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Motivation

e 40 years ago, H-mode with enhanced confinement makes great
sense! While, attention has shifted to control it for now («—ELM)

v need to reconcile good power handling with good confinement

e Resonant magnetic perturbations (RMPs) suppress or mitigate ELM,

and induces stochastic layer
v Stochastic occurs when separation of §
magnetic field lines grows exponentially
v good working criterion for stochasticity: +
magnetic island overlapping Excited B,
v degree of stochastization: auto-correlation l
length to the scattering length 1,./1., where LSy
2p N\ ~1/3 4“4”4“51,3“\:‘
lac = 1/|Bky|, 1, = ( ngM) with stochastic "Z\@v‘{f
$ 5 ey e}
magnetic diffusivity Dy, = X | b7 |76 (k) NRYRY

Stochastic region



Operation with RMP encounter challenge : L — H transition with
a pre-existing, thin stochastic layer at the boundary

e Interestingly, interaction and co-existence of stochastic
magnetic field and turbulence L—H occurs precisely in
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v Doubt?! But indeed localized precisely where the L-H transition is trigged
v Edge turbulence and flows evolve in stochastic layer - physics of L-H
transition conflated with RMP pump-out and Reynolds stress decoherence



Interactions among the plasma profiles, flows and turbulence
preceding the L-H transition with RMP application are not clear

® Increase in the power threshold added new challenges to the
understanding of the L — H transition

e An explanation: edge stochasticity and a resonant electromagnetic
torque = reduction of the E x B flow shear - increase in the
turbulent transport and a reduction of the Reynold stress driven

poloidal flow . | ~
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It is of prime importance to understand the physics of E x B shear layer
structure in a stochastic magnetic field 6



Our goal — understand effects of stochastic field on (E}.)
and (vg)

e In this work, we present a mean field theory for E x B shear in
an ambient stochastic layer

e Novel approach: revisit mean radial electric field (radial force

balance Eq.) (VP )
(Ey) = —=—(Vo)Bg + (V4 )Bo.

e T !

(Vg)  Heat, particles 1, || flows - momentum

v' Study turbulence, particle, momentum and heat transport to
ascertain change of (E,.) due to stochastic B field.
v' Goal is towards (J,.) ) (E,) relation— effective “Ohm’s law”

O Stochastic B-field, externally excited but self-consistent within
plasma (Ampere’s law), enters (J,.)

O (Vy), (Vy), V(P;) and (n;) are all are modified by the mean radial
current density (J,-) induced by (J,b,)
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Ambipolarity breaking = (J,-)

® Most general expression of the net mean radial current density (/)

fromv.j=0 ~ ~ =
0¢r) _ 0V, Ppor) N d(b.Ji)

or or or
with evident counterpart

~ -~ - Both can break ambipolarity,
Ur) = erpol) + <br]II> ) thus influence (E,)

v flux of polarization charge preferentially transports ions due to greater
ion inertia:

Ppor — fluctuation vorticity V¢ — vorticity flux, i.e., Reynolds stress

v net flow along radially tilted field lines preferentially transports
electrons:

How this relates to? Maxwell stress !!!



Ambipolarity breaking = (J,-)

® Ambipolarity breaking due to stochastic field = (/)

projection
Jr)=(Jy - &) = UHB ) i) = Une) + Uni)
® From Ampere law: J = ——|72A

(Self- consistency) 4T

Stochastic field produces currents in plasmas

<]II ) ¢ Y A 0° 0° A
Ur) = ~ 4nB \ay "\ 9x2 + gy2 )"
c O J =~ ad = C ~ o~
-  47B ox <(6xA") (ayA")> 471_B£<B b )

cB 0 ~ o~ CBO 0 ~ =~
= 4mox = o 1l
417 dx <bxby> A Or (brb9> Maxwell stress

Note: (1) Stochasticity excited externally (RMP) but
Ampere’s law must be satisfied in plasma.

ool

Excited B,

!

qzﬁ"é“\r
v Y \r

Ry Ry

y ’\r,\f’\f\f
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(2) Further progress is determined by cross phase

Stochastic regiom|




Cross Phase in Maxwell stress

¢ 4 LV .va = J
ot — ¢

fluctuating magnetic potential A K
tilted by developing EXB flow,
A 94 ttered by fluctuati
—+Vg—+V-VA=u]j ScCattered py riuctuation.

