

1st term = phaon momentum
2nd=Tyy
3rd term = Ny is probably small
« Q effedively restrictsit toions
* P|ionisoften small

* for pdoidal flows, ki/kj|>> 1 is compensated by
projedion d F I Bp/B
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Relation to the standard fluid ponderomotive

force

Standard ponderomotive force in the fluid limit can be
recovered from our general result upon adding the appropriate
nonlinear CGL pressure tensor and ambipolar terms.

» keep only reactive terms
* inthefluid limit, W is independent of k
o W(k, k') - csothat WE - J - nmu

Our result above reducesto
1 2 jNMQ
F=F4y-0U BK +—nm<u >H—D B—U%wacE
d DDrz DD”D%) I -

Standard result is
[e.g. Lee and Parks, Phys. Fl. 26, 724 (1983)]

F=-n0Oy+Bx0xM =-n0y +BOpM; -BOM

1 0
=-——ENIE"+cc
v 321 X

mebEuqu+cc

B|\/||| —

The equivalence of these forms has been demonstrated in the
straight B-field limit (after some algebra).
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Computational issues and methods
[with acknowledgement to Ed D’ Azevedo]

Issue
Consider the numericad computation d

w=T 'y dCHOTED (K, k) Ey +cc

4Kk
e N Fourier modes for bath kand K [0 N2 computations per
Spatial point
e N spatia points 0 N3 computations

Post-processing takes longer than solving for the wave fields
(NxN matrix solve 0 N21In N computations)

Observation
If W(k, k') were separable: N3 -, N2

If W(k, k’% were expressble a asum over p separable terms:
N3 - pN2 O computational savingsforp<N

Possible method

Theintegrand d W(k, k') is sparable (before doing v velocity
integration)

One possble “summed separable” representation comes from
doing el ocity integral last numericdly

* e.g. by Laguerre quadrature: can adhieve 1% acairacy for
k’s of interest and p= 10

Other variations are dso possble

* numericd for small v[j & analyticd asymptotics for large
v [L. Berry]

e singuar value decompaosition d numericd fit to
inseparable parts of W(k, k') [D’ Azevedo]
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Scenarios and the role of Bp

Global toroidal flows

» depend orly onthe inpu toroidal momentum ~ n P wheren
= toroidal mode number, P = absorbed powver

Sheared poloidal flows
» most easlly from power deposited to the bulk ions

o cyclotron absorption layer isnarrow [ strongshea

Strategies for ion power to bulk ions
o dired launch IBW — can be difficult to launch efficiently

* |launch FW and mode convert

o want short wavelength MC wave to propagate into
resonance

1) heavy (W/Z) minority I highfield side
resonance

» standard MC IBW
2) light (W/Z) minority O low field side resonance

* useBpeffeasto get MC ICW to propagate
towards resonance

RF SCciDAC calculations show that 2) appears to work best.

Effect of Bp on the mode-converted wave

(seeposters BP1.074 Jagger et a. and BP1.075Berry et al. for
AORSA-2D runs and more theory detail )

1D hat plasma dispersionrelation showing effed of poloidal
magnetic field

* Kkj|= Bz /R + Bpx kx gives up/down asymmetry

0 when kjjisincreased by Bpx kx the MC wave is
strongy affeded
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 mode converted wave;

0 Bpx kx < 0: IBW propagates away from Qn
0 Bpx kx > 0: ICW propagates towards QH
* shown below Bpy < 0. For Bpx > 0 plot flips and arrows

reverse
D(33% H)

1 0.5 0 0.5 1
r'a
see also Perkins (NF, 1977); Ram & Bers (Phys. Fl., 1991)

This 2D Bp physics makes sheared flow drive by mode converted
waves possible.
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Summary and conclusions

Overview

| CRF waves are a promising means of controlling turbulence by
flow drive.

RF also provides access to “open loop” experiments on the
physics of flows and macroscopic plasma responses to waves.

Numerical tools for comparison with experiment are being
developed under the RF SciDAC project.

Nonlinear theory of flow drive forces

A hot plasma, electromagnetic theory of nonlinear forcesin 2D
has been devel oped.

The forces can be expressed in terms of operator W(k, k') which
generalizes the conductivity tensor a(k).

Flux surface averaged flows are driven by photon momentum
absorption and dissipative stresses.

Computation

The nonlocal nature of the force (and power deposition)
operators leads to computationally expensive sums when
implemented straightforwardly.

More computationally efficient algorithms have been explored
and look encouraging.

Scenarios and tokamak physics

Minority mode conversion scenarios (as well asdirect launch
|BW) are suitable for driving sheared flows.

The poloidal magnetic field plays an essential role in allowing
damping of the MC wave on ions, which is optimal for flow
drive. (see posters BP1.074 & BP1.075)



