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Preliminary Thoughts



Some Philosophy

» “All models are wrong, but some models are useful.”

George Box

»| come neither to praise QLT nor to bury it. — apologies

Shakespeare.

| hope zealots, either pro or con, go away at
least somewhat unhappy.

»Not a trivial matter, though it seems simple

“If you are not confused, you don’t know
what is going on” — Old Haitian Proverb.



Outlook

* QLT is the classic problem of nonlinear plasma theory, ~

65 yrs old

* ‘QLT’ is frequently a catch-all for many, loosely related,

ideas. Meanings vary in different fields, subfields.

* Quasilinear approaches constitute the working tool for

calculating mean field evolution in plasma turbulence

* Asyet, several questions re: QLT remain unanswered.



Outline — A Story, of sorts...

> The Basics
> Beyond QLT: Nonlinear Wave-Particle Interaction

> Challenges to QLT: Granulations and Enhanced Growth

— Pesme+ Theory
> The Quasilinear Experiment of Tsunoda+
> The Aftermath and Recent Progress

> Where to?



Basics



I .) Basics —from “Back in the USSR”
(Landau, Vlasoy, et. seq.)

of _ of 4 _of

lons
ot ax m av ’(f) stationary
W kv WL > v
So f ={fo) +6f Brackets mean
of space, fast time avg
E + {H, f} — 0
(f)is “close” to
02¢ = —4mnyq | dvsf Maxwellian.

¢ = 0 = Violent
Relaxation (Lynden-Bell)
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* Incompressible (phase space)
e f o PV



Basics, cont’d

Excitations:

Plasma waves + interactions with particles.
Eddies? — TBC
Waves — from linearized Vlasov-Poisson:

1

P

e=e(k,a))=1+7pfdv

w—kv w-—kv

w2 af)/ov 0 e(k,w) =0
w—kv = w(k)
i (w — kv) . reson.ant.partlcle
contribution

So

w(k) = wi® + iy

re _ 2 2,2

compressible

real space

)1/2

v

_ Ime |
Yk = T 9e /0w
nw;  0(f)

" \k|kde/dw ov ‘wk

Bohm-Gross wave




Basics, cont’d

Turbulence = Plasma wave Turbulence + Wave-particle

, Interactions
2 classic examples: E

(f) Bump-on-tail fi p CDIA
e

unstable unstable
range range
QLT seeks to calculate lon acoustic wave
d(f)/0t suchthaty — 0 w? =k?c2/1+ k%1%,
C.s? = Te/m;

N.B. CDIA turbulence relevant to “anomalous resistivity”. 10



Basics, cont’d: Quasilinear
Equation for (f) evolution (g/m — 1)

@:_ig?gf) n.b.f:f(t, )
ot v ' 5 oot
Then §f = linear response 8., wave
brackets:
— _ E,fﬁ(f)/av * average over X, trgq
—i(w — kv) (coarse grain)
R * ensemble: RPA
of) 0 b d () Quasi-linear equation
ot Jdv ov (Velikhov, Vedenov, Sagdeev)

2 .
q [
D =R Z— Eil? — iffusi
€ d m2| il o — kv QL diffusion y



Basics, cont’d

* Key properties:

N — CI_2 2 Vil
D= 2Bkl o

— Resonant 2 mé(w — kv) -2 irreversible
— Non-resonant = |y, |/(w — kv)?- reversible / ‘fake’

— Non-resonant diffusion for stationary turbulence is
problematic. Energetics? — Calculate saturation?!

— Coarse graining implicitin ()
— First derivation via RPA, ultimately particle

stochasticity is fundamental to resonant diffusion.
12



Basics, cont’d

* Central elements/orderings:

* resonantdiffusion, irreversibility: Can derive resonant
D from Fokker-Planck

* “chaos” <> coarse graining

| | |
X
* |sland overlap at resonances: - — < Jqh/m «‘a‘ T
kiti
* linear response?: - stochastlmty FANFAN

| Tac < Terr Tdecorrr Vi (more than “short, sudden”) 5’
e Tl = ‘— — —‘ |Ak| > correlation time of wave-particle resonant pattern
o Tl = q¢/m > particle bounce time in pattern

e 15} .. = (k?D)/3 5> particle decorrelation rate (cf. Dupree ‘66)
13



Comments

* No rigorous connection between phase space chaos
and validity of (resonant) QLT