Shear flow

Shear flow Fluctuation scattering

® Maxwell stress: b be Z|Ak| (k, ko)

® Evolution of radial wave number k.
dk,

> > at

- - - - 1 .
(o) = (Brbo)o + 55 Ve)' D (IAil?k3ee)
0 K

000w

v' phase set by (k, kp)

0 /
— _a(w + ké?(VE)) - kr — k19 o kHVETc

v" coherence time of MP
kgVg*Dr

TC = ( 3 )_1/3

v' (b,by), defined by k2, differs dramatically from often-discussed test

particle approach - Discuss the detail later

v' EXB shear aligns phases, regardless of mechanism.
v" Tilting will tend to align turbulent RS and stochastic Maxwell stress. 14



Expression of (J..) and its implication

® Ultimately ({J,) —C—BO—[(b bg)o — (V&) Tk (b7 |tcp)]

41 Or
Notable features (1):

v No explicit dependence on electron inertia, k - By resonance ... of test

particle transport by magnetic stochasticity. Still successful
[Payan, NF 1995

v" Our analysis - a more solid fundamental foundation Ashourvan, NF 2022]

— uses exact Ampere’s law to relate j to stochastic fields b,,
— entails no linearization, and not require (J,.) = 0

v’ How resolve discrepancy? - kQis key!!  Recall p)~|4k|? (kgk;) with
ky = kP — ko(Vg)'t,

: 2 L2\ AT ;3
from Ampere’s law: —(k2 + k)4, = — nolelv, fid3v
47mo|e|j koY Ofk

v" —1

vy r g3
)6Akdv

for k2 > kg, linear response for f to 4, > ki =—
6f
SA

— kPk, capture stochastic field effects on electrons * Detailed analysis is
— k§{Vg) 1. is due mainly to ion effects. left for future 12

Here, —-£ relateS fi.» and thus Jj, to 4, by the linear response.




Expression of (J..) and its implication

CBO 0

o UItlmater (]r) — [(BrEtS?)O — (VE>’ Zk (|512‘,k|TC,b)]

41 Or
Notable features (2):

v (]r)~£ (|E,¥ |) — Dependence on magnetic fluctuation envelope structure
v" Thus, introduce novel scale,the radial envelope or spectral scale,

oot = B2 L

—-(|b?]) i.e., characteristic scale of the fluctuation intensity profile

— Y.y 1S quite small, only a few centimeters in radial extension
— rather modest |bZ | can produce significant effects near separatrix
— (J,-) is not necessarily “small”, even in the absence of electron inertia

Notable features (3): A

v multi-scale character

A, (mode width) is set by
drift wave propagation




Expression of mean radial electron current density (lr,e)

® Analysis of the L—H transition, requires (J,..) = (J;-) — nolel(b,-V ;)

® Net ion flow along the tilted lines (b,.V; ;) by [Chen C.C et al PPCF2021]

— weak turbulence (w < kjcs) . — strong turbulence (w > k)
' ~ _p W) - 1 a(P;)
(b, Vi) = —Dy 3y (brV”’i)E_pCf st
with Dy = X| by |6 Uey) - with Dy = c2|bZ, ]
CBO CBO z 5D
4n|e|6rz [(Brbe) ~ 4rle| or [¢Brbo)o o )
oVy:) i ) Pi):
— [B2l(VeY Tep] + molel Dy 1= -~ PralVe) T ]+ mole | o

v" {J, ) cannot be written as the divergence of a flux

v' (J.) is proportional to |bZ |, driven by magnetic fluctuation intensity gradient
(P; )

as well as by —* (”” and —-

14



Flow 1: Stochastic B-field affects (V,)

Maxwell stress

® Poloidal momentum balance  Turbulence of stochastic field

Reynold stress

perturbation
d(Vp) 0 1
5 = ~HVe) ~Voneo) = 5-((7aT}) — 5 (B, Bo))

® ForSS: (Vy) = (Vg)neo + AVg

10 ,,. - o
AVg = ———|[(VyV}.) = VE(b.bg)]  Competition!!!

,uar
0 [Vl e = Vil

qu(]r)

V.

LA

O V; phasing via tilt tends to align turbulence and stochastic B-
field, which counteracts the spin-up of (Vy).

O ;—r |b,.|? , i.e., profile of stochastic enters - introduce stochastic
layer width as novel scale

15



Flow 2: Stochastic B-field affects (V)

0 ~ ~
® For V¢ % + V- (VI‘V(P) = i(]r>Bg+S¢

psC r?
-~ S,= S, exp(—
Ly [0) a p( ZLMdep)

- 9
(iVe) = —xp5-(Vo) Xp = xr =

Only consider diffusive term. Bo(J;)

L 0Vg) _ 0 1 Bgd |5 5
at(p aT(X(p 6T<V¢>) ATtp Bear<B7”B‘9>+S¢

0 VTl By 0 Stochasticity affects

0 - .
® ForSS: 57 ()(cp 5 (V )) = 3 B or (b be) _qu edgeltor0|dal

velocity, shear

0 rsep . BQ o
- 6T< |rsep [f T; B (brb9>|rsep

with (b, bg) = Vit.|b,|?
v Force through radial current across separatrix.

