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Changing the experimental conditions such as the neutral pressure and the magnetic field strength provides
a drastic change in the turbulence states in linear magnetized helicon plasmas. In order to define the turbulence
states and their occurrence region a throughout parameter scan in the two-dimensional parameter space was
performed. The classification of the turbulence states is carried out phenomenologically based on the turbulence
spectrum and the waveform.
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1. Introduction
Magnetically confined plasma is often regarded to be

a typical nonlinear medium. The plasma confined in far
non-equilibrium state is subject to a variety of instabilities,
via which the mean gradient retained by the external heat-
ing releases a free energy. Furthermore, there are a lot of
possible nonlinear interaction channels among fluctuating
variables, since the system is governed both by the elec-
tromagnetic dynamics and by the fluid dynamics. Nonlin-
ear evolution of the fluctuations makes the prediction of
the plasma dynamics difficult, thus the laboratory plasma
is controlled sometimes relying on the operators’ experi-
ence. The nonlinearly governed turbulence is also known
to be the source of the anomalous transport that is one of
the most serious obstacles for realizing the thermonuclear
fusion reactor. Although no ultimate way has been ever
established for clarifying the nonlinear system, parameter
scan experiments have succeeded to describe the nonlinear
nature of the confined plasma. For example, the H-mode
power threshold study is often performed by scanning the
line averaged density and the input heating power [1–3].

Concentrated study for the nonlinear turbulence states
can be conducted in small laboratory plasma devices (see
examples in Refs. [4, 5].). In particular, a set of experi-
ments using linear devices such as the Large Mirror De-
vice (LMD), the Large Mirror Device-Upgrade (LMD-
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U), and the Plasma Assembly for Nonlinear Turbulence
Study (PANTA) has exhibited various nonlinear turbulence
states. Most essential two among them are the streamer
state and the solitary wave state.

The streamer is characterized by a structure radi-
ally stretched and azimuthally localized, as reported in
Refs. [6–8]. The existence of the streamers in magneti-
cally confined plasmas is foreseen to reduce the plasma
performance, since the streamers act as a radially elon-
gated large convective cell. Clues of the streamers were
seen in the torus experiments [9] and in the torus simula-
tions [10]. The streamer structure was initially predicted
by an analytical study that exhibited importance of the
nonlinear coupling between drift waves and a nonlinearly
excited global mode the so-called mediator [11]. Dedi-
cated studies for analyzing the nonlinear coupling in den-
sity fluctuations demonstrated the reliability of the pre-
dicted model [6–8,12]. Moreover, a selection rule between
the streamers and the zonal flows was proposed in numer-
ical simulation study, showing the importance of the ion-
neutral collisional damping of drift waves [7, 8]. Dynamic
coupling between the streamer structure and the parallel
flow shear driven Kelvin-Helmholtz type instability, which
we call the D’Angelo mode, was also unveiled very re-
cently [13, 14].

The solitary wave is characterized by a sawtooth-like
waveform in the real space and by a significant funda-
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mental mode and higher order harmonics in the frequency
and wavenumber spaces [15]. A dynamic oscillation of
nonlinear coupling strength was observed by a local mea-
surement [16, 17], which is considered to be a clue to ex-
plain the excitation mechanism of the higher harmonics.
Depending on the relative phase of the higher harmon-
ics with respect to the fundamental mode, steepening of
azimuthal gradient, sometimes called shock front, can oc-
cur. Formation mechanism of the shock front is discussed
recently [18]. Dynamic competition between the solitary
wave and the zonal flow type oscillation was also stud-
ied [15, 19, 20]. An abrupt and spontaneous transition be-
tween the solitary wave state and the streamer state was
also observed [21, 22].

Each state can be realized in a parameter window
defined in the magnetic field strength B and the neutral
pressure pn in PANTA. Although fundamental nonlinear
characteristics of each state were deeply studied, compre-
hensive understanding of the selection rule between the
streamer state and the solitary wave state is still challeng-
ing. There is an empirical parameter boundary in the B−pn

space, however, any explicit identification of the parameter
boundary has not yet been performed. In this paper, we de-
fine the strength of the streamer and the solitary wave phe-
nomenologically, by which the occurrence region of these
two states are determined. The article is organized as fol-
lows: In Sec. 2, experimental setup is briefly described. In
Sec. 3, fundamental spatiotemporal and spectral character-
istics of these two states are explained, above which the

Fig. 1 (a) Schematic view of PANTA, (b) Radial profiles of the mean ion saturation current measured at B = 0.09 T and pn = 1, 2 and
4 mTorr conditions, (c) pn − B map of the inverse gradient length of the mean ion saturation current in the unit of cm−1 at r = 4 cm.

strength of the streamer and the solitary wave are defined
in Secs. 4 and 5, respectively. In Sec. 6 the occurrence re-
gions of the two states are discussed, after which the paper
is summarized.

