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Abstract

Institute of Space and Astronautical Scicnce (ISAS)
has developed the cathodeless microwave discharge neu-
tralizer for the microwave ion cngine system and made
many endeavors to increase the extracted electron cur-
rent from the neutralizer. This paper reports that the en-
hancement of the secondary-electron emission inside the
neutralizer was efficacious enough to improve the elec-
tron extraction. From some plasma diagnostics and nu-
merical investigations, it was found that the clectron
emissions were induced mainly to neutralize the sin-
gly-charged ions on the surface of the inner wall. How-
ever, it could be estimated numerically that with the low-
work-function material, the secondary-electron emis-
sions by the singly-charge ions impact would be em-
phasized; whereas the secondary-electron emission cur-
rent from the molybdenum wall (the work function, ¢,
is 4.2 eV) was approximately 3 % of the total electron
current, this percentage could rise to more than 10 %
for the thoriated-tungsten wall (¢ = 2.63 V). In prac-
tice, the extracted electron current was measured with
respect to the material of the neutralizer nozzle, the con-
tact surface area of which is less than 5 % of the whole,
and consequently, with the thoriated-tungsten nozzle,
we could achieve the improvement by nearly 6 %, com-
pared with the conventional molybdenum.

1. Introduction

A DC discharge hollow cathode has been the only
hardware used as an electron emitter for an ion ¢ngine
and has many flight experiences. In general, the hollow
cathode needs a preheat process, so as to activate the
thermoclectronic electrode. Since the repetitive thermal
variations will fatigue the structures of the hollow cath-
ode,"* the lifetime of the ion engine would be limited
by the hollow cathodes. In addition, possible contami-
nation from the cathode material is also the problem
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which degrades the thruster performance. For the pur-
posc of removing these life-limiting factors relevant o
the hollow cathode, Institute of Space and Astronauti-
cal Science (ISAS) has been developed a new ion
thruster system which gencerates plasma by a microwave
discharge.’

A microwave discharge ion thruster is illustrated in
Fig.1. The xenon is used as the propellant. Both an ion
source and a neutralizer are fed by a single microwave
generator and a single gas flow controller. It is possible
to ignite plasma immediately by the microwave injec-
tion without any previous sequences. During a practi-
cal operation in space, electrons will be extracted from
the neutralizer according to the potential gap between
the ion beam and plasma inside the neutralizer, without
a keeper electrode. The electron extraction is controlled
in order to supply the same amount of current as the ion
beam current by changing a contacting voltage within
several tens of volts. Figure 2 describes the details of
the plasma generation inside the neutralizer. Electrons
are generated by electron cyclotron resonance (ECR)
discharge which is supported by permanent magnets pro-
ducing a strong magnetic field. It is noted that different
from the hollow cathode, since the microwave discharge
neutralizer operates around 100 °C, the thermoelectronic
emission is almost negligible for the microwave dis-
charge neutralizer. Consequently, the distinctive elec-
tron emission mechanisms on the surface of the inner
wall should exist in order to maintain the charge neu-
trality. For the increase of the extracted clectron current
within a low contacting voltage, many cndeavors have
been carried on mainly concerning the optimization for
the plasma generation inside the neutralizer as described
in Ref.4. The inner plasma generation is controlled by
parameters such as the microwave power, the mass flow
rate of xenon, and the discharge chamber configuration,
but the improvement in the extracted current can also
be made by stimulating the electron emissions from the
inner wall.

In this paper, we will claborate on the approach by
means of emphasizing the secondary-electron emission
inside the neutralizer. First, the inner electron emission
processes and structures caused by impacts of ions and
metastable atoms are discussed. Secondary, plasma par-
ticles inside the neutralizer are evaluated by several
plasma diagnostics; a laser absorption spectroscopy, a
Langmuir probe diagnostic, and a mass spectroscopy.
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Fig.1 Configuration of microwave discharge ion
thruster sysytem.

From the plasma data obtained, the electron emission
from the inner wall is investigated, and finally, the im-
provement in the extracted electron current from the neu-
tralizer by emphasizing the secondary-clectron emission,
is described.

2. Electron Emission Mechanisms

2.1 Electron Extraction from Microwave Discharge
Neutralizer

During a practical operation in space, electrons will
be extracted according to the potential gap between the
ion beam and plasma inside the neutralizer. In this study,
only the neutralizer was operated inside the small cham-
ber used, with an electron collector plate simulating the
potential of ion beam. The neutralizer performance was
evaluated from the extracted electron current on the
collector. Figure 3 shows the schematic diagram of the
electron extraction and the typical values of the extracted
current. While the electron current increases with in-

creasing the bias voltage up to 25 V, there are not many

changes from 25 V to 40 V. Beyond 40V, the extracted
electrons are accelerated to ionize xenon atoms, and they
produce a plasma plume between the neutralizer and
the collector. When this plasma plume supplics clec-
trons to the collector, the extracted current rapidly in-
creases as shown in Fig.3. The similar /-V characteris-
tics were obtained in every experiment.

