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Figure 3. In the case with turbulence damping and energy cascading, (a) power spectral density,

(b) growth rate y = and (c) nonlinear energy transfer function WZ Le
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Figure 4. In the case with turbulence damping and energy cascading, (a) Contour plot of quadratic

nonlinear transfer function Q f( fi fz), and (b) three-dimensional view of quadratic coupling

: Q
coefficient Ay (fl, fz).
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Figure 6. In the case with turbulence damping and inverse energy cascading, (a) Contour plot of

quadratic nonlinear transfer function Q f(f L fz), and (b) three-dimensional view of quadratic

coupling coefficient A? ( fof 2).
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25 S /NI E, FROYRERIUER, SR BE B DU VE I 2o PERERY 1. /N R e B ml
B Tk A 2 R LA P DK i R A B 2 KU, I R R . R R
R AT DL SR R S5 i IR S R . A SO UK B HL-2A I 5558 Tk
H R A i R A AR BE BRI B, 3 BURE B M Kb A% 3 45 /N e, e 25 2%
PERBTC T . WF 5 D m A A7 42 55 1) RE RIS BRI 5%, T S s AR At 70— 7
T, AN SO FE #87 RS AT i i AL — R o7 - fe B A il R M R s e 0y 54,
HIHEZEVERL S, & S SRRV E RE AR AL, AR RE AU SRR it (BRI
BB PR TE AT EEE CRk3ED FHE My BL A ot A, X B 2R W] 2, 1214
GER TR, TR IR AR, Rk 1 A 0. R RE e R SR B AR Y
BEALA, HoAz O £ T3 A g8k i Jak S BE AR RS 2R 4 10 2 L Bl e B AL A A
REBCHAR A T A fE.

S, CER 28] 7R 1 HL-2A 3B KA RIBOR RN, L4558 1k
T sl 18R] g I = PP AR LR RE AL L R, RIVBE B IRC . T PRI XU K.
AR R T AEFE L AR T, HL-2A FE-R 5 5 350 v B AT IR IR (85
Tm L) BHLJe 5 Be fE ZUBk BSOS BT AF TS DL A RAPIR L e U 45 R 2 Lin
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S PR I DR I PELJE TE S50 L i BRI, i T BELJE e B REIU 45 SRR AR B
it L B BRI IR R T M S B A R B A (28] — g, 3
Fl4E7R T HL-2A $6R 55010 256 & 1 itk i R I AR et R AL 1 4
.
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Zonal flow and turbulence damping are two common physical phenomena in the evolution of
plasma flows, and nonlinear energy transfer in turbulence is the fundamental mechanism of flow
driving. Based on HL-2A tokamak edge plasma turbulence and zonal flow experiments, this study
employs the two-point method to measure floating potential signal data and utilizes bispectral
analysis for data processing. From the perspective of nonlinear energy function analysis, it revealed
the physical picture and mechanisms of coexisting nonlinear dissipation and nonlinear energy
transfer in zonal flows and turbulence in tokamak edge plasmas. The findings indicate that
turbulence can evolve and develop within fluid systems featuring background dissipation. Notably,
a significant damping of zonal flows is observed. The research uncovers an energy cascade process
from geodesic acoustic mode (GAM) zonal flows to high-frequency turbulence, where GAM-
induced turbulent fluctuations cause internal wave energy to transfer from low- to high-frequency
regions. In another discharge type, the coexisting phenomena of turbulence damping and energy
cascade are observed, as shown in figure A. Energy cascade transforms large vortices into small
ones, ultimately dissipating linearly. In both cases, only a portion (approximately 30%-40%) of
nonlinear energy participates in energy transfer, while the majority dissipates due to nonlinear
damping effects of zonal flows and turbulence. Note that the estimated ratio values mentioned above
may vary depending on the specific discharge parameters. This demonstrates that turbulence can
naturally decay through viscous and collisional damping. Collisional and other damping effects can
trigger nonlinear energy dissipation. Additionally, the inverse energy cascade phenomena are
observed in HL-2A edge plasma turbulence, accompanied by a pronounced turbulence damping.
When the energy fraction involved in inverse energy cascade is limited, the inverse energy cascade
in turbulence becomes insufficient to drive large-scale structures like zonal flows. The study reveals
that the energy dissipation of zonal flow and turbulence includes two forms. The energy. cascade in
turbulence can convert a portion of large eddies into small eddies, which then dissipate linearly.
Meanwhile, due to collisional damping and other damping effects, most low-frequency energy
directly dissipates nonlinearly.

-6
%10 : . U A S —
100 ]
b
61 @~ o\ (b)
—~5 | &L -100¢ 1
- —Input o 200y \
4l ] -300 ‘ ‘ ‘ ‘ ‘ ]
o - Output 0 10 20 30 40 50 60
§_3 x10™* ‘
22 5 0 ”
S S Energy cascade
< 1t z ?
4 )
0 60 80 100 0 10 20 30 40 50 60

Figure A. The coexisting phenomena of turbulence damping and energy cascade are observed.
Key words: nonlinear energy transfer; zonal flow damping; turbulence damping; energy
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