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The upgraded millimeter-wave interferometer with the frequency of 70 GHz is installed on a large-scaled
negative ion source. Measurable line-averaged electron density is from 2x10"° to 3x10'®m™ in front of the
plasma grid. Several improvements are carried out for the measurement during the beam extraction with
applying high voltage. The line-averaged electron density is successfully measured and it is found that it
increases linearly with the arc power and drops suddenly at the beam extraction.

I. INTRODUCTION

The understanding of the dynamics of the negative ion and
electron during the beam extraction in the negative ion source is
important not only for the neutral beam injection (NBI) heating in
magnetically confined fusion plasma but also for high-energy
particle accelerator development. The negative ion current
density has been increased by the several intensive efforts'™, and
it will become the order of 100 MW in ITER. In such high power
operation, the accelerated electrons might damage the beam line
components due to heavy heat load. Therefore, the suppression of
electron components is one of the key issues for the fusion
plasma application. For this aim, the electron density
measurement is demanded in the dynamic range of 10" m”.
The Langmuir probe can give the information on the electron
density qualitatively, but it has difficulty in obtaining the electron
density precisely due to the strong magnetic field in the plasma
arc chamber and the contribution of negative ions to the electron
saturation current.

Previously, a 39 GHz millimeter-wave interferometer was
temporarily installed in the test stand of 1/3-scaled negative ion
source for the LHD-NBI system, in order to test the possibility of
electron density measurement near the plasma grid (PG). This
interferometer successfully measured the electron density in the
pure hydrogen in the plasma arc chamber without the beam
extraction voltage’. In order to measure the electron density with
higher sensitivity during the high voltage applied operation, the
millimeter-wave interferometer system needs to be modified.

The performed configuration in negative ion source’ is
shown in Fig. 1. The ion source is a cesium-seeded volume-
production source. An arc chamber has dimensions of 220 mm x
350 mm in cross section and 700 mm in height, which is
surrounded by a strong cusp magnetic field of 0.2 T. The external
magnetic filter is generated as a transverse magnetic field in front
of the PG by a pair of permanent magnet rows facing each other
with a separation of 350 mm. The filter magnetic field strength is
around 6 mT at the center. Two cesium ovens are attached to a
back plate of the arc chamber. The most important area for
negative ion production is in front of the PG. In order to observe
plasma parameters and their behaviors, a diagnostic flange is
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installed between the arc chamber flange and the PG flange. A
cavity ring-down method®, a spectroscopy’, and Langmuir
probes’ also have been installed in this flange.

In this paper, we describe the upgraded millimeter-wave
interferometer system in section II. In this upgrade, we have
changed the following: (1) the diagnostic flange width enlarges in
order to make the wider space in front of the PG. The center of
the diagnostic flange is 18 mm far from the PG; (2) The in-vessel
launcher/receiver antennae are changed to the conical horn and
the higher probing frequency is utilized, in order to make a
narrower probing millimeter-wave beam shape for the reduction
of interaction with the PG; (3) The higher phase sensitivity is
achieved even in such a higher probing frequency; (4) The
insulation against the applied high voltage of 80 kV to the
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FIG. 1. (Color online). Schematic of cross section of arc
chamber (350 x 220 mm). The traveling path of millimeter-
wave is around 350 mm and the line of sight is around 18
mm far from the plasma grid surface. In order to protect the
charging when the operation of high voltage is applied to the
negative ion source, the Teflon rod as an insulator is inserted
into the waveguide transmission line. The bottom figure
shows the calculated propagating beam pattern.



negative ion source is inserted into the transmission line. Then,
the experimental results are presented in section III. Finally, in
section IV we draw the summary.

Il. MILLIMETER-WAVE INTERFEROMETER

We have constructed the super heterodyne millimeter-wave
interferometer system for electron density measurements in the
negative ion source as shown in fig. 2. A microwave dielectric
resonator oscillator (DRO) which frequency is 17.5 GHz (fy) and
output power is 13 dBm is used as a probe source, because it has
a low phase noise and its harmonics are less than 40 dB. Before
the plasma launching, a single-side-band (SSB) modulation is
applied to the probing wave. The SSB modulator, which is driven
by a 17.5 MHz (f;,) direct digital synthesizer (DDS), shifts the
frequency of the reference signal for heterodyne detection. The
suppression levels of the image sidebands are less than -25 dB in
this system as shown in Fig. 3. For the plasma probing, the
output frequency is quadrupled by the active-multiplier up to
69.930 GHz as a probe signal and 70.000 GHz as a reference
signal. The probing millimeter-wave is traveling through the V-
band rectangular waveguide which total length is around 7 m and
launching from the conical horn, which is installed in the arc
chamber through the vacuum window. The launching millimeter-
wave passes the plasma and is received in the opposite horn. For
the protection of the diagnostics system from the biased electric
high voltage to the negative ion source, the electric insulator is
necessary. Two Teflon rods (4 mm diameter and 250 mm length)
and 100 pum Mylar sheets are used for this aim. The insulation
characteristic of Teflon is 20 kV/mm and that of Mylar is 150
kV/mm. Especially, a Teflon rod is used as a dielectric
waveguide. The tip of the rod is slightly sharpened and fitted into
a V-band waveguide. Therefore, the insulation is sufficient in the
current experiment in the negative ion source. In addition, the

total transmission loss is around -30 dB including these insulators.

