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Why Now?

« Syntheses of good confinement and optimal power handing

|.e.

drive us to 3D, likely involving stochastic magnetic fields

n = 3 RMPs from internal coils

- T+ L. \
RMP raises L->H transition threshold: &:3 v
— Stochastic layer ~ separatrix %i — )
— Turbulence persists, though modified 4
- < 3 ::g:nacn i '+‘
— Interaction with flows modified = . o
- Adecoherence ) te, VE zi + -
AN * 1] * e

. . 0
Stellerator: can support stochastic regions ° 1 & Bneq °

cf: C.C. Chen,
W.X. Guo, L. Schmitz



* |sland Configurations (c.f. K. Ida)

ot——————

— ITBs, NTM, ...

— Stochastic layers frequently present riea/ <s/atds

_J
« Disruptions

— Thermal quench, etc. results from stochastic field

b £ o

— Confinement, including electron momentum (i.e. current

quench), also of interest —% lf’lfsm@’rcm euo/u{’wﬂ

=>» Fluctuations, Flows, (E,) all modified -ﬁjrbulence ?1 )
e \S Ve |\ Steuctufe
& PProry {




How is turbulence modified?

« How does a stochastic field modify the instability process?

Question motivated by stochastic field transport ( ~ late 70’s)
Ea-
« Classic of Ancient History: Kaw, Valeo, Rutherford 79 et. seq.

— Tearing, in braided magnetic field

electron viscosity

hyper-resistivity B rescue resistive MHD

— ‘anomalous dissipation’ by{

Le. Ey =m — uvyj
— lack of, or very simple, micro - macro connection

Oprigen, content M7
(%



* Need to re-visit Simple Problem: = insight, guide simulation

e For lmfp <l. < lnacro:

Po

ap
32 —d Vi = —\7” b ——— + VW2V

Py
d.P = _VTW-I_X vip

« Key:|V, = \7"(0) +b-V[> parallel gradient
along randomly tilted lines

— Resistive Interchange — test wave - stability — 7he guest/ov)g... ..

— b > stochastic Variable - static (h2), specified, k' s/t |k'| > |k]
(=, Specify 274 mamenat ofF /%A-\C%’j



So

@ v = =5 (WO +b-7.) (RO +5-v.)p —La,P

\
> Multiplicative Noise, Stochastic PDE 7 )

Ta

9,P — yV2P —yqb v,x . TBD
- Resembles Schrodinger Eqn. with random potential (c.f. Kraichnan ‘61)

e V?%%@W»‘Lgm% E P

£ o
* Poses basic question lepact of ‘random bendmgj% generic to instability processes
« Generic:V-J=0 > VJ,+VJ, =0 A=

\—> Wandering Lines...

* Presume random magnetic perturbations <> Stochastic Lines ej),u’Uale-f\ce

C d}l Na™NICS -1') (st T;Q,B



« Key Issue: Physics of ‘Stochastic Bending’
(7 +b5-v.) (7@ +b-7.)¢

* Insight from the Classics

— Rechester and Rosenbluth ‘78: Test Particle Picture

Dy ; lac, lc, Lysp - various orders <te,
. =
—f\Kadomtsev and Pogutse ‘7% Imsp < lc, Hydrodynamic
V.-q= —> aspect of self-consistency
G=—xy\VyTb — . V.T RequiringV-q =0
. throughout prevents
b= otb, V= |7"(0) +b- V, heat accumulation




K+ P'78, cont'd

« Aim = mean heat flux

ForK, <1; (also tripIet)Z

(@) = =11 [(BDYED + (b, 5Dy — %, 7.(T)

/ N\

kinematic T enters fromb - VT = 0

ForT:vV-d=0 > T, =—xtkbed®/or cancellations
° q K xiki+xik?

N.B.: T adjusts to satisfy 7 - G = 0

band V-G = 0necessitate T! T not adjustable, qnbrfmmy

=» Significant departure from kinematics !

