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Fast ion-iInduced TAE-mediated transport barrier

JET has reported thermal confinement enhancement with ICRH mixed with
NB, in comparison to the case of NB-only having similar heating power.
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Nonlinear turbulence suppression by unstable TAEs excited by ICRH-
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induced MeV fast ions has been addressed as the working mechanism.
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Thermal ion heat conductivity y; was considerably reduced in the core region.
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F-ATB (Fast ion-induced Anomalous Transport Barrier)

ASDEX-U has found a fast ion-induced ITB (F-ATB) by the inclusion of ICRH in addition to the

background NB and ECRH, without AE. = Direct fast ion effect.

lon heat conductivity y; was reduced by half in the ITB, despite of ~40% increased auxiliary heating.

Gyrokinetic simulations yield clear difference in the radial profiles of total ion
heat fluxes with and without fast ions.
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[A. Di Siena et al., Phys. Rev. Lett. 127, 025002 (2021)]
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FIRE (Fast lon Regulated Enhancement) mode

« Stationary ITB discharges have been established in NB-only plasmas in
a diverted configuration at gy ~ 4-5 on KSTAR.

« L-H transition was avoided by keeping low density (71,~1.5 x 101° m~3)
and unfavorable VB single-null diverted configuration.

« Fast ions have significant roles in this new regime, so it is coined to “Fast-
lon-Regulated Enhancement (FIRE).”

<Camera Image of KSTAR FIRE mode >

<lon Temperature Profile of FIRE mode>
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Linear turbulence stability in FIRE mode

Thermal ion density gradient 'n; < 0 in the core in FIRE mode due to dilution by centrally peaked fast ions.
= Strong linear stabilization of ITG turbulence by dilution.

EXxB shear stabilization is also substantial.

(But even in its absence, significant reduction of turbulence growth is expected.)

Shafranov shift and electromagnetic effects contribute to further linear stabilization.
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Linear turbulence stability in FIRE mode

Thermal ion density gradient 'n; < 0 in the core in FIRE mode due to dilution by centrally peaked fast ions.
= Strong linear stabilization of ITG turbulence by dilution.

« EXB shear stabilization is also substantial.
(But even in its absence, significant reduction of turbulence growth is expected.)

« Shafranov shift and electromagnetic effects contribute to further linear stabilization.

= S0, what would happen to transport level by nonlinear saturated turbulence? y; « y drops?
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Lesson from simple turbulence-zonal flow model

« Simplest 0D nonlinear model for the coupled turbulence-zonal flow system is as follows.

0:€ = 2yE — Aw(E)E — afu® atu2 = afu’® — Vduz Predator-Prey

Turbulence energy (Prey) Zonal flow energy (Predator) System




Lesson from simple turbulence-zonal flow model

« Simplest 0D nonlinear model for the coupled turbulence-zonal flow system is as follows.

.Radially,elo

tugbureﬂcf%
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Predator-Prey
System

Zonal flow is nonlinearly self-generated from turbulence

= Turbulence amplitude and radial size is reduced
“Turbulence self-regulation” Ap-2

= Turbulent transport is reduced. DNA_t ‘

The triggering mechanism of transition to an

enhanced confinement regime with accompanied
transport barrier formation in many cases.



Lesson from simple turbulence-zonal flow model

« Simplest 0D nonlinear model for the coupled turbulence-zonal flow system is as follows.

0:€ = 2yE — Aw(E)E — afu® atu2 = afu® — Vduz Predator-Prey

Turbulence energy (Prey) Zonal flow energy (Predator)

System

« Steady-state solution w/o zonal flow : 0 = 2y€ — Aw(E)E

Then, with Aw(E) = k2D, (E) ~ k2D(E) we have

Y
D(E) ~—
( K

“Mixing-Length Argument” = D ~ y; Xy

- Steady-state solution with zonal flow : 0 = a&u? — y,u?

D(E) x & =

Yd Linear growth of turbulence y DOESN’'T have direct impact on transport level!

a Zonal flow physics determines the turbulent transport level.

= “Fast lon Effect on Zonal Flow” is the key
to understand confinement enhancement in FIRE mode
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Robust zonal flow with fast ions from simulations

Nonlinear gyrokinetic simulations for F-ATB in ASDEX-U and FIRE mode in KSTAR both have shown
enhancement of zonal flows in the ITB region in the presence of fast ions.
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CGYRO simulation of FIRE mode in KSTAR
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Modified Hasegawa-Mima equation

Modified Hasegawa-Mima equation:
The paradigm model for the zonal flow(ZF)-drift wave(DW) system in magnetized plasmas.

