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Abstract
Here, we report on role of pre-ionization using non-resonant 2.45 GHz microwave heating
(P2.45 GHz < 20 kW) in plasma start-up of neutral beam injection (NBI) for heliotron
configurations in low beam power (PNB) under non-resonant heating condition. A rapid
electron heating towards burn-through of the low-Z impurities was observed experimentally in
the early phase of beam injection when the seed plasma density produced by the non-resonant
heating was enough for the plasma start-up. Beam heating time to the burn-through increased
with decreasing the seed plasma density and a critical density condition of the seed plasma for
successful start-up was observed experimentally. Proper timing of the gas fuelling is critical
for plasma expansion because the beam fuelling is not significant. A 0-dimensional (0D)
model analysis of the NBI start-up developed in this study well reproduces the experimental
results. The 0D model clarifies the physical mechanism of the NBI start-up using
pre-ionization described as follows: (1) the seed plasma produces sufficient beam ions
immediately after beam injection, (2) the beam ions heat up electrons that promote the
ionization/dissociation of the background neutrals, (3) this process acts as a positive feedback
loop resulting in further electron heating towards burn-through. The 0D model analysis shows
that the critical density corresponds to the state at which the electron heating by the beam ions
is equal to electron power loss due to conduction and ionization/dissociation.

Keywords: NBI plasma start-up, pre-ionization, heliotron configuration
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1. Introduction

Robust and reliable plasma start-up techniques are of
importance not only for the tokamak [1–4] but also in
Heliotron/Stellarator devices [5–7]. The start-up problem
is more prominent in the high-β operation of
Heliotron/Stellarator configurations than in low-β operation.
The plasma β affects the transport characteristics in advanced
Heliotron configurations. The confinement of the trapped
particles improves with increasing β as the mod-B contour
aligns with the flux surface. In quasi-omigenious configu-
ration, such as those in Heliotron J and W7-X [8, 9], the
plasma β influences the degree of symmetry in the poloidal
direction in magnetic coordinates. Therefore, operational
scenario for high-β plasma formation is required to study the
β-effect on the transport characteristics in advanced Heliotron
configurations. In such cases, plasma start-up scheme inde-
pendent of the resonance condition is preferable as the energy
confinement and the plasma β have different dependences on
the magnetic field strength.

Hence, a start-up technique using high energy neutral
beam injection (NBI) has been developed for large helical
device (LHD) [10, 11] and advanced stellarator device W7-
AS [12]. In LHD, which has major and minor radii (R/a) of
3.7 m/0.64 m, NBI based on the negative hydrogen ion source
(beam energy of 100 keV and power of 1.6 MW) was used
for plasma start-up [10, 11]. The NBI start-up in W7-AS was
demonstrated with a NBI power of 1.6 MW at a magnetic field
strength of B = 2.5 T [12]. In both the cases, a good confine-
ment for the beam ions was essential to realize NBI start-up.
In fact, NBI start-up using deuterium beam was difficult in
LHD for B < 1 T, because the decrease in the velocity of the
deuterium beam ions compared to the velocity of hydrogen
ions causes increase in the charge exchange (CX) loss. There-
fore, experimental devices with large major radius and high
magnetic field strength are preferred for NBI plasma start-up.

To fulfil the condition for NBI start-up, the assist tech-
nique for the NBI plasma start-up has been demonstrated in
several Heliotron/Stellarator devices. Target plasmas for NBI
were initiated using ion cyclotron range of frequencies in com-
pact helical systems [13] or lower hybrid waves excited by a
loop antenna in W7-AS [14]. An assessment of NBI plasma
start-up in W7-X has been studied using a 0-dimensional (0D)
model analysis [15]. Because the W7-X device has short beam
path length (0.6 m), pre-ionization was effective to reduce the
plasma start-up time by NBI.

