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Abstract
Meso-scale streamer has a radially elongated structure and is believed to enhance the radial transport. In order to study the
control of the streamer, we demonstrated an end plate biasing to the streamer state in the PANTA linear plasma. During the
end plate biasing, the electron density profile became more peaked, fluctuation was suppressed, the streamer structure was
deconstructed, and the waveform became a periodic solitary state. The radial electric field only induced at around the end plate
was found to play an important role for the streamer suppression.

Keywords: streamer, linear plasma, end plate biasing

1. Introduction

Study of meso-scale structures, such as streamers and zonal
flows, has been an important subject for understanding
anomalous transport in linear and toroidal plasmas [1].
Recently, a streamer structure was first found in a linear
cylindrical plasma, LMD-U [2]. Its poloidally localized and
radially elongated structure was confirmed by using multi-
channel poloidal probe arrays. In addition, a certain wave
named ‘mediator’, which had the same frequency and poloidal
wave number as the envelope of the streamer structure, was
found to be strongly nonlinearly coupled with drift wave
turbulence and playing an important role for the streamer
formation [3]. The streamer is considered to enhance radial
heat transport and thus a method to control streamers is strongly
required to improve the plasma confinement. In the PANTA
linear plasma device, discharge conditions to observe the
streamer have been clarified [4] and numerical study on the
dynamical transition from the streamer to the other turbulent
state has started [5].

Electrode-biasing experiments have been performed in
tokamaks [6, 7], helical devices [8, 9] and linear machines
[10–14]. The biasing method is considered to be one of
the promising tools to control plasma turbulence through

formations of radial electric field and its shear. Study
of controlling the streamer was performed in the PANTA
device by biasing the end plate. During the end plate
biasing, the streamer was suppressed, the fluctuation level
was reduced, and the electron density profile became more
peaked.

2. Streamers in PANTA

The streamer structure was clearly observed for the first time
in a linear plasma of the LMD-U experimental device [2].
The mediator playing an important role for the streamer
formation was also found, and its two-dimensional phase
structure was analysed [3]. The LMD-U linear plasma
device was modified to the PANTA linear plasma device in
2009 [15, 16]. Both devices have almost the same properties,
only but the axial (z) length of the vacuum vessel was
changed from 3740 to 4000 mm. The inner diameter of the
PANTA vacuum vessel is 450 mm. A linear plasma with
a diameter of around 100–120 mm is created by a radio-
frequency wave (3 kW/7 MHz) at the source region made of
quartz tube with an inner diameter of 95 mm. The peak
electron density and electron/ion temperature of the linear
plasma are about 1019 m−3 and 3 eV/0.1 eV, respectively.

0029-5515/14/114010+05$33.00 1 © 2014 IAEA, Vienna Printed in the UK

http://dx.doi.org/10.1088/0029-5515/54/11/114010
mailto: takuma@artsci.kyushu-u.ac.jp


Nucl. Fusion 54 (2014) 114010 T. Yamada et al

251250 252 253
Time (ms)

Poloidal mode number

P
ol

oi
da

l a
ng

le
 (

ra
d/

2π
)

F
re

qu
en

cy
 (

kH
z)

254 255

0.0

0.2

0.4

0.6

0.8

1.0
(a) (arb. unit) (b) (arb. unit)

(a
rb

. u
ni

t) −0.10

−0.1

−0.05

0.00

0.05

0.10

0.15

0.0
0.1 0 2 4 6 8

−2

0

2

4

6

8

10

10−8

10−7

10−6

10−5

Figure 1. (a) Spatiotemporal waveform (with temporal waveform at θ = 0) and (b) two-dimensional power spectrum of ion
saturation-current fluctuation with discharge conditions; magnetic field of 0.09 T and argon pressure of 0.8 mTorr. Streamer structure is
observed.

The steep electron density gradient at around the radius
r = 30–40 mm produces resistive drift wave instabilities
propagating in the positive poloidal direction θ , which is
the electron diamagnetic drift direction, but the turbulent
regime differs according to the discharge conditions, in our
case, axial magnetic field and filling argon pressure at the
source. In this paper, the ion saturation-current fluctuation,
which reflects the electron density fluctuation, measured with
a 64-channel poloidal Langmuir probe array [17] located at
r = 40 mm and z = 1885 mm, was used for the turbulence
and streamer study. When the magnetic field was under
∼0.03 T, the spatiotemporal waveform of the ion saturation-
current showed a coherent sine wave with a certain single
poloidal mode number. Only a single instability mode with the
certain poloidal mode number appeared in the two-dimensional
(poloidal mode number–frequency) power spectrum. When
the argon pressure was over ∼3 mTorr, the spatiotemporal
waveform became a solitary state, which was a periodic
but distorted sine wave. In this case, the two-dimensional
power spectrum showed a standard coherent mode and its
high harmonics. When the magnetic field was over 0.03 T
(electron/ion gyro radii are 0.14 mm/6.8 mm) and the argon
pressure was under 3 mTorr, the spatiotemporal waveform
became a turbulent regime. Especially when the magnetic field
was around 0.09 T (electron/ion gyro radii are 46 µm/2.3 mm)
and the argon pressure was under 2 mTorr, the fluctuation
was strongly localized in the poloidal direction which means
a streamer structure was appeared in the spatiotemporal
waveform.

