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Introduction
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Figure 1: Evaluated total bicoherence

for various numbers of realizations up

to 800.

A study of nonlinear self-regulation processes in

plasma turbulence has crucial importance for clarify-

ing the mechanism of anomalous transport in magneti-

cally confined plasmas. Resent theoretical progress has

highlighted the importance of nonlinear couplings be-

tween meso-scale structures and micro-scale turbulent

fluctuations. For example, zonal flows [1] are nonlin-

early driven by drift wave turbulence, and also regu-

late the turbulence and turbulent transport. Experimen-

tal identification of zonal flows was confirmed [2], and

by a bicoherence analysis [3], experimental tests for

the nonlinear theory in the drift wave-zonal flow sys-

tems has been performed. Other target of the studies

is a nonlinear relationship between coherent magneto-

hydrodynamics (MHD) oscillations and turbulent fluctuations. These nonlinear processes can

be observed as the bispectral functions. Thus, the bispectral analysis provides a fundamental

technique for clarifying these nonlinear processes. In this paper, we present experimental ob-

servations of nonlinear processes between coherent fluctuations and turbulent fluctuations in

toroidal plasmas. In the JFT-2M tokamak edge, the significant auto-bicoherence and biphase in

potential fluctuations were measured between the geodesic acoustic mode (GAM), which is a

sideband mode of zonal flow, and broadband turbulence. Under a model equation of the drift

wave-zonal flow systems [4], a semi-quantitative study has been performed. In the H-mode edge

plasmas of the CHS device, the significant nonlinear couplings between low frequency coherent

fluctuations around 4 kHz [5] and turbulent fluctuations (at few hundreds kHz) were observed.
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The contribution of the nonlinear process to radial particle transport will be discussed.

Results from the JFT-2M tokamak: Nonlinear couplings between zonal flows and turbu-

lence
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Figure 2: Convergence curves of the

total bicoherence. Black and gray plots

indicate the total bicoherence at GAM

frequency and turbulence frequency,

respectively. Converged values by ex-

trapolation in the limit ofN = ∞ are

also shown.

In the JFT-2M tokamak, geodesic acoustic modes

(GAM) were observed in ohmically heated plasmas

and in L-mode plasmas by a reciprocating Lang-

muir probe (RLP) [3] and by a heavy ion beam

probe [6]. The GAM frequency range is 10-15 kHz.

Nonlinear processes of potential fluctuations be-

tween GAM and turbulent fluctuations was observed

as squared bicoherence. Figure 1 shows the total

bicoherence∑ b̂2( f1, f2) = ∑ |〈φ( f1)φ( f2)φ∗( f1± f2)〉|2
(〈|φ( f1)φ( f2)|2〉〈|φ( f1± f2)|2〉) ,

illustrating the convergence properties (i.e., depen-

dence on the realization number of statistical ensem-

ble). We have obtained the total bicoherence at the

GAM frequency well above the significance level.

Convergence curves of the total bicoherence depend-

ing on the realization numberN have a formC1 + C2
N ,

whereC1 is the converged total bicoherence (in the

limit of large N), and C2
N is a noise level. The quanti-

tative study of the nonlinear coupling needs converged

bispectral coherenceC1. Figure 2 shows convergence curve of the total bicoherences at GAM

and turbulence frequency range. For the nonlinear couplings between GAM and turbulence, we

haveC1 of ∼ 0.88, and for the nonlinear couplings among turbulence,C1 of ∼ 0.052 is obtained.

The nonlinear theory of the drift wave-zonal flow systems predicted the total bicoherence in a

following expression,∑ b̂2 = 4M( 1
h(k⊥ρs)

qxk2
⊥ρ3

s

1+k2
⊥ρ2

s
)2φ2

Z
φ2

d
+ 3( 1

h(k⊥ρs)
kxk2

⊥ρ3
s

1+k2
⊥ρ2

s
) [4]. For the nonlinear

coupling between GAM and turbulence, the theoretical estimate for total bicoherence is around

0.9, and for the nonlinear couplings among turbulence is around 0.05. (Experimental parameters

used here are number of frequency segmentsM = 125, ion Larmour radius at the electron tem-

peratureρs∼ 0.2[cm], poloidal wavenumber of turbulencekθ ∼ 1.5[cm−1], radial wavenumber

of zonal flowqx ∼ 0.5[cm−1], perpendicular wavenumber of turbulencek⊥ ∼
√

2kθ , normal-

ized nonlinear turbulence decorrelation rateh(k⊥ρs) = τ−1ω−1
∗ φ−1 ∼ 0.4, and squared ampli-

tude ratio of zonal flow potential to turbulence potentialφ2
Z/φ2

d ∼ 1.0.) Theoretical predictions

are consistent with experimental observations. The theoretical formula has second and/or third
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order terms of wavenumbers, therefore, we need precise measurements of wavenumbers for the

future detail comparison.

