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An arcjet discharge device with a rectangular-shaped converging and diverging nozzle has been 

developed, which allowed us to optically observe high density plasmas inside the anode nozzle. 
Spectroscopic observation along the plasma expansion axis was carried out to examine the 
characteristics of the arc plasma inside the nozzle. Analyzing the intense continuum and line emission 
spectra, we successfully obtained the spatial variations of electron temperature and density. Moreover, 
it was found that two dimensional optical measurement was of great use in visualizing the transition 
from the atmospheric thermal plasma to strongly non-equilibrium recombining phase due to an 
adiabatic expansion.  
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1. Introduction 
Atmospheric thermal plasmas have been extensively studied for applications in various engineering 

and scientific fields [1]. One of the thermal plasmas, an arc plasma expanding through a converging 
and diverging nozzle with Laval or conical shape is expected as a compact electrothermal engine and 
thruster [2]. According to the theory of compressible flow dynamics, an enthalpy of hot gas is 
converted into the directional kinetic energy due to an adiabatic free expansion into vacuum [3], and 
thus the electric propulsion with a high specific impulse can be realized. Arcjet thrusters with the 
power range from a few hundreds W to 100-kW class have been developed for the main engine system 
of a spacecraft and the orbital and attitude control of a small satellite so far [4]. 

In addition, the arcjet plasma operated with reactive gases has also attracted a great deal of interest 
in chemical vapor deposition (CVD) [5]. For example, hydrocarbon/hydrogen/argon arc plasma 
could provide an ideal environment for synthesis of diamond film with high quality [6]. Since the 
diamond growth rate on the substrate is given by a complicated function of plasma parameters, such 
as plasma density, temperature and gas pressure, much effort has been devoted to establish an 
optimal condition for the efficient deposition. 

On the other hand, a stationary plasma generated with a direct current (DC) modified arc discharge 
has served as a powerful source for the research of atomic and molecular processes. In particular, 
rapid plasma cooling due to collision of high density plasma with the ambient gas can create a non 
equilibrium recombining plasma and provide a favorable condition for population inversions. In fact, 
a formation of stationary inverted population between n=2 and 5 levels of He+ ion, which is capable 
of generating a lasing action for a continuous vacuum ultraviolet (VUV) laser, was demonstrated in 
TPD device [7, 8]. In addition, Akatsuka et al. demonstrated that for hydrogen plasmas the large 
population inversion relevant to n=3-4 transition was produced in the magnetically trapped expanding 
arcjet plasma [9, 10]. Meanwhile, the plasma with the high enthalpy flow generated by arc type 
discharge has been used for fundamental research of a magnetically confined fusion plasma, e.g., the 
study of recombination process occurring in the divertor/edge region [11, 12], where the plasma facing 
component will be exposed to the significantly high heat flux diffusing from the core region [13, 14].  

Recently, we developed the compact DC arcjet plasma source for fundamental studies on arcjet 
thrusters and atomic and molecular physics in plasmas [15]. The high density He plasmas expanding 
through the converging-diverging conical nozzle were observed with a visible spectrometer. The 
analysis of continuum and line emissions from Rydberg states showed that the expanding plasma had 
the electron temperature of 0.3 eV and density of 2×1015 cm-3 at the position of 45 mm from the 
nozzle exit. Moreover, the dynamics of the plasma expanding from the anode nozzle was investigated 
by a shadowgraph method, indicating that the thermal pinch effect came into play. However, the direct 
measurements of the interior of the anode nozzle could not be accomplished. Although the line-of-sight 
observation from the end viewport was also performed to deduce the plasma parameters inside the 
nozzle, the spectroscopic analysis yielded only the averaged plasma density and temperature over the 
expansion axis.  
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The direct observation of the arc discharge section is essential to understand the ionization and 
recombination processes and expansion dynamics. In fact, the two dimensional (2D) low power DC 
arcjet apparatus was developed to investigate the discharge behavior and its relation with thrust 
performance on the electric propulsion system [16]. It was found that two different discharge modes, 
that is, high voltage stabilized mode and low voltage unstable mode, occurred and this transition was 
closely correlated with the arc discharge channel around the nozzle throat (constrictor). On the other 
hand, the process of the electrode deteriorations due to melting, erosion and evaporation of the material 
should be clarified for a reliable long time operation of the arc discharge. Moreover, the transport of 
impurity originating from the electrode material is also important subject to improve the quality of 
CVD films. 