Figure 1(a) shows the spatiotemporal waveform of the ion
saturation-current fluctuation at r = 40 mm in the laboratory
frame with the axial magnetic field of 0.09 T and the argon
pressure of 0.8 mTorr. The positive and negative poloidal
direction correspond to the electron and ion diamagnetic drift
directions, respectively. A clear bunching of waves in the
poloidal direction is observed in the spatiotemporal waveform.
While the dominant modes, which are the carriers of the
streamer, have poloidal mode number m = 2–3 and frequency
f ∼ 5–7 kHz and propagate in the electron diamagnetic
direction, the envelope structure of the bunching of waves has

poloidal mode number m = 1 and frequency f = 1.4 kHz
and propagates in the ion diamagnetic direction (at least in the
laboratory frame). Figure 1(b) is the two-dimensional power
spectrum S(m, f ) of the ion saturation-current fluctuation.
The dominant modes in the electron diamagnetic direction are
(m, f ) = (2, 6.8 kHz), (3, 5.4 kHz), (1, 3.4 kHz), (4, 4.0 kHz),
(1, 8.2 kHz), and so on. From figure 1(a), it is clear that modes
(m, f ) = (2, 6.8 kHz) and (3, 5.4 kHz) are the fine structures
in the spatiotemporal waveform and they are the carriers of the
streamer structure. There also exists a large amplitude mode
in the ion diamagnetic direction, (m, f ) = (1, −1.4 kHz). Its
poloidal mode number and frequency agree with the poloidally
localized envelope structure of the streamer, and it is called
‘mediator’ of the streamer formation. The coincidence of
the properties of the mediator and envelope is explained by
the nonlinear couplings between the mediator and carrier
modes. The mediator nonlinearly couples with drift wave
(quasi-)modes such as (m, f ) = (2, 6.8 kHz) and creates
another quasi-modes such as (m, f ) = (3, 5.4 kHz). The two
modes (m, f ) = (2, 6.8 kHz) and (3, 5.4 kHz) make a beat
wave, of which the poloidal mode number and frequency are
the same as the mediator mode.

The bi-phase of the three modes derived by the bi-
spectral analysis indicates the phase difference between the
mediator mode and envelope structure. By recent studies,
the two-dimensional cross-sectional phase structures of the
mediator and envelope were analysed. While the envelope
of the streamer had an elongated structure in the radial
direction, the radial phase profile of the mediator had a
jump at the middle of the plasma cross section. These
features were quite equivalent with a pair of fast and slow
modes predicted by a nonlinear Schrödinger equation based
on the Hasegawa–Mima model [18]. The fast and slow
modes correspond to the streamer structure and mediator,
respectively. Such kind of a streamer structure, accompanied
with a mediator, was also observed in a nonlinear simulation of
drift waves in linear plasmas, using a three-field reduced fluid
model [19].
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Figure 2. Time evolutions of (a) bias current and (b) electron
density at r = 10, 30 and 50 mm when 50 V of bias voltage was
applied. (c) Radial profiles of average electron density and absolute
density fluctuation level in S-mode (black), B1-mode (blue) and
B2-mode (red). Each time is indicated in (a) and (b) with lines.

