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Because the sizes of modern fusion devices become larger, plasma heating by
Neutral Beam (NB) at the core region of the plasma requires high beam energy, e.g.,
180keV for LHD [1], 500keV for JT-60SA [2,3], 1MeV for ITER [4,5], and JA-DEMO
[6]. At this energy, range the neutralization efficiency from positive ion drastically
decreases as the energy increase. For example, the neutralization efficiency becomes almost
zero at the energy of 1MeV/amu [7,8]. On the other hand, the efficiency from negative-
ion beam keeps almost 60% in the energy range greater than 200keV/amu. For this reason,
negative-ion based NB are indispensable to heat fusion plasma and drive plasma
current in large—scale fusion plasmas. In future Deuterium(D)-Tritium(T) fusion reactor,
the minimization of port size for NB injection is required in order to maximize the T-breeding
ratio [9,10,11], which must be greater than unity to sustain the D-T fuel cycle. Therefore, the
improvement in the injection efficiency of negative-ion based NB is necessary to minimize the
size of injection port for NB. Because the mechanisms for negative-ion production and beam
extraction are not fully understood, yet, in negative-ion sources, we need to investigate the
behavior of charges particles, especially negative-ions, in the plasma-beam boundary region
of a negative-ion source to improve the performance of the source.

In the vicinity of a Plasma Grid (PG) and in the region between the PG and an Extraction
Grid (EG), the plasma-beam boundary (PB) is formed. PG is the grid, which faces to the ion
sources plasmas and EG is the grid which is utilized to extract beams applying an extraction
voltage between PG and EG. The plasma-beam boundary shape is sensitive to the pressure
from the ion-source plasma and electrostatic pressure from the extraction field applied
between PG and EG. The boundary becomes convex when plasma pressure is high, on
the other hand it becomes concave when electro statice pressure is low [12]. In the case of
positive-ion sources, the shielding mechanism of electric field by electrons plays an important
role in the formation of the boundary. However, this kind of role by electrons might not be
expected in negative-ion source plasma because sometimes almost no electrons exist in the
boundary region due to the formation of ionic plasmas [13] by the enhancement of negative-
ion production at the PG surface [14]. Therefore, we need to investigate the behavior of



charged particles to obtain the understanding on the PB formation in negative-ion source
plasmas.

The PB was mainly studied by particle-in-cell numerical simulation to shows mechanism
of negative ion transport [15,16,17] and indirectly experimented with inverse calculation from
beam target to estimate the shape of PB [18,19,20]. The study gives an essential picture of PB
formation as non-uniform PB is predicted in both results. However, direct confirmation of the
result is essential because no direct experiment has been performed in the PB region. In this
research, we adopted an experimental method to evaluate their behaviors using a
Langmuir Probe (LP) because the method can be applied to various plasma regions where
the probe tip can be reached. We developed a new method to evaluate the negative-ion density
from LP data. Firstly, we compare the developed method to the conventional technique of
negative-ion density evaluation using laser photo electron detachment phenomena from
negative-ions [21,22,23] and check the validity of our new method. Secondary, the developed
new method is applied to investigate the behavior of charged particles in the region inside the
beam extraction aperture of the PG and the region between the PG and EG where we cannot
apply conventional laser aided negative-ion density measurement.

In order to evaluate the negative ion density from the LP-data of the data that is obtained
in the plasma where electrons, negative-ions and positive ions exist, the electron reduction
scheme is developed based on approximated Orbital Motion Limit theory (OML) where
the probe current (I;) in the saturation region can be express as [24];
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*j is indication of species such as — for negative ion, + for positive ion, and e for electron.

Where I; is current produced by the attract particle, n; is the mobility of the species, n; is
the species density, k;, is Boltzmann constant, T; is the species temperature, e is charge
constant, V; is plasma potential, V is probe voltage, a and b describe plasma sheath
characteristic, A is probe area, and m; is a mass of the species. However, when electron
and negative ion currents are comparable, electron temperature is impossible to
evaluate. The OML can further approximated to solve the mentioned problem with thick
sheath assumption that allow factor b~ 0.5 and a~2/v/m [25,26]. In this case, the
temperature term can be canceled out because of square-root function of Bohm velocity and
the saturation current function, which will be described in this section. The current function
for negative ion can be written as shown in eq.2.
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Where [_ is negative ion current, A is the probe surface area, m; is ion mass, T, and
T_ are positive and negative ion temperature. Bohm velocity of negative ions depends
on positive ion temperature. Because probe bias is positive voltage to plasma potential,
shielding mechanism in ionic plasma depends on positive ion. Positive and negative ion
temperatures are assumed to be comparable due to identical between positive and
negative ion and a collision process. The current function of electron can be written as

shown in eq. 3.
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Where I, is electron current, m, is electron mass and T, is electron temperature. The
velocity of electrons does not depend on Bohm velocity as electrons are energetic particles,
and not the majority species. The current function of positive ion can be written as shown in
eq. 4.
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Where I, is positive ion current, y is electron negative ion temperature ratio, and « is
negative ion electron ratio (electronegativity). The positive ion current needs modified Bohm
criteria [27] to express competition between electron and negative ion occurs. Because probe
is biased to negative voltage, electron and negative ion are shielding particle. In negative ion
source, we can assume that a@ >> 1. The benefit of this approximation allow assumption that
I_ and I, are mutually independence due to the same saturation function. The saturation
current we can be write into eq. 5.
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Where I, is negative charged saturation current and Ig, iS positive charged
saturation current, and A, is an electron absorption area. As seen in eq. 5, variable
A, is added because the magnetic field in the ion source affected the probe absorption

of electrons as it introduces cyclotron motion to electron [28]. The ratio% /%is

measured in a non-cesiated plasma where we assume that electrons and negative ion
maintain charge neutrality n, = n,. The measurement is done with 1?2 —V slope ratio as
shown in eq. 6.
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The final step for density evaluation is applying charge neutrality for separate density
information. The charge neutrality is written in eq. 7.

ny=n_+ n, ---(7)

The charge neutrality assumption is applied as it is a general property of plasma. The density
evaluation is written in eq 8.
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The density of positive ion and negative ion is simplified and can simply calculated from
1?2 —V slope which can directly to the 1-V curve from experiment result.

