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Anatomy of plasma turbulence
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Turbulence is a state of fluids and plasma where nonlinear
interactions including cascades to finer scales take place to
generate chaotic structure and dynamics'. However, turbulence
could generate global structures’, such as dynamo magnetic
field, zonal flows®, transport barriers, enhanced transport
and quenching transport. Therefore, in turbulence, multiscale
phenomena coevolve in space and time, and the character of
plasma turbulence has been investigated in the laboratory*
as a modern and historical scientific mystery. Here, we
report anatomical features of the plasma turbulence in the
wavenumber—frequency domain by using nonlinear spectral
analysis including the bi-spectrum''. First, the formation of
the plasma turbulence can be regarded as a result of nonlinear
interaction of a small number of irreducible parent modes that
satisfy the linear dispersion relation. Second, the highlighted
finding here, is the first identification of a streamer (state of
bunching of drift waves'>"?) that should degrade the quality of
plasmas for magnetic confinement fusion'*">. The streamer is a
poloidally localized, radially elongated global structure that lives
longer than the characteristic turbulence correlation time, and
our results reveal that the streamer is produced as the result of
the nonlinear condensation, or nonlinear phase locking of the
major triplet modes.

Fluctuation measurements were carried out on the Large
Mirror Device-Upgrade linear plasma device'® (Fig. 1). The axial
length of the vacuum vessel is z=3.74 m and the cylindrical plasma
is confined by an axial magnetic field of 0.09 T. (x : horizontal,
y : vertical, z : axial, r : radial and 6 : poloidal direction.) Positive
and negative poloidal directions correspond to the electron and ion
diamagnetic drift directions, respectively. The plasma is generated
by a helicon wave (the radiofrequency (7 MHz) power is 3kW,
excited by a double-loop antenna around a quartz tube with an axial
length of 0.4 m and an inner diameter of 9.5 cm). The quartz tube is
filled with argon gas with a pressure of 0.2—0.8 Pa. A linear plasma
(radius of 5cm, electron density/temperature of 10" m™ /3 eV)
is generated inside the vacuum vessel’. A 64-channel poloidal
probe array is installed at the plasma radius r = r, =4 cm (where
the density gradient is steep) and axial position z =1.885m. A
48-channel radially movable probe array' is installed at the axial
position z=1.625m. (All 48 channels are used for measurement
at r > r,,, and 24 channels are used at r < r,, such as r =2cm.)
A two-dimensionally (2D) movable probe, which is movable in
the x—y plane in the plasma cross-section, is installed at the
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Figure 1 Schematic view of the plasma device and probes. a, Large Mirror
Device-Upgrade linear plasma. b, 2D probe. ¢, 48-channel radially movable probe
array. d, 64-channel poloidal probe array. One channel of the 48-channel probe
array is used as a reference for the 2D probe.

axial position z=1.375m. One of the 48-channel probes at the
(x,y) = (r,,0) position is used as a reference probe for the 2D
probe. With these three systems of probes, the quasi-2D nature of
turbulence is studied.

We first give an over-all description of fluctuation dynamics.
Owing to the steep radial density gradient, drift-wave fluctuations
(which originate from resistive drift-wave instabilities') are
excited. Figure 2a shows the spatiotemporal behaviour of the ion
saturation-current fluctuation (inferred as a density fluctuation)
measured with the 64-channel probe array. The argon pressure
of this discharge was 0.27Pa. The spatiotemporal behaviour
is in a chaotic regime, that is, the two-time and two-point
correlation measurement shows that the correlation time is within
a few oscillation periods (a few hundred microseconds) and the
poloidal correlation length is much shorter than the poloidal arc
length 27tr,.