—




Why revisit K and P? — ¢~ th:s porctext 1 [

« Structurally Similar...

. E f = 0 is constraint here

- system should prevent local charge accumulation! €= quasi-neutrality /
O

How?

\

- Givenb ,if 7y #0>V, -], #0> ¢
Eotential FIUCM

Stochastic fields &> Stochastic cells
Jtochastic Frald sust geretate QV\@‘\Q\ Convective Ce //S;{

parallel ~ perp: polarization + P-S




He%

K and P and Implicati -
and Implications —

« Problem is multi-scale: ¢, > test field
Cmean )

Y |E’|>> |]_‘)|
; / Potential fluctuations generated on
kr >
small scale to maintain V- ] = 0

Focus o0 Jow orelel

» Approach by method of averaging: e el
— MOMe N ) cniV/a \/'

—

T = (‘7"(0) + I; . VJ_) (V"(O) + E . VJ_) ) > bending
T N——b
>
T=v"2¢ + v, -(bb)- V. + (Wb - 7. $) +((B- V. )7V P)

‘mean field > k Hows get ?Si



K and P, and Implications, cont'd

dielectric operators
l (enforce V - | = 0 on k' scale)

Forg: Ly ¢pr =T, f

¢ is ‘screened’ response to b,

¥ y

Ekf determines ¢, ) Via BP and (esponse

Of course, k scale } evolutions coupled
k’ scale U\,l‘/'l'dv\d'h/'\/ (A ;5 Qdc/u""l‘d/l

=D Feedheclf LoofS. - -




Two Scale Formulation and ‘Solution’

* The problem

Spectrum of prescribed,

Toct k | By=0 static magnetic fluctuations
Moale/ : Y ~ S—1/3T/Tl

, Ax ~ S71/3q

low m {l)ensely
Resistive Interchange k /E\ Packed
(single test mode) ; o
M spectral scale
k- Bo =0 { specified

= |k'| > |k| = multi-scale

b,|? = |bg|?S(kg)T(r — 1,

> Stability, intensity etc. 1bir1” = 1bo ]S (kg )T (r = 71)

Many Questions... spatial form factor
Wy 4L AX



Toward a Solution

o é > k envelope
p=0¢+¢

Envelope:

¢‘5, Ek’ 9 ]_(),

— S ~ 12 — S — g — ~ ~ ~ ~
0 = vWDEG + — 0ulpr| 0f = == %G = 0, P+ (O, (b)) + 71 (BT V)

@_)f (0 — xVEIP = —V; @f @f

Small Scale Fluctuation: Inversion 2|G(x, x") G”E{:\;&\

g

~ S ~
@ = VIDIVEG + — 1y +
A P

0,5, = _% 7, - (57 0%) + 70 (5, 7.5)]

P equation



What's the Physics? - what does this mess mean?

S
— d, magnetlc vorticity dampln/\)
A

3" order ,J;

from
~ 1 ~ —_
h-v, (—;b-VL)qb
s |B V2 k2 w; = island width
Re-express: — ;"' — _AL% 1'4 I
ta | Po m Es for stochastic field

(Frns)

S A 1iPag L VAKE Wi
So: = 0y |b|" 0, ¢ e ?

@stimate L. ¢ layer width




Magnetic Torque, cont'd
VZk}
D@ ~ W2 (Ax)* ¢ > bending term, linear
] ey Vuestrens

(VN® ~ (‘7||]||(1)) &>\ When will 3¢ order
magnetic torque balance first @

]1/4 |

> Width of small scale island ne<<l=sl .

