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1. Introduction

The advanced plasma energy research section aims
to study the properties of high-temperature plasmas to
control and improve plasma energy confinement from
the physical standpoint of nuclear fusion research. The
experimental and theoretical investigations for
optimizing the helical-axis heliotron configuration are
in progress under collaboration with other groups of
international/national institutes and groups of other to
optimize the helical-axis heliotron configuration are in
progress in collaboration with other groups at
international/national institutes and universities under
the auspices of the Collaborative Research Program of
NIFS (National Institute for Fusion Science) and IEA
Stellarator-Heliotron agreement.

In this report, remarkable results obtained in the
Heliotron J experimental study in FY2025 are
reported, focusing on development in the plasma
diagnostic systems with special regard to (1) dual
Doppler reflectometry for radial electric field
measurements and (2) 320GHz interferometer for high
electron density measurement.

2. Dual Doppler reflectometry for radial electric
field measurements

To confine plasma for extended periods,
suppressing vortices that inhibit confinement is crucial.
Vortices are suppressed by shear flow induced by E; x
B drift arising from the shear of radial electric field £;.
In previous research, the E; shear was measured using
a microwave Doppler reflectometer at Heliotron J,
clarifying its existence and dependence on magnetic
islands!. However, no simultaneous measurement
with electron density fluctuations was achieved. In
this study, we have measured shear and electron
density fluctuations in plasmas using the Doppler
reflectometer. We have verified the suppression effect
of vortices by the E: shear by comparing cases with
and without confinement improvement.

Figure 1 (a) shows a schematic diagram of the
Doppler reflectometer system used in this study. The
system employed in this reflectometer uses three
reflectometers, enabling measurement of poloidal
flow at three distinct locations within the same
poloidal cross-section. The dual reflectometers
positioned at the top and bottom of the plasma operate
in the Ka-band (26.5-40 GHz) with O-mode incidence,
while the Doppler reflectometer positioned laterally
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Fig. 1. (a) the schematic of the Doppler reflectome-
ter system, (b) the spectra of the scattered wave in-
tensity signal (proportional to electron density fluc-
tuations) measured by the upper port reflectometer,
and (c) E; profile before and after the transition.

operates in the Q-band (33-50 GHz) with X-mode
incidence.

In plasma experiments, we have measured the E;
distribution and electron density fluctuations in
magnetic field configurations in which the
spontaneous transition occurs, comparing the states
before and after transition. Figure 1 (b) shows the
spectra of the scattered wave intensity signal
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(proportional to electron density fluctuations)
measured with the upper port reflectometer before and
after the transition. After the transition, a slight
decrease in the high-frequency fluctuation component
(above 10 kHz) is observed. Figure 1 (c) shows the E;
profile before and after the transition as a function of
the normalized minor radius p. We clearly observed an
enhancement of E. shear after the transition. The
simultaneous occurrence of enhanced E; shear and
reduced density fluctuation at the same point provides
results consistent with the vortex suppression model
driven by the E; shear.

3. 320GHz interferometer for high electron
density measurement

Precise electron density measurement is essential
for high-density plasma experiments. A single-
channel 320 GHz heterodyne interferometer has been
developed to extend the measurable density range
beyond that of the conventional 130 GHz system?.
However, stable measurement was difficult with the
original optical system because the probe beam
suffered from excessive beam expansion and
truncation loss during propagation, resulting in a low
signal-to-noise ratio and strong sensitivity to optical
misalignment.

Gaussian beam analysis showed that, in the original
system, the beam diameter became nearly equal to the
aperture of the concave mirror on Optical Bench B and
expanded to about 80 mm at the vacuum vessel port
window, although the available aperture of the
window was only 50 mm. To overcome these
problems, the probe-beam optical system was
redesigned by optimizing the optical layout, reducing
the number of flat mirrors, changing the focal lengths
of key concave mirrors, and enlarging the mirror
aperture on Optical Bench B. As a result, the beam
expansion was effectively suppressed, and the
transmission efficiency was improved. The upgraded
system was evaluated wusing Gaussian-beam
simulations and imaging-camera measurements,
which showed good agreement across most
observation points. Using the improved system,
electron density measurements were successfully
carried out in high-density and pellet-injection
discharges. In the high-density regime, the 320 GHz
interferometer measured the density evolution without
phase collapse, whereas the conventional 130 GHz
interferometer exhibited fringe jumps. These results
demonstrate  that the improved 320 GHz
interferometer provides more reliable electron density
measurements in high-density plasmas on Heliotron J.

Figures 2(a) and (b) are Gaussian beam propagation
before and after the optical redesign of the 320 GHz
interferometer. In the original system, excessive beam
expansion caused severe truncation near Optical
Bench B and at the vacuum vessel port window,
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Fig. 2. Gaussian beam propagation simulations; (a)
Before improvement and (b) after improvement.
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Fig. 3. Time evolution of electron densities meas-
ured in a pellet injection experiment.

whereas the improved design suppressed the beam
expansion and improved the transmission efficiency.
Figure 3 shows the time evolution of electron
density measured with the improved 320 GHz
interferometer and the conventional 130 GHz
interferometer in a pellet injection experiment. The
320 GHz system measured the density evolution
without phase collapse, whereas the 130 GHz system
exhibited fringe jumps in the high-density phase.

[1]7Y Kondo, et al., Plasma Phys. Control. Fusion 67
075027 (2025).
[2] P. Zhang, et al., Rev. Sci Inst., 94, 093501, (2023).
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