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A solitary vortex organization process in drift-wave type fluctuations interacting with the zonal flow was
identified experimentally in a linear magnetized plasma. An azimuthal probe array was used to evaluate temporal
changes in the amplitude and phase in the density fluctuations. Excitation/damping of the solitary vortex is
synchronized with zonal perturbation, and the waveform of drift-wave type fluctuation and its harmonics also
changes synchronously. The solitary vortex is formed primarily through the phase modulation of the fundamental

drift-wave type fluctuation and its harmonics.
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Zonal flow, a secondary organized structure, is usually
detected as a jet air stream on earth [1], ocean currents [2],
Tachocline in the sun [3], Jupiter’s striped atmosphere [4]
and plasma [5-7]. For many practical applications, such as
predicting the climate in long-term planetary atmospheres
and creating a control system of magnetically-confined nu-
clear fusion, it is crucial to clarify the physics of interac-
tions between turbulence and zonal flow. In such scenarios
of coexisting turbulence and zonal flow, a solitary vortex,
which lives longer than the usual wave period of turbu-
lence, is often formed. The great red spot in the Jovian
atmosphere and cyclones and typhoons in the earth’s atmo-
sphere [8] are well-known examples. Moreover, the gener-
ation of solitary vortex impacts the energy balance among
turbulence and structures [9]. Therefore, showing that the
role of the solitary vortex is crucial.

Recent investigations on plasma turbulence have
noted the coexistence of a solitary vortex structure in
addition to zonal flows and drift-wave type fluctuations
[10-12]. The solitary vortex is a perturbation with cir-
cumnavigating motion, localized radially and azimuthally,
and survives longer than the characteristics wave period of
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the drift-wave type fluctuations [10]. These studies’ drift-
wave type fluctuations are characteristic of nonlinear soli-
tary waves [12]. These studies have demonstrated that the
solitary vortex enhances the zonal flow as well as the non-
linear solitary wave and thus plays an important role in the
plasma transport [10]. However, the way in these structures
are organized is still unclear.

In this study, the formation process of the solitary vor-
tex in a zonal flow—nonlinear solitary wave system was
identified experimentally. A spatio-temporal analysis was
conducted for the solitary vortex and the nonlinear soli-
tary wave synchronized with zonal perturbations. It was
clear how the nonlinear solitary wave’s amplitude/phase
changes relate to the solitary vortex’s excitation and damp-
ing.

Turbulence excitation experiments were conducted in
a linear magnetized plasma (LMD-U)[13, 14]. A cylin-
drical argon plasma with a diameter of 0.1 m and an
axial length of 3.74m was produced using a radio fre-
quency (RF) wave and radially restricted using the mag-
netic field. The operational circumstances were 3 kW RF
power, 900 G magnetic field and 5 mTorr argon gas pres-
sure with no external source of momentum. The charac-
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teristic plasma parameters are ~6 x 10'¥ m™ of central
plasma density and ~2.5 eV electron temperature. The pri-
mary diagnostic tool is an azimuthal array with 64 probes
located at radius » = 4 cm, where the density gradient is
maximum. The Langmuir probe determine the ion satura-
tion current (/;5), which is presumed to be proportional to
the electron density.

Next, a description of the spatio-temporal evolution of
the turbulence detected using the probe array follows. Fig-
ure 1 (a) indicates the azimuthal-temporal variation of I,
and Fig.1(b) is for # = 0. The triangular wave (a non-
linear solitary wave) propagates articulately in the electron
diamagnetic direction. The fundamental drift-wave type
mode (m = 1, wpy = 1.2kHz) and its higher harmon-
ics, which have nearly identical phase velocities, make up
the nonlinear solitary wave [12]. In this study, the m is the
azimuthal mode number, which is related to the wave num-
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Fig. 1 (a) Spatio-temporal evolution of ion saturation current
[1;5(6, 1)] by azimuthal probe array at r = 4 cm. The pos-
itive azimuthal direction indicates the electron diamag-
netic direction. (b) Temporal evolution of /;5(0, 7). (c)
Spatio-temporal evolution of [;5(6, f) with plasma frame
on (a). The dotted ellipse indicates the excitation of the
solitary vortex and the splash. (d) Azimuthal profiles of
I;s(0, t = 234.5ms) (solid line) and [;(0, t = 236.3 ms)
(dashed line). (e) Cross-sectional structure of I, fluctu-
ation (filled contours) and potential fluctuation (contour
lines) [10, 11]. The dotted ellipse indicates the excitation
of the solitary vortex. The brown colored circle indicates
r=4cm.

ber (ky) as m = 2nrky and wpw shows the frequency of the
fundamental mode. The waveform of the nonlinear solitary
wave propagates in a slowly changing form, synchronized
with the period of the zonal flow (~0.4 kHz), and is accom-
panied by the solitary vortex [10, 11]. The spatio-temporal
evolution of /;s in a plasma frame is presented in Fig. 1 (c),
where the linear phase shift of the azimuthal angle 6 is
subtracted to clarify the changes of the nonlinear solitary
wave. The nonlinear solitary wave (6" = 0 - 0.7 rad/2n) and
satellite (¢" = 0.7 - 1rad/2n) are differentiated. Azimuthal
profiles of [js at t = 234.5 and ¢t = 236.3 ms are shown in
Fig. 1 (d), which correspond to the cases with and without
the satellite, respectively. The slope of the azimuthal pro-
file in the nonlinear solitary wave at 6 = 0.3 - 0.7 rad/2x is
also observed to change due to the formation of the satel-
lite. The satellite is made up of two-phase velocity struc-
tures: the density bump connected to the solitary vortex
under study has a lower velocity of 2.6 x 103z rad/s, while
the splash has a greater velocity of 4 X 10°zrad/s and a
shorter lifetime [11, 12]. This excitation/damping is also
synchronized with zonal fluctuation. Note that the two-
dimensional cross-sectional image for the nonlinear soli-
tary wave and the solitary vortex was evaluated in [10, 11].
Figure 1 (e) shows a cross-sectional image with the excited
solitary vortex (dotted ellipse), where the filled contours
denote the fluctuation component of ;s and the contour
lines denote the potential fluctuation reconstructed using a
radially movable Langmuir probe and the azimuthal probe
array (see [11] for more details). The brown colored circle
indicates the radial location of the azimuthal probe array
(r = 4cm).

