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Electric propulsion is an established high-efficiency method in deep space explorers. However, most of the
applied methods feature electrodes in direct contact with the plasma, thus its lifetime is limited by the elec-
trodes’ erosion. We developed electrodeless electric propulsion systems in order to overcome this problem, and
performed optical measurements to estimate the high-density helicon plasma performance of the systems. The
electron and neutral particle density profiles were measured by a high-speed camera, and the velocity of the
singly-charged Ar ions was determined by a high-resolution monochromator. Additionally, a preliminary ex-
periment of a spectroscopic method using an intensity ratio based on a collisional radiative model with a CCD
monochromator was performed. The plasma parameters were in good agreement with the results obtained by an
electrostatic probe, and the non-invasive optical measurements presented here can constitute an effective tool for
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evaluating an electric propulsion system.
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1. Introduction

Deep space explorers require a high-efficiency propul-
sion system. However, for most of them electric propulsion
entails electrodes in direct contact with the plasma, and
its lifetime is limited by the electrodes’ erosion. Hence
there has been an increasing interest in electrodeless elec-
tric propulsion. Our project of Helicon Electrodeless Ad-
vanced Thruster (HEAT) [1] has been developing elec-
trodeless propulsion systems. One of our proposed sys-
tems employs a helicon discharge [2] to produce a dense
plasma, accelerated by a rotating magnetic field [3].

While the electrostatic probe is a common tool to mea-
sure plasma parameters, it disturbs the plasma flow and its
signal is sometimes affected by RF noise. In contrast, op-
tical methods, such as spectroscopic methods are nonin-
vasive and insensitive to noise. This study aims to mea-
sure high-density helicon plasma parameters by using a
high-speed camera (Photron Co. Itd., FASTCAM SA-5:
1.3 Mfps, 1024 x 1024 pixels) and 2 monochromators, a
high-resolution monochromator (Ritu Oyo Kougaku Co.,
Itd., Czerny-Turner type MC-150, 2400 lines/mm grating,
0.006 nm resolution) and a CCD monochromator (Ocean
Optics Co. Itd., HR2000+, 0.5 nm resolution, 360 - 792 nm
range).

The high-speed camera can acquire 2D emission pro-
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files of neutral particles (Ar I) and singly-charged parti-
cles (Ar II) by using interference filters [Ar I, center wave-
length (CWL) 420 nm for the line of 419.8 nm produced by
the transition 5p[1/2] — 4s[3/2]°, full width at half maxi-
mum (FWHM) 3 nm, Ar II: CWL 488 nm for the line of
487.9nm from the transition 3p*(*P)4p’D° — 3p*4s’P,
FWHM 1 nm]. The high-resolution monochromator has
sufficient resolution to determine the ion velocity, while
the CCD monochromator can simultaneously obtain a wide
range of emission spectra.

2. Theory

If we assume a Maxwellian electron energy distribu-
tion with a uniform electron temperature 7, for an ionizing
plasma, the collisional radiative (CR) model [4] allows us
to describe the intensities of Ar I (Ia, 1) and Ar II (5, 1) in
relation to the electron density 7. and neutral density ng, as
shown below.

Inr 1 — j) o< ANy o< noSt; (Te, ne)
Incu (77 = j') o< Ap jy Ny o neS i (Te, ne) - (1

Here, A;; and A;; are the transition probabilities of the
i — jand i’ — j transitions for the Ar atom and the Ar
ion, respectively; N; and Ny are the number densities of
the corresponding levels of the Ar atom and the Ar ion,
respectively; Sy; (Te, ne) and Sy (Te, ne) are the popula-
tion rate coeflicients of the ionizing plasma to produce ith
excited state of the Ar atom and i’th excited state of Ar
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ion, respectively. Sy; (Te, ne) and Sy (T, n.) are calcu-
lated from the CR model, and are generally dependent on
T. and n.. In the present study, 7 extends above 2eV and
10'7 < n. [m™] < 109, corresponding to the condition for
the non-saturated phase of the ionizing plasma, where the
population kinetics of the excited states are not saturated in
terms of electron collision processes for the Ar plasma [5].
Under this condition, Sy; (T., ne) and Sy (T, ne) are ap-
proximately proportional to n., and consequently Eq. (1)
can be approximated as follows.

IAr 1 (l - .]) & nOSli (Tes ne) ~ nO”eS{i (Te) B
Inc (i/ - ]/) o< neSy (Te, ne) = ngSi[ir T). @

Here, S{; (Te) and S, (Te) are rate coeflicients that depend
only on T,. From Eq. (2), the n. and ng profiles are deduced
by acquiring the emission profiles. Because the emissions
measured by the high-speed camera and the monochro-
mators are projections, the asymmetric Abel inversion [6]
and algebraic reconstruction technique (ART) [7] was per-
formed to reconstruct the local profiles.