Jd = . 1 (9n,) 0¢ | ed )
E(Qb B ,DSZVigb) + P5C5[¢,¢ _pszviqb] + PsCs 1, < axo) ay =0 with ¢— T_e’ B =Bz

Potential Vorticity

which can be derived from electron continuity equation and vorticity equation, with adiabatic electron
response é6n,/ny, = ed/T,. Linearizing it, we obtain the electron DW dispersion relation

Wy ky

w = ) Wyp — Cc—.
1 + sz_pS? where e Ps SLn

The fully normalized version of the modified Hasegawa-Mima equation is

d , . - d L,e X L
L (F-V2)+[6.6-V2g]-22=0  where ponP , X I,
ot T dy ps Te ps Cs
Hasegawa-Mima nonlinearity 13

EXB nonlinearity



Modified Hasegawa-Mima equation

Decomposing the modified Hasegawa-Mima equation into the zonal and the drift wave parts

6
ZF : T Vi(¢p) — (qu X Z - Vqub) = (0, where(::+)is the flux-surface average,

HM nonlinearity!

DW : (cp Vi) —V(p)x 2-V(p—Vid) +Vd X 2-VV3 <¢>+%¢=o.

Note that from the above equations we can readily obtain the radially local energy equations

ZF: IV + V- (uxterms) = V() {97 74)

d1/. - -
DW : §§<¢2 + |Vl¢|2> + V - (flux terms) = (Vlgb . X Z - Viqﬁ)

which demonstrates the energy conservation in the ZF-DW interaction.
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Modulational zonal flow growth

The 3+3-wave-interaction yields the following expression of the modulational zonal flow growth rate T'.

[Diamond-Itoh-Itoh-Hahm, PPCF ‘05]

mod mm [Chen-Lin-White, PoP ‘00] toroidal kinetic extension

N

from Reynolds Stress Drive from Frequency Mismatch

where
Vr%qod = ny|¢0|

Mo = {12 (w0 — 1) + (wp + - ))} kg3

/

Finite threshold by frequency mismatch between the primary drift frequency w, and the
zonal flow-modulated sideband drift wave’s characteristic frequency w;.
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Gyrokinetic derivation of modified Hasegawa-Mima

While the modified H-M equation can be derived by a combination of electron continuity equation and
vorticity equation, it could also be derived from the Gyrokinetics. (Even conceptually more natural.)

ON; + onpo = 01, Quasi-neutrality  [Brizard-Hahm, RMP ‘07], [Wang-Hahm, PoP ‘06]

~

€ € I larization density (long- length limit
= SN; + N;yp2V?2 T_¢ = Ny T_Cb :(;1 po grlza lon density (long-wavelength limit)
o e labatic electron response

N ON; . 3_95 _ ,2y2 @ lon gyrocenter density 8N; is the gyrokinetic realization
Neo B T, Ps V1 T, of the potential vorticity. [Hahm et al., PoP ‘23]
oN; 1 ) - .
Frale qub XZ+-VN; =0 lon gyrocenter continuity equation
d , . ~ 1 [dNjp\0¢ e
= — (P — p2Vip) + pscs|d, d — pZVip| + psc l =0 with ¢ —>—.
ot (¢ Ps J_¢) Ps S[¢ ¢ Ps J_d)] Ps SneO Ox ay d) Te
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Simplest gyrokinetic model of fast ion response

* For drift waves, with w, w, s < k”va and Maxwellian fast ion Fy, the linearized gyrokinetic equation
. . 2
—i(w — kyvy)6Fr — i(w.r — kyvyr) T—fJO(kLPf)FOf =0

yields a fast ion gyrocenter density response

SN ed
f 2 .2

—L = _T.(k —

Nro 0( J_pr) T,

~

which together with fast ion polarization density

on ep
fpol [ 2 2
=—|1- FO(kJ_pT )]_
Nrq rT
gives adiabatic fast ion response
oy _ _ed
N¢o T¢ '

« Therefore, fast ion response to DW is negligible compared to the electron response due to Tf > Te.
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Simplest gyrokinetic model of fast ion response