Azimuthal changes in amplitude and phase synchro-
nized with zonal perturbation were evaluated to clarify the
relationship between the solitary vortex and the nonlinear
solitary wave. The amplitude and phase change can be de-
composed as [is(0,1) = >, A(m, t) exp(ip(m, 1)) exp(imb).
The amplitude variation, A(m, t), directly impacts the wave
variation. The phase, ¢(m, 1), is expressed as follows;

B(m, 1) = mwpwt + f %UZth+d/(m, 0, ()

where, mwpwt is the linear phase shift due to nonlinear
solitary wave, vzr is the zonal flow velocity, m/r - vzp is
the linear frequency shift due to the zonal flow and y/(m, r)
is the higher-order nonlinear component, which is effective
in distorting the waveform of the nonlinear solitary wave.
Conditional averaging with the template method [15] was
applied to the spatio-temporal I in the plasma frame to
observe how the wave varies. The result is presented in
Fig.2(a). The time #; at a local peak of density bump
on the solitary vortex was used as the reference waveform
because the solitary vortex excitation/damping is synchro-
nized with the zonal perturbation. The delay time for the
i-th period, 7, is defined as 7 = ¢ — #y({). The wave dis-
tortion by the phase change can be assessed by subtracting
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Fig. 2 (a) Spatio-temporal evolution of the nonlinear solitary
wave and the the density bump of the solitary vor-
tex, which is conditionally averaged using the template
method with plasma frame. (b) Temporal evolution of
amplitudes of azimuthal mode numbers m = 1 - 3 around
7 = 0ms, A(m, 7). (c) Eq. (2) defines the temporal evolu-
tion of Ay(m, 7).

the phase of ¢(m = 1, 1) as [16],

AY(m,7) = ¢p(m, 7)=m¢(1,7) = (m, 7) — my(1, 7).
2

Figures 2 (b) and (c) show the amplitude change [A(m, T)]
for m = 1 - 3 and the comparative phase change [Ay(m, 7)]
for m = 2 - 3 synchronized with the zonal perturbation.
A(m, 1) and Ay(m, T) change synchronously with the zonal
flow. A(m, 7) varies particularly for m = 2, while Ay(m, )
varies significantly for both m = 2 and m = 3 relative
to m = 1. These indicate that the zonal flow nonlinearly
modulates the waveform.

The nonlinear solitary wave and the solitary vortex
are formed principally in the lower azimuthal modes. Fig-
ure 3 (a) indicates the reconstructed spatio-temporal struc-
ture considering m = 1 - 3 for A(m,7) and Ay(m,T).
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Fig. 3 (a) Reconstructed [;s(¢’, 7) considering the changes of
both A(m, 7) and Ay(m,7) with m = 1 - 3. (b) Recon-
structed /;5(¢’, T) considering the changes of A(m, T) only.
(c) Reconstructed I;(¢’, 7) variations in Ay(m, T) only.

The figure shows excitation/damping of the solitary vor-
tex, similar to Fig. 2 (a), including variation in the slope of
the nonlinear solitary wave.

The waveform was reconstructed by isolating either
A(m, 1) or AYy(m, 1) to clarify the dominant mechanism of
solitary vortex generation. Figure 3 (b) or (c) indicates the
reconstructed waveform when considering the time vari-
ation in one of A(m,7) or Ay(m, 7). The solitary vortex
excitation/damping is recovered for 6 = 0.7 - 1 rad/27 in
Fig 3 (c); however, not in Fig. 3 (b). Furthermore, the vari-
ation in the slope of the nonlinear solitary wave (6" = 0.3 -
0.7 rad/2n) is also obtained in Fig. 3 (c) but not in Fig. 3 (b).
Therefore, the nonlinear phase change of the nonlinear
solitary wave due to the zonal flow was the central fac-
tor in the formation of the solitary vortex. This observa-
tion would be attributed to the regulation of the fundamen-
tal mode of the nonlinear solitary wave by the zonal flow,
which in turn impacts the amplitude and phase relationship
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between the fundamental and harmonics.

In conclusion, the solitary vortex formation process
is observed in nonlinear solitary wave—zonal flow sys-
tem in a linear magnetized plasma. The amplitude and
phase of the waves synchronized with zonal fluctuation
(~ 0.4kHz) were evaluated using an azimuthal probe ar-
ray. The solitary vortex is primarily organized using the
phase changes of the fundamental drift-wave type mode
(m = 1, wpw = 1.2kHz) and its higher harmonics in the
nonlinear solitary wave. Therefore, it must develop a the-
ory of solitary vortex formation that considers the phase
regulation effects caused by zonal flow.
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