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Magnetic probe measurement has been performed in a cylindrical electron cyclotron resonance plasma in
which localized high temperature electron region, i.e. high-temperature bubble, has been generated intermittently.
It is found that the high-temperature bubble is accompanied by a pulsed magnetic fluctuation perpendicular to
the external magnetic field. Polarities of the magnetic fluctuation suggest that it should be induced by a transient
upstream electric current. This hypothesis has been validated by a simultaneous increase of electron flux in the
downstream direction. No enhancement of electron flux in the upstream direction has been observed even under
the existence of the bubbles. The result suggests that the electron velocity distribution function in the bubble
should be an asymmetric one, which gives rise to an effective upstream electric current.
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1. Introduction
Intermittent and bursty behavior is a manifestation of

nonequilibrium and nonlinear nature of plasmas, and it is
an important research topic in plasma physics.

Recently, we have reported intermittent generation
of high-temperature bubbles [1] in an electron cyclotron
resonance (ECR) plasma. This phenomenon was first
recognized as spontaneous excitation of sporadic large-
amplitude negative spikes in the floating potential signal
measured with a Langmuir probe [2, 3]. Although floating
potential is generally used as a substitute of space poten-
tial in the case of constant electron temperature, it is also
very sensitive to a change in electron temperature. This is
because the abrupt change in electron temperature breaks
the balance between electron current and ion current flow-
ing into the probe electrode from which the floating po-
tential is determined. In our previous experiment, the
current-voltage characteristics taken by conditional sam-
pling method revealed that the electron temperature inside
the bubble (32 eV) was about three times higher than that
outside the bubble (11 eV) [1]. Higher electron tempera-
ture increases electron influx by thermal diffusion, and the
floating potential becomes more negative to draw more ion
current. Therefore, the negative spikes in floating potential
signal indicate the generation of high-temperature bubbles.

The cross-sectional structure of the high-temperature
bubble can be visualized by two-dimensional measurement
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of floating potential using the high-impedance wire grid
(HIWG) detector [4]. It was shown that the bubble has
a circular cross-section of which diameter defined by full
width at half maximum is typically 30 mm. This result was
also confirmed by a line-emission intensity profile of He I
at 668 nm taken by an ICCD camera, in which the float-
ing potential of a reference Langmuir probe was used as
a trigger signal. The image of He I line emission clearly
showed a circular high intensity region of which diameter
was about 30 mm. It should be mentioned that a similar re-
sult was obtained when the feeding gas was changed from
helium to neon [5]. The high-temperature bubbles have
been observed not only in helium gas discharge but in var-
ious gas discharges such as argon, neon and xenon.

Statistical analysis of floating potential time series re-
vealed the randomness of high-temperature bubbles [6].
The probability density function of the waiting time [7]
that is defined by a time interval between two consecutive
bubble events was well fitted by an exponential distribu-
tion. This result indicates that the bubble is generated at a
constant probability. In other words, the high-temperature
bubble generation is a stationary Poisson process.

We have so far investigated many properties of high-
temperature bubbles by means of electrical measurement
such as Langmuir probes. In order to gain a much deeper
understanding of the phenomenon, magnetic measurement
using magnetic probes should be performed.

In this paper, we report the first observation of
intermittent magnetic field fluctuations associated with
the high-temperature bubbles and discuss the generation
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mechanism of them based on electron flux measurements
using a directional Langmuir probe (DLP) [8]. The ex-
perimental device and diagnostic methods are described in
Sec. 2. The experimental results of magnetic probe mea-
surement are presented in Sec. 3. We discuss the genera-
tion mechanism of the magnetic field fluctuation in Sec. 4.
The conclusion is given in Sec. 5.

2. Experimental Setup
The experiments were performed with the HYPER-I

device [9] at the National Institute for Fusion Science. The
HYPER-I device consists of a cylindrical vacuum cham-
ber (30 cm in diameter and 2.0 m in axial length) and ten
magnetic field coils. A schematic drawing of the HYPER-
I device is shown in Fig. 1. The coordinate system used
in this study is also shown in Fig. 1. The origin of z-axis
is set to the vacuum side surface of the quartz window
for microwave injection, and the origin of x- and y-axis
is set to the center of circular cross-section of the vac-
uum chamber. The plasma is produced by ECR heating
with a 2.45 GHz microwave injected from the high-field
side of the weakly-diverging magnetic field configuration.
The helium gas operation pressure and the microwave in-
put power in this experiment were 1.5 mTorr and 21 kW,
respectively. Under these externally controlled parameters,
the high-temperature bubbles are spontaneously generated
in the plasma. Typical electron temperature outside the
high-temperature bubbles was 10 eV, and typical electron
density 1018 m−3.