Meanwhile, for the fast ion response to zonal flows, since we have (§N;) = 0,

(8ny) _ (nspo) () e{p) (gl
Nfg - 1\;:)0 =—[1 —I‘O(kip%f)]T—f - —k%p? . for k,ps <1 The same with ]\;;0

e

As aresult, in the long-wavelength limit k, p; <« 1, the potential vorticity with fast ions becomes

SN; ~ Sne  OMipol 61y (e.g. KSTAR FIRE mode : T; /T, ~ 10)

Neo Neo Neo Neo
e e e(¢p) Nfo | |
- _(1- 2y2 L _ H2y2 where f =—— fastion population
Te ( f)ps 1 Te pS 1 Te neO p p

DW vorticity reduced ZF vorticity unchanged
by fast ion by fast ions

[T.S. Hahm, G.J. Choi, S.J. Park and Y.-S. Na, Phys. Plasmas 30, 072501 (2023)] 19



Modified Hasegawa-Mima with fast ions

Substituting the expression to the thermal ion gyrocenter continuity equation, we obtain the modified
Hasegawa-Mima equation as follows.

o ) ) ) 9 L.
a{ﬁb — (1= IVig = Vi) + b, — (1 = FIVid — Vi(p)] - Un% =0 where 7, =-—

Note that ExB nonlinearity is unchanged, and Hasegawa-Mima nonlinearity is reduced by (1 — f).

The electron DW eigenfrequency

. (1_f)77n
o=ra-ne® ¥

is considerably decreased by thermal ion dilution (1 — f) and profile gradient reduction n,, < 1.

[T.S. Hahm, G.J. Choi, S.J. Park and Y.-S. Na, Phys. Plasmas 30, 072501 (2023)]
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Modulational zonal flow growth with fast ions

Therefore, with fast ions, the modulational zonal flow growth rate I' becomes

[? = yl%iod _ A?nm

N

from Reynolds Stress Drive from Frequency Mismatch

where
Viod = 2(1 — f)k§q§|$0|2 Reynolds stress drive is reduced

1 2
Afom = {E (((Uo —wy) + (wg + w_))} = (1- f)4771%k321q9%

Frequency mismatch is reduced much more strongly!

Therefore, we have significant reduction of threshold for zonal flow growth by fast ions.
In other words, we have an easier zonal flow generation with fast ions!

[T.S. Hahm, G.J. Choi, S.J. Park and Y.-S. Na, Phys. Plasmas 30, 072501 (2023)]
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Modulational zonal flow growth with fast ions

Therefore, with fast ions, the modulational zonal flow growth rate I' becomes

[? = yéod _ A%im

N

from Reynolds Stress Drive from Frequency Mismatch

where

)/rznod =~ 2(1— f)ka,q,%|g50|2 Reynolds stress drive is reduced

1 2
Mo = {5 (o= @)+ (o + w_>)} = (1- f)*n2kiq?

Frequency mismatch is reduced much more strongly!

Therefore, we have significant reduction of threshold for zonal flow growth by fast ions.
In other words, we have an easier zonal flow generation with fast ions!
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Zonal flow growth from broadband turbulence

« Using wave-kinetic equation and zonal flow vorticity equation, a standard calculation with fast ions yields

kyw,

d(N)

—i0=-(1- f)zqznnz:

where N(x Kk, t) =

Wk Wk

=1+ - k2]

8k _ [1 + (1 _f)ka_] |(ﬁk|2

k., ok, ~ —i( — qvgx) + 2y

Wave action density

* We have two limiting forms of the zonal flow dispersion relation as follows.

1. Strong turbulence (resonant) regime

2. Weak turbulence (non-resonant) regime

d(N) d(N)

k2w 1
~ —(1— zzn y
( f) q-n Z[1+(1—f)ki]22y

" ok

k2w, 1
~ (1 —f)zqznnz .

=1+ (1 - PHKZ) O avgx T Oky

= Recover the 3+3-wave calculation with
. 2(1 — f)zrlnw*qu
[1+ (1 - k2]

Continuum version of
Frequency Mismatch

qUgx =

[G.J. Choi, P.H. Diamond and T.S. Hahm, Nucl. Fusion 64, 016029 (2024)] 23



Zonal flow growth from broadband turbulence

Using wave-kinetic equation and zonal flow vorticity equation, a standard calculation with fast ions yields

, kZw, (N .
—i0=—(1- f)zqznnzk: s (1y_ BYETG kx T ~ —i(0 = qugy) + 2y

8k_[1+(1_f)ka_]|~ |2
o o Pk

where N(x Kk, t) =

Wave action density

We have two limiting forms of the zonal flow dispersion relation as follows.

