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In order to study a new method of generating energetic ion, a linear plasma device NUMBER was designed
and constructed. The device consists of a plasma production region and a test region connected axially. The radial
profile of the electron density and the electron temperature were measured using a Langmuir probe. The radius
of plasma is consistent with a field line trace calculation. The time evolution of the ion saturation current [;; was
measured. A high I;; phase accompanied by rapid increase and rapid decrease of [;; was observed. From the
scan of magnetic field in the test region, it is found that the high Ii; phase may be caused by unexpected electron
cyclotron resonance in the test region. The gas pressure is also related to the appearance of the high [js phase.
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1. Introduction

Alpha particles are expected to heat plasma by trans-
ferring their energy. Confining the alpha particles is neces-
sary to keep the high temperature plasma. Therefore, study
on the alpha particle transport is very important in magnet-
ically confined nuclear fusion.

Stellarators have various magnetic field configura-
tions. Therefore it is necessary to investigate the perfor-
mance of the alpha particle confinement on the stellarators
with various configurations. Neutral beam injection (NBI)
is usually used to produce energetic ions. However, since
this method utilizes ionization and charge exchange inter-
action, flexibility of this method depends on the fixed beam
line and ionization point. Therefore, a new method of gen-
erating energetic ions applicable to stellarators, especially
small ones, is required for alpha particle study.

A linear plasma device NUMBER (Nagoya Univer-
sity Magnetoplasma Basic Experiment) was designed and
constructed to develop a new method of generating ener-
getic ions. Target values of the electron density and the
electron temperature are ~ 1 x 10" m™ and ~ 10eV, re-
spectively, corresponding to those achieved in small stel-
larators [1-4]. Other requirements for the device are a uni-
form magnetic field of about 0.3 T and a large (> 0.05 m)
diameter of plasma column. The requirement of magnetic
field strength comes from feasibility studies of the ener-
getic ion production method in magnetic field strength sim-
ilar to that of the small stellarators. The diameter of the
plasma column is determined from the Larmor radius of
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energetic ion, the energy of which is chosen so that nor-
malized energy to bulk ion temperature is the same order
to that in a fusion reactor. These parameters are important
for understanding extraction mechanism of the energetic
ion.

In order to achieve these density, temperature, and
diameter, an overdense plasma production method [5] is
adopted for the linear device. The plasma is produced by
the electron cyclotron resonance (ECR) with a microwave
injected along the magnetic field. While the magnetic field
strength is constrained by a microwave frequency of com-
mercially available power source, 0.0875 T for 2.45 GHz,
the requirement on the magnetic field strength is rather
higher. Therefore a connected linear device, which con-
sists of a lower magnetic field ECR plasma production re-
gion followed by a higher field test region, was proposed.
After fabrication and commissioning was finished, this de-
vice was transferred from Tohoku University to Nagoya
University in the spring of 2016. We started the experiment
from the fall of 2016. To achieve these plasma parameters,
we studied the magnetic field configuration dependence of
plasma production and parallel transport in NUMBER.

2. Experimental Setup

NUMBER has a plasma production region and a test
region. The new method of energetic ion production will
be evaluated in the test region. Dimensions of the vacuum
chamber are 1.8 m in length and 0.2 m in diameter. The fre-
quency and injection power of a microwave power source
for ECR plasma production are 2.45 GHz and 6.0 kW, re-
spectively. To produce the overdense plasma, the magnetic
field in the production region is a magnetic beach configu-

© 2018 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 13, 3401044 (2018)

ration [5]. The magnetic field in the test region is generated
by a ~ 20 kJ capacitor bank while that in the production re-
gion is kept constant by a ~8kW DC power supply. A
steady state plasma is produced and maintained with the
magnetic beach in the production region. When the field is
generated in the test region, it is expected that the plasma
is transported from the production region to the test region
along the field lines. The experimental setup and the mag-
netic field configuration are shown in Fig. 1. The red curve
indicates the magnetic field generated by a DC power sup-
ply. The blue curve indicates the magnetic field generated
by a capacitor bank. The black curve indicates the total
magnetic field. The magnetic field for ECR with 2.45 GHz
microwave, 0.0875 T is shown by an yellow dotted line.
Power supply circuit for generating magnetic field in
the test region is shown in Fig. 2 (a). Two capacitors are
connected in parallel through an inductor, and the switches
are turned on by shifting the timing. Ignitrons are used as
the switches. Time evolution of magnetic field coil current
(Imct) and that of magnetic field strength (Byjcr) in the test
region are shown in Fig. 2 (b). A negative spike (f = 16 ms)
is caused by a stray inductance of crowbar circuit and re-
sults in open of main circuit. Flat top time of the magnetic
field in the test region is about 4 ms, which was defined as
the time that magnetic field strength changes within + 1 %
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Fig. 1 Schematic of the experimental setup and magnetic field
configuration in the NUMBER device.
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Fig. 2 (a) Power supply circuit for generating magnetic field in
the test region. (b) Time evolution of magnetic field coil
current and that of magnetic field strength in the test re-
gion for Vgc = 1600 V.