Results from the CHS device: Contribution of a coherent MHD fluctuation to particle

transport via nonlinear process
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Figure 3: QuadraticΦ̃f spectra mea-

sured by two electrodes of the HP dur-

ing H-mode, and classification them

into three types (A, B, and C). (a)

Auto-power, (b) poloidal coherence,

and (c) cross-phase. Gray line in Fig.

(a) indicates same plots as black line

in log scale.

In H-mode plasmas of the CHS device, a coher-

ent magnetic fluctuation has been observed and has

been intensively studied by a beam emission spec-

troscopy [5]. We have performed edge fluctuation mea-

surements by the hybrid probe (HP) [7] for investi-

gating edge nonlinear processes and contribution of

the coherent fluctuations to transport. The HP has 4

electrodes. One electrode was used forĨi, sat and other

three electrodes were used forφ̃float measurements.

Cross correlation is measured transport process. For

instance, particle flux can be estimated from a sum-

mation of quadratic spectra,Γr = Re∑ 〈ñe( f )(−ikθ φ̃( f ))〉
B0

,

whereñe( f ) is the density fluctuation at frequencyf ,

and −ikθ φ̃( f ) is the poloidal electric field, respec-

tively. Cross-biphase is useful in measuring nonlin-

ear processes in convection. In the case that a (coher-

ent) fluctuation has a density fluctuation and modulates

other higher frequency density and poloidal electric

field fluctuations (forward interaction), radial particle

fluxes driven by the modulationne( f1)Eθ( f2) is synchronized with the modulating fluctuation

at f = f1 + f2. This flux is not DC flux, but has a nonlinear effect on the modulating density

fluctuation (f1 + f2). The cross-bicoherence∑ |〈ñe( f1)φ̃( f2)ñ∗e( f1± f2)〉|2
〈|ñe( f1)φ̃( f2)|2〉〈|ñe( f1± f2)|2〉

indicates the process

that the modulating density fluctuation ˜ne( f1± f2) is affected by the radial particle transport

(backward interaction). Figures 3 show quadratic spectra ofφ̃float. Three types of fluctuations

were observed. First one is a low frequency coherent fluctuation around 4 kHz with a long-range

poloidal correlation (Type A). This is the same fluctuation studied in Ref. [5] The second one

is broadband fluctuations in several tens kHz. From correlation analysis, the second one has

short poloidal correlation length (Type B). The third one is broadband fluctuations around a few

hundreds kHz, which has also long-range correlation (Type C). Type A and C have significant

correlation withĨi, sat and magnetic fluctuations. Figure 4 shows results of bispectral analy-
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Figure 4: Results from CHSH-mode edge plasma. (a) Power spectra ofĨi,sat, (b) auto-
bcoherence of̃Ii,sat in the 300-400 kHz range, and (c) the total squared cross-bicoherence

∑ f1± f2=const
|〈Ĩi, sat( f1)φ̃( f2)Ĩ∗i, sat( f1± f2)〉|2

〈|Ĩi, sat( f1)φ̃( f2)|2〉〈|Ĩi, sat( f1± f2)|2〉
.

sis applied to the hybrid probe data. Auto-power spectra ofĨi, sat, squared auto-bicoherence

plane ofĨi, sat, and total squared cross-bicoherence∑
|〈Ĩi, sat( f1)φ̃float( f2)Ĩ∗i, sat( f1± f2)〉|2

〈|Ĩi, sat( f1)φ̃float( f2)|2〉〈|Ĩi, sat( f1± f2)|2〉
are shown

in Figs. 4(a), (b), and (c), respectively. The significant nonlinear couplings between type A and

C are observed, indicating that the coherent fluctuation modulates type C. In the total squared

cross-bicoherence, we can observe a spectral peak around the same frequency as type A, and

this identifies existence of modulated radial particle flux and its effects on the modulating MHD

fluctuation. In this paper, we have presented first observation that coherent magnetic fluctuations

are interacted with the broadband fluctuations. For quantitative identification of radial fluxes by

the modulation process, conclusive cross-bispectra well above the significance level should be

obtained, and this is a future task.
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