In conclusion, electron reduction scheme consists of 6 assumption

1 OML approximation of thick sheath

2 identical between positive and negative ion temperature

3 modify Bohm criteria

4 high electronegativity of ionic plasma

5 electron ion absorption ratios can be measured in non-cesiated plasma
6 charge neutrality

With the assumptions, electron reduction scheme is constructed to evaluate electron,
negative, and positive ion density [29]. A dedicated experiment is performed in
Research and Development Negative lon Source at the National Institute for Fusion
Science (NIFS-RNIS) [30] to demonstrate the electron reduction scheme and verify

with direct negative ion measurement [29,31].
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After the development of an electron reduction scheme for plasma density
evaluation. Langmuir probe is applied into the PG aperture of NIFS-NBTS. The
probe can produce a map of density and plasma potential through the plasma grid
aperture. Plasma conditions are varied to perform plasma pressure and extraction
voltage scans. The plasma pressure is changed by changing arc power, which will be
affected by increasing of the source plasma density. With this direct measurement,
we obtain plasma parameters at a certain spatial position [32]. The data is measured
in PG aperture of NIFS-NBTS as shown in Fig. 1.
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Figure 1 probe measurement inside the PG aperture of NIFS-NBTS.

Charge neutrality violation is found at PB in downstream side measurement where
the I-V curve appears to have symmetry broken due to higher positive ion density
when the negative ion is extracted. The unusual I-V curve is found in the measured
region. The curve lost the saturation feature which indicates that the plasma density
is very small 10'®* m-* compared to bulk plasma and the velocity distribution function
is distorted. For this reason, the technique to detect the distribution of the 1-V curve
is developed to categorize the usual/unusual 1-V curve and detect plasma potential.
The I-V curve from NIFS-NBTS also has AC ripple from the arc power supply, which
increases difficulty. The technique detects the first derivative of the I-V curve. If
the peak amplitude is smaller than the AC ripple, it is categorized as an unusual 1-V
curve. The curve is in question for density evaluation because most of the Langmuir
probe assumption is invalid. If the amplitude is higher than the ripple the curve is a
usual I-V curve, and the peak position is approximated as plasma potential. The
plasma potential of ionic plasma is different from electron-ion plasma because both
negative and positive particles appear large contributions to distribution in the |-V
curve. The plasma potential in electron-ion plasma is usually obtained from the
5



saturation point of the I-V curve, which is a combination of sheath + plasma potential
[33,34]. But the ionic plasma shows a symmetry |-V curve because both positive and
negative ion sheath potential is the same in opposite potential. For this reason, the
center between the two saturations is plasma potential. The plasma potential is
considered for finding boundary shifting because of the basic definition. Plasma
potential indicates how much electric field penetrated the plasma. The increasing
potential shows that plasma is retracted. If plasma is expanded into the area, the
potential should be the same because plasma is a conductive material.

Voltage [V] Voltage [V]
a) Inflection Potential b) Inflection Potential
40 ‘ 40 |
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Figure 2 Plasma potential profile with different arc power where blue is 70kW arc
power, green 50kW arc power, and red 30kW arc power. a) extraction off and b)
extraction on.

The result of PB measurement confirms numerical simulation that there is a balancing
between plasma thermal pressure and electrostatic pressure from an applied
extraction field. From the plasma potential profile in Fig. 2, the boundary appears to
expand into the downstream side when no extraction voltage is applied and contracts
under an increasing extraction field. The plasma expansion becomes larger when arc
power is increased as plasma potential decreases. Measuring the shape of the beam
boundary is carried out by comparison between different extraction voltages. The
plasma potential and density profile in the xz-plane shows that the plasma-beam
boundary has the influence of a magnetic field inside the ion source and extraction
field, where plasma is shifted according to Lorentz force. Moreover, shifts without
extraction field already appear in the opposite direction to the Lorentz force. This
shifting appears because a negative ion is produced on the PG surface. The negative
ion is magnetized and flows according to its Larmor radius. Therefore, surface on
the negative x-axis side supplies a negative ion to the measured aperture but the
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surface on the positive x-axis side supplies a negative ion to another aperture as seen

in Figure 3.
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Figure 3 Negative ion density profile measurement a) without and b) with
extraction voltage applied and c) density ratio between two cases.

The influence of Lorentz force is confirmed that without a magnetic field shifting
does not appear. This confirmation was done by a dedicated experiment for yz-
plane measurement, where no magnetic field axis perpendicular to the plane is
applied.

The result of the plasma-beam boundary is investigated with a Langmuir probe and
is presented in this dissertation. The measurement and evaluation of negative ion
density by the Langmuir probe and electron reduction scheme are confirmed by direct
measurement of negative ions with photo-detachment Langmuir probe. The result
shows that balancing between plasma thermal pressure and electrostatic pressure
appears as predicted by simulation results. Moreover, the shifting of the boundary
according to magnetic field and electric field is a guide for improving simulation for
more realistic outcome. Although the experiment result cannot identify meniscus as
expected in many simulations results, the beam controlling mechanism is identified
and can be formulated into the analytical formula in the future. For this reason,
researchers can design ion sources for better NBI efficiency. With the improved NBI,
fusion powerplant is easier to realize.
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