1. Strong turbulence (resonant) regime

d(N)

k2w, 1 0(N) k3w, 1
~ —(1 — )2g? n Y kx ~ (1 = )2g? n Yy
Lo Z[H(l—f)kﬂzzy e R Z[H(l—f)ki]z TV

= Recover the 3+3-wave calculation with

_ 2001 - f)’nmw.qky  Continuum version of
[1+(1— f)kf]z Frequency Mismatch

[G.J. Choi, P.H. Diamond and T.S. Hahm, Nucl. Fusion 64, 016029 (2024)]

qUgx =

* ok,
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Fast lon Effects on Regulation of
Drift Wave Turbulence and Zonal flow

Usual Story without Fast lons

Inhomogeneity
from Thermals

.

Drift Wave
Turbulence

With Dilution from Fast lons

L

Zonal Flows

Dilution reduces
DW dispersion,
lowers ZF
generation
threshold

Inhomogeneity
from Thermals

4

Drift Wave
Turbulence

- § 1«

Enhanced
Random
shearing of
DWT by ZF

Zonal Flows

1

Zonal Flow
Damping

— presented already.

extended to
ensemble of DWs
using

Wave Kinetics.

L)

Zonal Flow
Damping
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Fast lon Effects on Regulation of
Drift Wave Turbulence and Zonal flow

Usual Story without Fast lons With Dilution from Fast lons
Inhomogeneity Inhomogeneity
from Thermals Reduced Linear from Thermals
Drive due to
‘ Dilution and g ‘
Profile flattening :
; Drift Wave
Drift Wave Turbulence
Turbulence

Zonal Flows Collisional damping Zonal Flows

of ZF reduced

t due to negligible }—p t
participation of
Zonal Flow Fast ions Zonal Flow

Damping Damping
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Predator-Prey model for ZF-DWT with fast ions

« Put everything together, for weak turbulence regime relevant to core turbulence,

ZF atu2 = \/yrznod - A%an(Vmod - Amm)u2 — (1 - f)yd(o)uz

DWT : 9,6 = 2y€ — \/yémd A2 H(Vanod — D)t — (1 — f)BE?

« The general expression for the nontrivial fixed point : ]/élod = A%nm + )/5

That is, either DW frequency mismatch or collisional ZF damping provide the threshold for ZF generation.

=
2 A2
(1- f)BUnAmm(o) ‘ Significant reduction by
& =~ VL fast ion-induced dilution
which is determined by ~ Ymoa = (1 — f)A'E : modulational zonal flow drive
a balance between Aom = (1 — )*N2A% o  frequency mismatch

[G.J. Choi, P.H. Diamond and T.S. Hahm, Nucl. Fusion 64, 016029 (2024)]
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Conclusion

 Theory suggests a strong effect of dilution ~(1 — f)3n2 in weak turbulence regime
relevant to core, leading to greatly reduced saturated turbulence level.

* The reduction in turbulence level is completely due to the change in the zonal flow
dynamics, rather than change in the linear stability of turbulence.

* These In turn reduce the level of transport, and so improve confinement. Dilution is
thus seen as a likely cause of confinement improvement in recent experiments with
a large fraction of energetic particles.
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Conclusion

 Theory suggests a strong effect of dilution ~(1 — f)3n2 in weak turbulence regime
relevant to core, leading to greatly reduced saturated turbulence level.

* The reduction in turbulence level is completely due to the change in the zonal flow
dynamics, rather than change in the linear stability of turbulence.

* These In turn reduce the level of transport, and so improve confinement. Dilution is
thus seen as a likely cause of confinement improvement in recent experiments with
a large fraction of energetic particles.

But it is of course far from the end of the whole story
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Various routes of fast ion effect on confinement

» The mechanisms of fast ion-induced confinement enhancement achieved in recent tokamak experiments
seem to be completely different!

« More comprehensive understanding of fast ion physics = Novel operation conditions!
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Ongoing Work

Heading to 3-Animal Problem!

‘ Zonal Flow ‘
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Zonal Flow from Shear Alfvén Wave?

Low-frequency Alfvén eigenmodes (AES) are versions of the shear Alfvén wave (SAW).
= Zonal Flow self-generation from shear Alfvén wave?