2. Experimental Setup
The parameter scan experiments were conducted in a

linear magnetized plasma PANTA [23, 24]. As shown in
Fig. 1 (a), PANTA has a cylindrical vacuum chamber with
a length of l = 4050 mm and a diameter of D = 450 mm.
A homogeneous axial magnetic field in the range of B =
0.04 - 0.15 T parallel to the cylindrical axis is produced by
a Helmholtz coil system. The magnetic field strength is
calculated by the Biot-Savart law with the provided cur-
rent and the geometry of the coil system. The helicon
source with a length of 400 mm and a diameter of 100 mm
is equipped at one side of the device, inside which the Ar
neutral gas is fed. The neutral pressure is diagnosed with
an ionization gauge. The plasma is produced with a dou-
ble loop antenna with 3 kW and 7 MHz radio frequency
discharge [25]. The typical cylindrical plasma radius is
a ∼ 5 cm. A stainless end-plate at the other side of the
device terminates the plasma column. Two baffle plates
at both sides of the chamber having an inner diameter of
15 cm maintain the neutral pressure constant in the con-
finement region [26]. The typical operation conditions are
summarized in Table 1.

The plasma turbulence is mainly diagnosed with two
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Table 1 Typical operation conditions in the PANTA.

Parameters Typical value Range

Filling gas pressure 0.11 Pa (0.8 mTorr) 0.11 − 0.63 Pa (0.8 − 4.8 mTorr)
Magnetic field 0.09 T 0.04 − 0.15 T

RF power 3 kW 0.5 − 5 kW
Electron density at center 6 × 1018 m−3 1018 − 1019 m−3

Electron temperature at center 3 eV 1 − 4 eV

Fig. 2 pn − B maps of the (a) total fluctuation power and (b) total squared bicoherence at r = 3 - 5 cm.

electrostatic probe arrays. Azimuthal turbulence structure
is measured with a 64-channel probe array [27] installed at
z = 2.125 m, where z is defined as the axial distance from
the edge of the vacuum chamber at the source region side.
The 64-channel probe tips made of tungsten wire with a
diameter of φ = 0.8 cm and a length of l = 3 mm is aligned
annularly at a radius of r = 4 cm. The probe tips measure
the ion saturation current and the floating potential alter-
nately, although only the ion saturation current data is ana-
lyzed in the article. The radial profile of the ion saturation
current is measured with a 5-channel radial rake probe in-
stalled at z = 1.625 m [28]. The radial rake probe covers
from r = 2 cm to r = 6 cm with a spacing of Δr = 1 cm.
The electron temperature fluctuation is considered to be
small so that the normalized ion saturation current fluc-
tuation is regarded as the normalized density fluctuation,
Ĩis/Īis ∼ ñe/n̄e. Data analysis is performed for the time pe-
riod of Δt = 290 ms out of the whole discharge of 500 ms,
in which the turbulent spectrum is quasi-saturated. That
time period is much longer than the typical turbulence time
period of ≤ 1 ms.

3. Fundamental Characteristics of
Streamer State and Solitary Wave
State
In this section, the results of the systematic B − pn

scan experiments are shown. Characteristic features of
the streamer state and the solitary wave state are exhib-
ited based on spatiotemporal evolution of the ion saturation
current and its power spectral density.

3.1 Ion saturation current profile and fluctu-
ation amplitude

Figure 1 (b) shows typical radial profiles of the ion
saturation current at B = 0.09 T and pn = 1, 2, and
4 mTorr, respectively. The central ion saturation current
does not increase monotonically, as the neutral pressure is
increased. This may be because the plasma source and the
ion-neutral collision frequency are simultaneously altered
as pn is altered. At high pn, an increased density gradient
sustained by a higher plasma source input contributes to a
stronger linear drift wave excitation. At the same time the
excited drift wave is subject to a stronger ion-neutral col-
lisional damping in high pn condition [7, 8]. Figure 1 (c)
plots the inverse gradient length of the ion saturation cur-
rent L = −I−1

is ∂Iis/∂r in the unit of cm−1 as a function of
B and pn at r = 4 cm. The complicated dependence of
the inverse gradient length of the ion saturation current on
the control parameters might be explained by the nonlinear
plasma turbulence structural formation.