In this study, an arc discharge device with a rectangular-shaped anode nozzle has been developed, so 
that we can observe the 2D emission profile of thermal arc plasmas generated inside the nozzle. In 
order to examine the characteristics of arcjet He plasmas, first, spectroscopic observations along the 
expansion axis were conducted with a visible spectrometer. From analysis of continuum and line 
emission, we successfully obtained the spatial variations of electron density and temperature. On the 
other hand, 2D emission measurements using optical bandpass filters were also performed to visualize 
the phase transition from the atmospheric thermal plasma to non-equilibrium recombining plasma. 

 
2. Experimental Setup 
2.1. Arcjet discharge device with the rectangular nozzle 

Figures 1(a) and (b) show a photograph and schematic diagram of the expanding arcjet generator, 
respectively, which has been developed to directly observe the thermal arc plasma generated in the 
nozzle. A pair of molybdenum (Mo) anode was installed in the discharge assembly with a separation of 
0.5 mm, which served as a converging-diverging slit type nozzle for the jet expansion. The throat width 
and length were 10.0 and 1.0 mm, respectively, and the diverging angle was 30°. Quartz windows were 
employed as the side walls to constrict the lateral gas expansion. 

The high density He arc plasmas were generated between the anode and a needle-shaped cathode 
(cerium tungsten (Ce/W) rod). The gap length between the anode and cathode was set to be 1.0 mm, 
and the discharge current and voltage were up to 50 A and ~20 V, respectively. The gas pressure at the 
discharge section was around 90 kPa. With the help of large pumping system to evacuate the residual 
gas, the pressure in the expansion chamber was kept to be less than 5 kPa. This enables the arc plasma 
to undergo the adiabatic expansion, resulting in the production of high density and low temperature 
recombining plasma in the downstream from the nozzle throat [8].  
 
2.2. Spectroscopic observation 

In order to characterize the arcjet plasmas and investigate the expansion dynamics, first, the 
spatially-resolved emission spectra along the expansion axis were measured by using a 0.5-m visible 
spectrometer (gratings: 150 or 1200 grooves/mm). The detector was a charged coupled device (CCD) 
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camera with an image intensifier. The plasma was imaged by a quartz lens onto an end of optical 
bundled fiber with 48 cores. The transmitted light through the fiber was imaged by a lens again onto 
an entrance slit of the spectrometer. Spectral range observed using this system was λ=250-750 nm. 
Figure 2 shows a schematic diagram of the spectroscopic observation. When the emission above 400 
nm was measured, a sharp cut filter was used to block the second and third order spectra. Spectral 
sensitivity of the whole optical system was calibrated by standard lamps (tungsten ribbon and xenon 
discharge lamps). The resolution of the optical system was determined by measuring a He-Ne laser 
spectrum (λ=632 nm). Given that the instrumental function can be expressed by a Gaussian shape, 
we obtained the width of 58 pm (full width at half maximum: FWHM) for the grating of 1200 
grooves/mm and slit width of 10 μm.  

On the other hand, 2D images at selected wavelengths were observed with optical bandpass filter 
and a CCD camera. The spatial resolution was around 23 μm. As described later, the continuum 
radiation as well as He line spectra was emitted from the arc plasma. To distinguish these 
components, the bandpass filters having the design wavelengths of λ=615 and 587 nm (bandwidth: 
~2 nm) were used for the measurements of continuum and He atomic spectrum, respectively. 

 
3. Results and Discussion 
3.1. Continuum radiation and determination of plasma temperature 

Figure 3 shows the UV and visible spectra observed at the position of x=3 mm. Here the position 
x is defined as the distance from the cathode, as shown in FIG. 1(a) and FIG. 2. The discharge 
current was 50 A, and the low dispersion grating with 150 grooves/mm was used. As clearly seen, the 
intense line spectra that can be assigned to He atomic emissions were observed, while continuum 
radiation was also emitted and the intensity significantly increased with decreasing photon energy. 
For relatively dense plasmas, the expected origins of continuum emission concern the 
bremsstrahlung and radiative recombination [17, 18]. Note that for optically-thick limit the 
bremsstrahlung emission can be described by the Planck radiation law (see below). 

