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Abstract

Bispectrum and bicoherence analysis is a powerful method to analyze nonlinear interaction of turbulent plasmas. In
this note, we explain the difference of the bispectrum and bicoherence analysis and possible research that can be
pursued with these methods. Basic concept is explained by using several examples from previous successes brought
by bicoherence and bispectrum analysis, such as drift wave-zonal flow interaction. Open questions are discussed that
can be challenged by these methods. Problems such as spatial transport of fluctuation energy (i.e. turbulence spreading),
momentum transport by the triplet correlation, and so on, are treated. Bispectrum and bicoherence analysis can be
utilized to expand the forefront of plasma turbulence research.
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Fig.1 Magnetized inhomogeneous plasmas with two
driving sources. Shown are radial gradients of
density (pressure) and flows along the magnetic
field. In the local coordinate, z is in the direction
of the magnetic field, x is in the direction of
inhomogeneity, and y corresponds to the poloidal
direction.
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Table 1: Combinations of second order correlation

# X Y

cl n n

2 y ¢

c3 n 1)

c4 n Vi
¢S n Vy
c6 n V-
c7 ¢ Ve
c8 ¢ v
c9 [/ V-
cl0 Vs Ve
cll Vy vy
cl2 V- V-
cl3 Vs vy
cl4 Vs V-
cls Vy £

Cross correlation O TlIL, 3 I1TBEELRT T v /L DAL
FFEA RO DT-DITN—F L L TRIT STV, RUZ R



8 P « [l - K & - /)VE : Cross Bispectrum & Cross Bicoherence DV fIZ-2oWT

N _a-is) &2
n——(l |5)T 3)

0 e

INELHDITND, FIZE, HEHIERY 7 ME D6 3DITiE,

LA

_ Wiy — O

THIOLND, o [ERUVZNEEE. D, (3BT OB
JEBARECTH D, MLARZEIT I DI O K R BRSP4
Bl OFEFNAESI T IROKL T- AR THOLEFEINL TN D,
FEER T — AT IS CRHliD STV B,

D’ Angelo mode DA 1%

n

Ny

[

4

®)

-

LB, WIS, 2T, D’ Angelo mode (31T
LTI Lo CEREN SN D728 T D, D’ Angelo mode 131
TR BD | ATEEA RN 5, BT HIZ
LMD MMBR RN F—PLTITRVD T, FUZMEE
IXEARY | AELIT R O KA TEDEITIRLR,

ZL T, U7 L D’ Angelo mode 25RBIEL T4
HHBIE

nloz(l—iaD +i5v)eT—‘:’ (©)
LB, 22T KEE IRV T NEOSALFEETHY, D’
Angelo E—RNHD %5 301X

5 - c.k, .k, (V,) —cZk?
v k’D,w

Thd, Cs 1T FH, ps 1L TIRE CRHMlisiL- 14
F—< =5 THD, D’ Angelo mode WREZERBE T
&b, NUTNE T AR A RIS A0 BR A FFo—
75T, D’ Angelo mode (3% ALY — /X5 (FEE S
BLIZHORLF R & AL ) (AR BAMR 2 R D 2L RES
VAN QAYN

Fi, NTMLEART— ROIATIE, nVy (c4)ILELFER
PR EUTRT S TRz, — 7 CL IO & nVy (c5),
NV (CO) I TABENC LD IEBE B2 LI 3508, RVERRT
FHESNTIIWVRWES ThHD, LZAT, b &7 &R N
VZMETIE N~ gD THDHM, ¢4 THELDIZ RO &=
THY, 7 T FHELDEFTBEEND,

— 7 XL REOAE BT O TR VVy (613), Vs (c14),
WV, (c15)23LIELIZE Reynolds stress DAt 25,

BRI, ¢, €2, ¢10 + c11 + c12 | FFEREN TR 1 THE U<,
FEEIRELIT, RN AR 27 v cUELIE

O]

(1j +[ﬁJ ~ (1+p§ki)[e—“’J ®)
nU CS TE

ERBIEN TS,

BIEORFFEHI T, 2R B Z0 RSN AT TR EE A3
—ROHBNIEHENTWA, RUZREIZEL, D'Angelo
mode “CIL AT R BN BRI K EL 72D, ZORHE%
cl, c12 ZFHL T, RUZMNEDSE

n, n, c, C, ©)