Figure 2 (a) indicates the B − pn dependence of the
integrated fluctuation power of the ion saturation current
defined as

S 2
T =

∫ 5 cm

3 cm
dr
∫ F

Δ f
d f S 2(r, f ), (1)

where S 2(r, f ) is the Fourier power spectral density of the
ion saturation current fluctuation. In this article, Fourier
transform (FT) is performed with the time window of
T = 5 ms multiplied by the Tukey window function. The
frequency resolution is therefore Δ f = T−1 = 200 Hz. The
upper limit frequency of interest is taken to be F = 50 kHz,
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above which the fluctuation amplitude is negligibly small.
The relative ion saturation current fluctuation power is in-
tegrated from 3 cm to 5 cm, around which the strongest
gradient appears. Two peaks in the B−pn map of the power
spectrum can be seen at low pn and intermediate to high B
region and high pn and intermediate B region. The strong
fluctuation power looks corresponding to the smaller gra-
dient as shown in Fig. 1 (c), except for the low B region.
Shown in Fig. 2 (b) is the B − pn map of the total squared
auto bicoherence defined as,

b2
T =

∫ 5 cm

3 cm
dr
∫ F

Δ f
d f ′′
∫ F

f ′
d f b2(r, f , f ′), (2)

where b2(r, f , f ′) is the auto bicoherence of the ion satu-

Fig. 3 (left column) (a) Spatiotemporal evolution of the relative ion saturation current fluctuation at B = 0.09 T and pn = 1 mTorr
condition and (b) its spatial slices at θ/2π = 0. (right column) (c) and (d) those for B = 0.09 T and pn = 4 mTorr condition.

Fig. 4 (left column) (a) Frequency f and azimuthal mode number m spectra (dispersion relation) and (b) local squared bicoherence at
θ/2π = 0 of the relative ion saturation current fluctuation at B = 0.09 T and pn = 1 mTorr condition. (right column) (c) and (d)
those for B = 0.09 T and pn = 4 mTorr condition.

ration current fluctuation in which the matching condition
f ′′ = f ± f ′ is satisfied [6,24,29]. The higher total squared
bicoherence at high pn and intermediate B region corre-
sponds to the peak in the fluctuation power.

3.2 Observed two turbulence states;
streamer state and solitary wave state

As mentioned in introduction, nonlinear turbulent
structures in PANTA can be classified into two different
states, i.e., the streamer state and the solitary wave state.
Here, characteristics of these two turbulence states are dis-
cussed in detail. Figure 3 shows the typical spatiotemporal
evolutions plotted in time - azimuthal angle space. The
positive direction of the azimuthal angle is taken as the
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right hand rule of the axial magnetic field direction, i.e.,
the electron diamagnetic drift direction. By keeping B to
be an intermediate value of 0.09 T and increasing pn, the
structural transition from the streamer state to the solitary
wave state can be observed.

In the discharge with low pn and intermediate B, here
(pn, B) = (1 mTorr, 0.09 T), a typical streamer structure is
excited as shown in Fig. 3 (a). The primary linear instabil-
ity is identified to be the drift wave that propagates in the
electron diamagnetic drift direction. The linearly unsta-
ble drift wave is nonlinearly bunched that forms a radially
elongated convective cell [6] as predicted by an analytical
study [11]. The envelope propagates in the opposite direc-
tion of the drift wave. Figure 4 (a) shows the frequency
f -mode number m decomposed power spectral density for
the discharge shown in Fig. 3 (a). Two-dimensional FT
X( f ,m) of a two-dimensional signal x(t, θ) is defined as,

X( f ,m)

=
1
T

∫ T

0
dt
∫ 2π

0
dθ x(t, θ) exp

[
i(2π f t − mθ)

