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Background: theoretical progress

Kobayashi, Masahiro, et al. Physical review letters 128.12 (2022): 125001.
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Experiments are also needed...
However, spectral analysis is not enough to characterize the turbulence state

_ oo 0P a0ms Need other ways to study the statistics of plasma turbulence



Background: a method from the
information theory

— Turbulence vs. noise
e wide-band power spectrum e short autocorrelation time e random orbits

— Difference in nature: a spectral energy flux noise chaos

— How to distinguish chaos from noise? \/ '\{ _ NN N
k= k

L
>

— complexity-entropy analysis
— Jensen-Shannon complexity Cjs:
C]S = I\._V.IJ X g
Shannon ]-S
entropy  djvergence

— a metric of a system/signal’s predictability
chaosOoA: high C;s; noisea v : low Cjgl!]

— Application in MFE: the chaotic nature of
the edge fluctuations in L-, H-, and I-mode

are identified.!

1. Rosso, Osvaldo A., et al. Physical review letters 99.15 (2007): 154102.
2. Zhu, Ziyan, et al. Physics of Plasmas 24.4 (2017).
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Background: recent experiment

— Complexity-entropy analysis: characterize the
state of turbulence w/wo RMP.

— Experiments on KSTAR: pedestal temperature
fluctuations collected from electron cyclotron
emission imaging (ECEI)!]

— An increase in the bicoherence and a reduction
in complexity in the RMP ELM suppression
phase. —— Edge plasma turbulence
becomes more “noisy” .

— Need to understand these phenomena ——
a step forward from resistive interchange mode

1. Choi, Minjun J., et al. Physics of Plasmas 29.12 (2022).
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Challenge: disparate geometries

—From interchange to a more relevant instability —— ballooning mode

—A hard nut to crack: difference in geometries on which theories of the
ballooning mode and RMP are based.

k-B=0
Ballooning mode = — = = RMP
w
| |
| |
| |
Toroidicity effect m Resonant surfaces
w in a cylinder

Ballooning mode in a torus vs. resonant magnetic perturbations in a cylinder

_ Question: Is there a way to circumvent this problem?
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Strategy: find the counterpart of the
ballooning mode

Theories of ballooning mode and RMP “reside” in different parallel universe.

toroidal world cylindrical world ——— k. B =0

CTTTIN

y — e =
— Mode structure of the — Mode structure of the quasi-
ballooning mode: a coupling of mode: a wave-packet of radially-
localized poloidal harmonics at localized interchange modes at
different resonant surfaces different resonant surfaces

_ Takeaway: a quasi-mode in a cylinder resembles a ballooning mode in a torus
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A Multi-scale Model: quasi-mode in a
stochastic magnetic field

— Two-step scheme: l 3
mmp |/
» Step 1: study the quasi-mode in a stochastic magnetic field \/' \/ ”
» Step 2: generalize the results to the ballooning mode t ‘ J.
m' / '/\ e
u\df\O\Na \

T O OO
+\\£ TN
S DD

Background microturbulence

Large-scale stochastic Potentig fluctyss:
quasi-mode magnetic field ‘W
Accumulation of polarization charge



Model Development

— Quasi-mode in a stochastic magnetic field:

- . pPo 0 1 g o0
vorticity equation _ V2 —Z(ba - V)2 L= () — T =
2 gL g 2
ViJpol Vi ViJps
o . dap
Cont|nU|ty equatlon E = —p- Vpo = —V,APy (ﬁ; ﬁ; ﬁx: miCI’Oturbu|ence
d d(p +p)
Po(a_vT VJ_>V (‘P"‘(P)"'_(bo V+b- VJ.) (@+¢)— gBoT=
0 - o 10 10 10 10 10
<§ —|Dr Vi) (0 +p) = =(0x + U)ap P e Pl K e K o
U, 0 . 0C U, Ox U, 0x U, Oy
¥ comes from the =
turbulent V|sc05|ty random convection of switched
turbulent diffusivity . the quasi-modedueto 1 9 _ 1 9 190 _ , ,
microturbulence 17_x<3_5¢ L= p 6690 L= 5. 01 vrky L yp Ly, <vrkiy
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Model Development