L7 BDIZRIL ., D'Angelo mode DA 21T

nond VeV
nO nO b CS CS (10)

ERTIENTED, EBEOT —F T L T, RUZMNEE
D'Angelo &—RB3 R R0 HZEMIC T T2,
DS TN 3230),

0.1 0.05 E 0.00 0.0 0.5 1.0

significance levels=0.005 phase (rad/(2)))
150 e 150
(a) squared bicoherence
(SN98390)
3
100/% {1 100

() biphase (SN98390)

50 ¢

, frequency 2 [kHz]
frequency 2 [kHz]

-50 §

-100 o8 - -100

_150...l‘..l.“l...l.“[..xl -150
0 40 80 120 0 40 80 120
frequency 1 [kHz] frequency 1 [kHz]

Fig.2 Examples of bispectral analysis for drift wave-
zonal flow turbulence in JFT-2M tokamak. (a)
Bicoherence and (b) biphase analyses of floating
potential fluctuation. The figures are quoted
from Y. Nagashima, et al., PPCF 45 S1 (2006),
and their layout is changed.

3. Bispectrum and cross bispectrum

3.1 Third order correlation
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Fig.3 Example of bicoherence analysis with the mode number matched. Here the 2D Fourier spectrum in frequency and the
poloidal mode number is evaluated from the azimuthal probe array (64 channels). Bioherence in frequency is evaluated
for the data with mode number matched, ms=my+mz. Three different cases are shown, with (mz1, mz, mz) = (1,1,2),

(1,2,3), and (5,5,10). The figure is quoted from 38,
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Fig.4: Analysis of low frequency fluctuation with floating
potential and ion saturation current. Combination of
floating potential, (a) auto-power of the floating
potential, (b) auto-power of the ion saturation
current, and (c) auto-power of the envelope of the
ion saturation current, (d) squared cross-coherence
between the floating potential and ion saturation
current, (e) squared cross-coherence between the
floating potential and the envelope of the ion
saturation current, and (f) cross-phase between the
floating potential and the envelope of the ion
saturation current. In (e), significant coherence
between the envelope and floating potential at zonal
flow frequency (~10 kHz) is observed, indicating the
envelope of the ion saturation current has
information of zonal flows. The figure is quoted
from Ref. 14,

3.2  Scalar quantity

RF1T— 8O bispectrum [T HRIEOFRICHHI I, F
e SRR LT 89121 BRI DO RY 7 Mg I X o b o R
BETIEART v VR E R ORT v VS
DRI ANAART VD KO IRERT N IALAT O TN,

/ \
\\ /

x x

> >

Time Time

Fig.5 Spatial flux of fluctuation energy (represented by
density fluctuation). Finite spatial flux results when
the time evolution of fluctuation energy and radial
velocity fluctuation are in phase.
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Fig.6 Observation of momentum flux. (a) Result on
PANTA®), The r is the radial direction and z is the
direction of the magnetic field. (b) Result on
TORPEX*). The z is the vertical direction and ¢ is
the toroidal direction. In both cases, the triplet term
(green for (a) and red for (b)) is finite and can be
dominant in some cases.
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Fig.7: Structural formation in plasmas with radial gradients
of density (pressure) and parallel velocity. In
addition to the excitation and suppression of drift
waves and zonal flows, D’ Angelo modes can drive
relaxation and steepening of parallel velocity profile
and density profile.
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Fig.8: Development of zonal flows and helical flow
pattern by D’ Angelo modes®¥. The bicoherence of
vector quantity V; and scalar quantity ¢, V:V:¢, can
be important for analyzing the process.
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(22)

3.3.4n &gDE
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b11, b12, 13
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Fig.9: Energy balance of mean field and turbulent field5?).
The spatial flux of fluctuation energy, T = <V,V023 ,
can play an important role in fluctuation'energy
balance.

3.4 XZP)VED cross-bispectrum
3.4.1 EEHMEDEHBEI(L)
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PR 62, AN mA 2 VRO EB) =R — O RFHI FE A FRHTL |
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3.4.3 Others
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4.  Summary
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