]
, (3)

where i is the imaginary unit. The two-dimensional power
spectral density is calculated as |X( f ,m)|2/Δ f . The dom-
inant drift wave has a broadband spectrum at f ∼ 7 kHz
and m = 2. A low frequency mode propagating in the
opposite direction is also observed at f ∼ 1.4 kHz and
m = −1, which is the key for forming the streamer struc-
ture the so-called mediator. The mediator is considered to
be excited nonlinearly by the drift waves, and to be respon-
sible for the further broadening of the drift wave spectrum.
The nonlinear broadening of the spectrum results in the
nonlinear bunching seen in the spatiotemporal evolution.
Figure 4 (b) shows the squared auto bicoherence show-
ing the evidence of that nonlinear coupling. Bicoherence
takes a large value at the region 4 kHz ≤ f ≤ 8 kHz and
f ′ ∼ 1.4 kHz, which shows the strong nonlinear coupling
between the drift waves and the mediator. Peaks around
7 kHz ≤ f ≤ 9 kHz and 7 kHz ≤ f ′ ≤ 8 kHz corresponds
to the self coupling of the drift waves that generates the
higher harmonics.

Increasing pn up to 4.0 mTorr exhibits the transition
from the streamer state to the solitary wave state. Fig-
ure 3 (c) indicates the spatiotemporal evolution of the rel-
ative ion saturation current fluctuation when the solitary
wave is excited. A sawtooth wave-like structure having
a large amplitude propagates in the electron diamagnetic
drift direction with a constant speed, which is relatively
slower than the propagation speed of the drift wave seen
in the streamer state. The waveform looks strongly dis-
torted, creating an week gradient in the front and a strong
gradient in the back. The frequency f -mode number m de-
composed power spectral density for the case of the soli-
tary wave state is shown in Fig. 4 (c). There are a dis-
tinguishable dominant mode at f ∼ 1.2 kHz and m = 1
and its higher harmonics. All these modes have an almost
identical propagation velocity in the laboratory frame, that

maintains the strongly distorted waveform propagating as
a solitary wave. Figure 4 (d) shows the squared auto bico-
herence for the case of the solitary wave. There are the reg-
ularly aligned peaks on a lattice pattern. This shows that
the strong mutual nonlinear couplings among the excited
modes exist, forming a nonlinear phase locking system as
predicted in Ref. [18].

4. Strength of Streamer
As discussed on Fig. 3 (a), the characteristic feature of

the streamer state is the envelope of the drift wave propa-
gating in the ion diamagnetic drift direction. The prerequi-
site conditions are that (1) the mediator propagating in the
ion diamagnetic drift direction exists and (2) the envelope
of the drift wave is modulated by the mediator. Therefore,
here we define the strength of the streamer as two values;
the total fluctuation power of the modes propagating in the
ion diamagnetic drift direction and the coherence between
the envelope of the modes propagating in the electron dia-
magnetic drift direction and the modes propagating in the
ion diamagnetic drift direction. Note that a streamer hav-
ing the envelope propagating in the electron diamagnetic
drift direction is also possible in principle [7, 8], but in the
experiment these streamers have not yet been observed in
the present parameter regime.

The above two criterions are evaluated by means of
the filter technique using the two-dimensional FT and the
inverse FT (IFT). The time evolution of the fluctuation
waveform that has a specific mode number m1 ≤ m ≤ m2

can be reconstructed by the partial IFT defined as,

x̂m1≤m≤m2 (t) =
∫ m2

m1

dm
∫ F

Δ f
d f X( f ,m) exp

[−i2π f t
]
,

(4)

where X( f ,m) is the two-dimensional Fourier spectrum of
a signal of interest. The ion diamagnetic directed mode x̂i

and the electron diamagnetic directed mode x̂e are defined
as,

x̂i(t) = x̂−4≤m≤−1(t), (5)

and

x̂e(t) = x̂1≤m≤6(t), (6)

respectively. The envelope of the electron diamagnetic di-
rected mode is calculated as

Êe(t) =
√

x̂2
e(t) + (H[x̂e(t)])2, (7)

where H[·] is Hilbert transform for a time series. An ap-
plication of the envelope analysis using Hilbert transform
for investigating the streamer can be seen in Ref. [30]. In
order to quantify the strength of the streamer, the power
spectrum of x̂i(t) and the squared cross coherence between
x̂i(t) and Êe(t), which are denoted as S 2

x̂i
( f ) and γ2

x̂i,Êe
( f )

respectively, are calculated. Then, the frequency domain
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Fig. 5 pn − B maps of (a) the integrated power spectrum of the ion diamagnetic propagation directed mode, (b) the integrated squared
cross coherence between x̂i(t) and Êe(t) in the arbitrary unit, and (c) the streamer strength IS.

