PRL 105, 225002 (2010)

PHYSICAL REVIEW LETTERS

week ending
26 NOVEMBER 2010

Observation of Quasi-Two-Dimensional Nonlinear Interactions in a Drift-Wave Streamer
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A streamer, which is a bunching of drift-wave fluctuations, and its mediator, which generates the
streamer by coupling with other fluctuations, have been observed in a cylindrical magnetized plasma.
Their radial structures were investigated in detail by using the biphase analysis. Their quasi-two-
dimensional structures were revealed to be equivalent with a pair of fast and slow modes predicted by
a nonlinear Schrodinger equation based on the Hasegawa-Mima model.
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The generation of mesoscale structures from gradient-
driven, quasi-two-dimensional microscopic turbulence is
one of the central issues in plasma physics, geofluid dy-
namics, physics of rapidly rotating astrophysical objects,
and so on [1,2]. In the studies of magnetized plasmas,
theories and simulations have predicted that drift-wave
turbulence can generate the mesoscale structures, such as
zonal flows (ZFs), streamers, and zonal magnetic fields
(ZMs) [1-7], and the property of the drift-wave turbulence
has been, in fact, revealed by recent experiments of
inhomogeneous and magnetized plasmas [8—17]. These
mesoscale structures, ZFs and streamers, have different
behaviors, and their impacts on turbulence-driven trans-
ports show strong contrasts. For example, ZFs cause no
cross-field transport owing to their symmetric structure
around the axis; in contrast, streamers contribute to en-
hancing the transport owing to their radial elongated struc-
ture. The study of nonlinear processes, such as turbulent
Reynolds stress and Maxwell stress, which induce meso-
scale structures, is essential for understanding inhomoge-
neous and magnetized plasmas. The dynamics on the plane
perpendicular to the strong mean magnetic field must be
fully resolved, because the drift-wave turbulence is quasi—
two dimensional. About the full two-dimensional (2D)
nonlinear interaction, while a few is known of ZFs [17],
there is almost no experimental knowledge for streamers.

In this article, we report our observation of streamer
structure for drift-wave fluctuations in cylindrical magne-
tized plasmas. Bunching of drift-wave fluctuations occurs
accompanied by its low-frequency mediator mode. 2D
nonlinear interaction is analyzed, and the matching con-
ditions of frequency and poloidal wave number, as well as
the radially constant biphase, are confirmed. The special
structure of the mediator is found in a good agreement with
theoretical prediction in Ref. [4].

According to Ref. [4], a pair of fast and slow modes
including a streamer structure is derived as follows. In the
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Hasegawa-Mima model [18], which can give a concise
description of drift-wave turbulence, the plasma density is
given by nyexp¢, where ¢ is an electrostatic potential.
When ny is a slowly varying function of y, the Hasegawa-
Mima model equation in the coordinates (x, y) takes the

form
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where b is a constant proportional to (dny/dy)/ny. The
second nonlinear term corresponds to the turbulent
Reynolds stress that can generate the mesoscale structure.
When the unperturbed potential is ¢° = —c¢,y, a dc electric
field exists in the y direction, the plasma drifts in the
x direction, and the disturbance &¢ is excited on the drift
motion. When the fixed boundary conditions are assumed at
the plasma boundaries, 6 d(x, 0) = 8¢ (x, L) = 0 (L is the
plasma length), 5¢ has the form 8¢ = X(x, 1)Y(y), where
Y « sink,y, k, = nar/L, and n is a natural number. It is
anticipated that if 6¢ is small, wave modulations in the
x direction will be described by a nonlinear Schrodinger
equation. When ¢ is expressedas ¢ = ¢°(y) + Y, €2,
the one-soliton solution is that ¢! and ¢ take the forms

¢! « sech[k(x — A1) cos(k,x) sin(k,y)], 2)

¢? « sech’[k(x — At) sin(k,,y)], 3)

where A = dw/dk, and « is a function of k,, k,,, cy, and b.
Figure 1 shows the schematic views of contours ¢p! = const
(fastmode) and ¢ = const (slow mode). Figure 1(a) shows
a train of small convective cells placing at intervals of 1/k,
in the x direction. The magnitudes decrease towards |x| —
oo, Figure 1(b) shows a pair of vortices of large scale. When
x and y are taken as the poloidal and radial directions,
respectively, the fast mode becomes a streamer.

A streamer structure has been observed in the large
mirror device-upgrade (LMD-U) cylindrical plasma [15].
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FIG. 1. Streamlines for the (a) fast and (b) slow modes derived
from a nonlinear Schrodinger equation based on the Hasegawa-
Mima model, with the case of n = 1 and k, = k,,.

