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I-mode: appropriate operation scenario

[0 Ideal operation scenarios: compatible with high confinement and low heat load

[Whyte NF 2010]
[0 I-mode: a promising scenario
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[Greenwald POP 2014] [Hubbard NF 2016] [Whyte NF 2010]

Transport mechanism behind the excellent confinement of I-mode
pedestal plasmas remains unclear
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Turbulence after L-I transition

0 Edge turbulence after L-I transition: weakly coherent mode (WCM)

1101209012

> High frequency (200-300 kHz) o . G " » The position of maximum amplitude
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[White NF 2011] [Cziegler POP 2013]
{ Identity the nature of WCM and quantifty the transport it drives J
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Mode identification for WCM from simulation and experiment

O Based on the frequency, wavenumber, phase velocity and propagation direction

» Simulation: Drift-Alfvén wave (DAW)

[Manz NF 2020]

v" GEMR: parallel thermal conductivity enhancement of DAW explains the decoupling of transport

v' BOUT++: growth rate and density fluctuation of WCM related to DAW; [Liu POP 2016; Liu NF 2022]

frequency depends on the Vn, and VT,, similar to DAW [Lang NF 2022]

T T T T _I I_
| @ 37916 O 38091 A| G E 3
@ 37982 38493 v o 7B

» Experiment: drift wave:

wem (km/s)

T T
:|!||'- R
= =1
W 37983 i | 3 bt
(B vavies &)
N . BT 3
ok _Il’lCLi ing T, — L 3 TR T

% ' |-'- o (- -Th we A =

4 = "
>51 — . - - ‘:

-5 s ! T - =] I =4
1 1 e T
I I I

LSN rev
P 37312

@ 37316
L

1 1 1 1
0 5 10 15
Vphase, DwW (km/s)

20

[Herschel NF 2024]

» Theory: heavy particle modes [Coppi POP 2012], sub-dominant ITG [Terry NF 2023]

1t part of this work: theoretical research on DAW and compare it
with the experimental characteristics of WCM
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DAW induced transport

O
>

1029m?2/s

>

Particle and heat transport caused by DAW
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[Maingi NF 2014] Uy, Wn
[Yang NF 2021] [Lang NF 2021]

Theory: only qualitatively analyzed particle transport; [Coppi POP 2012]

heat transport and quantitative comparisons were missing  [Terry NF 2023]

2"d part of this work: DAW induced both particle and heat transport
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Derivation of the DAW dispersion equation

O Electron: the electromagnetic drift-kinetic equation including the equilibrium electric field E,.

J ; i € 7 Y 9fo
— 4+ Ve V| 4+ V| f+ Vs - Vfy +vb -V +— |V + = =—+ v]A =0
Kat VEo ) vy ||]f Vg - Vi + v, fo me[ 19 <at VEo - > I av"
O Ion: fluid limit with FLR effects - = 22 !
0 io

O Quasi-neutrality condition: 7;(x,t) = 7,(X,t)
O Ampere's law: VZA|| = _4-77'[].,” dme f fU”dV

-> Dispersion equation of DAW

A 2 . . ~I\N2 A ~ ~
D) W, W, ) Wy W
1+7(1 - ( ") ﬁ(A," —1-—, A,e) — (A—"> E<1 — A,e> <r+ A,e> (1-T,)
a)k k| Wy, Wy, ky/) bs Wy, Wy,
& &\ B & i
+ Tyn; —= b; [1 - (%‘) b—<1 — A*,eﬂ (1 - 1_1> -
Wi, ki s Wy, 0

» [I: inertial effect; B: electromagnetic effects
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Solution of the DAW dispersion relation

wk

O Let @, = —% = Dispersion equation: A3(@7,)3 + 4,(@,)* + A,@;, + Ag =0
k= o k W, k

O Assumptions:
 Ignore the electron inertia effect: I = 0;

w*e

2
* Long wavelength limit: b;~bs~¢; C4 = ( ) 1'Bb ~e D> Ag~Ai~eY, A,~Az~el

wA

OO0 Two limiting cases:
g Ag(ak)?) + AZ(GR)Z + Alﬁ;c + AO - O

e AW branch: a)§c~a)A, &7;{"'8_1/2—) £—1/2 0 e~1/2 0
2
waw =t (1t +—2+—+=
AW T = A( T 2w, 8wi; 8 2