By 2D Fourier transformation (poloidal angle 6 to poloidal
mode number m and time t to frequency f), the fluctuation
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Figure 2 Spectral and bi-spectral analyses of fluctuations. a, Spatiotemporal behaviour of the ion saturation-current fluctuation, measured with the 64-channel poloidal
probe array (arbitrary units, contour). The positive direction of the vertical axis corresponds to the electron diamagnetic direction. Bunching of the fluctuation is propagating in
the ion diamagnetic direction. b, Cross-correlation function of the spectral components B and B—C. The horizontal axis indicates time delay of B-C from B. ¢, Power spectrum
S(m, f) (arbitrary unit, contour) over plotted with the linear dispersion relation (solid line) calculated by a numerical simulation code. Error bars are standard deviations of
several results using possible electron density profiles. The dashed line indicates the linear dispersion where the mean £ x B drift motion is neglected. The calculated
eigenmodes have positive growth rates. d, Bi-coherence analysis for triplets among excited fluctuations and the peak C; contour of squared bi-coherence is shown.

is decomposed into a number of fluctuation modes. Figure 2¢
shows the 2D power spectrum S(#1, f). Positive frequency indicates
propagation in the electron diamagnetic direction in the laboratory
frame. The component propagating in the electron diamagnetic
direction seen in Fig.2a is the one at (m,f) = (1,2.8kHz),
which is marked A in Fig. 2c. In the figure, the linear dispersion
relation calculated by a numerical simulation code'® is also plotted
with a white line. (A uniform rotation by a d.c. radial electric
field is imposed, the magnitude of which is set by adjusting the
m =1 peak to the eigenfrequency. This electric field is within
an error-bar of the profile measurement.) The fluctuation modes
A and B [(m,f) = (2,3.2kHz)] satisfy the linear dispersion
relation of drift waves, whereas other peaks are away from the
dispersion relation. The peak at (m, f) = (1, —0.9kHz), which
is considered to be a (marginally stable) flute mode, is labelled
as C and all of the other peaks appearing in Fig.2c can be
expressed by addition and/or subtraction of A, B and C. Each
peak is expressed as A+ C, B—C, 2A, 2A4+C, A+ B —C, 3A,
2A+B—C, A+ B+ C and so on. These peaks are considered to
be quasimodes, which are driven by nonlinear couplings of the
primary modes.
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The mode couplings are confirmed by bi-spectral analysis",
which indicates the degree of nonlinear coupling between
three modes (1, 2 and 3) satisfying the matching condition
(m, +m, = m; and f, +f, = f3). (For accurate bi-spectral analysis,
multiprobe measurement with fine positioning is realized".)
Carrying out bi-spectral analysis (combinations up to m =5 with
frequencies f; and f, being scanned from —10 to 10kHz), the
quasimodes are found to be created sequentially by nonlinear
coupling processes from A, B and C in Fig. 2c. The amplitude
correlation technique®®? supports our idea that A, B and C are
the parent modes. Figure 2b shows an example. It shows the
cross-correlation function of the envelopes of B and B—C. The peak
of the cross-correlation function is seen at +2 ms, which indicates
that B—C responds 2ms after the variation of B. (This delay is
consistent with the autocorrelation time ~3 ms of B-C, which is
evaluated from the half-width of the peak of the spectrum.) From
this fact, we can estimate that B is a parent of B-C. In this way,
we determined that A, B and C are the parent modes. In addition
to the peaks of quasimodes, broadband components appear in the
(m, f) spectra, indicating fluctuations with very short lifetimes.
They are attributed to granulations in fluctuations®. Thus, we have
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identified three irreducible elements of complex plasma turbulence.
This number of irreducible components is found to be close to the
correlation dimension calculated in a certain timescale.