In Heliotron J, a medium-sized (〈R0〉/〈ap〉= 1.2 m/0.17 m)
helical-axis heliotron device with a helical winding coil, we
developed a production method for the target plasmas using
non-resonant 2.45 GHz microwave [16]. This enabled the NBI
plasma start-up even at low NBI power (>0.3 MW), low accel-
eration voltage (<30 kV) and small device size (∼1 m). Our
previous study [17] illustrated the characteristics of seed plas-
mas produced by the pre-ionization technique. The pre-ionized
plasmas with a density in the order of 1017–1018 m−3 has
been produced for a microwave power (P2.45 GHz) more than
3 kW. This exceeded the O-mode cut-off density of the injected
microwave. The energy of the bulk electrons was greater than

the ionization potential of carbon ion (CII: 30 eV) but less
than the ionization potential of oxygen ion (OIV: 80 eV).
The presence of relativistic electrons, which are essential to
the mechanism of the pre-ionization, was confirmed experi-
mentally with the synchrotron radiation and hard x-ray emis-
sion measurements. The relativistic electrons were produced
due to stochastic interactions between the electrons and the
microwave-frequency field [18]. While the characteristics of
the seed plasmas produced by non-resonant heating was inves-
tigated, we did not study the effect of pre-ionization on the
NBI plasma start-up assistance of Heliotron J and its physical
mechanism.

In this study, the relationship between the seed plasmas and
the NBI start-up is investigated. Because the magnetic con-
figuration of Heliotron J is formed before plasma discharge,
the plasma start-up until burn-through for the low Z impurity
and plasma expansion can be explained independently from
the evolution of equilibrium due to the ramp-up of toroidal
current commonly observed in the tokamak start-up. We stud-
ied the essential physical mechanism of the NBI start-up by
focussing on the interactions between the target plasma and
NBI.

The organization of this paper is as follows. In the next
section, the Heliotron J device and the experimental equipment
for the NBI plasma start-up used in our study are explained.
The experimental observations of the NBI start-up with regard
to the dependence of the electron density of the seed plasmas
are described in section 3. In section 4, the calculation results
for the 0D model analysis [19, 20], which has been newly
developed for the NBI start-up with taking the pre-ionization
effect into account, are presented. The analysis reveals the
physical mechanism of the plasma formation by NBI to the
burn-through with assistance of the pre-ionization.

2. Heliotron J device and experimental apparatus

The plasma volume is 0.68 m3 in the standard configuration
of Heliotron J. Two tangential NBI systems (BL1 and BL2)
have a maximum beam power of 0.7 MW each and an accel-
eration voltage of 30 keV. The path length of each NBI is
about 1.6 m. Hydrogen gas is used in the ion source of NBI,
while deuterium gas is used for the plasma fuelling. The gas
fuelling is controlled using the pre-programmed Piezo-electric
valve system. To produce the non-resonant microwave heating,
we use a 2.45 GHz magnetron with the maximum power of
20 kW. The microwave with TE10 mode propagates through
rectangular waveguides and injects directly from the waveg-
uide into the Heliotron J vacuum chamber. The injected
microwave is close to the O-mode oriented in the horizon-
tal direction to the torus centre. A radiometer system in the
frequency range of 58–74 GHz is used to measure the radia-
tion intensity from non-thermal electrons. The intensity of the
impurity line emission of carbon (CIII: 464.7 nm) and oxygen
(OV: 278.1 nm) is measured with two sets of 25 cm monochro-
mator (NIKON: P250) equipped with a photomultiplier tube.
An array of absolute extreme ultraviolet (AXUV) photodiode
detectors measures the spatiotemporal profile of the photon
emission from ultraviolet to x-ray region. The experimental
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data is acquired and stored by the data acquisition system of
Heliotron J.