The ion flow velocity v can be obtained from a
Doppler shift of the ion velocity distribution function

(IVDF), as shown in Eq. (3).
v = cAl/ . 3)

Here, c is the speed of light, AA is the wavelength of the
ion Doppler shift and Ay is the original wavelength; n, and
T. can be derived by using an intensity ratio based on the
CR model.

3. Experimental Setup

The experiments were carried out in the Large Mirror
Device (LMD) [8], as shown in Fig. 1. This device consists
of a quartz tube and a vacuum chamber. The quartz tube
has a tapered shape with inner diameter (i.d.) extending
from 100 mm to 170 mm and 1,000 mm axial length. The
vacuum chamber has 445 mm i.d. and 1,700 mm length.
Ar gas enters the quartz tube from the left flange in Fig. 1,
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Fig. 1 Schematic view of LMD.

and is ionized by a half helical antenna, 185 mm in length,
located between z = —570 and —385 mm, and fed by an RF
power supply with an excitation frequency of 7MHz and
a maximum operating RF power P, of 3kW. In the region
of the antenna, the neodymium permanent magnets gener-
ate the divergent magnetic field, in addition to the electro-
magnets surrounding the device. All measurements were
performed in a quartz tube region, as shown in Fig. 1. The
high-speed camera is located at z = —90 mm, and the op-
tical fiber of the CCD monochromator as well as a double
probe is positioned at z = —110 mm. The high-resolution
monochromator views the plasma with an angle of —45°
with respect to the flow direction.

The high-speed camera captures two orthogonal views
(inclined at +45° to the horizontal surface) of the plasma
by the use of four 20 mm wide mirrors (two pairs). Each
pair, inclined at 0° and 22.5° to the horizontal plane, could
lead the plasma emission to the camera. The pairs were
positioned at z = —100 mm and —80 mm, and the local pro-
files were reconstructed by the slightly different cross sec-
tions. Local profiles were extracted in 650 pixels, and the
2D emission profile was reconstructed in 650 X 650 pixels
by applying the ART method with 10 iterations. The cam-
era’s angle of view is 0-3°, and we assumed that the decay
of intensity by the shift of the CWL is negligible in the
emission profiles.

4. Experimental Results

Figure 2 shows the radial profiles of n. and 7. ob-
tained by the double probe, and of n, acquired by the high-
speed camera, using an asymmetric Abel inversion (assum-
ing uniform 7) with its record speed of 60 fps, P,y = 2kW,
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Fig. 2 Radial profile of n. and T, obtained by the double probe,
and of n, determined by the high-speed camera with P,y =
2kW, and fr = (a) 50 and (b) 70 sccm.
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Fig. 3 Radial profiles of n. and T, obtained by the double probe
and of n. acquired by the high-speed camera with Py =
3kW, and fr = (a) 50 and (b) 70 sccm.

and gas flow rates fr = 50 and 70 sccm (pressure of 0.67
and 0.84 Pa). The maximum n. determined by the cam-
era is essentially a relative value, fitted to the maximum 7,
obtained by the probe.

There is good agreement between the density profiles
obtained with the two methods. Comparing the two results,
ne increases with fr and T, simultaneously decreases.

Figure 3 shows the radial profiles of n. and 7. ob-
tained the probe and of n. acquired by the high-speed cam-
era, recording with 60 fps. Here Py = 3kW, fr = 50 and
70 sccm. Again, good agreement is observed between the
ne profiles obtained with the probe and with the camera.
From Figs. 2 and 3, n. with P,y = 3kW is larger than that
with Py = 2kW, and 7. in Fig. 3 increases with increasing
fr, which is also indicated in Fig. 2. However, T, does not
change appreciably with varying fr.

The experimental results using electromagnets in ad-
dition to permanent magnets are presented in Fig.4. The
experimental parameters are as follows: magnetic coil cur-
rent I, = 300 A, P, = 3kW, fr = 50 sccm, and the profile
obtained with the camera, recorded at 60 fps, was derived
by the ART method.

As shown in Fig. 4, the data taken by the probe in the
positive radial position are assumed to be the same as those
in the negative radial position, because the probe may dis-
turb the plasma near the center, and the maximum ng is
fitted to the maximum n.. While the profile derived by the
ART method agrees with that obtained by the probe, the
deviation between the profiles is larger in the outer area of
the plasma. This is due to the fact that a lack of consider-
able number of viewing angles causes artifact, especially
in the peaked profile, which can be seen by the prelim-
inary simulation. From this figure, ny displays a hollow
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Fig. 4 Radial profiles of n. and 7, obtained by the double probe,
and of n. and ny acquired by the high-speed camera, with
P =3kW, fr = 50 sccm and I, = 300 A.