The LMD-U vacuum vessel has the axial length of 3.74 m.
The plasma is generated by a radio-frequency wave
(7 MHz, 3 kW) inside a quartz tube with an inner diameter
of 95 mm. Figure 2(a) shows the spatiotemporal behavior
of the ion saturation-current fluctuation measured at the
radius r of 40 mm by a 64-channel poloidal probe array
[19]. The discharge conditions were the filled argon pres-
sure inside the tube of 0.2 Pa and the axial magnetic field
inside the vacuum vessel of 0.09 T. With this discharge, the
peak electron density of the plasma was 8 X 10'® m~3 and
the electron temperature was about 3 = 0.5 eV inside the
plasma. The resistive drift-wave instability was excited by
the density gradient [20] especially at around » = 30 mm.
A bunching of waves (streamer) is clearly seen in the
spatiotemporal. It is localized in the poloidal space 6,
i.e., it forms high and low-amplitude regions, and its
envelope forms an m = 1 structure, where m is the poloidal
mode number (m = 0). This m =1 structure slowly
rotates with the frequency f of —1.2 kHz, where negative
frequency indicates the propagation in the ion diamagnetic
direction. The carrier waves, which form the bunching of
waves, propagate in the electron diamagnetic direction
with the frequency around 8 kHz. There also exists a
sinusoidal m = 1 wave with f = —1.2 kHz, which has
the same properties with the envelope of the bunching of
waves. Figure 2(b) is the frequency component under
1.6 kHz extracted from Fig. 2(a). As is indicated by red
lines in Fig. 2, the phase of the sinusoidal m = 1 wave
slightly delays from that of the envelope of the bunching of
waves, and these relations are always observed through the
discharge. Thus, the phase locking between the m = 1
sinusoidal wave and bunching of waves is occurring.
Figure 3(a) is the 2D power spectrum of the spatiotem-
poral waveform observed in Fig. 2(a). The sampling fre-
quency is 1 MHz, the frequency resolution of the Fourier
transformation is 0.1 kHz, and the spectrum is an ensemble
average of 3853 time windows. Three pronounced modes,
A, B, and C, are seen in the 2D power spectrum. The mode
A corresponds to the m = 1 sinusoidal wave observed in
Fig. 2(b), and its poloidal mode number and frequency are
(my, fa) = (1, —1.2 kHz). The modes B and C correspond
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FIG. 2 (color). (a) Spatiotemporal behavior of ion saturation-
current fluctuation measured with the 64-channel poloidal probe
array. (b) Frequency component under 1.6 kHz extracted from
(a). The phase of the bunching of waves observed in (a) is
slightly faster than that of the sinusoidal wave in (b), as is
indicated by red lines.

to the carrier waves which form the bunching of waves, and
their mode numbers and frequencies are (mg, f5) =
(2,7.8 kHz), and (m, fc) = (3,6.6 kHz). These three
modes satisfy the matching conditions m, + mg = mc
and f, + fg = fc. Therefore, the phase locking between
them may occur and the bispectral analysis [21] can exam-
ine this. The bispectrum B of the three modes is expressed
as B =(Z,ZpZ{), where Z; = Z(m,, f;) is the Fourier
transformed expression of mode i. The bicoherence b is a
normalized value of B, and is expressed as b?> =
|BI?/({|1Z4+Z5|*)|Z¢]?)). When the squared bicoherence
b? becomes a finite value, the three modes exist depend-
ently on each other, and their phases are connected by the
biphase ¢, which is calculated by taking the arc tangent of
B. When fp and f are close and larger than f,, two modes
B and C form a bunching of waves, of which the beat
frequency is f,. The biphase ¢, of the three modes in-
dicates the phase difference between mode A and the
envelope of the bunching of waves. For example, when
¢, = 0 and 7, the amplitude of the envelope is maximum
when mode A is maximum and minimum, respectively.
The same argument is applied in the wave number space.
From calculating the ensemble average of 3853 time
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(a) 2D power spectrum of the ion saturation-current fluctuation observed in Fig. 2(a). Frequencies and poloidal mode

numbers of three pronounced modes labeled A, B, and C are (m, f) = (1, —1.2 kHz), (2, 7.8 kHz), and (3, 6.6 kHz). These three modes
satisfy the matching condition. (b) and (c) are contours of squared bicoherence and biphase of the nonlinear coupling with the mode A,

respectively.

windows, squared bicoherence h*> was as high as 0.58,
which indicated the strong nonlinear coupling between
the three modes (the confidence level is 1/3853 ~
0.0003). The biphase ¢, was 0.07 rad/27, which was
slightly higher than zero. This result agrees with the ob-
servation in Fig. 2 that the phase of the mode A slightly
delays from that of the envelope of the bunching of waves.