1/tqc = |A(w — kv)| — set by dispersion
_|dw in Doppler shifted
~ |— —v|Ak
dk frequency
~ d_a) _w Ak~ forresonant particles
dk k — sensitive wave dispersion
© TacVSTp Tac < Tp Tp < Tac
t=0 | /\ il & =1
II'H'-\/\. > .I'ﬂ\\ll i I'_ @ > Z I| v \.:-::JII \
J'Iﬁ\"ll I\\ 'INI | ﬁ ”IJ \ | \"rﬂ."u'lﬂlvr\’ or ’ l\'“

! W N
pattern resets phase spacevortex 14



Basics, cont’d

* QLT is Kubo # <1 theory

i.e.,iETac/AvT = Avr kTac <1l a—fVS

m
= Tac/Ter < 1
* QLT assumes:

— all fluctuations are eigenmodes (i.e. neglect mode coupling)

w = w(k)

- all6f ~Ed(f)/0v? + Follow fromresponse * Eddies?!

(resembles 6B ~ U(B) in MF dynamo theory)

15



Basics cont’d: Location in the Conventional
Grand Scheme
(after Sagdeev + Galeev, ’67; P.D., Itoh?, 2010)

| ’l ‘ Wave " ,\ 6(wy +
- kT Wy
‘ Free energy [ Instability -’l turbulence —Wy!1) ‘

External drive

NL wave S (wg + wy
particle —(k + kv

turbulence

Fluctuations
Nonlinear

a(f)/ot

QL interaction

¥ ¥
Depletion of Couplesto
free energy damped modes

b
‘ y—0 H Saturation H YLt VnL = 0‘

16



Basics, cont’d

» Mapping the Phenomenology — where does QLT apply?

Space: Kubo # @ Chirikov overlap parameter

!

Av o,y Av; + Av;q
—7T
¢ A(w/k)

Ax

Strong NL wave

Ku 4 breaking

Avalanching, DP

Vlasov staircases

| |
] ———

I

I

I

I

!

|-> 1 +--tstands structures- : =B~k Granutation-(Edey)----
T I
reality Weak wave i Weak wave-particle
turbulence | interaction, NLLD
] .
Island Bt s reality |afterPD., Itoh?, Hahm Ch
crucial PPCF 2005 17




Basics, cont’d: Energetics — How
do the books balance?

> Easily shown: Resonant particles + waves conserve

0,(RPKED) = jm;zaa_vDR%, d,(WED) = Zzykwk%‘wk |1;;,;T|z
> Also: d0;(PKED) + 0,(EED) = 0
and
> 9,(RPMD) + 3,(WMD) = 0
!

~ { Wave energy density flux,
pseudo momentum

9,(PMD) = 0
18




Basics, cont’'d: Comments on
Energetics

* RPKED vs WED is natural, and most physical balance

* Energetics drives 2 component/2 fluid picture of
dynamics, as resonant particles + waves or resonant

particles + quasi-particles

* Leads to picture of waves as quasi-particle gas = wave

kinetic description.
i.e., 0;(RPKED) + 0;(Nw) = 0, etc.

19



Basics, cont’d

— QLT is a system

(f (v, 0))
1

— e(k,w)=0 - w=wk)=wi+iy

1

0¢|E|? = 2y |Ex|? — update fields

1

0if) _ 0 o{f)
P” avD(v) - = update (f)

to k:O

< ==

20



Basics, cont’d:

e Qutcome — Saturation?!

— B-O-T: Plateau formation

plateau — >—>o

inhomogeneous
mlxmsz

— Prediction for |Esat|2/4nnT when plateau formed
— But: Inhomogeneous mixing (local) on tail drives
global re-adjustment.
a) Non-resonant particles “heated” by finite amplitude spectrum
b) “Heating” is one-sided, due momentum conservation.