3. Experimental observations

3.1. NBI start-up scheme in Heliotron J

The NBI plasma start-up discharge in Heliotron J can be
roughly divided into two phases; pre-ionization using non-
resonant microwave heating and the main plasma formation
by NBI into the pre-ionized plasmas. Figure 1 shows the time
evolution of the plasma parameters obtained in a balanced NBI
(25 kV, 0.3 MW) discharge assisted by pre-ionization using the
2.45 GHz microwave (P2.45 GHz ∼ 7 kW).

In the pre-ionization phase, as shown in figures 1(a)–(e),
the microwave was launched when the toroidal electric field
(ETr) was almost zero and the neutral gas pressure at the pump-
ing port was approximately 10−5 Pa. Neither fundamental nor
higher-harmonic electron cyclotron resonance layers existed
for the 2.45 GHz microwaves in the confining region because
the magnetic field strength was 1.26 T at the plasma axis.
During the pre-ionization phase, we observed a high intensity
signal of the radiometer ( f ∼ 70 GHz) and the line-averaged
electron density ne to the order of 1018 m−3. Synchrotron radi-
ation is the main component of the radiation because the opti-
cal thickness calculated by the ray tracing analysis for the
70 GHz electromagnetic wave is approximately 3 × 10−3. The
comparison of the frequency spectrum of the radiation with
the synchrotron radiation model indicates existence of MeV
class electrons accelerated by stochastic acceleration mecha-
nism [17, 18]. For the cases without gas puffing (GP) during
the microwave launch, the electron density was in the order of
1017 m−3.

Although the effect of the toroidal electric field on the pre-
ionization was thought to be limited, initial electrons with suf-
ficient energy were required to start the stochastic acceleration
[18]. Some electrons produced during the current ramp-up of
the helical coil, which was about 700 ms before the microwave
launch, affected the initial condition of the pre-ionization even
though the toroidal electric field was approximately equal to
zero at the microwave heating turned-on. Toroidal current (IP)
of 300 A was observed at the initial phase of the non-resonant
microwave launch. The toroidal current decreased with time
and became approximately zero before the NBI was turned-
on. The formation of the toroidal current by the stochastic
acceleration was not so prominent during the experiment.

The time evolution of the carbon (CIII) and the oxygen
(OV) line emission intensities suggests that large number of
electrons with energies exceeding the CII ionization poten-
tial (∼30 eV) were produced during the pre-ionization phase.
However, the number of the electrons exceeding the ioniza-
tion potential of OIV (∼80 eV) was small. The contribution of
the impurity line emission due to the collisions with the high
energy electrons is considered to be negligible.

The plasma start-up after NBI was further divided into three
phases; promotion of ionization by NBI, burn-through for the
low Z impurities and plasma expansion phase. As shown in
figures 1( f )–(j), the initial electron density at a balanced NBI

(BL1 and BL2) turn-on with total injection power of 0.3 MW
was 0.16 × 1019 m−3 and continuous gas fuelling was applied
before and after the turn-on of NBI. Immediately after the
NBI was turned-on, the electron density and the CIII intensity
started to increase at t = 173 ms. This indicates ionization of
the background neutral gas was promoted by the beam injec-
tion (promotion of ionization by NBI). This was followed by
a small peak of OV intensity at t = 182 ms, indicating the
plasmas were heated rapidly within 7 ms exceeding the radi-
ation barrier (burn-through) for the low-Z impurities. A sig-
nificant stored energy (WDIA) appeared 10 ms after the beam
injection. These observations illustrated that the role of the
pre-ionization in the NBI start-up is to produce the beam ions
effectively in the early phase of the NBI injection even in the
low NB power condition. This contributes to the electron heat-
ing exceeding the radiation barrier. This point will be discussed
using the 0D model analysis for the start-up.

