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1. Introduction 

Nuclear fusion energy has some attractive features 
as a future option for the base-load electrical power 
source and thus magnetic field confinement fusion re-
search is thus being conducted all over the world. To 
realize fusion reactor, there are however several urgent 
issues that need to be resolved, for example (1) im-
provement of plasma energy confinement, (2) en-
hancement of fueling ability. We are tackling these is-
sues by understanding their physical processes by ex-
periment using a magnetic confinement device Helio-
tron J. In the experimental reactor stage, the develop-
ment of plasma diagnostics tools is also an issue for 
understanding plasma physics. 
Results in FY2023 featured in this report are about 

the improvement of confinement in the high density 
plasma produced by pellet injection and development 
of advanced diagnostics. 

 
2. Improvement of confinement in the dense-
plasma 
  In fusion plasma, the power output from the fusion 
reaction is proportional to the square of the density. In 
addition, the higher the density, the better the plasma 
confinement. Therefore, high density is required in fu-
sion plasmas, however, as the density increases, the 
electromagnetic fluid nature of the plasma becomes 
stronger. Magneto-hydrodynamic instabilities excited 
in the dense-plasmas often limit the density and/or 
plasma pressure normalized by magnetic pressure. As 
experiments progress, it has been pointed out that such 
density limitations can be exceeded by controlling the 
density distribution. It is observed that high density 
plasma with a center-peaked profile is maintained sta-
bly. In the gas puffing method, which is a common 
particle refueling method, fuel gas is supplied to the 
periphery of the plasma, making it difficult to form a 
center-peaked profile. In the pellet injection method, 
icy solid hydrogen is injected into the plasma, so that 
the fuel reaches near the center as it ablates, forming a 
peaked density profile. Thus, the achievement of high 
density is closely related to the development of parti-
cle fueling methods. 

We've been performing pellet injection experiments. 
Recently, it is confirmed that the peaked density pro-
file is formed after pellet injection by Thomson scat-
tering diagnostics. In this experimental campaign, it is 

found that the peaked density profile is sustained for a 
long time (about 10 ms which is of the order of the 
energy confinement time). Typical experimental result 
is shown in Fig. 1. The pellet injection at 240 ms in-
creased to 2x1019 m-3 then the density gradually de-
creased. The plasma stored energy decreases after pel-
let injection due to decrease in the temperature due to 
cold electron supply, but suddenly begins to increase 
at 252 ms. The stored energy is an index of the plasma 
energy confinement and thus increase in the stored en-
ergy suggests improvement of confinement. The en-
ergy reached a maximum around 260 ms, at which 
time magnetic measurements indicated that the MHD 
had become active. Behaviors of plasma spatial struc-
ture (radial profile of density and temperature) is pre-
sumable from the spatiotemporal structure of plasma 
emission intensity observed with an AXUV array. Fig-
ure 1(b) indicates temporal evolution of local plasma 
emission estimated by using the Abel inversion tech-
nique. We can see that the emission profile changes 
quickly in the energy rising phase and a profile with 
strong emission in the peripheral is formed just before 

 
Fig. 1 Typical temporal evolution of (a) plasma 
stored energy and (b) radial profile of local plasma 
emission after pellet injection at 240 ms (indicated 
vertical dash line). Vertical solid line denotes when 
the energy rise began. 
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the energy reaches its maximum. Further energy in-
creases can be expected if the mechanism that triggers 
such a change in radial profile is identified.  
 
3. 2D Imaging of Emission and Density of Small 
Pellet Ablation Cloud 

In hydrogen ice pellet injection fueling, the density 
of the pellet ablation cloud, consisting of the bright 
neutral hydrogen cloud surrounded by the high-den-
sity low-temperature plasma cloud, called plasmoid, is 
one of the key parameters to evaluate the fueling pro-
cesses and efficiency. However, conventional spectro-
scopic methods for larger devices, such as LHD, are 
hard to apply to our low-density cloud in Heliotron J, 
which is usually categorized as a medium-sized device. 

In this study, we have designed and developed a 
fast 2D imaging spectroscopy system and have suc-
ceeded in measuring the intensity, density, and tra-
jectory of the ablation cloud of the small hydrogen 
pellet in Heliotron J. 

We measured the 2D image of intensity and den-
sity from the spectral line shape of Hβ at 486 nm using 
a high-speed (10k fps) non-unity magnification 
(300/180 focal ratio) grating spectrometer. The emis-
sion collected from the viewing area, 144 x 144 mm2 
square at the midplane including the pellet trajectory, 
is rearranged using the 2D to linear optical fiber bun-
dle onto the entrance slit of the spectrometer.  

A typical result (shot#82554 ECH+NBI heating) 
shows that the bright "emission cloud", indicating the 
pellet location, traveled along the injection trajectory 
at the speed of around 230 m/s, which fairly agrees 
with the one obtained from the arrayed Hα signal. The 
"density cloud" deduced from the Stark broadening, 
on the other hand,  exhibited different features –– 
elongated along the local magnetic field line having a 
density around 1020 –1021 m-3.  

 
4. Improvement of electron cyclotron emission di-
agnostics 

The electron cyclotron emission (ECE) is one of 
the promising diagnostics to measure electron temper-
ature (Te) with high temporal resolution (0.1 sec). 
The ECE measurement is sometimes disturbed by the 
strong emission at 70 GHz, which is injected into the 
H-J in order to produce plasma by electron cyclotron 
heating (ECH). Thus we installed new antenna far 
from the ECH injection port. As seen in Fig. 3, we use 
the metal lens for focusing the ECE. The Gaussian 
beam width (diameter) is approximately 5 cm. The fo-
cused beam is transmitted through horn antenna and 
WR-15 waveguide to the outside of the vacuum cham-
ber. In the detection system, we have installed new 
front-end for down-converting RF wave in 55-70 GHz 
to intermediate frequency (IF) in 1-16 GHz. The new 
lowpass filter (54 GHz), balanced mixier, Gunn diode 
oscillator (54 GHz), and IF amplifier with 55 dB are 
used to compose the front-end. In the experiment, we 

have compared the new ECE diagnostic with conven-
tional one. We have calculated the cross-coherence for 
signal and 70 GHz ECH noise, and we found that the 
coherence is dramatically reduced in the new system.  
 

 
 
Fig. 2 Design concept of the spectrometer. 

(1) 2D-1D imaging optical fiber array 
(2) Non-unity magnification large aperture 

grating spectrometer 
(3)High speed 2D detector   

 
Fig. 3 Schematic illustrations of new ECE an-

tenna. 
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