25
20 1: 41.54 ms
2:41.77 ms
g 15 3:42.06 ms
'; 10 4:42.46 ms
5:42.69 ms
5 6:42.91 ms

0

-15 -10 -5 0 5 10
X [mm]

Fig. 5 Time behavior of peak emission intensity (95% level of
the maximum intensity) rotating in a high-density plasma
cross section.

profile, while n, is peaked; neutral particles are ionized in
the plasma and thus decrease near the plasma center, which
could also be due to higher neutral temperature. Although
ng is expected to have the maximum value in the outer of
the plasma, it displays a tendency to decrease near the pe-
riphery when the ART method is insufficiently applied.

Figure 5 shows the time behavior of the emission
at 95% level of the maximum intensity in a high-density
plasma at Py = 3kW, fr = 50sccm, and I, = 300 A. The
camera recorded at 17,500 fps without an interference fil-
ter.

Since the intensity of Ar II is much larger than that of
Ar 1, the obtained profiles can indicate the square of the
ne intensity, as shown in Eq. (1). Although in the present
case the ART method is not accurate in the outer region,
the peak shift of n. in the 2D profile is evident. The peak
point rotates with a frequency of ~380Hz in the electron
diamagnetic direction within a ~10 mm diameter, the in-
terpretation of this effect requires further detailed measure-
ments.

Figure 6 shows the ion flow velocity along the z axis
for varying fr and Py, derived from an ion Doppler shift of
the Ar IT emission (wavelength 434.8063 nm). The original
wavelength of Ar II was measured by an Ar lamp for cali-
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Fig. 6 Ion flow velocity along the z axis for varying fr and Py,
using the high-resolution monochromator.
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Fig. 7 Contour maps of the intensity ratio of I (675.3 nm)//
(750.4 nm) obtained from a simulation based on the CR
model: gas temperature, 500 K; gas pressure, 1 mTorr;
plasma radius, 85 mm; n. is from 10" to 10" m, and
T, is from 2 to 8 eV.

Table 1 The radial distribution of the intensity ratio [
(675.3nm)/I (750.4nm) with Py = 2kW and fr
=50sccm.

Radial position [mm] Intensity ratio [arb.u.]
0 0.065
10 0.068
20 0.075
30 0.079

bration. The ion flow velocity increases with decreasing fr
and increasing Pi.

Figure 7 shows the calculated contour maps of the in-
tensity ratio of I (Ar I line of 675.3nm)/I (Ar I line of
750.4 nm) in the (T, n.) space, based on the CR model. It
is obvious that this ratio decreases (increases) with n. (T%).

Finally, Table 1 shows this ratio measured by the CCD
monochromator with Py = 2kW and fr = 50 sccm. Here,
the line integral intensities of each wavelength were con-
verted to local ones by the Abel inversion technique. Since
the line intensity ratio strongly depends on n,, but not on
T., as shown in Fig.7, we can calculate n, from the ob-
served intensity ratio in Table 1 in combination with Fig. 7.
The resultant n. was found to be approximately ten times
larger than that obtained by the probe measurement (shown
in Fig.2). One of the possible reasons for this discrep-
ancy in n. may be the electron energy distribution function
(EEDF) of the present helicon plasma, which is considered

to have a high-energy tail. The Ar CR model in this study
is based on the assumption that the EEDF is Maxwellian.
Further investigation is necessary for the improvement of
the Ar CR model, particularly to include the effect of the
EEDF. Additionally, a more precise calibration of the spec-
tral sensitivity of the system is required. However, the
observed intensity ratios increase with the radial position
showing the decrease of n. with radius when 7 is constant
(Fig. 6). This tendency is qualitatively consistent with the
probes’ results (Fig. 2).

5. Conclusion

Optical measurements were performed to evaluate the
performance of high-density helicon plasmas for elec-
trodeless electric propulsion. The measurements demon-
strated the potential of a high-speed camera with inter-
ference filters to derive n. and ng profiles using inversion
techniques. The obtained n, values are in agreement with
electrostatic probe results, and in the higher electron den-
sity case, the peaked (hollow) profile of n. (ny) could be
clearly determined. The results show the validity of the
camera data, which can be advantageous for cases where
the probe cannot be inserted and/or strongly disturbs the
plasma. From the probe results, n. increases with increas-
ing P+ and fr. The rotation of the density profile near the
maximum region has also been observed.

The CCD monochromator results indicate the possi-
bility that the intensity ratio is useful to estimate n, and 7T,
in high-density Ar plasmas. This method can be also ap-
plied to high-speed cameras, and offers the possibility to
instantaneously capture 2D density and temperature pro-
files. Additionally, the high-resolution monochromator can
measure the ion velocity. These precise, noninvasive meth-
ods are clearly effective for measuring the plasma perfor-
mance for their use in electric propulsion.
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