21



Basics, cont’d

— Plateau Formation: Saturation Level

(plasma waves)

1)

“2 |E (k)|? 1 V2 mup?
jk o dzk_—EA(Ll dv = (f))

1

= saturated field energy level

22



Basics, cont’d

* Why Plateau?
* |In collisionless, un-driven system, need at stationarity:
[ dvDg(3(f)/0v)? = 0
* So either:

i) d(f)/0v = 0, where D(v) # 0 oninterval = plateau

with finite amplitude waves

I

ii) Or D = 0 = fluctuations decay everywhere, y;, < 0 0a

N




Basics, cont’d

If ii), can show from QL system:

DR(vrt)_DR(er))

2 2,2
TWpeV

(F,0) = (f,0) +35

If D —» 0 astincreases(f(v,t)) = (f(v,0))
(DR (0) negligible)
04 w,0)) > (0 - contradiction!

(f) :
< 0, while ™

ButDp — 0 requwes

So

* i)applies 2 plateau forms

24



Basics, cont’d

> What of Single Large Wave?
“large” = kAv;y ~ wp >y =

Avyp ~ (Q¢/M)1/2
Trapping in phase space island

 Differential rotation in island
# _l_

» Coarse graining c(f)

} Plateal = Mixing via straining + diffusion (in v)
S0 of Avr  —p zkin Homogenization ala’ AFD, GFD
4
cf. Shapiro, O’ Neil 25




Basics, cont’d

Speculation: How to form a simple staircase in v?
1) select resonant waves, of large amplitude
2) ensure Avy < % l; — % liv1
So iIslands not close to overlap

—> f ) allow plateau formation
Stalrcase inv!?

Sequence of inhomogeneous
mixing regions
‘Characterlzed by Avr vs. A(w/k) ‘

— No bistability, »» curve
Testable! k BUT (cf. M. Vergassola)

26




Beyond QLT:

Nonlinear Wave-Particle
Interaction

N.B. In turbulence

27



— G. Falkovich: “you should calculate the next order
term before declaring victory”

At stochastic acceleration level:
00 2
D =j dt L (E(t + DE®))
0 m?

* Retain orbit perturbation
E(x(t),t) = E(xo(t) + x1(t) + )

d
~ E(xo(0),6) +x,(6) - Ero(8), ) + -

valid for 74 < Tp  c¢f: Dupree + Manheimer ‘67
*So D=D@4pW¥W
2 / 2 ‘
@ _T" 20F |2 k—k Ny
D m2 ZlEkl |Ek | ((kv . a))(k,v . (1),)) 5((k k )v ((U w ))

k.k'

28



D@ Z|Ek|2|ﬁk,|2(cc)25((k — kY - (0 — ")
k,k’
beat wave resonance

* Nominally DWW ~ 0(E2/47mT)D(2)
e BUT: beat wave resonance

N.B. Also
calculate via h.o.
perturbation

11 theory in Vlasov

1
w/k primaryresonance

really £2 /4nnT vs. Gaussian

* Promising channel forions in CDIA, Drift-ITG etc.
* For fluxtransport, see Shane Keating, P.D., JFM 9



— Resonance Broadening — Physics of Strong Wave-Particle
Scattering (Dupree ‘66 et seq.)

Linear response

5fkw — —kaJ dre“‘”u( T)[ lkxE <f>

ko 5y

u(—1)etk* = gtkXxo(=7) = o~IkVT —p  integrate along
unperturbed orbits

Now: x(—7) = xg(—7) + éx(—7) =—> integrate along
v scattered orbits
statistically distributed, avg. over

P e resx(—o)\ 4 o(f)
5fk,w — _jo dTel(w kv)r(elk5x( T)>mEk»wW

T / /
But 6x = — [ dt'6v(-7') D =D,
(e”“sx(_ﬂ) = exp[—k?Dt3/6] = exp[—13 /73] 30



RBT
So

Ofkew = —— drexp [l(a) kv)t ——
T2

9]
Ekw ;1{)

1/7. ~ (k%D,/6)1/3 —» particle decorrelation rate
(scattering time to decorrelate by

k=1 from upo)

1/kt, ~ Av = Broadened resonance width

For ‘eddy’ of resonant, turbulent

phase space fluid:
k=1 Av — size
T, — time scale

N.B. Avt, ~ k1

Similar approach
to Rhines, Young,
Moffatt, Kamkar

for resonant particle orbits

1/7, \ / ~ Lyapunov
e exponent
cf. Rechester +

31




Resonance Broadening Theory

* RBTis acrude propagator renormalization

d 0
—i(w —kv) » —i(w — kv) — avD F

self—énergy
* Aplethora of additional terms exists, but physics is
not understood. (cf. Krommes, P.D., Itoh?, ...)