The successive generations of 2A, 3A, A+B+C and so on show
the cascade of energy to smaller-scale perturbations. In addition
to cascades, theories have predicted a streamer structure, that
is, a bunching (self-focusing) of fluctuations in the direction of
wave propagation (0-direction) with a small radial wavenumber.
The streamer in this letter is the state of fluctuations where
the intensity of the carrier wave is modulated in the direction
of wave propagation by nonlinear interaction (self-focusing),
whereas the envelope in the radial direction is less modified>'*™">.
Figure 2a shows the emergence of the streamer. Thin stripes denote
waves, and their envelope is modulated in the 6-direction. The
peaks (and troughs) of the envelope propagate slowly in the
ion diamagnetic direction. The timescale of propagation of the
envelope (in the laboratory frame), which is observed to be a
few milliseconds, is about a few to ten times larger than that
of waves. Taking into account the plasma rotation, which is
introduced in the analysis of wave dispersion, reduces the rotation
frequency of the envelope in the plasma frame to O(100Hz),
and enhances the timescale separation between the waves and
the envelope. The peak of the envelope propagates in the ion
diamagnetic direction with f ~ —0.9 kHz, which is the same as C
[(m,f)=(1,—0.9kHz)]. This propagation is created by nonlinear
coupling of many fluctuation components with m > 2, such as X
and X =+ C. The peak X is, for example, 2A, A+ B and so on.
The coexistence of multiple triplets (each of which indicates a
poloidally focused wave component) is confirmed by the bi-spectral
analysis. Figure 2d shows the squared bi-coherence between X, C
and X+ C (horizontal axis: m, of X, vertical axis: f; of X and m, =1,
f, = —0.9kHz, m; =m, + 1, f; = f —0.9kHz). The nonlinear
coupling of C with other quasimodes with m > 2 (such as 2A) is
evident. In addition, the bi-phase is almost the same for any peaks
of X and is slightly higher than 0. This corresponds to the fact that
the large-amplitude region appears just before the maximum of C.

Now we focus on the analysis of the streamer by considering
another discharge with more obvious streamer existence, to show
explicitly that the streamer (nonlinear amplitude bunching in
poloidal direction) has long radial extension and that the phase
locking in the nonlinear interaction holds for a very long time
compared with the correlation time of fluctuations (O(100 us)).
For clarity, we illustrate possible streamer structure in linear
magnetized plasma in Fig. 3a based on nonlinear simulation
(details of the simulation are described in ref. 18). The drift
waves (thin stripes propagating in the positive 8-direction) and
the amplitude modulation are seen. The modulation envelope
slowly rotates in the negative 6-direction. The streamer structure
was shown to be extended in the radial direction by two
poloidal probe arrays in experiments. Figure 3b—d shows the
result of simultaneous measurements of the ion saturation-current
fluctuations I;; by two poloidal probe arrays at different r (and z)
positions. The argon pressure was decreased to 0.20 Pa to obtain
a stronger and longer-lasting streamer structure. (No fluctuation
components of B origin appeared in this case.) Figure 3¢ shows
the spatiotemporal behaviour of I, measured with the 64-channel
poloidal probe array (r =4 cm and z =1.885 m). Figure 3d shows
the temporal behaviour at 6 = 0. The bunching of the fluctuations
is clear in Fig. 3b,c. Figure 3b shows the spatiotemporal behaviour
of the I, measured with the 24-channel poloidal probe array
(r=2cm and z=1.625m) for the same discharge as in Fig. 3c.
Signals from two arrays of probes show very high coherence
(over 0.9 for §z =0.26m) and the axial wavelengths of drift
waves are much longer than 8z (axial mode number n < 3).
The self-focusing region, where m > 2 components are strongly
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Figure 3 Time evolution of streamer structures. a, Obtained from a numerical
simulation of drift waves in linear magnetized plasma. Density fluctuations
(normalized by the maximum amplitude) are shown, where the time is normalized by
the drift-wave oscillation period. The fluctuations are observed on a rotating frame
with the rotation frequency of 0.3. The simulation parameters are similar to the
experimental conditions, but are not identical. For instance, the profile of the mean
plasma density is modelled with a simple smooth function, the poloidal mode
numbers of the carrier waves are m=4 and 5 and the temperature is assumed to
be constant. b,¢, Simultaneous measurement of the spatiotemporal behaviours of
the ion saturation-current fluctuations by 24 channels, r=2cm and