The full set of equations of the model is:

0 B§ 02 B ~ J .
po<§—vTv2)vﬂp+—°—<p+—° ((b-vl)2><ﬁ+<a—((b-vl)¢

) o o _
+ (b-Vl)a—(<p> ~gBog P =0

972
@ ® ©
a - 2 62 - BO a ~ —_ x
Po(a—VTVi>Vi(p+—a(2(p {a{(b v,)o+(b- vl) }—gB()@p:O 3
) X=Y —SXxz
d _ ~ 0 Ly/2
(a - DTVi> P = —Ux&Po (6_ - DTVi> p = —Teapg =A= f e kX Ady (=z
t Ly/2
Solve small- Nonlinear twisted
e e scale dynamics R el Cloaic coordinate
; > Get the li : : eCalculate th li
Split the dynamics of reipon‘es;r;a;x toF eigenmode equations. o?tcuurt?u(leentev?scfolsr:tgy System

eCalculate the corrected
growth rate.

small and large

and turbulent
scales.

diffusivity generated
by microturbulence.

and v.
eGet a non-vanishing

Scale (#b) correlation. Solve large-
separation scale dynamics
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Quantitative results

— The linear response of ¥, to b

S ~ ~
B =— j G(&,&)|0:(b-V)v, + (b -V)0;v,| dE’
A

~beat (b, )

— Correlation of ¥, with b.

] ~ 2
<~ B )_ lLyLZj SzkyS|A0k1| 12\/%0,%1 5 1 0 "y 1 0 o 19 _
A (2m)? i TAVT|k1y| w' ¢ ﬁxfzfip Uy a((p Uy a)(go
. ~ 2 =0
<~ E > o lLyLZ f d SSkyS|AOk1| 12ﬁ0£1 Z_ switched
T emE Y gkl w0

No counterpart in prior study on resistive interchange mode
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Quantitative results

1. Rutherford, Paul Harding. The Physics of Fluids 16.11 (1973): 1903-1908.

— The revised eigenmode equation for quasi-mode is

Hopx = H, Py, | _ O Yo s2%k3 + Veborky _g_ 1) turbulent dampin QD) )@1 QD)
0 aCZ BZ Bg yk p g
] ~ oD+ 577 o | OIAO
A, = [s2¢2k2|B2| — 257K2|byby | + k2|b3[] + —222" TyzyB(z ¢ )+[;’;7 Vrki(1 + 520%)? @
k*-0 0 < I ) (l )
‘ , Laly $3k2B2| Ao, |” 8v|ox,|” ,
(2 )2 Jd kyy ey, | 7 {0 turbulent scattering
magnetic braking effect!!! PollVr| K1y iertia drive
2
— The correction to the growth rate of the quasi-mode is fy = — VRPN 2r2p2 ViPonky Y1
B§ g Bg Vi
5 8 1 1S stochastic
W _ _ 2 12 2 — [, = s20%k2|b2| + k2| b2
Vi =——=s*A%vrkd [ 1+ (1-)|b2|+ |b2| . 1 y
’ 6 < ﬂ) 374 —ZAz—y/ bendmg enhance reduce
new new balancing inertia drive
— New terms arises because of the change in spatial ordering linear 72l multi-scale

. ~ Okl ky/k —b>
bending 0k, ~ Oy /kay) feature



Quantitative results

— The sign of the growth rate is determined.