The receiving signal is led to the mixer and down-converted.
A super heterodyne technique is adapted in order to compensate
for the drift of the source frequency and promise the accurate
phase measurement. Because the phase comparator outputs the
phase difference between the probe and reference signals, the
stable and accurate frequency is essentially required. The
intermediate frequency (IF) is at first 70 MHz, and after the
multiple down-conversion by several local oscillators which
frequencies are 16.0, 1.0, and 0.9 MHz it is finally 100 kHz. A
pair of down-converted 100 kHz signals are fed to the digital
phase comparator. The digital phase comparator, as shown in Fig.
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FIG. 3. Frequency spectrum of single-side-band modulating
output.
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FIG. 2. Schematic of millimeter-wave interferometer system.

4, which logic is based on the former analog phase comparator'®
! is utilized by the field-programmable gate array (FPGA) board
(XILINX Spartan-3) for replacing from the analog phase
comparing part to a time-to-digital-convert counter in this time.
This digital phase comparator is driven by the internal 192 MHz
clock frequency and its phase resolution is around 1/1920 fringes.
The output of the phase comparator is +5 V/fringe and the
resolution of output is around 5 mV. In the results, the resolution
of line-averaged electron density is 1.5 x 10"* m™. In addition, the
IQ phase detection is also available in this heterodyne system. A
pair of 70 MHz IF signals are divided and led into the 1Q detector.
The outputs of the phase comparator and the IQ detector are
acquired by the data acquisition system, for which the sampling
rate is 50 kHz.

lll. EXPERIMENTAL RESULTS

The interferometer is operated to measure the line-averaged
electron density during the arc discharges. The millimeter-wave
can pass through the plasma in front of the PG surface. Here, the
electric field of the millimeter-wave is perpendicular to the PG.
The phase difference (Adp) between both probe and reference
signals is expressed by

Ap=ko(1—p)L~kon,L2n, . (1
Here, ; is the line-averaged refractive index, Z is the line-

averaged electron density, L is the line of sight, and n. is the
cutoff density of the probing frequency. In the assumption of L =

0.2 m, the line-averaged density E:2.6><1018 m*/fringe. In

addition, the direction of the magnetic field of the filter magnet in
the arc chamber is parallel to the line of sight. The effect of the
magnetic field is considered. In the case of the absent magnetic

— 0.5
field, p= (1 - a)lz,e /a)z) as an ordinary wave. In the case of the

. — P _ 0.5
present magnetic field, up; = l—a)pe/a)(a)+a)ce) as R-
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FIG. 4. (Color online). Photograph of digital phase comparator.

wave or L-wave. Here, @, and @, mean the electron plasma
frequency and cyclotron frequency, respectively. In Fig. 5(a), the
estimated phase differences in three cases are plotted. Each
calculated value is very close because the magnetic field strength
is not so large. Figure 5 (b) shows the ratio of R-wave to ordinary
wave and L-wave to ordinary wave as the indicator of error. The
discrepancy is less than £0.3% and is much smaller than the
system environment noise. Therefore, the line-averaged electron
density is estimated by Eq. (1) in this experiment.

Figure 6 shows the typical waveform of an arc discharge. In
this discharge, the arc power increases quickly and then gradually
up to around 50 kW. The line-averaged electron density increases
similarly to the arc power before # = 10.8 s. During # = 10.8 —
11.8 s, the beam extraction voltage is applied, and it is clearly
found that the line-averaged electron density rapidly rises. In an
earlier experiment, the negative ion density has shown a different
response to the extraction voltage and has rapidly fallen'.
Therefore, we can now analyze the negative ion density ratio R (=
ny /(ne+ ny’)) with high accuracy.

IV. SUMMARY

The upgraded millimeter-wave interferometer is installed in
1/3-scaled negative ion source of LHD-NBI system to measure
the electron density near the plasma grid during the negative ion
beam extracting condition. The probing frequency is up to 70
GHz and super-heterodyne phase detection system is constructed
by using an SSB modulation technique. The probing millimeter-
wave beam shape is improved by the in-vessel conical horn
antenna and wider diagnostic flange. The electrical insulator
against the high voltage applying to the negative ion source can
protect the diagnostic system. The high phase resolution of
1/1920 fringe is achieved by using a digital phase comparator.
Then, the line-averaged electron density is successfully obtained
by the upgraded interferometer system.
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FIG. 5. (Color online). (a) Calculated phase difference as a
function of electron density. In each calculation, it is assumed
that the polarization is ordinary mode (red solid line), L-wave
(blue dotted line), and R-wave (green dashed line). (b) The ratio
of R-wave and ordinary wave (blue dotted line), and that of L-
wave and ordinarv wave (red <olid line)
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FIG. 6. Temporal behavior of the input power to arc chamber
(top) and the line-averaged electron density (bottom). After
t=10.8 s (hatching area), high voltage is applied to extract the
negative ion beam.
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