A3(6k)3 + Az(ﬁk)z + Alﬁ;c + AO - 0

81 EO EO

 DW branch: wp~w,,, @,~¢

3n:],, (@+1+n)*bfB

7 3
Wpw = Wke {1—(T+1+T]i)bi+[T<T+T]i 4>+4+7 bi >
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Identify WCM through the dispersion relationship

O Typical parameters of I-mode pedestal in C-Mod: [Lang NF2022, LiuPOP2016]

Physical quantity Value
Major/Minor radius (m) 0.68/0.22 » Exp frequency: fiycy = 350 kHz (laboratory frame)
Magnetic field B, (T) >.789 wyem = 1.38 X 10° rad/s (plasma frame)
Safety factor g 4.3 5 -
Magnetic shear § 9.2 Theory: wpy, = 5.38 X 10° rad/s, wyy = 2.45 X 107 rad/s
Poloidal wave number k,, (m™) 180 =2 wycy closer to wpy, and much lower than w,y,
Parallel wave number k; ~ qiR (m™H) 3.15
Radial electric field E,. (kV/m) -20 .
: = (8.5 %
Densiy gradientscae length 1 () 4373 » Exp phase velocity: vy = (8.5 + 3) km/s, EDD
Electron and i%?otzzgl}))eratures T.o = 300 TheOl'y: Vpw = fDW/ky ~ 7.0 km/S, EDD
Temperature gradient scale length -— = . = Uy cm quantitatively consistent with v,
= (m™) '
Electron pressure ratio 3, 4.4 %107

{The WCM in I-mode pedestal on C-Mod belongs to the DW branch}
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Comparison of normalized fluctuations

O Compare the parallel induced electric field with the electrostatic field for DW branch

10 I 2 Wye
C ot /VII¢ - ZIB/JCe <wDW -

» The parallel induced electric field much smaller than the electrostatic field > weak EM

1) ~ 64 x1073 « 1

O Normalized magnetic fluctuation |i)| compared with normalized density fluctuation

k
= RS XAd) 831 x 107
¢ Xe
> Exp: % = O.159|B| ~ 1.25 X 1074, consistent with the experimental results 0.7~2 x 10~*
0

[Hubbard POP 2011]
O Normalized temperature/density fluctuations
_2xr|

/ 3|)(e|

> Highly consistent with the experimental observations [White NF 2011]
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Brief summary of 1% part

O The dispersion relations of the two branches (DW and AW) of DAW were analyzed

analytical resuﬁ Experimental result Simulation result
Frequency(kHz) ~200 300~400 [LiuPOP 2016] ~250 [Lang NF 2022]
Phase velocity(km/s) 7.0 8.5 £+ 3 [Hubbard POP 2011] /
Propagating direction EDD EDD [Hubbard POP 2011] EDD [Yang NF 2021]
194y, + ~6.4x 1073 / /
cat’ !
Te | /| 0.1 0.1 [Whi
€ / _€ . .1 [White NF 2011] 0.9 [Manz NF 2020]
Teo|/ Mo
1 | Te 4 ~3_10-2
|b|/ n_o 8.3x10 10 10 [Hubbard POP 2011] /

{ Primary characteristics of the experimental WCM reproduced by DW branch ]
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Particle and heat transport flux based on modulation methods

O The modulation method describe turbulence and transport respectively, f = f, + f + f

» Time scale separation: turbulence much faster (|w,| < |w])

> Space scale separation: turbulence much smaller (|k,| «< |k|), k'

=ky—k =~ —k
0 Model equations: “numerical modulation experiments”
Continuity equation 0 f
with modulation ot +V-I=¢
Transport flux in fo
phase space <(VE * v"b)f + ¢b 0v||>
i . . (e v2 — 212
f decomposition f=\=—1fo+DfoL +qfoL >
Too 2V

NL coupling
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Particle and heat transport flux based on modulation methods

0 Modulated phase space transport flux
(1) n: 2
A~ CT@O e(b J_ - Zve - eq)k’ ~(1) 2173 ~(1)
—_ X / — / —_—_—
I'mod = Re | —i eB, zk: k x b, Too <Pk 202 Ak Too Pk + 2 Y. dx || for
0 Test particle approximation (513,({1) = 0) > transport flux is written in terms of source terms