The spectral intensity I (ν, z) at the frequency ν and the position z is given by solving the equation 
of radiative transfer [18]: 

 
d ,

d , , , (1) 

 
where ε (ν, z) and κ’(ν, z) are the emission and absorption coefficients, respectively. If we consider 
that the plasma extends between z=0 and z=z0, the solution with the boundary condition of z=0, 
I(ν,0)=I0(ν), is given by, 

, exp , d ε ν, exp , d d  . (2) 
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For a homogeneous plasma, we obtain the following equation: 
 

,
ε ν

1 exp . (3) 

 
On the other hand, if the bremsstrahlung dominates the continuum radiation, the emission coefficient 
follows from Kramers’ calculation as [17]: 
 

ε ν 4π
2

6π B
exp

B
 , (4) 

 
where ne is the electron density and Te is the electron temperature, kB is the Boltzmann constant, me is 
the mass of electron, Z is the charge number, nz is the density of Z+ ion, gff

z is the Gaunt factor for 
free-free transition and the other notations have the usual meanings. For thermal equilibrium plasma, 
the absorption coefficient is also calculated by using Kirchhoff’s law: 

 

κ ν 4π
2

6π B

1
ν 1 exp

B
 . (5) 

 
Here, Kirchhoff’s law expressing the relation between the emission and absorption coefficients is 
given by (TR: radiation temperature): 

 

ε ν 2 1

exp
B

1
. (6) 

 
By substituting Eqs. (5) and (6) into Eq. (3), we can derive the continuum light emitted from the 
plasma surface. Figure 4 shows the density dependence of the spectral distribution for a plasma with 
the temperature of 10,000 K (typical value for arc discharge) and plasma length of 10 mm. As clearly 
seen, in the case of density of 1×1018 cm-3 and at low frequencies the plasma radiates the spectrum 
like a black body having a radiation temperature equivalent to the kinetic temperature of the 
electrons. While at high frequencies the black body spectrum gives way to the bremsstrahlung 
radiation, because the absorption coefficient becomes small at high photon energy. For the plasma 
density of 1×1016 cm-3, which is typical value for the atmospheric arc plasmas, the absorption 
coefficient at hν= 2.5 eV (λ ~ 0.5 μm) is as small as =1.6×10-6. It is, therefore, reasonable to 
suppose that the plasma is optically thin and Eq. (4) describing the emission coefficient holds for 
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optical frequencies. In order to determine the temperature, the experimental data is fitted with Eq. (4), 
as shown in FIG. 3. For x=3.0 mm and 50 A, the temperature of ~0.18 eV is obtained.  

On the other hand, another continuum which is superposed on the bremsstrahlung radiation seems 
to appear in the UV region, as shown in FIG. 4. The UV continuum around 3.6 eV can be interpreted 
in terms of the radiative recombination terminated to 2p 3P transition, that is, He+ + e → He* (2p 3P) 
+ hν [8,15,19]. Note that the series limit for an isolated atom shifts to the lower energy side due to the 
lowering of ionization potential [18]. The emission coefficient ε(ν) relevant to this free-bound 
transition is given by the following equation [18,19],  

 

ν
8π

H

B
exp

1
B

 , (7) 

 
where g and gz are the statistical weights of the ground state of atom and He+ ion, respectively, σ is 
the photo-ionization cross section for the ground state of He atom [19], EH is the ionization energy of 
H atom, and χ is the ionization energy from He atom ground state. In a similar manner to the 
bremsstrahlung radiation, the electron temperature can be obtained from the tangent of the straight 
line of log ε ν ν σ ν⁄  plot on the photon energy. Figure 5 represents the experimental data 
observed with the grating of 1200 grooves/mm and the best fitted curve corresponding to Te=0.15 eV. 

The spatial variations of the temperature drawn from both methods are plotted in FIG. 6. No 
distinct emission associated with the radiative recombination was observed at x=0 mm. A good 
agreement between both temperatures has been obtained, apart from the value at x=4 mm. It is highly 
probable that since the line emission at x=4 mm was very intense compared with the continuum light 
and broadened due to the Stark effect (see later), the temperature evaluated by the bremsstrahlung 
might be overestimated. On the other hand, the temperature at x=0 mm, Te ~ 0.28 eV, was not high 
enough to generate the thermal arc plasma (ionization potential of He atom: 24.6 eV), indicating that 
this method of temperature determination was not applicable to the cathode region. The reason for 
the underestimation of the temperature at x=0 mm could be found in the intense radiation from the 
cathode itself, from which the thermal electrons were emitted. Note that the surface temperature of 
the cathode is around 2,000 K, so that the significant fraction of the radiation in visible and IR 
regions was emitted from the cathode. In fact, the thermal radiation from the cathode surface (x=0 
mm) was by ten times stronger than the plasma continua at x= 1 mm (bremsstrahlung and radiative 
recombination). Hence, the contribution of the cathode radiation had to be also taken into account for 
x=0 mm.  