 Ofcourse, ‘rigorous’ approach = Non-Markovian
renormalization

d 0 0 0

— D——>—D,  — D for resonant
v dv  dv v

particles is Markovian
2 / ’ / ’
But Dy = Xpr 0| Exoo'| T6(0 + @' — (K + kD) - D

w = kv

32



Challenges to Quasilinear
Theory

33



Challenges

Mode coupling * BGKmodes

* Resonance broadening * Phase space holes,

water bag models

4

 Phase space vorticities

Phase space eddies

* Dynamicalfriction * Drag, wake

- Stochastic view - Coherent view

- Dupree, Kadomtsev... - Lynden-Bell, Berk,
‘ l Roberts, Feix, Schamel
Enhanced

‘ Phase space granulations | =  ~grenkov emission

Fluctuation constituent in addition to waves =» major impact on dynamics?! 34



Granulations/Eddies

Eddies in phase space, as well as eigenmodes.
Relevance of 6f ~ f¢ dubious

* Eddies < strongly correlated particles = o>
enhanced Cerenkov emission = /)W\
Will granulations couple to available
free energy more effectively than waves?

Enhanced growth?

* To describe granulation dynamics, formulate
theory for evolution (6f(1)6f(2)), with6f = f¢ + f.
Reminiscent of Pouquet + approach, as opposed to

Mean Field Electrodynamics.
35



Plan for Discussion:

Approaches to Physics of Granulations

Adam, Laval, Pesme (ALP): Predicted
Multiplicative Enhancement of Growth.
— Concrete, Testable Prediction ...

Traveling Wave Tube Experiment &
Dedicated test of QL

— Test ALP prediction

Understanding the Outcome ...

36



e Granulations

* Mode coupling mediated by resonant particles (k-space)
» Distorts distribution, so: akin eddy, vortex (real (phase) space)
C Sf=fCt > granulation o (ESF) - —DM+F

Calculate (f)? via (5 f%)+extraction (f¢*)etc.

Poisson equation 2 f induces dynamical friction (i.e. drag)

Granulations alter relaxation

I

d d
0.(6f%)+ Ty, (6f*) =D (%) F( (;?)

h - e N RHS—

Relative scattering, streaming

(f) relaxation
a(f) 9 [ @_Fl /

ot  ov




Theory (1):

d 565 9 0 58
a(ff>+<v1—+vza—xz)<ff>

d0xq

0 9]
+a—vl(E(1)6f(1)6f(2)) + 6—1}2<E(2)5f(2)6f(1)>

0 0
- ~Emsren 2| sl

L)

Closure + Relative Coordinates (x_, v_):

B 0 0 d e.g. Bivariate
T1,2 = V_ - DRel Y
ox_ Ov_ ov_ Fokker-Planck
Dret = D11+ Do — D1y —Dyq . 11i]m_>0 Dpe; =0

(important!)
38



Theory (2)

RHS = —(E(1)5f (2)) 52 — (E(2)5f (1)) 52

S5f = fC+f, Poisson Eqn.
a(F) 3(f) RHS gives
RHS =D ( ov ) F( ov ) growth of granulations

| \ via interaction with

“QL” piece  granulation piece a{f)/dv

\ (dynamical friction)

d(f) _ 0 [ dLf) . ,
RHS & — il [D ~ F] — mean relaxation feeds (6 f *)

Structurally similar to Balescu-Lenard Theory

-~ screened granulation < screened particle
39



* Implications > mode coupling enters growth dynamics

 Dynamical friction enters relaxation, and mean <—>

fluctuation coupling
* Interspecies drag can solve stationarity problem

And:

* Introduces new routes to relaxation, subcritical growth via

collisionless momentum transfer by structures

* Prediction of subcritical CDIA instability (Dupree ‘82) =2

partially vindicated (Lesur +, 2014)
40



« Adam, Laval, Pesme (ALP): A Testable Prediction

1980, et seq. re: Granulations

* Enhanced B-O-T Growth

0 0 92 )\
—(5f)+(v K—I)Rela )(5f )=D <W)

+ Poisson Egn

_ 2/ _
# =4 J.(n)*/n = 1.668 Multiplicative
= y% - (#)yjiy, for B-O-T correction

# o 1/, Physics: “The modification is a consequence
of wave emission by strongly correlated
resonant particles”.

o> “clump” emission

—Attracted wide attention ...
(N.B.: Big Noise ...) /W\ 4



Where are we?

* long standing, well established QLT
* Serious theoretical questions, culminating
In a testable prediction

e simulation results scattered

42



The Quasilinear Experiment

b

ala
“Let the cannon decide!”

— Ultima Ratio Regis

43



Rejoinder: N.B. Be careful what you ask for ...

* TWT experiment (Tsunoda et al 1989, 1990) tube
*|‘Simulate’ B-O-T via _—
\WAYANR
L ) Jbeam

* Beam - resonant particles

v, v \

* Slow wave helix 2 non-resonant, dielectric

helix
* Could program variety of spectral perturbations, and control

phase initialization — test RPA

e Can measure:

key:

* net growth of perturbations usg of slgw wave
helix avoids

* fluctuation spectrum problematic ion noise

44



* TWT Apparatus

77 07 ' 7T
SOLENOID /
/ 27770004

-_GROUNDED CYLINDER RESISTIVE R-F ©VELOCITY
ELECTROR : e L / { TERWINATIOR © AMALYZIER
FORMING - WIRE HELIX R-F PROBE- --DISCRIMINATOR
ELEcmooE”j I_L!J : > ~BACK
CaTHopE—], ~ i COLLECTOR
Auous-’—*:\{

GLASS TUBE-" HELIX SUPPORT RODS

- FRONT
- GOLLECTOR FIG. 1. Schematic diagram of the appa-

27em ratus (not drawn to scale).

CART

SPREADER  1ols) PROBE
ELECTRODES — :

END———"
CORRECTION
coL

» Spectral evolution - evidence for mode coupling mediated by resonant particles

0 (b)
dB | 5L
j -
. .15~ (a q;) N
< o
8_ -20} o -151
T'Lc g 20|
= 25 )
O QO 5t
()] o
a7 H Hl 2w h
||I ' | ‘|||. “ | , |

46,0 50.0 54.0 55'3‘0 62.0 MHz 4 5
frequency frequency



* The reckoning:

WAVE POWER

° ¢

dB,
0 s
51 .‘ //W
-10 m“(;/d .
Mﬂ“ Dashed = one mode in smooth spectrum

-15 - ['/‘Sh’t\// {I'_,,r"

!- , Dotted -2 linear (single, weak mode)
20 VMW’ A —— Nonrepetitive noise

| Y v Y ! ---- Waveform generator noise

s P I, rﬁ I". Single launched wave ) )
25+ - Solid = non-rep noise

""" 80 120 160 200 om

AXIAL DISTANCE

‘no deviation of frequency, ensemble averaged growth from

Landau, to 10%”

* Message: mode coupling via resonant particles occurs, yet

growth tracks linear Landau, QLT “works” for y 16



e Comments

* TWT results effectively vindicated QLT ala’ 60’s and

demolished ALP.

* Much more might have been extracted by TWT
* Studies of nonlinear transfer
» Effect of adjustable dissipation in slow wave structure (see later)
* Coordinated numerical simulation effort = ideal venue for validation

of Vlasov codes

e Time to re-visit TWT or variant? —TBC

47



Twitter Summary:

QLT is not dead yet

48



The Aftermath —

what, really, was this argument about?

49



* What Happened? Why QLT clearly deficient
yet predicts growth?
Conclusion, Tsunoda:

“To sum up, we have shown that the quasilinear
theory description of our experiment is incomplete. The
correct nonlinear description of our experiment has yet
to be found. An important clue may be the existence of
statistical or dynamical conservation law governing

mode coupling effects.”

