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A gas fueling by supersonic molecular beam injection (SMBI) is successfully applied to ECH/NBI plasma in 
Heliotron J. Although the optimization of this fueling method for the Heliotron J experiment is in progress, 
increase/decrease of electron temperature and its target density dependence are observed for ECH plasma. In a 
combination heating condition of ECH (~ 0.35 MW) and NBI (~ 0.6 MW), the stored energy reached ~ 4.5 kJ, 
which is about 50 % higher than the maximum one achieved so far under the conventional gas-puffing in 
Heliotron J. Two different types of propagation of perturbations in the radiation profile are also observed after the 
SMBI for ECH+NBI plasma.  

 
Keywords: fueling control, supersonic molecular-beam injection, gas-puffing, transport, Heliotron J  

1. Introduction 

The selection of gas fueling method is one of the 
most important factors to obtain a high density and good 
performance plasma from two aspects; (1) the profile 
control of the core plasma density through the controlled 
penetration depth of neutral particles and (2) the 
reduction of neutral particles in the peripheral region. 
Although injection of ice pellets is well known as a 
technique to realize favorable fueling from these aspects 
and used in rather large devices, the system is 
complicated and it is not easy to make a pellet small 
enough for density control in medium or small sized 
devices. On the other hand, a supersonic molecular beam 
injection (SMBI) technique, which has been developed 
by L. Yao et al. [1, 2, 3], is an alternative method to 
obtain the deeper penetration of the neutral particles into 
the core plasma compared to the conventional gas-puffing. 
This technique is considered to be effective especially for 
a medium or small sized device.  

The SMBI technique has been used also for plasma 
diagnostics such as a He-beam probe or gas-puff imaging 
techniques in some fusion devices [4, 5], where the 
amount of the injected neutrals can be suppressed as low 
as possible to prevent the target plasma from being 
perturbed. Recently high-pressure SMBI is examined as a 
fueling method for ECH/NBI plasmas in Heliotron J.  

This paper reports the first SMBI fueling experiment 
in Heliotron J. Although the optimization of this fueling 
method for the Heliotron J experiment is in progress, in a 
combination heating condition of ECH and NBI, the 

stored energy of  ~ 4.5 kJ was recorded, which is about 
50 % higher than the maximum one achieved so far under 
the normal gas-puff fueling condition [6] in Heliotron J.  

2. Experimental Set-up 

The Heliotron J device is a medium sized helical-axis 
heliotron device (〈R0〉/〈ap〉 = 1.2/0.17 m, B0 ≤ 1.5 T) with 
an L/M = 1/4 helical coil [7, 8]. Figure 1 schematically 
shows the arrangement of the heating system, major 
diagnostic equipments and a SMBI system. The initial 
plasma is produced by using the second harmonic 
X-mode ECH (70 GHz, < 0.45 MW, non-focusing 
Gaussian beam) launched from a top port. The hydrogen 
neutral (H0) beam (< 30 keV, < 0.7 MW/beam-line) is 
injected for NBI plasmas using one or two tangential 

Fig. 1 Experimental set-up 
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beam-lines, which are facing each other (BL-1 and BL-2). 
Selecting one of the two beam-lines or changing the 
direction of the confinement field, Co- or CTR-injection 
can be performed.  

A conventional gas-puff system with four 
piezoelectric valves is used to density control in usual 
experiments, which is installed at the inboard side ports 
around the torus at ≈90° intervals (see Fig. 1). In addition 
to this, a SMBI system is equipped on a horizontal port 
(#11.5 port) in Heliotron J. This system consists of a fast 
solenoid valve (the diameter of its orifice is 0.1 mm for 
this experiment.) with a magnetic shield. Although this 
system is introduced to Heliotron J originally for the 
diagnostic purpose such as the gas-puff imaging 
measurement for edge plasma turbulence with a high 
speed video camera [5], by increasing the plenum gas 

pressure (≥ 1 MPa) and the pulse width (0.4-1.0 ms), this 
system is used for the fueling control. Figure 2 shows a 
poloidal cross-section at the SMBI port and a snapshot of 
the tangential plasma view (with no optical filter) at the 
SMBI timing taken at the Thomson port near the SMBI 
port (see Fig. 1). By the SMBI fueling, a bright stripe is 
observed, which seems to be along the field line. Figure 3 
shows an example of the time traces of the ECH pulse, the 
gas-puff control voltage, the intensity of Hα emission at 
the SMBI section (Hα#11.5), the line-averaged density ( en ) 
and the stored energy (Wp) for an ECH plasma with SMBI, 
where the SMBI was fired two times with about 10 ms 
interval, indicated by the rapid increases of the Hα signal.  

3. Experiments and results 

3.1. SMBI for ECH plasma 
The SMB pulse(s) of hydrogen was injected to ECH 

(~ 0.35 MW) deuterium plasmas of different line-averaged 
densities ( en ) under the standard (STD) configuration [8] 
with the reversed magnetic field direction. Here, the 
condition of SMBI was fixed: the pulse width ~ 0.8 ms, the 
plenum pressure ~ 1.2 MPa. The experiment shows that the 
increase of en  after a SMBI pulse ( enΔ ) seems to 
depend on the target density as shown in Fig. 4. Since the 
H-mode transition was observed above a critical density 
and en  uncontrollably increases after the transition [9], it 
is difficult in higher en  region to discriminate between 
the increase by SMBI itself and that due to the improved 
transport. The target density dependence of enΔ observed 
in the low en  region (< 1×1019 m-3), however, suggests 
the enhanced penetration of neutrals outside the plasma 
maybe due to the edge cooling by SMBI.  