z=1.625m (b) and 64 channels, r=4cm and z=1.885m (c). The poloidal mode
numbers of the carrier waves are mainly m=2 and 3. d, Temporal behaviour of ¢
ato=0.
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Figure 4 Features of the streamer structure. a,b, Real parts of cross-spectra
between the reference probe [(x, ¥, z) = (4cm, 0, 1.625m)] and the 2D movable
probe (z=1.375m). Frequency ranges are 7.8 kHz (one of the main components of
the streamer) in a and 10—15 kHz (broadband region) in b. c—e, Time developments
of m=2(c), m=3 (d) and m=1 (e) components calculated by short-time

Fourier transformation.

fluctuating, agrees in the two figures. Therefore, the streamer is
shown to have a long structure (comparable to the device size) in
the radial direction.

Further direct evidence of the radial extension of the streamer
structure was confirmed by the 2D probe. The streamer structure
in Fig.3 is generated mainly by 2A [(m, f) = (2,7.8kHz)],
2A+C [(m,f) = (3,6.6kHz)] and broadband components up to
[(m,f)~ (6,15kHz)]. Figure 4a,b shows real parts of cross-spectra
between the 2D probe (z =1.375m) and the reference probe
[(x,y,2) = (4cm,0,1.625m)] with frequency components of 2A
(7.8kHz) and broadband components (10-15kHz), respectively.
As each component extends radially, the streamer must have a
radially extended structure. The phase structure is long in the radial
direction with some spiral components. These spiral components
are considered to be induced by the d.c. radial electric field.

The nonlinear lock between two neighbouring poloidal mode
numbers is confirmed up to m = 6, and several triplet pairs are
found to coexist. It is striking that, although a one-point correlation
for a high-pass signal (f > 2.5kHz, which is a characteristic scale
for fluctuations) gives a short correlation time (a few hundred
microseconds), the nonlinear interaction between each triplet pair
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survives longer than 10ms, showing long-lasting (meso-scale)
nonlinear structures in the turbulent plasma. More precisely, even
though the central frequency of higher modes X varies in time
(on a timescale of 10 ms), the coupling between X, X+ C and C
is preserved. An example is shown in Fig. 4. Figure 4c—e shows time
developments of m =2, 3 and 1 components, which correspond
to 2A, 2A 4 C and C, respectively. Although the frequency of 2A
varies in time, the frequency difference between 2A and 2A 4 C
preserves and corresponds to the steady frequency of C, as is clearly
demonstrated in Fig. 4c—e.

METHODS

SPECTRAL ANALYSIS

When there are M probe tips in the poloidal direction with equal space, the
poloidal angle 6 equals 2ti/ M, where i is an integer. When the time evolution
is obtained for N points with time resolution At, the time t = jAt, where j is
an integer. From the spatiotemporal discrete data z;;, 2D Fourier-transformed
discrete data Z,,,; are calculated by

1 == im  jk
o=t 22 (5]

where I is the imaginary unit, m is the poloidal mode number and the frequency
f=kAf =k/(NAt). The power spectrum S, is calculated from Z,,; by

Smk = |ka|2/Af'

BI-SPECTRAL ANALYSIS
Bi-spectral analysis is executed for three waves (1, 2 and 3) satisfying the
matching condition m; + m, = mj3 and f; + f, = f3. Bi-spectrum B is defined

as B=(Z,Z,Z5). From the bi-spectrum, bi-coherence b and bi-phase ¢y is
calculated by
B ImB
b= %,¢b=tan71 i
(1Z:12,1%)(1Z51%) ReB

Bi-coherence b is in a region 0 < b < 1, and indicates the degree of nonlinear
coupling between the three waves. Bi-phase ¢, is in a region —nt < ¢, <, and
indicates the relationship of the phases between the three waves.
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