> W,’~[—

- Reminiscent ofv?utherford 73;|but with k3 /k4 factor, due multi-scale

character

VJp® > (\7”]”(1)) —> magnetic torque supplants inertia in vorticity balance

unambiguously stabilizing basic vortex flow of mode




] . T;\( J\ei'e‘.:’ .
E-fields along Perturbed Lines 2, (3

E

Consider: —

@
| | |

7O +5-v, (—1 7O +5-7, ) @+ )

(5 5:0) (<5 (50 +5-5.)) G v e
®

® = { (V.- bg)) = (-7 (b EL))

— E field projections

.~ - along wandering lines
@ = -V, - (bVy@) = =V, - (b E))

V.3, 0 af

Fo-vid . ~5o est wave reoanst
S @C@/ﬂ

= Nonlinear Bending + Resistivity = Dissipative Nonlinearity !
Y e S e




Screening, Small Scale ¢ and Convective Cells

How obtain ¢ ?

ZLk+,§fgbk+kr Cbk gbk > ~ Langevin Eqn

N (atﬂrv_z)

eigen mode CC noise/modulation m m

mean potential

operator W|thv X E (multiplicative) Convenient to take

(

_( k — slow interchange

k' — fast interchange
k| < |k'| :

Lk,¢’5k’ — C bk,$

¢ = fd"‘" G(r,v")Cb,'® | - obtains ¢ via Green’s function




. , How dete~waine 525 ?
Screening, cont'd 2

« Langevin Eqn. €= Fluctuation-Dissipation Theorem< [)
° e

. ]2 |byr [2]@]° L, = operator

Lo > ki » k3

~ stationarity - dampe - fast interchange
response - L must be?gler-stable !

* v, x =2 turbulent diffusion from small scale electrostatic cells -

|$k’

V.o
Q.0 p
1/2 , -2 -7
vV, X = Vr Vr ~ (Q/Lp) kg~ +0vr
So+usated L. small increment addtf
. T
gka

vTzZ|ck,|2(52)k,|q3|2y,;,1/ ki — —| = v
k' Lp(vrky”) —




Screening, cont'd

- Systemreallyis: =~ >{8mall scale

cells driven

1

| OOO
: : I | + OOOO
: I : I OOO

|
|
I
N\ '
|
I

test mode |byr|?
\

- M feedback on test mode

* v,y — turbulent diffusion, due |<l~>|2

« Multi-scale interaction branches thru ES, Magnetic

/-w

Scattering



The Big Picture:

VP

~ driven b,
k" (high) _
| small convective cells ——| ¢, vr
7y
4 maintain 7 - | = 0 UGl
: { scattering via (b - E); drive via b
S 1212 oo
+ @2y — T V.= [b|"- Ve
torque 4
Y slow resistive
e interchange —B—{ large scale cell
stability ?
?
growth }4—
states?



Where Things Stand

Integro-differential equation for ¢ evolution in presence specified
|bk’|2
Technically complex...

(7, magnetic torque is clear and novel effect, damping vorticity

Can formulate perturbation theory y;, — y,go) + 8y, in terms

quadratic form

Crank ongoing ...



Conclusions — Lessons Learned, so far...

Problem of instability in stochastic field is intrinsically multi-scale
— — e
and dynamic: ¢ ; ¢ and b

f\‘/_——\_ﬂ

To maintain ¥ - J = 0 for prescribed b, + instability & ¢ generated

Physics: V, - J; # 0 to maintain V -f= 0 = Enter electrostatic

micro-cells !

Magnetic vorticity damping is generic to stochastic b + turbulence
S E—

Inertia > Inertia + %ax|br|26x¢‘>

C —
FOM :w; vs |(k3/k;”) (Ax)4]1/4 $ors Y, S ‘U,,Ju>



Conclusions — Lessons Learned, so far...

« More generally, for turbulence ¢ in stochastic b ; cannot treat as

statistically independenti.e. |(b@ ) # 0

4

- small scale b leaves ‘“footprint’ on modes

Look Ahead:

e ——

« Complete analysis — bistability ?

s Jtetssticel

analy SEAN
* More effects ? = the usual... L2 (Ry— Dt%fhg)u‘f'fam
fa)
- To resistive interchange turbulence... > flows ... & (7<MA Ve Jes

* Collisionless = Alfven radiation into network of (EZ)

(c.f. C-C Chen, this meeting)
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