The gas fuelling intensified at t = 193 ms can increase
the electron density more than 1 × 1019 m−3. The radiometer
intensity gradually decreased with an increase in the density.
Because the microwave power was turned-off at t = 180 ms
and the electron density increases after NBI, the high energy
electrons were thought to be dissipated by the collisions of the
background plasmas. Spatiotemporal evolution of the ultravi-
olet light intensity measured with the AXUV detectors repre-
sents characteristics of plasma expansion. The AXUV inten-
sity at r/a < 0.8 increased rapidly after the NBI turn-on. This
means that the plasma expansion for more than the half radius
was achieved within 5 ms after the beam injection. On the con-
trary, a slow plasma expansion for r/a> 0.8 was observed from
t = 180 ms. The plasma expansion depends on the timing of
gas fuelling, which will be described in section 3.3.

3.2. Effect of seed plasma density on burn-through

The seed plasma density at the moment of beam injection
affects the burn-through. Figures 2(a)–(c) show the time evo-
lution of the electron density, OV emission intensity and spa-
tiotemporal profile of the AXUV intensity under the initial
density of 0.35, 0.10 and 0.01 × 1019 m−3, respectively. The
electron density of seed plasma was controlled by changing
the magnetron power and gas fuelling during the microwave
launch [17]. The toal NBI power was 0.3 MW, while the mag-
netron power varied from 5 to 15 kW. The origin of the hor-
izontal axis ΔtNB is determined at the moment of the beam
injection.

For the higher initial density condition as shown in
figure 2(a), a peak of the OV intensity just after the beam
injection was observed. The gas fuelling during the microwave
launch was stopped 7 ms before turning-on NBI. The time
delay between the turning-on NBI and the peak of the OV
intensity (ΔτOV) was 3.7 ms, which represented that the rapid
plasma heating exceeding the radiation barrier was achieved
immediately after the beam injection. A significant increase in
the electron density up to 0.8 × 1019 m−3 was observed, while
the density decreased from ΔtNB = 10 ms because the particle
fuelling from NBI was small and could not sustain the plasma
density.
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Figure 1. Time evolution of plasma parameters obtained in NBI start-up discharge of Heliotron J assisted by non-resonant microwave
heating. (a)–(e) Pre-ionization by non-resonant microwave launch and ( f )–(j) main plasma formation by NBI. The time response of the
neutral gas pressure is in the order of 0.1 s.

Figure 2. Time evolution of NBI heating, gas fuelling (GP), electron density, OV emission intensity and spatiotemporal profile of AXUV
intensity under conditions where initial electron density was (a) 0.35 × 1019 m−3, (b) 0.10 × 1019 m−3 and (c) 0.01 × 1019 m−3. The origin
of the horizontal axis is determined at the moment of beam injection.

As shown in figure 2(b), the increase in the OV intensity
delayed and ΔτOV was extended to 13.8 ms for the low ini-
tial density condition. The density increase after NBI was not
significant as compared with the higher seed plasma density
case. The observation suggests that the electron heating by
NBI reduces with decreasing the seed plasma density, resulting
in the delay of the burn-through. Under a low seed plasma den-
sity condition ne of 0.01 × 1019 m−3 (see figure 2(c)), neither
density increase nor significant OV intensity were observed.
In such the low density case, the NBI start-up was failed under
the beam pulse width.

The delay of the peak timing of OV intensity ΔτOV is plot-
ted in figure 3 as a function of the seed plasma density at the
moment of NBI turned-on. The microwave power was varied
from 5 to 18 kW and the pre-programmed gas fuelling was
changed to control the seed plasma density. The NBI power
was from 0.3 to 0.4 MW. We obtained a clear relation between
the seed plasma density and ΔτOV. The burn-through was
delayed with decreasing the seed plasma density. Because the

burn-through did not occur when the seed plasma density was
below than approximately 0.01–0.03 × 1019 m−3, the plasma
start-up using NBI failed. This means that a critical density
condition of the seed plasmas exists for the successful start-up
using NBI in Heliotron J. These observations will be compared
with the results of the 0D model analysis for the start-up in
section 4 to clarify the physical meaning of the critical density.