The difference in the en −Wp relation between the 
conventional gas-puff and SMBI was not clear for ECH 
plasma with en  well below the cut-off density. Near the 
cut-off density, however, the SMBI fueling seems better 
than the gas-puff from the viewpoint of the accessibility to 
the higher density and stored energy ECH plasma.  

Figure 5 shows the time response of the ECE intensity 
IECE from several channels, which corresponding to the 
different positions. Here the signals of Hα and en  are 
also plotted. For higher target density plasma (~ 0.8×1019 

SMBI

Fig. 2 The poloidal cross-section at the SMBI port (top) and 
a snapshot of the tangential plasma view (without any optical 
filter) at the timing of SMBI (bottom). 
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Fig. 3 Example of time traces of the intensity of Hα emission 
at the SMBI section, the line averaged density, the stored 
energy with ECH pulse and the gas-puff control voltage. The 
vertical dashed lines indicate the timing of SMBI. 
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Fig. 4 The increase of en  after a SMBI as a function of the 
target density (ECH plasma). 
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m-3, Fig. 5 right), IECE decreases after the SMBI pulse for 
all positions, indicating the decrease of electron 
temperature (Te), and gradually recovers to the level before 
the SMBI. The start timing of the decrease in IECE is almost 
the same for all channels, which might indicate some 
non-local phenomena. For lower target density plasma 
(~ 0.5×1019 m-3, Fig. 5 left), IECE also decreases after the 
SMBI for the near side of the SMBI (i.e. the low field side, 
LFS). However, IECE increases for the far side (i.e. the high 
field side, HFS), indicating the increase of Te. Although we 
should take care of a local effect on IECE since the ECE 
section is very close to the SMBI section, the increase of Te 
is interesting. The measurement of Te is necessary at a 
position toroidally well apart from the SMBI section. The 
measurement in more peripheral region is also necessary.  

3.2. SMBI for ECH+NBI plasma 
For the combination heating of ECH and NBI, the 

SMBI fueling is also preferable to produce higher en and 
higher Wp plasmas. Figure 6 shows the time traces of en , 
Wp, Hα and the signals from three channels of a SX-array 
for an ECH+NBI discharge with two pulses of SMBI. Here, 
the experiment was performed under the STD 
configuration with the normal field direction. The 
condition of ECH is almost the same as the experiment 
described in the previous sub-section and only one beam 
line (BL-2, ~ 0.6 MW) is used for NBI, i.e. the Co- 
injection. The first SMBI successfully increased the en  
and Wp, but the effect of the second SMBI was observed 
only on the slight increase of en . The stored energy 
started to decrease before the second SMBI and was not 
increased by the second SMBI. Figure 7 shows the en  
dependence of Wp for the similar ECH+NBI plasmas. 
Under the conventional gas-puff fueling, the stored energy 
are limited at ~ 3 kJ, By using the SMBI fueling, the stored 

Fig. 6 Time traces of en , Wp, Hα and ISX for an ECH+NBI 
discharge with SMBI. 
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Fig. 5 Time responses of IECE for a lower (left) and higher (right) target density plasma. (ECH plasma).  
The intensity of IECE is adjusted to make clear the response for each channel. The middle figure schematically shows the poloidal 
section for the ECE measurement. 
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Fig. 7 The density dependence of the stored energy. 
(ECH+NBI plasma)  are the data obtained with the 
gas-puff fueling and  are the data with the SMBI fueling. 
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energy reached ~ 4.5 kJ, about 50 % higher than the 
maximum value achieved under the conventional gas-puff 
fueling condition.  

Relating to the SMBI effects on the plasma 
performance, propagation of perturbations caused by 
SMBI are observed in a chord-profile of radiation from the 
plasma measured with an AXUV-array. Here, the AXUV 
array with 1μmt-Al filter was used for detection of 
radiation above ~500eV [10]. The discharge condition is a 
combination heating of ECH (~0.35 MW) and NBI (BL-1 
and BL-2) under the STD configuration with the reversed 
field direction. Figure 8 shows the time responses of Hα, 

en , Wp and the normalized chord-profile of the radiation 
measured with the AXUV-array. As shown in the figure, 
we can observe two types of propagating perturbations in 
the radiation profile caused by a SMBI pulse; one is 
pinch-like perturbation near the center and the other is 
expansion observed in the peripheral region. Since the 
radiation is a function of the density and temperature, 
direct measurements of the temperature and density is 
necessary to understand this observation.  

4. Summary 
A gas fueling method with SMBI is successfully 

applied to ECH/NBI plasma in Heliotron J.  
Interesting time responses caused by the SMBI are 

observed: increase/decrease of Te and its target density 
dependence for ECH plasma, two different types of 
propagation of perturbations in the radiation profile caused 
by the SMBI for ECH+NBI plasma.  

In a combination heating condition of ECH and NBI, 

the stored energy reached ~ 4.5 kJ, which is about 50 % 
higher than the maximum one achieved so far under the 
conventional gas-puff fueling condition in Heliotron J.  

In order to understand these interesting observations 
and to make use of these findings for improving plasma 
performance, more detailed studies and the refinement of 
the SMBI tourniquet are necessary. The optimization of 
this fueling technique for the Heliotron J experiment is in 
progress.  
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