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Introduction

Physics of zonal flows and their interaction
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ally, where is the zonal flow excited and damped,

and how is turbulence affected by the zonal ﬂo"ﬁgure 1: (a) The Large Mirror Device, and

In the Large Mirror Device of Kyushu Univer-(b) the Reynolds stress probe.
sity [2], a low-frequency zonaE x B velocity

(ZVe«B) is observed as well as the drift wave spectrum (DW), and details of coexistence of the
ZVe«g and the DW has been investigated. The Large Mirror Device (LMD) is a basic plasma
experiment device shown in Fig. 1(a), which has a cylindrical vacuum vessel made of stainless
steel with a linear magnetic field configuration up to 0.12[T]. Helicon plasmas are produced by
an RF source (2 kW) at one end of the vacuum vessel. Fluctuations are mainly measured with
a Reynolds stress probe (RSP) shown in Fig. 1(b), located at 60 cm far from the source region
where axial density profile is stable. Three electrodes in the RSP are used for the floating poten-
tial fluctuation®; measurement and Reynolds stress t€¥ylig) assuming thak x B velocity

is dominant as the plasma velocity. In this paper, we show detail features of thesZwd the

DW , and nonlinear interactions between them in the LMD.

Quadratic spectra of the zonal Ex B velocity and the drift wave
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The coexistence of the (g and the DW 104 _r=3.5 cm

is observed in the vicinity of a phase transitio%
in which the fluctuation behaviors change fror%_

combination of coherent spectral peaks to th%

o
broadband spectrum. The phase transition of-

curs spontaneously as the magnetic field stren@ ]
. . . £ 10-10-  _— potential
B increases with the filling Ar gas pressufg 2 _ density

fixed and/or asPa, reduces withB fixed. In
this operationB=0.12 [T] andPa; ~3.5[mTorr].

Figure 2 shows a comparison of spectrum be-
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tween the normalized ion saturation current fluEigure 2: Autopower spectra of normalized
tuationﬁ’sat/liztandthe normalized floating po-fluctuationamplitude. The floating potential
tential fluctuatiorﬁbf/Te, whereTg is the equilib- fluctuation amplitude (black) and the ion sat-
rium electron temperature. Two distinctive speofation current amplitude (red).
tral peaks are observeda0.4 and 7-8 kHz. We
abbreviate the former and the latter fluctuations as thg.&vand the DW, respectively. Con-
firmations are described in following sentences.

The ZVe.g has larger potential amplitude

than density. The two-point cross-phase analy- O.S(a) k, of the ZV (0.4 kHz)

phases of the Z¥.g is within +0.2 [rad/21], § o,oﬁ

consistent with the poloidal/axial mode numbers<

sis shows that the poloidal and the axial cross—

m/n=0/0. The DW has features different from 1 'g(b) k, of the DW (7.5 kHz)

the ZVe«g. The DW normalized amplitude of

© coherence = “ coherence —

potential is similar with that of density, and wave % ]
numbers of the DW are finite (m=3-5/2-3). :\07
These features does not contradict that the DW 20
is the drift wave. Figure 3(a) shows radial pro- radius [cm]

file of the radial wave numbd¢ of the ZVe.g. . _ .
o _ Figure 3: Radial profiles of radial wave num-
The ZVe«g has finite radial wave numbers at _
_ ] bers.(a) the Z\k g, and (b) the DW. Radial
the radial locatiom=~2 and 4 cm. However, we _ _
_ _ o wave numbers are derived by the two-point
also observe inversion of polarity in the ZVs _
. . ) cross-phase analysis.
k. relative to the location of maximal DW am-

plitude. On the other hand, Figure 3(b) shows radial profilé.0bf the DW. Signs of the
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Figure 4: Information of poloidal velocity fluctuation associated with the:-Zy oscillation.
(a)Vg(t) measured by the TDE analysis, @®]t) for ZVe g, (c) power spectrum df(t) and
(d) the cross-coherence and the cross-phase betggenand®(t). A time window trpg for
the TDE analysis is 51234sec] (tzv > Trpe > Tpw), and results from quadratic spectra is valid
for f <~2kHz.

k. polarity change radially, indicating th&t of the DW is modulated spatially (a vortex tilt-

ing). Linear dispersion relation of the DW is calculated. Using observed parameters at the ra-
dial location where the DW amplitude has a maximum, we evaluate the drift wave frequency
wow=w"/(1+k2 p2)=6-8 KHz, wheraw* = kg Te/(€BAn), K, is the wave number perpendicular

to the magnetic fieldys is the ion Larmor radius at the electron temperatlgeas the poroildal

wave number, and;, is the density scale length. The calculation of frequency is consistent with

the spectral peak frequency of the DW 7-8 kHz.

Details of the zonal Ex B velocity

Potential analysis is not enough for identifying the zonal flow. Definition of the zonal flow
is an poloidal ion flow velocity, therefore, other poloidal flow measurements can test whether
the ZVe g is the zonal flow or not. Supported by the Time Delay Estimation analysis [3], the
poloidal flow oscillation of turbulent fluctuations associated with the-ZYis evaluated. Fig-
ure 4 shows results of the poloidal velocity fluctuat%”(t) derived from the TDE analysis

and their relationship with the potential fluctuation for thegZ)é. Two plots ofVg(t) and®s(t)
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demonstrate a synchronization\afit) and®;(t) at the Z\e g frequency, shown in Fig. 4. Test-

ing significance of the synchronization by cross-correlation analysis, we observe a significant
spectral peak of the squared coherence betWigén and ®;(t) at the Z\k,g frequency. We
confirm that the synchronization is statistically admissible. The cross-phase between potential

andVp(t) is different in radius.

Nonlinear interaction between theZVe g and the DW

The bispectral analysis [4] can also demon-

strate significance of nonlinear three-wave inte-19
action, and is applied to nonlinear interaction be- : \
tween the zonal flow and turbulence. Figure 5 * f,~the DW frequency{
shows auto-bicoherence plot of the floating po-
tential fluctuations, normalized;( f1)®s(f3 —
f1)®#(f3)), at frequency 3 = 0.366kHz (fre-

quency of the Z¥¢.g). A significant spectral o_oo0

10 20
peak atf; ~7-8 kHz confirms that the Z¥, g is frequency 1 [kHz]

nonlinearly coupled to the DW. _ _ _
Figure 5: Auto-bicoherence of floating po-
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