3.3. Gas fuelling for plasma expansion

The initial density condition and gas fuelling affect the plasma
expansion. As shown in figure 2(a), the spatiotemporal evolu-
tion of the AXUV intensity for the higher initial density case
(0.35 × 1019 m−3) shows that the plasma expanded rapidly
within 10 ms after the peak of the OV intensity. Therefore,
NBI power effectively heated the plasmas until the plasma
expansion.

For the case of the initial density condition of
0.10 × 1019 m−3, as shown in figure 2(b), the plasma
expansion did not occur until the additional gas fuelling was
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Figure 3. Experimentally observed delay time of OV intensity peak
ΔτOV as a function of seed plasma density at moment of NBI
turned-on. Because ΔτOV for no-build up case cannot be defined,
these data are plotted at ΔτOV = 25 ms. Heating time of electron
temperature up to 90 eV Δτ 90 eV calculated in 0D model analysis is
plotted as dotted-line.

applied at ΔtNB = 14 ms. The beam absorption calculation
for NBI in the Heliotron J shows that the absorbed power
fraction is less than 10% when the electron density is less than
0.5 × 1019 m−3. Although a sufficient heating power is
required for a plasma expansion, the particle fuelling from
neutral beam is not significant to increase the density and
beam absorption. An additional fuelling during beam injection
is effective to occur the plasma expansion.

In the plasma start-up using NBI in LHD, the gas fuelling
at the moment of beam turned-on causes unsuccessful start-
up due to large energy loss via inelastic collisions [11]. As
shown in figure 1, we observed a rapid plasma expansion even
though the gas fuelling was continuously applied under a sig-
nificant seed plasma density condition. This means that the
existence of the seed plasma having significant density can
mitigate the requirements for the neutral gas condition. For the
case at which the initial density was close to the critical one,
on the contrary, the early gas fuelling deteriorates the plasma
start-up using NBI. In such the case, the additional fuelling at
an appropriate stage such as after the burn-through is essential
for achieving the plasma expansion.

4. 0D model analysis

4.1. 0D model for NBI start-up

We developed a numerical analysis code for 0D model of the
NBI start-up to clarify the essential process in the plasma start-
up by NBI taking the pre-ionization effect into account [19].
Detailed description for the analytical code will be presented
in the different paper [20]. The schematic of the code is shown
in figure 4. The 0D model enables simultaneous solution of
the time dependent particle and energy balance equations. The
former represent the fast hydrogen ions (Hf

+) produced by the
ionization process of the neutral beam atoms (Hb), the deu-
terium molecules (D2) from the gas fuelling, the deuterium
molecular ions (D2

+), the deuterium atoms (D) and the bulk

Figure 4. Schematic illustration of 0D model analysis for NBI
plasma start-up.

Figure 5. Calculation result of 0D model analysis for NBI plasma
start-up and comparison to experimental result. Time evolution of
(a) heating and fuelling scheme, (b) electron density, (c) stored
energy, (d) and (e) CIII and OV intensities.

deuterium ions (D+). Moreover, the energy balance equations
represent for the bulk electrons (e) and D+. The time variation
of the fast hydrogen ion density n+

fast is balanced against the
sum of the production term of the beam ions by ionization, the
CX reactions of the beam atoms, the loss term of beam ions
by the CX reactions and the diffusions. In the beam absorption
scheme, the beam path length across the plasma volume was
1.6 m. The diffusion term of the beam ion density was set so
that the beam ion confinement time would be 0.1 s.

The time variation of the electron internal energy is bal-
anced against the power source from the beam ions by the
Coulomb collisions and the cooling due to the electron impact
ionization/dissociation, equipartition, conduction and radia-
tion. The heat conduction term was set so that the energy
confinement time was 5 ms. The penetration by the neu-
tral hydrogen atoms and molecules is not negligible as com-
pared with the plasma size of Heliotron J (∼0.16 m) under
the seed plasma density conditions. Therefore, the penetra-
tion length for deuterium atoms, molecules and molecular ions
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Figure 6. Comparison of densities, temperature and power flow channels calculated by 0D model analysis between (a)–(d) successful and
(e)–(h) unsuccessful NBI plasma start-up cases.