Issue: shear Alfvén wave is in the “Alfvén State” w = tkyv,, JSu = Fv,6b

déu d6b . .
= T VAV 6b = —d6u - A0b - Véb Frale V6u =V X No nonlinear evolution!

How to break the Alfvén state?

= Need a , which can be achieved by

1. . inside a frequency gap, we have w # shear Alfvén continuum
2. . from ion polarization, heading to “kinetic Alfvén wave”

3. : coupling of shear Alfvén wave with drift wave (“drift-Alfvén wave”)

For a shear Alfvén wave in a typical toroidal fusion plasma, we have w,./wa ~(kyps) q\/ﬁ/e ~ €
= We address ZF generation from SAW by FLR and DW coupling in areduced system.
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Reduced Equations for Drift-Alfven Wave

« Since we focus on the finite ZF generation from SAW by the coupling with DW, an electromagnetic extension
of the modified Hasegawa-Mima equation is enough.

—_ ) . = ) _— D —_— ) =7 - —
dt dt h ot ot By
déb : L -
== V X (6u x b) in the zero parallel electric field limit e = 0
6Ni = 67’1,9 — Snip
Assume adiabatic response for a simple modeling
0x
on, = — L—neo < from the full parallel electron force balance 0 = —b - V§¢eir— b - VP,
ne

6x is from the Clebsh form b = V(x 4+ 6x) X V(y + 6y)
[Lin-Chen, PoP ’01], [Nishimura-Lin-Wang, PoP ‘07]

Radial thermal force involved due to magnetic field line bending
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Frequency Shift of Shear Alfvén Wave

From the three reduced equations we obtain the linear dispersion relation of drift-Alfvén wave.

W (1)( _ (U*e) le 0x
+ k? = Recal — =10, 6n, = ——n
J_pS W wi dt e Lne el
Nio Lne

Here, w,; = w*e ® shouldn’t be confused with ion diamagnetic frequency.

eO Lnl
The frequency modification of the SAW by FLR and DW coupling is given by

Aw = 2 —wak?p? +E(a)*e — W)

= (0 In the absence of fast ions

But the point is that the two w, have different physics origins, one from the parallel electron thermal force
and the other from the ExB advection of the thermal ion gyrocenter density.

35



Simple Modeling of Fast lons: Issues

As before, for a simple fast ion modeling, from the gyrokinetics
e
(7 [[bgc]] -V(Fy + 6F) + [[bgc]] -V[[(Scpeff,gc]]v" TFO =0 [---1 Gyroaverage

we obtain the adiabatic fast ion gyrocenter response and fast ion polarization density

SN es ¢ 5%  6n e8¢
f 2 2 eff 2 2 fpol 2 2 f
— =T — —Iylk —, = —|1—-T,(k —
o 0( J_pr) T, 0( J_pr) Loy o [ 0( J_pr)] T,
o7 erdd e 05 A ox
f [ Pett 2 2 f -1 I 2 2
> — = ——— + |1 -T,(k — (b V)" ——-TI,(k —

Mo T, [ 0( J_pr)] Tf( ) ot o( 1PTf Ly
277
: Sﬁipol . —
The same order with " In the long-wavelength limit,
£0

In the direction that adds up with the thermal ion polarization density

= SAW vorticity is not significantly affected by fast ions?
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Simple Modeling of Fast lons: Issues

* As before, for a simple fast ion modeling, from the gyrokinetics
e
(7 [[bgc]] -V(Fy + 6F) + [[bgc]] -V[[(Scpeff,gc]]v" TFO =0 [---1 Gyroaverage

we obtain the adiabatic fast ion gyrocenter response and fast ion polarization density

v 2 2 e5§£eff _ 2 2 ﬁ 5nfpo] _ 1 2 2 ef&]s
nro Lo(kip7s) T Lo(k2pty) L’ npo [1—To(kpts)| ——

57 ;6% e 964 5%
-= T (L=l (- W (k)
n

nfo Tf

ot

Decreases the effect of the electron density gradient,
in a way different from just dilution due to I.

= Non-cancellation of the two w, in the eigenfrequency
expected in the presence of fast ions

BUT in the long-wavelength regime its effect is much smaller
than FLR, that is, polarization effect on the frequency shift of SAW... 37



Summary of the Ongoing Work

« We revisited a reduced system for drift-Alfven wave with uniform B, finding effects of
FLR and DW coupling on the frequency modification of a SAW (and thus on the ZF
generation) much smaller than that of the magnetic field inhomogeneity,

In the long-wavelength regime kJ_pf <1.