A DLP, which was originally developed to measure
angle-resolved ion saturation current, was used to measure
the change of angle-resolved electron flux in the present
experiment, and magnetic probes (MPs) were used to mea-
sure magnetic fluctuations. Figure 2 shows schematic
drawings of DLP and MP. The DLP consists of a tungsten
electrode (1.5 mm in diameter) covered with an alumina
insulating tube (3.0 mm in diameter) of which side surface
has a hole (1.0 mm in diameter) to collect plasma parti-
cles. In order to detect the change in electron flux, the DLP
was connected to the ground through 50Ω resistor to en-
sure frequency response, and the voltage across the resistor
was measured. For the correspondence to change in float-
ing potential, the DLP was not connected to a DC power
supply. In the present experiment, the plasma potential
was +30–40 V, and the floating potential +15–20 V. There-
fore, the DLP received ion current in steady state. How-
ever, when the high-temperature bubble was generated, the
floating potential sharply dropped to a negative value (up
to −20 V) due to an abrupt increase in electron flux even
though the plasma potential remained the same. Then, the
DLP received electron current, and the voltage across the
resistor showed a negative spike, which was used as an
index of high-temperature bubble generation in this exper-
iment. The DLP was installed on a radial port located at
z = 1.175 m. Note that when the hole faces to upstream

Fig. 1 Schematic drawing of the HYPER-I device with a typi-
cal magnetic field configuration. A directional Langmuir
probe (DLP) and two magnetic probes (MP1 and MP2)
are located at z = 1.175 m and z = 1.555 m, respectively.

Fig. 2 Schematic drawings of DLP and MP.

(downstream) direction, the DLP detects electron flux in
the downstream (upstream) direction. The MP has a 100-
turn loop pick-up coil made of polyimide wire of which
diameter is 0.1 mm. The pick-up coil is covered by an
internal stainless-steel tube to prevent damage from heat,
which has a 1 mm slit to allow the magnetic flux to pass
through the coil. The stainless-steel tube is covered with
an alumina insulating tube (8 mm in diameter). Since the
output signal of MP is proportional to the time derivative
of magnetic flux density, the signal should be numerically
integrated when the amplitude of magnetic flux density is
needed. The MP was calibrated by a preliminary exper-
iment using a Helmholtz coil to obtain absolute value of
magnetic fluctuation strength. Two MPs facing each other
were installed at z = 1.555 m.

3. Experimental Results
At first, we measured the z-component (Bz) and y-

component (By) of magnetic fluctuation by setting the nor-
mal vector of the pick-up coil parallel to and perpendic-
ular to the external magnetic field. Figure 3 (a) shows
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Fig. 3 (a) z-component and (b) y-component of magnetic fluc-
tuation measured at x = −20 mm, y = 0 mm. Solid-line
squares (blue online) indicate the positive polarity, and
broken one (red online) the negative polarity.

that no distinct Bz fluctuation was excited in the plasma.
On the other hand, Fig. 3 (b) clearly shows that By fluc-
tuations were excited intermittently with unequal time in-
tervals. Typical amplitude and duration of By fluctuations
were about 40 µT and 10 µs, respectively. These results in-
dicate that the magnetic fluctuations are excited by electric
current parallel to external magnetic field in z-direction.
Moreover, it should be pointed out that the By fluctuations
include a mix of positive (marked by solid-line square) and
negative (marked by broken-line square) polarities as seen
from Fig. 3 (b).

In order to investigate the direction and the positions
of electric current that induces magnetic fluctuations, mea-
surement with two MPs located at x = +20 mm (MP1) and
x = −20 mm (MP2) was performed. Combinations of pos-
sible magnetic fluctuation polarities and conceivable elec-
tric current directions are illustrated in Fig. 4 (a), where +θ-
direction is defined as a counterclockwise direction seen
from the end of the vacuum chamber. Figure 4 (b) shows
the results of simultaneous Bθ measurement with two MPs,
where the detection threshold was set to 9.9 µT. Each quad-
rant in Fig. 4 (b) corresponds to the situation illustrated in
the same quadrant in Fig. 4 (a). Since no data is plotted in
the first quadrant in Fig. 4 (b), it is concluded that there is

Fig. 4 (a) Illustrations of magnetic fluctuation directions and
conceivable electric currents. (b) Relation between Bθ,MP1

and Bθ,MP2, which were simultaneously measured with
MP1 and MP2.

no downstream electric current that induces +θ-direction
magnetic fluctuations for both MPs at the same time. In
addition, as seen from the second and the forth quadrants,
it is more reasonable that the Bθ fluctuations are excited by
upstream electric current because of the disparity of Bθ am-
plitudes. For example, the number of large Bθ,MP1 is greater
than that of Bθ,MP2 in the second quadrant. Therefore, the
electric current must be passing through near MP1, which
agrees with the case of upstream current (the right-hand
side arrow in the figure).