around the peak. Then 0.3 T of magnetic field is gener-
ated uniformly about 1 m in axial length. When the charg-
ing voltage of capacitor bank (Vgc) is 1600V, the mag-
netic field strength becomes 0.3 T at the peak of waveform
(t = 13 ms). Helium gas is used in the experiment. Opera-
tion pressure is 0.19 Pa, except for a gas pressure scanning
experiment described in Sec. 3.3.

We measured the radial profile of the electron den-
sity and the electron temperature and the time evolution
of the ion saturation current using a Langmuir probe in
the production region (z = 0.57m) and in the test region
(z = 1.53m). The probe diameter and length are 0.35 mm
and 1.0 mm, respectively. To obtain probe voltage-current
characteristics, we applied a 250 Hz sawtooth voltage from
—180V to 50V to the probe. These data were obtained in
different shots for production and test regions to avoid in-
fluence of probe shadow.

3. Results and Discussion
3.1 Radial profile of the electron density and
the electron temperature

To investigate the plasma parameters, we measured ra-
dial profiles of the electron density and the electron tem-
perature at Byicr = 0.3 T as shown in Fig. 3. The circles
and the diamonds indicate the profiles in the production
region (z = 0.57 m) and in the test region (z = 1.53 m), re-
spectively. An overdense, 7. >7.5 X 10'®m™3, plasma was
successfully obtained.

The electron density in the test region was lower than
that in the production region. Typical electron density was
5 x 10" m~ and the electron temperature was 4 eV in the
test region. The radius of plasma estimated from the den-
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Fig. 3 Radial profile of (top) electron density and (bottom) elec-
tron temperature.

3401044-2



Plasma and Fusion Research: Regular Articles

Volume 13, 3401044 (2018)

120 T
100 ::;::/__7‘ f=i= \l\f\ Bttt B v3y oy :
— \\ vessel |

radial position [mm)]

% 60 8o 100
radial position [mm]

Fig. 5 Time evolution of the radial profile of the ion saturation
current (/;s) (a) in the production region and (b) in the test
region.

sity profile was 60 -70mm in the production region and
30-40mm in the test region.

Figure 4 shows the magnetic field lines calculated for
Byt = 0.3 T. The radius of vacuum vessel wall is 100 mm,
so the plasma on the magnetic field lines that spread out
to 100 mm in the radial direction is isolated between the
production region and the test region. The green line rep-
resents the outermost magnetic field line connecting the
production region and the test region. The radial positions
at probe positions (z = 0.57m, 1.53 m) on the green line
are about 70 mm and 40 mm. These are consistent with the
radial profile of the electron density shown in Fig. 3.

Figure 5 shows the time evolution of the radial profile
of the ion saturation current (/;5) in the production region
and in the test region. Here, we discuss the Bycr decreas-
ing phase (f > 13 ms). The phenomenon that the ion satu-
ration current increased between t = =3 ms and ¢t = 13 ms
will be discussed in the next section. As shown in Fig. 6,
the radial position of the outermost field line at z = 1.53 m
spread out with time because the magnetic field strength
in the test region became weaker. Therefore, ion satura-
tion current at r = 40 mm gradually increased, namely the
radius of plasma was expanded. These results indicated
that plasma was transported along the magnetic field as we
expected.

The plasma cross section in the test region becomes
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Fig. 6 Time evolution of the outermost field line.
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Fig. 7 Time evolution of ion saturation current (a) in the produc-
tion region and (b) in the test region. (c) Time evolution
of magnetic field strength in the test region.

smaller than that in the production region. If the plasma
is completely transported along the magnetic field lines,
the electron density in the test region should be larger than
that in the production region. However, these experimental
results show that lower density in the test region than that
in the production region. This is caused by radial diffusion.

The radius r = 40 mm of plasma column in the Byt
= 0.3T test region satisfied our requirement well. The
achieved density and temperature matched to requirements
within a few factors. In the following subsections, charg-
ing voltage and gas pressure dependences are described for
better understanding of plasma production.