3. End plate biasing

The meso-scale streamer structure is a radially elongated
structure. Therefore, it is expected to enhance the radial
transport which results in poor plasma confinement. The
quantification of the effect on the plasma radial transport
by streamers is now ongoing, however, in this paper the
suppression study of the streamer is the main topic. The plasma
source region has an inner diameter of 95 mm and the plasma
diameter is around 100–120 mm. We located an end plate
with a diameter of 50 mm, which was no larger than half of
the plasma diameter, near the dead end of the PANTA vacuum
vessel (z = 3950 mm). The positive biasing up to 50 V, which
was the limit of the power supply capability for the current
experimental facilities, was applied to the streamer (S)-mode
(the same discharge condition as figure 1, i.e., magnetic field of
0.09 T and argon pressure of 0.8 mTorr) of the PANTA plasma.
The aim of this experiment was to verify the suppression of the
fluctuation level and destruction of the steamer structure by
inducing a large radial electric field at around r = 25 mm.
The end plate bias was applied from 0.30 to 0.45 s during
each discharge (pulse length was 0.5 s). The bias current
Ib (A) was monitored. The spatiotemporal waveform of the
ion saturation-current at r = 40 mm and z = 1885 mm
was measured with the 64-channel poloidal probe array. In
addition, the electron density and floating potential profiles
were measured with the five-channel radial probe array located
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Figure 3. Bias voltage dependencies of (a) bias current, (b) average
electron density and (c) absolute density fluctuation. (b) and (c)
show data of five radial positions, r = 10, 20, 30, 40 and 50 mm.

at r = 10, 20, 30, 40 and 50 mm and z = 1625 mm, just in
front of the 64-channel probe array.

Figures 2(a) and (b) are examples of the discharge with
the biasing of 50 V, and they show the time evolutions of the
bias current and electron density at r = 10, 30 and 50 mm.
When the bias voltage was 50 V, the bias current took two
values and jumped from one to the other several times during
biasing. The lower value was 5.5 A, which we called the biased
1 (B1)-mode, and the higher value was 8.5 A, the biased 2
(B2)-mode. This phenomenon occurred almost every time
when the bias voltage was 50 V and hardly occurred when
that was under 40 V. For the discharge shown in figure 2, the
plasma shifted to B2-mode immediately after applying the bias
of 50 V at 0.3 s, transited to B1-mode at 0.39 s and remained in
B1-mode until the biasing ended at 0.45 s. The state transition
occurred only once with this discharge, however, usually
the transition occurred several times within one discharge.
Figure 2(c) shows the radial profiles of the average electron
density and absolute density fluctuation in S-mode, B1-mode
and B2-mode. From figures 2(b) and (c), it can be seen that
the average electron density at r = 10 and 20 mm (inside the
end plate region) increased in B1-mode and further increased in
B2-mode, while that at r = 30 mm did not change significantly
and those at r = 40 and 50 mm (outside the end plate region)
decreased. The radial electron density profile became more
peaked in B1-mode compared to the non-biased S-mode, and
became rather more peaked profile in B2-mode. The absolute
electron density fluctuation decreased during the biasing at
all radii, meaning that the electron density fluctuation was
suppressed and the suppression in B2-mode was stronger than
that in B1-mode.

Figure 3 shows the biasing voltage dependencies of the
bias current, average electron density and absolute electron
density fluctuation. As shown in figure 3(a), the bias current
linearly increased until the bias voltage Vb (V) reached 15 V

3



Nucl. Fusion 54 (2014) 114010 T. Yamada et al

401400 402 403
Time (ms)

P
ol

oi
da

l a
ng

le
 (

ra
d/

2π
)

404 405 331330 332 333
Time (ms)

334 335

0.0

0.2

0.4

0.6

0.8

1.0
(b)(a) (arb. unit)

(a
rb

. u
ni

t) −0.10

−0.1

−0.05

0.00

0.05

0.10

0.15

0.0
0.1

Figure 4. Spatiotemporal waveforms (with temporal waveforms at θ = 0) of ion saturation-current fluctuation in (a) B1-mode and (b)
B2-mode.

with the relation Ib = Vb/3. When the bias voltage exceeded
20 V, the bias current reached the electron saturation-current
and was in the range of 5.5–6 A. However, when the
bias voltage reached 50 V, it took two values, i.e., 5.5 A
(B1-mode) and 8.5 A (B2-mode). Similarly to the bias current
response, the average density and absolute density fluctuation
stopped responding after the bias voltage exceeded 20 V but
suddenly jumped when the state transited to B2-mode (see
figures 3(b) and (c)). Without biasing, the absolute fluctuation
levels were 6 m−3, 7 m−3, 8 m−3, 4 m−3 and 4 × 1017 m−3 at
r = 10 mm, 20 mm, 30 mm, 40 mm and 50 mm, respectively.
The fluctuation level was suppressed linearly to the bias
voltage until Vb = 15 V. The absolute fluctuation levels
with Vb = 20 V were suppressed to ∼70% at r = 10 mm
and ∼80% at the other radii. The suppression was almost
constant from Vb = 20 V (B1-mode), but suddenly got strong
to 60%, 50%, 60%, 70% and 70% at r = 10 mm, 20 mm,
30 mm, 40 mm and 50 mm, respectively, in B2-mode. These
observations suggest that the fluctuation was suppressed during
the biasing especially in the centre of the plasma (inside the end
plate region). Although the reason of the transition between
B1-mode and B2-mode is not understood yet, this interesting
phenomenon leads to the future transition studies in linear
plasmas.