50



 Comments, cont’d

* Thoughts on the outcome (Liang, P.D. ‘93)
 Gist: momentum conservation

Well known: Balescu-Lenard evolution of 1D stable plasma

leaves d,(f) = 0

I.e. Like particle, momentum and energy conserving collision

leave final state = initial state
~ 1D, 1 species granulations not effective for relaxation

» Difference here: System not stationary - growing waves
51



Analysis, key points:

For S(v):

Further:

(at + T1,2)<5f(1)5f(2)> =S)

S@) = —2--(Esf) a(f)/av

d ~
(SE(EFAN= 3 —k2 5 (b1 780 —ko) ik (M_a)ezﬂ‘

-
o

=2 (ul)f_k(vm

k

s afo (4mneg dv; dv,
_k2_£1-n5(wk—kv) v ( ) J |E(k&)k+!,?)i2<fk

g (4mnyg\ Im e(k,wi+iyy)
—k;( K )lf(k:mk+f?k)|z

1

q g vi€' (k,w)/dw
;(35(1}5}'(1))— Z ke m |e(k,kv+iyi) |*

J‘ dv' {}k(v’ );Ak(v)) 1921'*'.

X {dpf -k (0) Y.

N.B.: S(v) ~ y; as electrons exchange momentum with waves, only, here

52



 Results:

* ForS(v):

* Foryy:

Vi/ @y dfo
m €” (k,wy) +y0e’ (k,wy)/dw dv

X Aif — () ¥

24 ﬁ yLn (@f..k(v)}em’,

S(v)=2k*— g

~ T < Te < Vil

-1
L 2400 v L vt
ek (1 -208) "<y (140 (1)
~ Tac <VEl < T
_ L 24(k) 1
Ve =Y B wch y [1+0 Tcwk)]

* Small additive correction to linear growth rate!

53



* Comments
e Compare:
« ALP:y =~ #yt
e LD:y =yE(1+¢)
ALP inconsistent with TWT results
LD within error bars
* QLT ‘61 (seemingly) vindicated for Gentle B-O-T, single species

% ¢ LD explains how reconcile observation of mode coupling with QL

growth
But

* |sthe B-O-T representative? CDIA? Other?
Is the “simplest problem” too simple? o4



Recent Progress

— A Sample

95



Recent Progress (Lesur, Kosuga, P.D.)

e Subcritical growth in the B-B model (Lesur, P.D. 2013; P.D., Lesur,
Kosuga Aix Fest 2009)
* Whatis B-B (Berk-Breizman) model?

* B-B(‘99) based on reduced model of energetic particles (i.e. alphas)
resonant with Alfven wave (TAE). Point is that resonant particle distribution

evolves like 1D plasma, near resonance
* Reduction is somewhat controversial, still
* Analogy: beam, helix €2 TWT
EP’s, bulk motion in AW €< - tokamak

Both are beam-driven instabilities

56



* For EP distribution o
RHS — collision operator

of of qEOf _ yf 05f vi025f
ot T Vax Tmaw = Ve Y G, Tz g

E=re(2), f=fo+0f

2
az _ _ Mm%
dt 41TNQ

[fe te¢dv —y Z € key difference

"\ dissipation in feedback |
* Note: collisions and ‘extrinsic’ y4 'SsIpation i feedback toop

*v4 resembles dissipative helix response in TWT

- momentum, energy exchange channel ?!

* Linearly ¥y = Ykin — Vd 57



* Useful to exploit analogy with QG fluid
- So ‘phasetrophy’ Y = f_oooo dv{(S5f#)

- Wave energy W = nq*(E*)/mw;

* So, for single structure (with single wave)

> dfo,s

1 /s |

. Fori: T s (E 8f,) dv — y&hw,
dt My J_no dv
dV

e ForW: dt

Akin to Ch Drazin th dW W Z Mgl
° INn TO arney-vrazin tnheorem Vg W =
d at v ; 'ﬂ:vﬁ].s

+ 2y W = =2 Zuscﬁf (Eéfs)dv Ug = wp/Zk



* Approximate solution:

16 Av YLo
Yo = 377 vk w, 14

* Nonlinear, Av ~ (q¢p/m)*/?
* Exploits y4 (dissipation)
i.e.canhave y; o —vg < 0buty, >0