It should be mentioned that the result of Fig. 4 (b) does
not mean the third quadrant case is the dominant one, be-
cause we set a threshold value condition to pick up Bθ data.
When the upstream electric current passes through outside
the MP1 (MP2), Bθ,MP2 (Bθ,MP1) can be small due to the
distance from the current and be smaller than the threshold
value.
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Fig. 5 (a) End-view image of the experimental arrangement.
DLP is located at z = 1.175 m and x = 0 mm. MPs are lo-
cated at z = 1.555 m and x = ± 20 mm. (b) Typical probe
signals associated with a high-temperature bubble.

4. Discussion
From the results shown in Sec. 3, we can build a

hypothesis that the magnetic fluctuations are excited by
transient upstream electric current flowing in the high-
temperature bubble. In order to confirm the hypothesis,
we performed a simultaneous measurement of electron flux
and magnetic fluctuations. The experimental arrangement
of a DLP and two MPs is shown in Fig. 5 (a), where the
hole of the DLP was positioned at x = 0 mm and faced to
upstream so as to detect the change in downstream electron
flux, and two MPs were located at x = ±20 mm. Typical
probe signals of single bubble event is shown in Fig. 5 (b).
The polarities of magnetic fluctuations agree with the sit-
uation illustrated in the third quadrant of Fig. 4 (a). More-
over, a transient increase in downstream electron flux si-
multaneously takes place as seen in the bottom panel of
Fig. 5 (b), which generates an effective upstream electric
current. Although the change in ion flux was not mea-
sured in this experiment, it is not plausible that the ion
flux plays an important role in the current that generates
magnetic fluctuations discussed here. It is because the ion
current measured with a Langmuir probe negatively biased
at −90 V showed no noticeable change under the existence
of the bubbles.

Next, we performed angle-resolved measurement of
intermittent electron flux associated with magnetic fluctu-
ation of which amplitude was larger than 40 µT by rotat-

Fig. 6 (a) Cross-sectional view of DLP and coordinate system.
ϕ is the angle of normal vector of probe surface with re-
spect to z-axis. ϕ = 0 is set to upstream direction. (b) An-
gle dependence of the ratio of number of large amplitude
negative spikes in DLP signal (N_DLP spike) to the number
of large amplitude magnetic fluctuations (N_MP fluctuation).

ing the shaft of DLP as shown in Fig. 6 (a). The vertical
axis of Fig. 6 (b) is the ratio of the number of large ampli-
tude negative spikes in DLP signal to the number of large
amplitude magnetic fluctuations simultaneously detected
by two MPs. The detection threshold for the DLP signal
was set to −30 mV (−0.6 mA). For each angle, the results
of five different 100 ms time series were averaged. The
typical number of large amplitude magnetic fluctuations in
100 ms time series was about 250, and the dispersion was
less than 2%. When the angle ϕ = 0◦, the hole of DLP
faced to upstream so that downstream electron flux can be
detected. Figure 6 (b) clearly shows that all large ampli-
tude magnetic fluctuations were accompanied by large am-
plitude negative spikes in DLP signal. However, there is
no negative spikes, i.e. intermittent enhancement of elec-
tron flux, when the hole of DLP faced to downstream (ϕ
= 180◦) even though the large amplitude magnetic fluc-
tuations were excited. Slight spread of count seen within
± 45◦ is attributable to the aspect ratio of the hole (1 mm in
diameter and 0.7 mm in depth) of DLP. Therefore, we can
conclude that the magnetic fluctuations associated with the
high-temperature bubbles are generated by the enhance-
ment of downstream electron flux that forms an effective
upstream current. This result also suggests that the veloc-
ity distribution function in the bubble is not symmetric one
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but an asymmetric one. Integrating this asymmetric veloc-
ity distribution function gives net downstream electron flux
in the bubble.

5. Conclusion
We have observed magnetic fluctuations that are asso-

ciated with high-temperature bubbles in an ECR plasma
by magnetic probes. Relation between the polarities of
magnetic fluctuations measured with two magnetic probes
suggested that they were induced by upstream electric cur-
rent. Angle-resolved measurement of electron flux using
a directional Langmuir probe has revealed that enhance-
ment of downstream electron flux takes place in the high-
temperature bubble. This flux enhancement leads to an
effective upstream current that induces magnetic fluctua-
tions. Asymmetry of transient electron velocity distribu-
tion function has also been suggested. It is concluded that
magnetic probe measurement in the present experiment has
revealed a dynamic aspect of high temperature bubbles.
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