Integrated external torque

Note: (V¢)’ proportional to |b,.|?/x . Quenched y,-> stronger (V¢)’ effects!

16



Stochasticity contribution to particle flux: two ingredients

. on, 10
® For electron density :
dt ror
. on * Dpeo = (me/mi)l/z)(i,neo
with Fe — _(Dneo + DT) E“l‘lﬂe, stoch |7 ,
i DTNbDGB W|th b<1
< a—r+d, (a+da—r)2)
P * L%lep ZL%lep

® The stochastic field can induce particle flux (n, = n;):

l_‘e stoch — AeB (b VEAH) + Tl(V b )
R 4
with ) UZ;”)a (brJii)
b.V2A) = ———{(b..b v' (b,bg) phasing via Vj tilt.
4-7T€B< VLAY 4mre 0r< rbe) . .
~ ~ - RMP induced density
n(V, ;b,): parallel ion flow along tilted field lines |  “pump-out”?
- Kinetic stress (I;T5P> 17




Stochasticity contribution to particle flux: feature

® After integrating in the absence of source

one) 1 0 N 1
ot — le| or T,e> % a—te: ASQPEUT'e)lrsep + Céep.

(Jr.¢) is proportional to |b2,|

* N, is the total electron number
Agep is the surface area of the plasma at the separatrix.
Csep 1s an integration constant, set by SOL physics.

v Determines “pump out” caused by RMP induced stochasticity

v" Mean quasi-neutrality is maintained during pump-out by the ion
polarization charge flux, - balances against (J,. .} to maintain
constant net charge > - competition contributes to determining (E,.)

v' Particle transport is very sensitive to the envelope scale of the
magnetic perturbations
0(ne)
dt

A narrow edge stochastic layer can trigger a
significant change in density, even for modest |bf |

~ |B1% |/lgnv
18



lon heat flux with stochastic field

® Mean ion pressure evolves
M) 1+ 2 58 = —pe2 (5,7,
ot or ! Sor M
v' principal magnetic effect is due to the divergence of the ion flow
along tilted magnetic field lines

. — weak turbulence (w < k;cg) — strong turbulence (o > k"cs)é
) oVy,) - 1P
(Vi) = =Dy or {brVi) = oc? sta—rl
with DM = Zk|Brk|T[5(k||) with DSt = CglEE}leC

v the radial current density (J,-) does not enter to determine (P;)

v’ for typical |b?|, direct effects on ion heat transport are rather modest.
® |on sound propagation (c;) sets the fundamental speed for ion
heat transport along wandering magnetic field lines.

- ~ 2
Xi = Cs Z:|br,k|2 §(ky)  muchsmaller than Xe = Vtne Z|br,k| 6 (ky)
k “ 19



Effects of stochastic magnetic fields on turbulence

® Common theme: a simple model VV - J = 0 (kadomtsev and Pogutse '78 )
A low-k single test mode + a high-k stochastic magnetic field

k-By=0 Spectrum of prescribed static
| | 131 magnetic fluctuations densel _
/N:fsl}?ﬁa = packedy If Only b and @, V '] — O
1
o\ : is not guaranteed!
singl:\tl:::t mode [kl <1k |i | |bol?S (ky9)F ((T rkl)/wkl) g ..
What is missing?
0 S gBo 0p
—2g=— (1O +B.7,) g -T2"
at L% T4 ( l) 4 po 0y
Analogy Kadomtsev and Pogutse ‘78 This model
Base state (T(r)) 7 eIectro.stlatlc
External fluctuation b b pOtentla_]
c , . 0 G fluctuation
onstraint .q = T = _ .
1 induced by b,
Resulting fluctuation T @/

See more details: M. Y. Cao, F-18, this meeting 20



Towards an expression for (I3 )’

® From Ohm'’s law, (E,.) and (J,.) are related :

1 8 Ne Via (BT‘JII)
E, = —P; +04Bg — v9By. (,B,) > Ur) (V) via {J,-)B;
enB Or ! (V) via (,)Bs

® Elements for ExB shear:
v" Poloidal flow - a modification in the (Vy) since (17 17}) V2(b,by)