integration is performed in the range of [ fp − δ fp, fp + δ fp],
where fp and δ fp denote the spectral peak frequency and
the half frequency width at half maximum of S 2

x̂i
( f ). Fig-

ures 5 (a) and (b) show the integrated S 2
x̂i

and γ2
x̂i,Êe

, respec-
tively. We define the streamer strength as

IS = log10

⎛⎜⎜⎜⎜⎝
∫ fp+δ fp

fp−δ fp

d f S 2
x̂i
γ2

x̂i,Êe

⎞⎟⎟⎟⎟⎠ , (8)

as shown in Fig. 5 (c). When the streamer strength is less
than a threshold value of −4.5, which corresponds to the
lower limit of the contour plot, clear modulation pattern as
shown in Fig. 3 (a) disappears.

5. Strength of Solitary Wave
In the solitary wave system, all the modes have a same

phase velocity. To quantify this characteristic, we define
the power weighted phase velocity correlation. The phase
velocity on the plasma frame is proportional to the ratio be-
tween the mode frequency f and the drift wave frequency
f∗ ≡ vdem/r, where vde = Te/eB(−n′e/ne) is the electron
diamagnetic drift velocity. The two-dimensional Fourier
component X( f ,m) can be written as X( f , f∗). The power
weighted phase velocity correlation is defined as

γ2
ph =

〈|X( f , f∗)|2 exp[iα]〉
〈|X( f , f∗)|2〉 , (9)

where tanα ≡ f∗/ f is proportional to the phase veloc-
ity. The angle bracket 〈·〉 indicates averaging in the regime
Δ f < f < F and −M < m < M, where M indicates the
Nyquist mode number of the measurement system. The
value γ2

ph takes the maximal value of the unity when all the
modes have an identical phase velocity, while existence of
the broadband mode lessens γ2

ph. Figure 6 shows the power
weighted phase velocity correlation as a function of B and
pn. The lower limit of the contour color map in Fig. 6 of
γ2

ph = 0.95 corresponds to an empirical threshold value for

the solitary wave strength. In the region having γ2
ph < 0.95,

Fig. 6 pn − B map of the power weighted phase velocity corre-
lation γ2

ph.

broadening of the spectrum is seen and the solitary wave
nature is weaken. With intermediate B and higher pn val-
ues γ2

ph takes a larger value, showing that the spectral shape
is solitary wave like.

6. Discussion and Summary
By superposing Fig. 5 (c) and Fig. 6, occurrence re-

gions of the streamer state and the solitary wave state,
which we call the phenomenological classification dia-
gram, is depicted in Fig. 7. In the region where the mag-
netic field is low (B < 0.06 T), the linear unstable drift
wave amplitude is small so that neither the streamer nor the
solitary wave is formed, except for the discharge with the
low neutral pressure. In the region having a intermediate
magnetic field and a intermediate neutral pressure, the oc-
currence regions of the two states approach each other. In-
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Fig. 7 pn − B map of the phenomenological classification dia-
gram (see the text for details).

terestingly, an abrupt and spontaneous transition between
the two nonlinear turbulence states occurs in this parame-
ter regime [21, 22]. The existence of the transition region
at which the two regions are adjacent may imply that the
present choice of the threshold values is valid. When the
magnetic field is high and the neutral pressure is low, tur-
bulence state is classified neither in the streamer state nor
in the solitary wave state. The regime where these two non-
linear states emerge corresponds to the regimes where the
inverse gradient length of the ion saturation current pro-
file is small [shown in Fig. 1 (c)] and the mode fluctuation
power is large [shown in Fig. 2 (a)]. The total bicoherence
is particularly large in the solitary wave state [shown in
Fig. 2 (b)].

In this paper, we performed a parameter scan experi-
ments in the magnetic field strength and the neutral pres-
sure parameter space. During the parameter scan, two dif-
ferent nonlinear turbulent states, i.e., the streamer state
and the solitary wave state, were observed. We defined
the strength of the streamer and the solitary wave phe-
nomenologically, by which the occurrence region of these
two states were determined.
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