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Abstract. An arcjet plasma generator with a converging and diverging slit nozzle was constructed. This
plasma source allowed us to directly observe the arc plasma in the discharge section, which provided useful
information about a transition from ionizing thermal plasma to recombining phase. Spatial distributions of
the electron temperature and density in the rectangular shaped anode nozzle were evaluated by visible
emission spectroscopy. The temperature and density for a discharge current of 20 A were determined to be
~0.18 eV and ~3.7×1013 cm-3, respectively, at the nozzle throat. These values were compared with those
calculated by the gas dynamic theory based on one dimensional slit nozzle.
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1. Introduction
Arcjet plasmas have been applied to various scientific and engineering fields [1], such as metal processings
(welding and cutting) [2], chemical vapor deposition (CVD) [3], waste treatment [4] and plasma propulsion
[5, 6]. We have developed various arcjet plasma sources with supersonic conical nozzles so far [7]. However,
the arcjet generators have axisymmetric structures, so that the arc discharging section cannot be observed
directly. The temperature, density and flow of the arc plasmas, therefore, have not been well understood
inside the anode nozzle. The observation of the plasma production volume could provide useful
information for long term operation of the arc discharge [8]. The rectangular shaped nozzle with a
converging and diverging section was constructed by Ogiwara et al. [9]. They revealed that the transition
from low voltage mode to high voltage one occurred and the latter mode showed the favorable condition
for high thrust power. However, the details of the characteristics of the plasma parameters and transition
from an ionizing to recombining plasma were not investigated.
We have also developed the arcjet plasma device with a slit shaped anode nozzle. Although we
successfully obtained the variations of the plasma temperature and density on the expansion axis by
emission spectroscopy [8], their two-dimensional (2D) distributions have not been observed so far, which
are very important to clarify the characteristics of plasmas and expansion dynamics. To this end, the
spectroscopic observation was carried out by using a high resolution spectrometer, and 2D spatial
distributions of the temperature and density inside the nozzle were obtained by analyzing continuum and
line emission spectra on He arc discharges. Consequently, the temperature and density were evaluated to be
~0.18 eV and ~3.7×1013 cm-3, respectively, for a 20 A He discharge at the nozzle throat (x=0 mm). The
experimental values obtained were compared with those calculated by the gas dynamic theory for 1D slit
nozzle. The methods to determine the plasma parameters and a comparison between the experimental and
analytical values are described in detail.

2. Experimental Setup
We constructed an arcjet plasma generator that had a rectangular converging and diverging slit nozzle,
allowing to directly observe the thermal arc plasma inside the nozzle. Figure 1(a) and (b) show a
photograph and schematic diagram of the arcjet plasma generator, respectively. A pair of anode made of
molybdenum served as the converging and diverging slit nozzle, and the separation between them was set
to 0.5 mm. A cathode was needle-shaped CeW rod (2.4 mm. The discharge current, voltage and
operation gas are 20 A, 30 V and helium, respectively. In order to examine the characteristics of the
expanding arc plasma inside the nozzle, a visible spectrometer with a focal length of 0.5 m was used. The
diffraction gratings were 1200 and 3600 grooves/mm. The detector was a charged coupled device (CCD)
camera. The emission was imaged by a lens onto an end of optical bundled fiber with 48 cores. The light
through the fiber was imaged by a lens again onto an entrance slit of the spectrometer. The 2D spatial
distribution of the plasma emission was obtained by moving the focus position using an optical stage.
Spectral sensitivity was calibrated by using tungsten ribbon and xenon discharge lamps.

Fig. 1.
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Photograph (a) and schematic diagram (b) of the arcjet plasma generator.
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3. Results and Discussion
3.1.

Emission Spectra of He Arcjet Plasma

Figure 2 shows the typical emission spectra observed for the helium arcjet plasma. The intense continuum
spectra as well as line spectra of neutral helium were observed. In this study, from the continuum spectra
(recombination radiation) and the line spectra (Boltzmann plot) the electron temperature was determined,
while from the line shape (stark broadening spectra) the electron density was evaluated.

Fig. 2.
3.2.
3.2.1.

Typical emission spectra at a He discharge current of 20 A and its voltage of ~30 V.
Electron Temperature
Recombination Radiation

The continuum spectra due to the radiative recombination were observed, by which the electron
temperature can be evaluated. The emissivity of the spectra  is expressed by [10],
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where ne is the electron density, nz is the density of ions, Te is the electron temperature, g and gz are the
statistical weights of the ground state of the atom and He+ ion, respectively,  is the photoionization cross
section for He(1s2), EH is the ionization energy of the H atom,  is the ionization energy from He(1s2), and
the other notations have the usual meanings. The temperature is obtained from the tangent of a straight
line of log  ( )/( ( ) 6 ) plotted against photon energy h. In this study, the transition of He 23P-n3D
series was used (see the gray region in Fig. 1).
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3.2.2.