2.2 Electron Emission Mechanisms on Inner Wall
Electrons are ¢jected from the inner wall in order to
satisfy the electron extraction outside the neutralizer.
Figure 4 proposes possible electron emission mecha-
nisms; (a) the electron emission to neutralize the inci-
dent singly-charged ions, (b) the electron emission to
neutralize the incident multiply-charged ions, (c) the sec-
ondary-electron emission under the bombardment by
singly-charged ions, (d) the secondary-electron emis-
sion under the bombardment by multiply-charged ions,
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Fig.2 Schematic of plasma generation in microwave
dischage neutralizer.
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Fig.3 Experimental setup and typical extracted
electron current versus collector bias voltage;
the I-V curve can be divided into three parts,
(a)<25V,(b)25-40V, and (c)40V <.

and (¢) the secondary-electron emission under the bom-
bardment by metastable atoms.

The incident ions arc accelerated by a sheath poten-
tial gencerated near the surface of the wall and introduced
into the wall with Bohm velocity. Thercefore, the clec-
tron emission current by the incident Xc™', J e JA/M,

cquals to the ion saturation current, and then we obtain

I =().6lean“u,\/% (n=1,2,3,.), (I
where e is clementary charge, -1.602x10™" C, N, . the
number density [m™] of ions, k Boltzmann constant,
1.381x107' J/K, T, the electron temperature |K|, and M
the mass [kg] of xenon atom. On the other hand, the
secondary-electron emissions occur according to the sec-
ondary-electron yield, y[electron/ion], when the ion im-
pacts on the wall. Baragiola® indicated the potential sec-
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Fig.4 Electron emission mechanisms on surface of inner wall; (a) the electron emission to neutralize the
incident singly-charged ions, (b) the electron emission (o neutralize the incident multiply-charged ions, (c)
the secondary-electron emission under the bombardment by singly-charged ions, (d) the secondary-clectron
emission under the bombardment by multiply-charged ions, and (¢) the secondary-electron emission under

the bombardment by metastable atoms.

ondary-electron yield could be approximated as
7 =0.032(0.78E, —29) . (2)

In this equation, E; and ¢ are ionization potential [V]
and work function [eV], respectively. Using Eq.(2), we
give the secondary-electron current under the bombard-
ment by Xe", J, . [A/m?);

Xt

Iy =)yt (n=1,2,3,) . (3)

The total yield of secondary electrons emitted from the
wall surface under the impact of metastable xenon at-
oms is close to the value for singly-charged ions. This
may be understood since the metastable atom approach-
ing the surface can be resonance ionized and subse-
quently Auger neutralized.” And the metastable atoms
are led into the wall with a thermal speed. Therefore,
the secondary-electron emission current under the im-

pact by Xe", J, . [A/m’], can be written as

J — ech"' NXc"‘ 8kT — €ch+ NXL‘“‘ _Sk_T (4)
Vo 4 \ M 4 \ M’ '

where wa is the number density [m™] of metastable
atoms and T is the gas temperature [K]. We can esti-
mate the rate of electron emission current from the in-
ner wall by the substitution of the particle number den-
sity into the above equations.

3. Experimental Setup and Results

In order to evaluate plasma specices inducing electron
emissions inside the neutralizer, some plasma diagnos-
tics were carried out at the measuring positions illus-
trated in Fig.5; (a) near the antenna inside the discharge
chamber, (b) at the center of the nozzle, and (¢) in front
of the nozzle exit plane.

First, the absorption spectroscopy was done to probe
the number density of metastable atoms. Secondary, the
plasma parameters such as the plasma potential, the elec-

Discharge chamber Collector

8.0 mm

18 mm

l
Fig.5 Measuring positions in plasma diagnositics;
(a) near the antenna inside the discharge chamber,
(b) at the center of the nozzle, and (c) in front of the
nozzle exit planc.

tron temperature and the electron number density, were
investigated with the Langmuir probe technique. Thirdly,
the fraction of multiply-charged ions was examined with
a Quadrupole Mass Spectrometer (QMS). From these
diagnostics, the structure of the inner plasma particles
can be determined.

All of the above measurements were conducted under
the same conditions; the microwave input power of about
7.5 W, the xenon mass flow rate of 1.0 scem, and the
ambient pressure of less than 1.0x10° Torr.

3.1 Absorption Spectroscopy

The absorption spectroscopy was made with a tun-
able semiconductor diode laser so as to evaluate the
number density of metastable xenon atoms. The 6s[3/
2], - 6p[3/2], transition, which corresponds to that be-
tween an cxcited level and a metastable level of xenon
atom, is induced with the 823.4-nm laser beam. Since
the power absorption of the incident 823.4-nm laser
beam is dependent on the two-dimensional spatial den-
sity of the xenon metastable atoms, the density can be
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Fig.6 Absorption spectroscopy setup; the laser is
detuned around the central wavelength of 823.4 nm.

determined by the absorption rate observed.