« However, such modifications could be significant with fast ions in the intermediate
wavelength regime kJ_pf > 1> k2p?, even before the kinetic Alfvén wave regime

klpl
= To be addressed in the near future

* Another possible future work would be addressing fast ion effect on the zonal flow
generation from electromagnetic drift wave (EM version of our previous work).
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Back-up
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Thermal Ion Heat Diffusivity and S-curve

ITB characteristics of FIRE mode

The time evolution of the ion heat diffusivity was calculated from the power balance analysis.

The thermal ion heat diffusivity reduces in time correlated with the expansion of ITB though

it is still above the neoclassical level.

- The relation between the ion energy flux and the ion temperature gradient shows that there is
a “S-curve” in the 3-D landscape* [P.H. Diamond et al., PRL (1997)].

- The reduction of the energy flux while the gradient increases implies a transport bifurcation.
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Residual ZF level moderately increase with fast ions

Changes in Rosenbluth-Hinton

Zonal Flow Level
1.25

1.20-
1.15 1
1.10-
1.05 1

RZF,wfi/RZF,wofi

0.95-

Simulation relevant region

104 1073 1072 10! 10° 10! 102
qxPs

for KSTAR FIRE mode parameters
using an analytic formula from
[Y.W. Cho and T.S. Hahm, NF 59, 066026 (2019)]
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Fast ions’ direct contribution to turbulence

v" In finite T,, fast ions can contribute to electrostatic

turbulence near resonance condition. [Di. Siena, NF, '18]

- Considering simple case :

small electrostatic fluctuation neglecting parallel dynamics (or
at low field side 6 = 0) and trapping terms with s — a geometry,

PR
/ w, + iw; — Vp - k \RoBo ar

0F
f
> + U"a_v”

/ gradient drive of background distribution \

1 [ _0F\ 0F
D[Ff] = <_RO W) + V) 6_12"

@[Ff] > ( : destabilization (low n¢, NBI-like)
D|F;| < 0: stabilization (high 7, ICRH-like)
k near a resonance condition w, =~ Up - X

/

S ——

fast deuterium

0.34; b) ¥ active deuterium
== dilution
snino fast

ngp/n.~0.06 |

10 2077 30

O fr : perturbed distribution of fast ions
Fr : background distribution of fast ions

w,, w; : real and imaginary part of frequency

Up =, =3 B X VB : magnetic drift velocity
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Fast ions’ direct contribution to turbulence - FIRE mode

« Local gyrokinetic linear simulation with GKW for the KSTAR FIRE discharges

[c./R]

0.7

0.6
0.5

0.4~

#31921 (low performance) vs #30239 (high performance)

Growth Rate y

w/o fast ion

.
e
nnnn
. .,
.* e
----
. .
----
.
-
.

Equivalent

L wexp & Maxwellian

0.1 0.2 0.3 0.4

kﬂps

[c./R]

0.7

0.6 —
0.5 -
04|
0.3
0.2 —

0.1

Growth Rate y

w/o fast ion
Equivalent -
WExB o .
— Maxwellian
-/7;0?;;‘_
0.1 0.2 0.3 0.4
kﬂps

v' Dilution effects are dominant in both discharges.

v’ Fast ions’ contribution to ITG turbulence (destabilization, NBI-like)

gyrokinetic electrons,
thermal ions, fast ions
electromagnetic fluctuations
considered (§A4;, 6 By)
Collisionless

Miller geometry

target radial position :

Ptorn = 0.4
*dilution limit : Ts/T, = 100

with ExB shearing effects may make a difference between two FIRE mode discharges.
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Modulational zonal flow growth

~

¢+ (a+K Q+ wp) « 4 (P)
~ (,()0 - CU+ + Q ZE
dpw (K, w) from ExB nonlinearity

“Drift Wave d_(q—k Q- Wo) o 4 (P)zE

Modulation ) wo + w_ — )
via ¢yr (q,) Side-bands

DW produced

N _ ~
\ ¢k, w) > |<15DW|2 (b)

/ (wog — wy + Q) (wy + w_ — Q) ZE
A K, &

Source term from
Hasegawa-Mima

k nonlinearity
\I < Reynolds stress by Taylor Identity

_<‘7E . Vvid;) = vi<ﬁEyﬁEx)
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