3.2 Charging voltage dependence

To investigate the magnetic field configuration depen-
dence of plasma production and parallel transport, we mea-
sured the ion saturation current (/i) in various charging
voltages. The charging voltage of capacitor bank (Vgc)
was varied from 400 V to 1600 V. Figure 7 shows time evo-
lution of the ion saturation current in the production region
and in the test region and that of magnetic field strength
in the test region (Bycr). The ion saturation current in the
test region began to rise gradually at the beginning of a coil
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Fig. 8 Magnetic field strength at the rise/fall time of the high I
phase as a function of the charging voltage.

current pulse. Large increase in the ion saturation current
(high I phase) was observed both in the production and
the test regions except for Vgc =400V case. The duration
of the high I;; phase became longer as the charging volt-
age became higher. The magnitude of the ion saturation
current in the high I phase was unchanged under the con-
ditions of Vgc = 800V, 1200V, and 1600 V. On the other
hand, in the case of Vgc =400V, the high I;; phase was not
observed. In this case, the magnetic field strength in the
test region did not exceed 0.0875T.

Figure 8 shows the magnetic field strength at the
rise/fall time of the high [;; phase, which are determined
by the onset/end of high I;s phase just after/before the rapid
change of I, as a function of the charging voltage. The ion
saturation current suddenly decreased at Byicr ~ 0.0875T
(dashed line) in the Byict decreasing phase. The magnetic
field strength at the rise time became higher as the charging
voltage became higher. This might be because the increas-
ing rate of the magnetic field strength was larger for the
higher charging voltage. The delay of the rise time from
the time that the magnetic field strength exceeded 0.0875 T
was rather shorter for the higher charging voltage.

From these results, we suspected that the electron cy-
clotron resonance (ECR) occurred and the plasma was gen-
erated in the test region as well as in the production region.
From the dispersion relation in cold uniform plasma, mi-
crowave of frequency 2.45 GHz can not propagate in the
condition, in which the magnetic field strength was smaller
than 0.0875T for the electron density, 8.0 x 107 m™.
Therefore, we considered no microwaves propagate be-
yond the ECR position in the production region (z = 0.6 m).
However, from the experimental results, the microwave
seems to be propagated to the test region. There is a re-
port that microwaves can be propagated in a cylindrical
chamber filled with uniform magnetized plasma like in a
coaxial waveguide [6]. In the future, we will investigate
the microwave propagation.

3.3 Gas pressure dependence
Time evolution of the ion saturationcurrent (/i) in the
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Fig. 9 The rise/fall time of the high I, phase in the test region
as a function of the gas pressure.

test region was investigated for various gas pressures from
7.3 x 1072Pa to 6.3 x 107! Pa. These experiments were
performed on the condition of Vgc = 1600 V. It was found
that appearance and duration of the high /;; phase depended
on the gas pressure. Figure 9 shows the rise/fall time of the
high Ii phase as a function of the gas pressure. In the case
of p < 1.1 x 107! Pa, the high I;; phase was not observed.
When the gas pressure exceeded 1.1 x 107! Pa, the high
I;; phase was observed. Up to the gas pressure of 1.9 x
107! Pa, duration time of the high I;; phase became longer
as the gas pressure became higher. For the gas pressure
p > 1.9 x 107! Pa, the time of the high I;; phase became
shorter as the gas pressure became higher. The maximum
duration time was obtained at p = 1.9 x 107! Pa.

From these results, it is found that the gas pressure af-
fects the phenomenon of the high I phase. We studied the
relationship between the ionization collision frequency v;
and plasma confinement time L/C. Here, C and L are the
ion sound velocity and the device length. When L/C; > vi’l,
electrons efficiently ionize neutrals. We assumed the elec-
tron temperature is 4-6¢V, then L/C, and vi’1 are almost
comparable at p = 2 x 107! Pa. The relationship between
these values may possibly be important for whether or not
the high I;s phase occurs.

4. Conclusions

The radial profile of the electron density and the elec-
tron temperature were evaluated using a Langmuir probe
in a connected linear device, NUMBER. In the test region,
an electron density of 5 x 10" m~ and an electron temper-
ature of 4eV were achieved. The plasma was transferred
between the production region and the test region along the
magnetic field lines. A magnetic field configuration depen-
dence and a gas pressure dependence of the ion saturation
current ([;s) were investigated. Rapid increase and rapid
decrease in the ion saturation current (high [;; phase) were
observed both in the production region and the test region.
Possibility of an unexpected plasma production in the test
region is suggested.
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