The carrier waves of the poloidally localized structure
are not only the modes B and C, but also consist of many
modes and even broadband fluctuations. This is because
the mode A couples with many other modes and broadband
fluctuations with nearly constant values of biphases
(~ 0.1 rad/27). Figures 3(b) and 3(c) show the squared
bicoherence b” and biphase ¢, respectively, between the
three modes A, (m, f), and (m, + m, f4 + f). The black
line in Fig. 3(c) indicates where the power spectrum is
3 X 107° in Fig. 3(a), and the white line indicates where
b%> = 0.3 in Fig. 3(b). Most regions in m-f space having a
large amplitude and strong coupling with A (especially for
m = 2 including B and C) have the same biphase value of
~0.1 rad/27. Many accumulations of the nonlinear cou-
plings of the carrier waves with mode A form the bunching
of waves. Mode A is not a carrier wave but an important
mode for forming the streamer structure and called a
mediator for the formation [7].

To investigate the radial structure of the streamer, we
propose a new analyzing method using the biphase
between the nonlinearly coupled modes. A radially mobile
probe was used in addition to the 64-channel probe array.
The biphase between mode A measured with the
64-channel probe array, and modes B and C measured
with the radially mobile probe, was calculated along the
radial direction. In this analysis, mode A at r = 40 mm

was taken as a reference, and the phase structure of the
envelope of the bunching of waves (mainly formed by B
and C) was determined along the radial direction through
the reference. Figure 4 shows the radial profile of the
biphase scanned from 10 to 60 mm. It is an ensemble-
average of 59 time windows. As a result, the biphase was
almost constant around 0.1 rad/27 inside the plasma.
Thus, the radially elongated structure of the streamer has
been revealed in detail. Figure 4 also shows the radial
phase structure of A itself. In contrast to the biphase, the
phase of A suddenly jumps at » = 30 mm, suggesting that
mode A has a node in the radial direction.
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FIG. 4 (color). (Closed, black) Radial profile of the biphase
between the modes A, B, and C. Z, = Z(my, f4) measured with
64-channel poloidal probe array (reference signal), and Zp =
Z(fg) and Z, = Z(f¢) measured with radially mobile probe
were used for the calculation. The result indicates that the
poloidally localized structure has almost a radially independent
structure. (Open, red) Radial profile of the phase of A, which has
a node in the radial direction.
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Contours of real parts of cross spectra between (a) 2D mobile probe and a fixed reference probe, and (b)—(d) radially

mobile probe and each channel of the 64-channel probe array. Frequency ranges are (a) and (b) 7.8 kHz (including the mode B),
(c) 6.6 kHz (including C), and (d) 1.2 kHz (including A). Mode A has a node in the radial direction.

Next, the spatial structure of the three modes A, B, and C
themselves are investigated. Figure 5(a) shows the real part
of the cross spectrum between a 2D mobile probe and a
reference probe (one channel of the 64-channel probe array
is used). The contour is drawn for the frequency compo-
nent of 7.8 kHz, which includes the mode B. For compari-
son, the real part of the cross spectrum between the radial
scan of the 2D mobile probe and each channel of the
64-channel probe array with the frequency component of
7.8 kHz is shown in Fig. 5(b). The results from both
analyzing methods are in good agreement. Since scanning
the 2D mobile probe beyond the vertical axis results in a
deterioration of the plasma, the latter method is advanta-
geous for calculating the cross spectrum for the whole
plasma cross section. Figures 5(c) and 5(d) show the real
parts of the cross spectra calculated with the latter method,
and their frequency components are 6.6 and 1.2 kHz,
which include modes C and A, respectively. As is shown
in Figs. 5(a)-5(c), modes B and C, which are the carrier
waves of the streamer, have radially elongated structures.
In contrast, mode A, which is the mediator of the streamer,
does not have a radially elongated structure. It has a node in
the radial direction at r = 30 mm (see Fig. 4).

In short, we observed a streamer structure, and its me-
diator which had a node in the radial direction. Compared
to Fig. 1, when x and y are taken as # and r, respectively,
the streamer structure corresponds to the fast mode, and the
mediator, with the slow mode.

In summary, a streamer structure was observed in the
LMD-U cylindrical plasma, and its quasi-two-dimensional
structure was investigated in detail by the biphase analysis.
That is, the envelope of the turbulence formed a radially
elongated global structure inside the plasma. There also
existed a mediator having the same mode number and
frequency with the envelope, however, it had a node in the
radial direction. These features agreed well with the pair of
fast and slow modes derived by a nonlinear Schrodinger
equation based on the Hasegawa-Mima model in Ref. [4].

The mediator was strongly coupled with a number of
streamer components with the same biphase values.
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