£TP zkxb Wick, e AT v,
mod — eBO 0 _l(l)o gkaJ_ 14 Zvez q

OO0 Substitute the particle and heat source terms and integrate in velocity space = radial component of the

~ 2
ech
TEO

particle and electron heat fluxes
2

R cT ¢k ~ |ePr| ek ey,
TP — €0 z k2—1 — (G + G2 + G2
( Too| ¥ ) |1 | [T | T 0 [T
el il ed A |’
A 0 * x |€Pk| 1€k Ak
qIP_nOVrTw( e) zkz—lm (GO+G§’) —(G(}+G(} + G} +G}) - . + (G¢ + G2) -
eO el el el
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Particle diffusivity and electron thermal conductivity by DW branch

O [\F = —D, VA, particle diffusivity D,

cToo\° [ dk
~ el 2 2
D, =— <eBO> 2m)3 k5 — [ImGO 2ReGOIm)(A¢ + ImG§ Xag ]

- [ e ! Gi|1— a2 . o
(2m)® P Wi a 2 ﬁu(e Teo
O §L° = —%.n,V,T,o, electron thermal conductivity 7,
2
) Ty dk ec/)k,
fo=—(S22) [ ooyt o [(mG8 + 1mG8) ~ 2(Re + ReG) mgap + (1mG3 + ImGD)| a7
~ 12
dk 1 [5 1 w, edy
_ 202c2—a. |2 — 6 €
J(Zn)3 yPsts 1 W), l[4 (‘Uk 2 k)ﬁ'u(e] Teo
[Terry NF 2023]

» Imaginary part G; origins from the resonance of electron and DW, similar with g, = é (a) — k"v”)

» The transport coefficient contributed by the EM part
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Particle diffusivity and electron thermal conductivity

2

Te = 0.022

Teo

edr

O The turbulence intensity is taken as the experimental value: -
eo

= 0.015->

> D, ~ 0.21 m?/s, about twice that experimental value [Dominguez PHD thesis 2012]
> f. =~ 0.27 m?/s, good agreement with the experimental and simulated values [LiuPOP2016; Yang NF 2021]

» EM contribution is about 10% that ES part

Comparison of the analytical transport coefficients with the experimental and simulation results

D, (m?/s) 0.21 0.1 [Dominguez PHD thesis 2012] 0.045~0.05 [Lang NF 2022]
fe (m2/s) 0.27 0.13~0.2 [Liu POP2016] 0.15~0.35 [Yang NF 2021]
EM contribution to D,, 12% / /
EM contributionto y, \_ 15%  / / /
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Summary and future plan

O Summary

» The dispersion relations of the two branches (DW and AW) of DAW are calculated

» Confirm that WCM on C-Mod belongs to the DW branch, reproduce main characteristics of the
experimental WCM: frequency 200 kHz, phase velocity 7.0 km/s, propagation along EDD,

/

> Transport coefficients: D,, ~ 0.21 m?/s and §, ~ 0.27 m?/s quantitatively good agreement with the
experimental results [Zhang, Wang and Guo, Nucl. Fusion 65 (2025) 026068]

Te
Teo

Zel ~ 0.1 and |b|/

no

~83x107*

Mg
no

O Future plan

» Nonlinear saturation level of turbulence intensity

» Extension to compare with EAST I-mode experimental results
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3.3 The relationship between the modulation and
quasi-linear transport coetficients

O Formal relationship between the modulated and the quasi-linear transport coefficients

FQL = —Dnvno — DTVTQO + Unno + UTTeO
variation 2 8T, = —DINCr§Vn, + U §n,

incr . 0D, dDT _ ou, _ oUr
D™ = Dn & (6Vn0) Vio + (avno) Vleo (avno) "o (avno) Teo

> Modulation particle diffusivity DINCT different from QL D,

O Substituting the QL transport coefficients - DICT

2
. cT 2 1 4‘(1)* W

plner _ [(~-€0 E k2/T ¢ |1 —2p.72 ¢ _4— e
n (eBO y T[l(ele (1);( ﬁu(e w;{ Ne w;{

k

> D1i1ncr is the counterpart of D,, obtained before, ES parts are the same

» The electron thermal transport coefficients are similar
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