AV :—l—[m V) — v§<13r159>0+<v5>’viz TC,,)]

v’ Toroidal flow = induce a “intrinsic torque”

rk

~ o~

Fsep
2 B _
. Vihi Do / )
or <V¢> Irsep - _X¢ |:/S¢dr_ + B BO [<brb9>0 _<VE> E :k ( r,k TcJ))] |rsep + Coep

0

v Density >necessarily also closely linked to RMP pump-out

d(ne)y 10 cBy 0 | s
ot |e| or Ure)s (e = 47 le| or <b b0> o le] <brV"" ’>'

v' x; is modified by magnetic effects, albeit rather slightly 21



Five different radial scales in the model

® Additional comments

@ (VyV.) — VE(b,bg), competition appears not due to Alfvenization
since the static magnetic fluctuations b, are externally driven,
while the drift waves are dynamic, and heat flux driven and
evolving

@) The problem is multi-scale, even in its most simple manifestation.

Table 1. Five radial scales in our model, their corresponding
physics and impact.

Scale Physics Impact

Ly, Lt Profile gradient Drive of turbulence

u'/u Flow damping Rotation shear, (Vg)'
profile scale

lenv, & Drift wave intensity Reynolds stress drive

Conv. b Stochastic field Magnetic stress scale
envelope scale

ke Stochastic field Magnetic stress
radial wavenumber phase

22



Outline

O Applications

> L-H transition with b2, 0D at present

23



Increment of LH threshold power

M ils: €.C. Ch 2021
Concern: Aw < DkZ2, D=v,D,, “oredetails = N
Turbulence Stochastic field * D
decorrelation induced scattering j — N
Broadening parameter: a = —=0.0,02,04,0.6,0.8..... 2.0

VPp2 €

Turbulence Intensity

Kim and Diamond model, 2003 PRL, predator: zonal flow, prey: turbulence

Zonal flow energy vzr2
)
(=]
Pressure Gradient

—
T T

02r

@ R0 [ )]
I 0 05 1 ' 15 2

0
Input power Input power Input power

The threshold increase due to stochastic dephasing effect is seen in turbulence
intensity, zonal flow, and pressure gradient. 24



Increment of LH threshold power

Power threshold Py1

2
b= g |
a= —=0.0,02,04,0.6,0.8....., 2.0
2
\//—3!7:? €
More details: C.C. Chen, O 3.2, this meeting
PLI V.S. X PIH V.S. X
1r ' . . — Qi 11 1.87 . Yeht o H ‘
lincar fit) linear fit
Linear: y = 0.2131*x + 0.4875 1.7 Linear: y = 0.2421"x + 1.224
0.9 =
s = A
o A 16 A '
08| . % | =
.. - _% 1.5 ®
0.7 5 -
° .—‘:.5-"" g 1.4 ‘ . ’-7".
0.6 Y ‘ g s o
S 1
0.9 = e ¢
0.4 ‘ : .
0 0.5 1 1.5 2 0 0.5 1 1.5 2
o o

(Chen et al.,PoP 28, 042301 (2021))
[ Testable prediction: The threshold power increase linearly with

a~b?/p?.

[0 Could compare directly with Aw (kvaDM) .
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o Implications and future work



Results and implications

Topic Goal Key physical results prediction
Reynold stress Flow shear Dephasing when Critical parameter
(C C Chen) evolution Aw~v,4Dy k3 a~b%/p2.,[B
Parallel flow and Calculate kinetic Physical Hybrid stochastic
ion heat transport stress (b,.6P) in understanding of  field + turbulence
(P.H. Diamond) turbulence stochasticity- viscosity
turbulence
interaction
Instability evolution ~ Understand how  MaintainingV - | = (byd) # 0
in stochastic field  prescribed b affect 0 forces generation  turbulence “lock
(M.Y. Cao) instability evolution  of small scale cells on” to b.
by b
Mean field theory  Understand electric Unified model (Vg)' aligns
for (E,.) field shear including all stochastic field,
(All) evolution transport channels particle flux due to

b



Future work

O Towards to the 1D model to study the interplay in L-H transition.

O Related to experiments:

@

@

€)
@
®

Understand the relationship between the RMP effects on power threshold

and micro-physics? [stress, fluctuations, transport... ]

How does the RMP change the evolution of the shear layer (Er well) ? How it

builds up?
How the cross-phase of Reynolds stress change (evolution) vs RMP current?
How does the RMP change the LCO (limit cycle oscillation)?

How toroidal velocity change at pedestal region?

O Related work in density limit, esp. effect of RMP on Er shear

28



Thanks for your attention!!!
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