Assuming that the plasma expanding through the slit nozzle was described by the idealized 
continuum flow (adiabatic and isentropic expansion), we can estimate the plasma temperature, T0, at 
x=0 mm (source temperature). According to the hydrodynamic theory, the Mach number, M, for the 
slit nozzle at the throat downstream, X, is given by [20], 
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S

/

S

/

, (9) 

 
where D is the slit height, AS, BS, X0/D are parameters depending on the ratio of heat capacities, γ , 
(γ=5/3 for He). In addition, the temperature is given by the following equation. 

 

  1
γ 1

2 , (10) 

The theoretical curve in such a way that the temperature at the throat downstream was reproduced by 
the expected curve is shown in FIG. 6 (source temperature: 1.3 eV). The temperature of 1.3 eV yields 
the ionization degree of 1×10-3 under the Saha equilibrium condition, resulting in the generation of 
atmospheric thermal plasmas. 
 
3.2. Stark broadening and determination of electron density  

In order to determine the electron density, the atomic emission (667.8 nm, transition: 2p 1P-3d 
1D) was measured with the grating of 1200 grooves/mm. Figure 7 shows the spectral profiles at 
different spatial positions. The spectrum at x=0.5 mm was obviously broadened, whereas with 
moving away from the cathode the line profile became narrower. In general, the spectrum observed 
can be expressed by the Voigt function, which is a convolution of a Gaussian (Doppler and 
instrumental width) and Lorentzian (resonance and Stark broadenings) line shapes. In the present 
study, however, the gas temperature was so high that the resonance broadening could be neglected 
[21]. Moreover, assuming that Gaussian profile is given by only the instrumental function (∆ 58 
pm), the Lorentzian width of 667.8 nm emission at x=0.5 mm was determined to be ∆ ~45.7 pm 
(FWHM) by deconvolution procedure.  

Meanwhile, the Stark FWHM ∆  of atomic line (in Å) is approximately given by the 
following equation over a wide range of electron densities (cm-3) and temperatures (K) [17].  

 

∆ ~2 1 1.75 10 1 0.068 10  (11) 

 
Here,  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 listed in Ref. 22. By substituting the temperature derived from the 
above and the Stark width into Eq. (11), the electron density was determined to be 4.0×1015 cm-3 for 
x=0.5 mm. The spatial variation of the electron density under the current of 50 A is plotted in FIG. 8. 
For x=0 mm, the density was probably underestimated, because the temperatures determined by 
continuum spectra were invalid at the cathode, as described above. According to the Saha equation, 
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the ionization degrees corresponding to Te=0.15, 0.3, 0.5 eV are calculated to be 1×10-35, 7×10-18, 
5×10-10, respectively, and thus the plasma densities under the thermal equilibrium are far from those 
determined from the Stark width. The strongly non-equilibrium plasmas, therefore, were generated 
due to the rapid plasma cooling. 

For the ideal flow expanding through the slit nozzle, which was described in Sec. 3.1, the 
density decreases as  for short distance from the throat [20] and thus the linear fit for the 
electron density was made to elucidate the validity of this assumption, as shown in FIG.8. The 
density derived from the Stark width decreased linearly for x ≥ 1.0 mm (X ≥ 0 mm), so that we could 
apply the idealized continuum flow model to the arcjet plasmas generated in this study. 
 
3.3. 2D images of expanding arcjet plasmas 

Figure 9 shows the 2D monochromatic images of the He arcjet plasmas (615 or 587 nm) under 
the discharge current of 50 A. No line emission appeared in 615nm (see FIG. 4), so that the 2D 
images observed using 615-nm filter represent the spatial distribution of the continuum radiation. 
As seen, the most intense emission was obtained at the cathode (FIG. 9(b), (d)). With increasing 
distance from the cathode, the intensity of 615 nm decreased drastically towards the nozzle exit (c), 
indicating that the bremsstrahlung ceased due to the plasma expansion. In contrast, for 587 nm the 
bright emission was also observed around the nozzle throat, as shown in (e). Note that the line 
intensity is expressed as a function of electron temperature and plasma and neutral densities. 
Moreover, for high density plasmas the radiation trapping relevant to resonance lines significantly 
affects the population kinetics. In order to clarify the origin of the second emission peak at x=2 mm, 
therefore, the analysis by using the collisional-radiative model for He atom [23, 24] was performed. 
Here, we assume the optically thick plasma with gas (heavy particle) temperature of 1,000 K and its 
density of 2×1019 cm-3. By employing the plasma temperature and density derived above, the 
population of 3 3D that is the upper level of 587 nm transition was calculated. As shown in FIG. 10, 
the population reaches maximum value at x=2 mm. Considering that the line intensity is in 
proportion to the 3 3D population, the numerical calculation appears to match the trend in the spatial 
emission behavior observed. 

