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To directly observe an arcjet inside the plasma discharge section, we developed an arcjet plasma device hav-

ing a converging and diverging slit nozzle. Spectroscopic observations in the directions parallel and perpendicular

to the plasma expansion axis were made to examine the characteristics of the arcjet plasma inside the nozzle. In-
tense continuum spectra due to bremsstrahlung were observed at visible and infrared wavelengths, from which
the two-dimensional spatial distribution of the electron temperature was obtained. In addition, the electron den-
sity was determined by using the Stark broadening spectrum; the result indicated that high-density plasma was

generated in the nozzle.
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1. Introduction

Arcjet plasmas have been applied in various scien-
tific and engineering fields [1], such as material process-
ing (welding and cutting) [2], chemical vapor deposition
(CVD) [3], waste treatment [4], and plasma propulsion
[5,6]. For example, arcjet thrusters with a power range
from several hundred watts to 100kW have been devel-
oped for the main engine system of a spacecraft and the
orbital and attitude control of a small satellite.

We have developed various arcjet plasma sources with
axially symmetric structures [7]. High-density helium
plasma expanding through an axisymmetric converging—
diverging nozzle was observed by using a visible spectrom-
eter to estimate the plasma parameters. An analysis of the
continuum and line spectra showed that the electron tem-
perature and density of the expanding plasma were 0.3 eV
and 2.0 X 10" cm™3, respectively, at a position 45 mm from
the nozzle exit [7]. However, in an axisymmetric device,
the arc discharging section in which the thermal arc plasma
is generated cannot be observed directly. Therefore, the
temperature, density, and flow of the arcjet plasmas inside
the nozzle are not well understood. Thus, to observe the
plasma parameters, we developed an arcjet plasma device
having a rectangular converging and diverging slit noz-
zle [8]. By observing the plasma emission, we successfully
derived the electron temperature and density distribution
on the expansion axis. Moreover, we found that the ide-
alized continuum fluid model can be applied to the arcjet
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plasmas. However, the two-dimensional (2D) distributions
of the electron temperature and density are essential for
describing the plasma expansion behavior. Thus, in this
study, the 2D characteristics of thermal arc plasmas inside
the nozzle were examined spectroscopically.

2. Experimental Setup

We developed an arcjet plasma generator having a
rectangular converging and diverging anode nozzle, allow-
ing direct observation of the thermal arc plasma generated
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Fig. 1 Photograph (a) and schematic diagram (b) of the expand-
ing arcjet plasma generator developed in this study.
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inside the nozzle. Figures 1(a) and (b) show a photo-
graph and the schematic diagram of the expanding arcjet
plasma generator, respectively. A pair of molybdenum an-
odes served as the converging and diverging slit nozzle; the
separation between them was 0.5 mm. The cathode was a
needle-shaped rod of cerium tungsten (CeW, ¢ = 2.4 mm).
The throat (constrictor) width and length were 10.0 and
1.0 mm, respectively, and the diverging angle was 30°. An
atmospheric thermal arc plasma was generated between the
anode nozzle and the cathode. The gap length between the
anode and cathode was around 1.0 mm. In this study, the
discharge current and its voltage were 20 A and ~ 20V, re-
spectively, and the helium gas pressure was about 100 kPa
in the discharge region (gas flow rate 12L/min). Quartz
windows were employed as the side walls to constrict lat-
eral gas expansion.

A visible spectrometer with a focal length of 0.5m
was used to examine the characteristics of the expand-
ing arcjet plasma The diffraction gratings were 150
grooves/mm for broadband emission measurement and
1200 grooves/mm for high-resolution measurement. The
detector was a charge-coupled device camera with an im-
age intensifier (ICCD camera). The emission was imaged
by a lens onto the end of a bundled optical fiber with 48
cores. The light through the fiber was again imaged by a
lens onto the entrance slit of the spectrometer. The spec-
tral range observed using this system was A4 = 400-750 nm.
The 2D distribution of the plasma emission was obtained
by moving the focus position onto the fiber by employ-
ing an optical stage. When the emission at wavelengths
above 400 nm was measured, a sharp cut filter was used to
block the second- and third-order spectra. The emission
measurements were made in the directions parallel (obser-
vation axis 1) and perpendicular (axis 2) to the plasma ex-
pansion axis.

2D emission images were also observed using optical
bandpass filters. The spatial resolution was around 13 pm.
As described below, continuum radiation was emitted from
the thermal arc plasma as well as atomic line spectra. To
observe the continuum emission, we chose bandpass filters
corresponding to A = 532, 632, and 690nm (bandwidth:
~ 10nm), where no line emission appeared.

The spectral sensitivity for both emission measure-
ments (spectrometer and bandpass filter) was calibrated by
using standard lamps (tungsten ribbon and xenon discharge
lamps).