(lD, lD2, lD2+) are determined independently by calculating
the effective cross sections for these particles. The volume for
these particles (VD, VD2, VD2+) are determined based on the
penetration length. Because the ionization/dissociation pro-
cesses is the main term of the power balance during the initial
phase of start-up, the detailed examination of the penetration
length of these particles contributes to the precise estimation of
the power balance for electrons and fast ions in the 0D model.
The volume for the vacuum vessel (VV = 2 m3) and the plasma
(Vp = 0.68 m3) were considered the same as those from the
experimental conditions.

4.2. Calculation results

Figure 5 shows the calculation results obtained by the 0D
model analysis and comparison with the experimental result.
The electron density at the initial condition was set at
0.06 × 1019 m−3 and the beam power and the beam energy
were 0.35 MW and 25 keV, respectively. We observed a good
consistency between the model analysis and the experimental
results. A discrepancy was seen in the CIII intensity at the ini-
tial phase of the beam injection. In the 0D model, the electron
temperature was set to 3 eV and the carbon ion density was
zero at the initial condition. Hence, the CIII intensity was over-
estimated at the initial phase due to the difference in the time
evolution of the carbon ion density with the corresponding
value from the actual experiment. In fact, we experimentally
observed the significant CIII intensity before the beam injec-
tion. Because the electron temperature of the seed plasmas has
not been obtained due to the detection limit of the YAG Thom-
son scattering systems in Heliotron J, an improvement of the
initial condition of the 0D model analysis is future work after
application of electron temperature measurement using impu-
rity line intensity ratio method based on collisional-radiative
model [21]. The time evolution of the OV intensity after the

Figure 7. Schematic illustration of dominant mechanism of NBI
plasma start-up including seed plasma effects.

beam injection agreed with time evolution from the experi-
ment. After the additional gas puffing t = 218 ms, the elec-
tron density and stored energy was increased significantly. The
calculation was continued until the electron density reached
around 1 × 1019 m−3.

Figure 6 shows the comparison of the time evolution of
the plasma parameters and the power flow channels between
the successful and unsuccessful start-up discharges obtained
by the 0D model analysis. The two sets of calculation results
differed in only the initial electron density. For the success-
ful start-up case, the initial density was the same as that of
the figure shown in figure 5 (ne = 0.06 × 1019 m−3), and
0.01 × 1019 m−3 for the unsuccessful cases. In the success-
ful start-up case, a rapid evolution of the electron temperature
was obtained due to the electron heating by fast ions (f → e).
The electron heating power increased with increasing the den-
sity. The promotion of electron heating led to the dissociation
and ionization of the deuterium molecules, molecular ions and
atoms. Furthermore, the electron density increase promoted
the fast ion production and electron heating. These processes
act as a positive feedback loop as shown in figure 7. Hence, the
electron temperature increased up to 90 eV within 22 ms after
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Figure 8. Dependence of electron density at moment of beam
injection on (a) electron density after additional gas puffing and
(b) time derivative of fast ion density and heating power dn+

fast/dt
calculated by 0D model analysis. Hatched region indicates density
range that could not be obtained in the experiment.

beam injection leading to successful plasma start-up. Because
the electron temperature for the burn-through requires approx-
imately 100 eV [2] and the temperature treated in the 0D model
is an averaged value over the plasma volume, the time for
electron heating up to 90 eV can be considered as that for
burn-through.

The heating power transferred from the fast ions to the elec-
trons is mainly utilized by the conduction term and not by
the power losses due to the ionization and equipartition terms.
Therefore, the electron temperature is determined by the bal-
ance of the fast ion heating and the energy confinement of the
electrons. This means that the electron confinement relating to
the machine size or magnetic field strength affects the required
density of the seed plasmas to succeed the NBI plasma start-up.