In order to elucidate the mechanism underlying the bright emission observed near x=2 mm, we 
calculated the collisional-radiative recombination coefficient that is a measure of how fast the 
plasma would be neutralized into atoms. As seen in FIG. 10, the coefficient also has the highest 
value at x=2~3 mm, implying that the thermal plasma turned into the strongly non-equilibrium 
recombining plasma around there due to the adiabatic expansion. For relatively high density 
plasmas (≥ 1013 cm-3), the volumetric recombination dominates and thus follows the 
collisional-radiative cascade into 3 3D level. Hence, the mechanism responsible for the second 
emission peak observed could be ascribed to the plasma recombination followed by the cascade 
processes into the excited states. Therefore, the 2D imaging has the potentials to provide not only 
the information on where the strong plasma recombination could occur but also a simple method to 
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visualize the transition of the thermal arc plasma into non-equilibrium recombining plasma.  
 

4. Summary 
In order to optically diagnose the He arcjet plasmas inside the nozzle, we have developed the arc 

plasma discharge device having the rectangular-shaped anode nozzle.  
Spectroscopic observations along the expansion axis were carried out to determine the electron 

temperature and density. Intense continuum emission arising from the bremsstrahlung was observed. 
Comparison of the experimental spectra with the theoretical bremsstrahlung curve yielded the 
temperature of ~0.18 eV at the position of x=3.0 mm from the cathode and the current of 50 A. 
Moreover, in UV region another continuum spectra associated with the radiative recombination 
process also appeared. This recombination continuum showed that the thermal arc plasma could 
undergo the rapid cooling due to the adiabatic expansion. The temperature of ~0.15 eV was also 
determined by the recombination continuum, which was in good agreement with that derived from 
the bremsstrahlung. As for the determination of electron density, we measured the Stark broadening 
spectrum relevant to He atom (667.8 nm). The density evaluated from the line width was as high as 
4.0×1015 cm-3 for x=0.5 mm and 50 A. 

We measured the 2D monochromatic images of the continuum and atomic emission to examine 
the behavior of the plasma expansion. The continuum light decreased monotonically along the 
expansion axis, whereas the atomic emission had the double emission peaks (x=0 and 2 mm). The 
numerical calculation using the collisional-radiative model demonstrated that the bright emission 
observed at the throat (x=2 mm) was closely related to the production of non-equilibrium plasma in 
the strong recombination phase. As a result, the 2D emission images could provide a simple method 
for visualization of the transition of the atmospheric thermal arc plasma into recombining plasma. 
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Figure Captions 
Figure 1, Photograph (a) and schematic (b) of the arcjet plasma device. Helium plasma expands 
through the rectangular-shaped converging-diverging anode nozzle that enabled us to directly 
observe the plasma generated inside the nozzle. 
 
Figure 2, Schematic view of the spectroscopic observation along the expansion axis.  
 
Figure 3, UV and visible spectra emitted from the arcjet He plasma. The optical measurement was 
carried out at the position of x=3 mm from the cathode under the discharge current of 50 A and gas 
pressure of 90 kPa. Assuming that the bremsstrahlung dominated the continuum radiation, we 
derived the electron temperature Te from Eq. (4). In the figure, the straight line corresponds to the 
electron temperature of 0.18 eV. 
 
Figure 4, Spectral distributions calculated by using Eq. (3) for a plasma with the temperature of 
10,000 K and plasma length of 10 mm. Planck distribution curve is also shown for comparison. For 
plasma density of 1×1020 cm-3 the continuum spectrum at ν ≤ 2×1015 s-1 can be well expressed by 
the black body radiation. 
 