3. Results and Discussion

Figure 2 shows typical emission spectra observed at
x=2mm and y = O mm. Here the positions x and y were
defined as the distances from the entrance of the nozzle
throat and from the center of the paired anodes, respec-
tively, as shown Fig. 1 (a). The discharge current was 20 A,
and the diffraction grating employed was 150 grooves/mm.
Intense continuum light spectra as well as line emission at-
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Fig. 2 Visible spectra emitted from He arcjet plasma. Measure-
ment was made at x = 2mm and y = O mm under a dis-
charge current of 20 A and gas pressure of 100 kPa.
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Fig.3 Comparison of the experimental curve with that of
bremsstrahlung radiation (7. ~ 0.29 eV).

tributed to He I transitions were observed. The continuum
spectra probably originated from bremsstrahlung radiation
in the high-density plasma [8]; from these spectra, the elec-
tron temperature could be evaluated. The bremsstrahlung
radiation &(v) is expressed as [9]

o= te T (me )" &
 dx (6np2 \kgTe)  3m?
hy ) 2

X exp(— kBTe)ZZ]nZZ gk 6))

where 7. is the electron density, T, is the electron tem-
perature, kg is the Boltzmann constant, m, is the electron
mass, & is the Planck constant, Z is the charge number, n, is
the density of Z* ions, gr is the Gaunt factor for free—free
transition, and the other notations have the usual mean-
ings. Figure 3 shows the calibrated spectral intensity at
x =0mm and y = Omm. Assuming that the electron tem-
perature is 0.29 eV (~ 3,360 K), a good agreement between
the experimental and theoretical curves was obtained. Fig-
ure 4 shows the 2D electron temperature distribution. The
electron temperature inside the throat was determined to
be 3,000-3,400 K, which was significantly lower than the
values obtained by a numerical simulation (~ 10,000 K).
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Fig.4 Two-dimensional spatial distribution of the electron tem-
perature obtained by analyzing the continuum spectra.
Emission was measured using the spectrometer.

1000K
1500K
2000K
2500K
3000K
3500K
4000K
4500K
5000K

- 500K

6000K

v position [mm|

0% 05 19 L5 20 Z5 30 35 40

x position [mm]

Fig. 5 2D electron temperature distribution obtained by analyz-
ing the continuum spectra. Bandpass filters were used to
derive the temperature.

This implies that we cannot neglect the effect of the line-
of-sight measurement along axis 2. In fact, He I (501.6 nm)
line emission measured from axis 1 showed that the lateral
length of the expanding plasma was around 5 mm.

Plasma emission at A = 532, 632, and 690 nm was also
measured by using bandpass filters. As described in the
previous section, no distinct line emission was observed,
as shown in Fig.2. By the same procedure of tempera-
ture determination as that used for Fig. 3, we derived the
2D temperature distribution (Fig.5). The temperature ob-
tained by the bandpass filter was much higher than those
in Fig. 4. The difference between them could be explained
by temporal variations in the plasma emission during the
measurements. Note that for spectrometer measurements,
it took several minutes to obtain the 2D spatial distribution,
whereas for the bandpass filter, only a minute or so was re-
quired. Observations using the bandpass filter, therefore,
are likely to provide a favorable method of deriving the
electron temperature.

On the other hand, the line spectra at x = 0 mm were
obviously broadened, whereas the line profile became nar-
rower as the distance from the cathode increased. Figure 6
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Fig. 6 Stark broadening spectra of He I 667 nm.
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Fig. 7 2D electron density distribution determined by the Stark
broadening spectrum of He I at 667.8 nm.

shows the He I (667.8 nm) spectra at x = 0 and 4 mm
(y = 0mm). This variation in the spectral profile originated
from Stark broadening, whose line width is described as a
function of electron temperature and density [10]. Here,
the line spectra observed can be expressed by the Voigt
function, which is a convolution of Gaussian (Doppler and
instrumental width) and Lorentzian (Stark broadening) line
shapes. The Stark width AAs of atomic lines is approxi-
mately given by [9]

AA ~2a)[1 +1.75x 1070 *a
x (1 - 0.068n;/6Tg1/2)] x 107"%x,. )

Here, n is the electron density (cm™3), T, is the elec-
tron temperature (K), w is the full width at half maxi-
mum (FWHM) owing 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 listed in reference 10. However, it is well
known that the wing component of the spectral profile is
dominated by the Lorentzian function. Therefore, the wing
approximation was employed to determine the Stark width.
The Lorentzian width of 667.8 nm (He 2p'P-3d'D transi-
tion) emission at x = O mm was Al = 0.33 nm (FWHM).
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By substituting the temperature derived in Fig.5 and the
obtained Stark width into Eq. (2), the electron density was
determined to be ~2.0 X 10'> cm~ at x = 0 mm. Figure 7
shows the 2D electron density distribution inside the an-
ode nozzle, which indicates that high-density plasma was
generated by the thermal arc discharge.

4. Summary

An arcjet plasma generator with a rectangular
converging—diverging slit nozzle was constructed to di-
rectly observe the interior of the anode nozzle. The thermal
arc plasma was characterized by spectroscopic observa-
tions. Intense continuum emission due to bremsstrahlung
radiation was observed at visible and infrared wavelengths.
From the spectral distribution, an electron temperature of
0.29eV (~3,360 K) at the nozzle throat was derived. The
emission was also measured using a bandpass filter to de-
termine the temperature; the resulting temperatures were
higher than those derived from spectroscopic observations.
To determine the electron density, we analyzed the Stark
broadening spectrum relevant to He atoms (667.8 nm). The
density evaluated from the linewidth was as high as ~ 2.0

x 10" cm™3 at the throat.
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