Figure 4 shows the spatiotemporal waveform of the ion
saturation-current fluctuation measured with the 64-channel
poloidal probe array at r = 50 mm and z = 1885 mm.
Compared to figure 1(a), the spatiotemporal waveform in
B1-mode shows less features of the streamer structure; the
poloidally localized structure is broken and the waveform is
more periodic. In B2-mode, the poloidally localized structure
disappeared and the waveform was almost in a periodic solitary
state. Now we discuss about the deconstruction of the streamer
structure. The streamer structure is radially elongated and
has a strong radial connection. However, the radial electric
field induced by the end plate biasing cut the radial connection
and disturbed the construction of the streamer. To prove this
hypothesis, the radial floating potential profile was measured
with the five-channel radial probe array at z = 1625 mm. Not
accurate but a rough tendency of the radial electric field
can be derived just from the radial floating potential profile.
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Figure 5. Radial floating potential profiles at axial positions of
(a) 1625 mm and (b) 3625 mm for S-mode (black), B1-mode (blue)
and B2-mode (red).

Figure 5(a) shows the radial floating potential profiles in S-
mode, B1-mode and B2-mode. Just a shift of the floating
potential during the biasing was observed. There is not much
difference in the derivative of the floating potential profiles.
It means that a strong radial electric field was not induced
at z = 1625 mm during the biasing. Then, we focused to
the change in the floating potential near the end plate. The
five-channel radial probe array was moved near to the end
plate. Figure 5(b) shows the radial floating potential profiles at
z = 3625 mm in S-mode, B1-mode and B2-mode. This time, a
strong radial electric field was induced at z = 3625 mm in B1-
mode. Very rough radial electric field at r = 25 mm calculated
from the derivative of the floating potential was −100 V m−1

in S-mode, increased the absolute value to −200 V m−1 in
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B1-mode, but decreased to −100 V m−1 in B2-mode. In this
calculation, flat temperature profile was assumed. (Typical
measured profiles are introduced in [15].) Temperature profile
measurement during biasing is planned for more precise
evaluation. The conclusion is that a strong radial electric
field was induced by the end plate biasing near the end plate
region. The strong plasma potential imposed to the plasma
decayed towards the source region along the axial direction
because of the resistivity of the plasma, so that the induced
radial electric field was not observed other than the end plate
region. However, the radial electric field at the end plate
region deconstructed the streamer structure and since the axial
correlation length of the plasma turbulence was very long (up
to the device size) [4], the streamer structure was broken in all
through the plasma. Thus, interaction between the streamer
and radial electric field by external biasing was studied for the
first time. But a question remains why the radial electric field
in B2-mode decreased as low as the non-biased S-mode.

4. Summary

In summary, end plate biasing was applied to the streamer state
in the PANTA linear plasma. Experimental results showed
(i) new bifurcation phenomenon, (ii) profile steepening and
fluctuation suppression during biasing and (iii) destruction of
the streamer.

(i) New bifurcation phenomenon: The plasma response
saturated when the bias voltage exceeded 20 V (the biased
1 (B1)-mode), however, when the bias voltage reached
50 V, the plasma entered to the biased 2 (B2)-mode and
transited several times between B1-mode and B2-mode
during the biasing. The radial electron density profile
was steepened and the fluctuation was suppressed during
B1-mode, and became much more peaked profile and
the fluctuation was further suppressed when the plasma
entered B2-mode.

(ii) Profile steepening and fluctuation suppression during
biasing were observed. Compared to the non-biased state,
the density profile became peaked in B1-mode and much
peaked in B2-mode. The reduction rate of the density
fluctuation was around 70–80% in B1-mode and 50–70%
in B2-mode.

(iii) Destruction of the streamer: the poloidally localized
structure was broken and became a solitary state during
the biasing. The spatiotemporal waveform became almost
periodic in B2-mode. The radial electric field induced near
the end plate, which is possible to deconstruct the streamer

structure, is changed. However, the radial electric field
itself was not changed at the axial position far from the
end plate because of the plasma resistivity. Since the
axial correlation length was as long as the device length,
the streamer structure was deconstructed all through the
PANTA plasma.

Mechanisms of the electric field on the bifurcation and
streamer destruction have not been clarified yet. Lower radial
electric field in B2-mode than that in B1-mode is not solved.
Further biasing experiments in PANTA would resolve these
issues. Detailed turbulence study on a laboratory plasma is
very beneficial to develop the turbulence control scenario in
the toroidal plasmas.
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