* y0 > 0 &> free energy

59



Subcritical instability

Linear growthrate ¥ = Y1 — Vg4 = Critical slope Y, = V4
a\s\o?e' -
. - ;
c,(\"\ol : b

Stable,y < 0 Nonlinearly unstable,y < 0

(Subcritical instability) Unstable,y > 0
102t Electric field amplitude |[E] 1 o2} ‘ I
104 1 107 .
10 1 10 | 8
108 | 1 1078 | 1 108 F
10-10 L 4 10-10 L 4 10—10 |
o 5(';00 10600 15000 o7 0 5600 1OI000 15000 107 0 5600 10600 15000

Time (wt) Time (wt) Time (wt) 60



Nonlinear growth rate

Lesur, Diamond, PRE 2013
16 Av ~r

Yo R ~vd = Nonlinear growth does not require
3V UR “p that Y. > va

1
O ' j :h-' i ! 1
g i | il
23 . el ' ' \
e e ~. Vad N
® O 10 1 . *‘H\ _— = 1.05 - .
0 £ RN YL i Predicted by
‘;" S e e y 1 balancing the
N N LA {1 above growth rat
N Te e . = —0.05 ove gro ate
.N. *a J‘! i\' ' = . . .
.t el N YL with collisions.
"'-\,_:‘ “ s Negative linear growth rate |
1 0-2 1 " L -\iﬂ. i *"nu -?'1 L ! | 1 1 L M
0 100 200 300

Time(7 o t) 61



* Perhaps more convincing:

0 200 300 0 100 200 300
Not Mot

* Pointis that even weak linear instability can be swamped by
nonlinear growth > note for weak linear instability, saturation

levels match those for nonlinear instability

* Establishes existence of robust exception to QLT61 ! Clearly

related to y,4 dissipation channel. Limited to single structure.
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Conclusion
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Thoughts for Discussion

* Where does this story stand?

* QLT ‘61 vindicated for relaxation of single species B-O-T, its

paradigmatic example

* 1D conservation constraints allow reconciliation of mode
coupling with observed Landau growth. This interpretation
raises (implicitly) the question of how representative the

classic B-O-T is.

But
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* Significant departures from QLT61 appear in (even 1D) systems with
multiple energy-momentum exchange channels, usually associated
with multi-species

* B-Bviayy,
* CDIA, though structure required.

Signature of nonlinear growth observed in simulations.

* Role of strong wave-particle resonance and phase space structure in
even simple drift-zonal systems is not understood and merits further
study. Systems with drift resonances are especially tantalizing.

* Subcritical growth?

* Role of granulations—and phase space dynamics— in avalanching?

(nucleation process.)

* Granulation interaction with zonal flows? 65



Why Drift Resonance?
(P.D. + IAEA’82; Y. Kosuga, P.D., 2012 et seq.)

 0f - g—bounce avg distribution

—i(w — @p€) Gy + Texp - V§)k = i% (@ — W.r)Pif)

* Alw — wpe) ~ |Akg] |;—:; —:—9 ~ala’ 1D.

but modes weakly dispersive =

Tqc long, Ku large.
* Looks like a granulation paradise ...
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Related

> Drift/Rossby Turbulence + Zonal Flow

Turbulence, for drag— 0?

> Appeal to shear flow instability (c.f. G. Esler...)

but need Model of PV mixing and transport?
= QLT for PW.
See J.C. Li, P.D., PoP 2018
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e What to Do?

* Revitalize TWT (start over!), in coordination with modern
simulation program

» Allow variable slow wave structure dissipation = y; as in B&B - test

Lesur, P.D. model?

* Study mode coupling, beat resonance (NLLD) phenomena

* |s a (philosophically) similar CDIA experiment possible? Many
testable predictions on the record. Consider multi-ion species to

deal with m/M issue. Negative ion plasma to deal with mass ratio?!

* While corresponding basic experiment dubious, Darmet model

simulation program appears doable and interesting.
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Closing Thoughts:

“Truth is never pure, and rarely simple.”

— Oscar Wilde

— Plenty to be done on QLT ...

— | hope the zealots are unhappy!
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