For the low initial density condition, the electron tem-
perature did not increase because the production of the fast
hydrogen ions remained low. The deuterium molecular density
increased with time indicating that the ionization/dissociation
of the deuterium molecule was low. In this case, the fast ions
lost their energy by the charge exchange reactions to the deu-
terium molecules. The calculation shows that the electron tem-
perature reached the lower limit (3 eV). Finally, the start-up
failed because the positive feedback loop did not occur. Even
without gas fuelling and an extended NBI pulse width, the
electron temperature did not increase. Therefore the plasma
start-up could not be achieved under the condition of the low
seed plasma density.

The 0D model can explain the experimentally obtained
dependence of the seed plasma density on the start-up. The
time required to reach the electron temperature of 90 eV
Δτ 90 eV is plotted in figure 3 as a function of the initial density.
We obtain a good consistency of the delay time between the
observedΔτOV and the simulatedΔτ 90 eV. Note thatΔτ 90 eV is
shortened significantly when the seed plasma density is higher
than 0.1 × 1019 m−3. The result supports that the 0D model
can simulate the physical processes of the star-up until the
burn-through.

5. Discussions

We studied the role of the seed plasmas for the NBI plasma
start-up focussing on the experimentally observed critical den-
sity condition. Figure 8(a) shows the relation between the seed
plasma density at the time of the beam injection (correspond-
ing to t = 194 ms in figure 6) and the electron density 10 ms
after the additional gas fuelling (t = 228 ms in figure 6). The
experimentally observed critical density condition was repro-
duced using the 0D model analysis even though the density
control of seed plasmas was difficult around the critical den-
sity values. The successful plasma start-up was attributed by
the occurrence of the positive feedback loop. As described in
the previous section, the electrons are heated only by the beam
ions. Therefore, the time derivative of the beam ion density
dn+

fast/dt just after the beam injection is a key parameter to
decide the positive feedback loop. As shown in figure 8(b), we
clearly observe that a positive dn+

fast/dt is required for a suc-
cessful plasma start-up. Above the critical density, the heating
power transferred from the fast ions to the electrons begins to
overcome the main power loss which is sum of the conduction
and the ionization term. The electron heating power increases
exponentially around the critical density condition, while the
heating power increases linearly with the seed density when
the initial density is more than 0.02 × 1019 m−3. These results
indicate that the critical density is achieved when the electron
heating by the fast ions is balanced against electron power loss
by conduction and ionization/dissociation.

6. Summary

We studied the process of NBI start-up assisted by pre-
ionization using non-resonant 2.45 GHz microwave heating in
Heliotron J. The experimental study and the comparison with
the 0D model analysis reveal the role of the seed plasmas in
the rapid start-up. The physical processes of the rapid NBI
start-up are summarized as follows: (1) the beam ions are pro-
duced sufficiently to heat electrons by the collisions with the
seed plasmas, (2) the electron heating promotes the dissocia-
tion and ionization of the deuterium molecules, molecular ions
and atoms, (3) as a result, the increase in the electron density
produces the fast ions and further heats the electrons. In the
successful start-up cases, the processes act as a positive feed-
back loop resulting in electron temperature exceeding radia-
tion barrier for the low Z impurities. For the particle fuelling,
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beam fuelling does not increase the electron density effec-
tively. Therefore, additional gas fuelling with proper timing
is required for plasma expansion at low seed plasma density
condition. The key point for the success of the plasma start-up
in the low NBI power condition is to produce the beam ions
by the collisions with the seed plasmas to heat the background
electrons sufficiently in the early phase of the beam injection.
The pre-ionization technique developed in our research will
be useful for NBI plasma start-up in the low power absorption
case such as the perpendicular or deuterium NBI.
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