Figure 5, The radiative recombination continuum (He+ + e → He* (2p 3P) + hν) and line emission 
relevant to high Rydberg states (nd 3D→2p 3P transition). By scaling the vertical axis as ε ν / ν σ , 
the electron temperature can be determine by the tangent of the straight line of semi-log plot. The 
temperature under the condition of FIG. 3 was as low as 0.15 eV. 
 
Figure 6, Spatial variations of the electron temperature obtained by analyzing the bremsstrahlung and 
radiative recombination spectra (50A). The solid line represents the theoretical curve corresponding 
to the source temperature of 1.3 eV.  
 
Figure 7, Atomic spectra of He 667.8 nm (transition: 2p 1P-3d 1D). The line spectra observed 
adjacent to the cathode were broadened due to the Stark effect.  
 
Figure 8, Spatial variation of the electron density at the discharge current of 50 A. We calculated the 
density from the Stark broadening width of He 667.8 nm, which is drawn from the deconvolution 
procedure of the experimental curve with a Voigt profile. For x ≥ 1.0 mm, the density decreased 
linearly, as expected by the continuum flow model.  
 
Figure 9, 2D monochromatic emission images of plasma expansion taken by using the optical 
bandpass filters, 615 nm for (b) and (c), 587 nm for (d) and (e). As for (b) and (d), the thick ND 
filters were used for the appropriate light reduction. 
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Figure 10, Population of 3d 3D level and the collisional-radiative recombination coefficient were 
calculated using the He collisional-radiative model. 
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FIG.1., 
Photograph (a) and schematic (b) of the arcjet plasma device. Helium plasma expands through the rectangular-shaped 
converging-diverging anode nozzle that enables us to directly observe the plasma generated inside the nozzle. 
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Figure 3, S. Namba et al., JJAP
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Figure3. ,
UV and visible spectra emitted from the arcjet He plasma. The optical measurement was carried out at the position of x=3 
mm from the cathode under the discharge current of 50 A and gas pressure of 90 kPa. Assuming that the bremsstrahlung 
dominated the continuum radiation, we derived the electron temperature Te from Eq. (4). In the figure, the straight line 
corresponds to Te=0.18 eV.



Figure 4, S. Namba et al., JJAP
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Figure 4.,
Spectral distributions calculated by using Eq. (3) under a temperature of 10,000 K and plasma length of 10 mm. Planck 
distribution curve is also shown for comparison. For plasma density of 1×1020 cm-3 the continuum spectrum at ν ≤
2×1015 s-1 can be well expressed by the black body radiation.



Figure 5, S. Namba et al., JJAP
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Figure 6, S. Namba et al., JJAP
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Spatial variations of the electron temperature obtained by analyzing the bremsstrahlung and radiative recombination 
spectra (50A). The solid line represents the theoretical curve corresponding to the source temperature of 1.3 eV.



Figure 7, S. Namba et al., JJAP

0.8

1.0
 0.5mm
 2.5mm
4 5mm

0.6

om
al

iz
ed

] 4.5mm

0.4

en
si

ty
 [n

o

0.0

0.2In
te

667.6 667.8 668.0 668.2

Wavelength [nm]

Figure 7.,
Atomic spectra of He 667.8 nm (transition: 2p 1P-3d 1D). The line spectra observed adjacent to the cathode were 
broadened due to the Stark effect.



Figure 8, S. Namba et al., JJAP
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Figure 8.,
Spatial variation of the electron density at the discharge current of 50 A. We calculated the density from the StarkSpatial variation of the electron density at the discharge current of 50 A. We calculated the density from the Stark 
broadening width of He 667.8 nm, which is drawn from the deconvolution procedure of the experimental curve with a 
Voigt profile. For x ≥ 1.0 mm, the density decreased linearly, as expected by the continuum flow model.



(a)0 1 2 3 4 5 mm Figure 9, S. Namba et al., JJAP
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Figure 9.,
2D monochromatic emission images of plasma expansion taken by using the optical bandpass filters, 615 nm for (b) and (c), 
587 nm for (d) and (e). As for (b) and (d), the thick ND filters were used for the appropriate light reduction.



Figure 10, S. Namba et al., JJAP

100 10 R
cm

-3
]

R
ecom

bina

103 D
 [ 

10
12

 c

1

ation coef10  

pu
la

tio
n 

3 3 1 fficient [10

1

Po
p

0 1

0
-8 cm

-3/s]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1

Position [mm]

0.1

Figure 10., 
Population of 3d 3D level and the collisional-radiative recombination coefficient were calculated using the He collisional-
radiative model.
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