A(B-Vy 0, +0cb-V,)P) vrki ag o] ];1 <<< i
(b 7)(E- 7)) R TR VA
fi f2

stochastic magnetic field tend to
suppress the instability

— f<1l— yV <o —

— The turbulent viscosity vy of quasi-mode is larger than that of resistive interchange mode!

o ) N 11/3
o Zlﬁ |2T f 352|Ak1| 4\/7‘[0,%1ka(0)2 - < klyoiz >
T — kq ki = | 5.2 3 ’ 1/2 “ /
- (Zn) 2|k, | w'(ag) 5 \kwew

new

Again, new term comes from the broad radial structure of the quasi-mode



A Multi-scale Model: quasi-mode in a
stochastic magnetic field

Results of this model can be summarized by a flowchart SO O
oNoNe)

stochastic
magnetic field microturbulence

! !

external inhibit  chaos
—
noise
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Results: lessons we learned for
ballooning mode

— microturbulence (small-scale convective cells) is driven «=—» V-] =0
I—> increasing the number of triad interactions =—=» enhance nonlinear transfer

the increase in the bicoherence observed in Choi’s experiments

— Non-trivial correlation (b?,) develops I_, broad mode structure

I—> Not only (b, ), but also (b, #,) = absent in prior work

the microturbulence “locks on” to the externally prescribed b
I—> the edge plasma turbulence becomes “noisy”

the reduction in the ;s in the RMP ELM suppression phase
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Future: suggested experiments

—Cs is somewhat abstract. Relate the reduction of the complexity to
dynamical quantities?
Suggested experiments:

i. Use Beam Emission Spectroscopy (BES) velocimetry to calculate the
ratio of the turbulent heat flux to the total heat flux as a function of

Irmp-

ii. Perform the complexity-entropy analysis for the data of velocity
fluctuations collected from BES velocimetry during the RMP ELM
suppression phase and the natural ELM-free phase.

iii. A direct examination of the presence of the correlation (ﬁxE).
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Directions for theoretical studies

suppress )
Drift wave
. turbulence
drive

— Incorporate zonal flow into our model.

dk, ,
- (vel'ke (kykg) # 0
(v,vg) # 0

velocity shear:

: dhky
magnetic shear: = —skg

— Study the Ku > 1 regime.

Quasi-linear theory is implicitly used in the
Ku = (lgc/1c)?
Starting point — percolation theory

calculation -» Ku > 1.

Zonal flow

medium part!cle
motion
pflz'io';tllo)n random | deterministic
(dll(f::uzoln) fixed stochastic

— Effects of stochastic magnetic field on blob propagation and SOL broadening.
Hint: Theory of mean ExB shear in a stochastic magnetic field!!

1.
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Guo, Weixin, et al. Plasma Physics and Controlled Fusion 64.12 (2022): 124001.




Results: lessons we learned for
ballooning mode

— Stochastic magnetic field =—» ballooning mode

impede
I—> 1.  Enhancing the effective plasma inertia (magnetic braking effect!))
2.  Reducing the effective drive === newly discovered
3.  Promoting turbulence damping

— Microturbulence prrvng turbulent background

d
~ o renormalization 2
—> Oy =—> 0, +7V-V » 0y —vrV] |—> broad mode structure
| - 1/Tkzalloonlng > 1/;ﬂntercham;e
—p electrostatic scattering = destabilizing ==——p magnetic braking effect

weaker
I—> opposite to conclusion for interchange mode
Rutherford, Paul Harding. The Physics of Fluids 16.11 (1973): 1903-1908.

1.
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Thank you!




Strategy: basics of the quasi-mode

1. Roberts, K. V., and J. B. Taylor. The Physics of Fluids 8.2 (1965): 315-322.
— Properties of the quasi-model!

» Broad mode structure in the radial direction g l
» Finite mode length in the main field direction
> Finite, linear magnetic shear, by = (0,sx,1)

— Physical picture: interchange
1. gravitational potential energy motion
kinetic energy of plasma filaments.
2. Alignment of filaments with the local

magnetic field lines && finite magnetic field _ Qquasi-mode: not a true eigenmode
shear = infinite length = divergent = a wave-packet = broad radial structure
rotational kinetic energy. = eventually disperse

3. Mode length automatically adjusts to a — Highly-degenerate interchange modes =
finite value = resistive dissipation Quasi-mode can maintain its shape until

entering the nonlinear regime.
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Jensen-Shannon Complexity
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