3

Boltzmann Plot

Among high Rydberg states the condition of local thermal equilibrium (LTE) is fulfilled, so that the
population density n(i) of the i th state is described by the Boltzmann relation [10, 11]:
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where g(i) is the statistical weight of the i th level and E(i) is its excitation energy. By observing line spectra
of He I 2 3P-n 3D up to n = 10, the population densities can be derived. From the slope of log(n/g) against
the excitation energy, the electron temperature is evaluated from the Boltzmann equation.
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3.3.

Electron Density

The line spectra in plasmas are broadened due to various effects. In high-density plasmas, the Stark
broadening dominates over the other effects (resonance and van der Waals ones), and the line width is a
function of electron temperature and density [11]. Here, the line spectra observed can be expressed by a
Voigt function, which is the convolution of a Gaussian (Doppler and instrumental width) and Lorentzian
(Stark broadenings) shapes. The Stark width (full width at half maximum: FWHM), s, for nonhydrogenic atoms is approximately given by the following equation [10, 11]:
1
1
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Here, ne is the electron density (cm-3) and Te is the electron temperature (K),  is the half width at half
maximum (HWHM) due to electron impacts and  is the ion broadening parameter. Since these variables
depend on the temperature, we inferred them for various temperatures by using the values tabulated in Ref.
11. In this study, the Stark FWHM was extracted by fitting the experimental data with the Voigt function.
Here, the line spectrum of He І 438.8 nm (21P-51D) was used, and the instrumental and Doppler (Tg ~0.16
eV) width were 18.6 and 6.7 pm, respectively.
3.4.

2D Distributions of Plasma Temperature and Density

Figure 3(a), (b) and (c) show 2D spatial distributions of the emission intensity (382.0 nm (23P-63D)),
electron temperature and density, respectively. The highest temperature and density at a discharge current
of 20 A were evaluated ~0.18 eV and 3.7×1013 cm-3 at the nozzle throat, respectively. It was found that the
emission intensity and the electron density gradually decreased downstream from the throat. However,
distinct decrease of the temperature was not observed. The reason for this can be interpreted by that we
evaluated the temperature by analyzing the emission spectra integrated over line-of-sight. This implies that
the determination of the local temperature requires the spatial distribution along the slit depth direction.

Fig. 3.

2D spatial distributions of the emission intensity (a), electron temperature (b) and density (c).

Figure 4 shows the comparisons of the electron temperature (a) and density (b) with the analytical curves
along the expansion axis (y=0 mm). Here, the calculated curve is based on the gas dynamics theory for the
expansion through quasi 1D nozzle [12]. The temperature T and density n in terms of the Mach number M
are given by,
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where  is the specific heat ratio. T* and n* represent the values at the throat (M=1) and are set to be 0.18
eV and 3.7×1013 cm-3, respectively. The temperature and density obtained experimentally, however, are not
in agreement with the theoretical curve. Shown in Fig. 5 is the reason for this disagreement. The arc plasma
expands from the cathode tip as shown in Fig. 5(a). On the other hand, the gas flow is considered to be
constant along horizontal direction (see Fig. 5(b)). Thus, the electron temperature and density distribution
could not agree with the values calculated by the simple 1D gas dynamics theory.
*
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Fig. 4.

Comparison of the electron temperature (a) and density (b) with their theoretical curves.

Fig. 5. The difference of expansion flows from the slit nozzle for arc jet plasma (a) and He neutral gas (b).

4. Conclusion
In order to obtain the 2D spatial distributions of the electron temperature and density in the arc discharge
section, the measurement by using visible emission spectroscopy were made. The plasma temperature and
density for He plasma were evaluated to be 0.18 eV and 3.7×1013 cm-3 at the nozzle throat, respectively, by
the continuum and line spectra. The electron density gradually decreased downstream from the throat,
whereas no variation of the temperature was observed. The reason for this could be explained by that the
parameters were derived by the integrated spectra over line-of-sight. The experimental result was compared
with the values calculated by the conventional gas dynamics theory. However, they were not in agreement,
since the plasma expanded from cathode tip to vacuum through the slit nozzle, whereas the neutral He gas
did with the constant flow along the slit nozzle.
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