Figure 6 shows the experimental apparatus of the ab-
sorption spectroscopy. To prevent back reflections from
affecting the laser operation, the incident laser beam first
passed through an optical isolator. The laser beam then
encountered some beam splitters. These beam splitters
finally divided the beam into three directions; for the
space chamber in which the neutralizer was installed,
for a Fabry-Perot etalon, and for a xenon discharge tube.
Each of the divided beams was introduced into a photo-
diode detector and the intensity was detected with an
oscilloscope. The frequency of the tuned laser was ob-
tained from the intensity data of the beam passing
through the etalon. The beam led for the space chamber
via an optical fiber, crossed the above-mentioned mea-
suring points and the filter for the exclusion of the plasma
luminosity. From the two beam intensity detected with
and without plasma, we could give the absorption rate
as a function of the detuning frequency. Figure 7 shows

typical values of the absorption rate. The number den-

sity of xenon metastable atoms are given as

87

N, . =——
A

[k, (v)dv | (5)
where A, is the central wavelength of 823.4 nm, A is the
transition probabilities of 25x10° sec™. ™" If 1, and [, arc
the intensity of the beam led for the neutralizer with
and without plasma, respectively, then we obtain

1|,(V)"‘ Ip(v) .

1
_ 6
[ L) ©

k(v)=

as a function of v [Hz], that is, the detuning frequency.
In this equation, / is the characteristic length of plasma.
Inside the neutralizer, / was set to the optical path through
the discharge chamber, and both inside the nozzle and
outside the neutralizer, [/ was equalized with the nozzle
diameter. The number density of metastable atoms is
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Fig.7 Absorption spectroscopy results; the heavy

curves shows the normalized absorption rate

measured inside the nozzle, in the case of the 60-V

collector bias voltage.

exhibited in Fig.8 (¢).

3.2 Probe Diagnostics

A Lagmuir probe inserted into the measuring points
shown in Fig.5, revealed the plasma parameters as a
function of the collector bias voltage; the plasma poten-
tial, the electron temperature, and the electron number
density. In Fig.8, the triangle, the diamond, and the in-
verse-triangle represent the values outside the neutral-
izer (named outside), inside the nozzle (nozzle), and in-
side the discharge chamber (inside), respectively. The
error bars, which are the standard deviations for the
measured values, are also shown in this graph.
Plasma Potential  Figure § (a) shows a plasma space
potential (open symbols) and a floating potential (closed
symbols) which are electrically referred to the discharge
chamber and the antenna earthed. All of plasma space
potential slowly increase up to about 25 V as the collec-
tor voltage increases, and coincide with one another
above the collector voltage of 30 V.
Electron Temperature  The electron temperature
inside the discharge chamber is relatively low, 2.0 to
2.5 eV, regardless of the collector bias voltage, because
the inner electrons are mainly generated by the micro-
wave discharge in a relatively high pressure of the or-
der of 10 to 10 torr. On the other hand, the outer tem-
perature varics with the collector voltage and amounts
to more than 3.5 ¢V duc to the accelerated-clectrons in
the plume plasma. As for inside the nozzle, the medium
trend is indicated. These characteristics are summarized
in Fig.8 (b). Log-scale data of the probe current-voltage
curves were entirely lincar, as confirmed the Maxwellian
distribution.
Plasma Number Density  Figure 8 (c) represents the
number density data of not only the electrons/ions but
also the metastable atoms observed in the absorption
spectroscopy. In this figure, the electrons and the meta-
stable atoms number density are expressed by open and
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Fig.8 Plasma parameters determined from absorption
spectroscopy and Langmuir probe diagnostics.
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closed symbols, respectively. The metastable atoms
number density is around 1.0x10" m™ in any range of
bias voltage since they are clectrically neutral. The elec-
tron number density outside the neutralizer varics with
the collector voltage up to 30 V, and approaches the
values observed inside the discharge chamber and the
nozzle, approximately 1.0x10"™ m™, It is considered that
these characteristics arce dependent on whether clectrons
are supplied from the plume plasma or the microwave
discharge plasma.

In this experiment, we applied the clectron saturation
current of the probe I-V curve to determine the clectron
number density. The magnetic flux density at the mea-
suring point inside the discharge chamber was about 1.5
kG (Larmor radius of clectrons was 25 pm) and those
inside the nozzle and outside the neutralizer were about
0.20 kG (Larmor radius, 0.20 mm). Since these Larmor
radii were smaller than the probe plane radius, the mea-
sured values were corrected by Sanmartin’s formulae’
which expressed the effect of a strong magnetic field.

3.3 Mass Spectroscopy

Figure 9 shows the experimental apparatus to evalu-
ate the fraction of multiply-charged ions with the QMS.
Tons originated in the neutralizer were detected with the
QMS when filaments were switched off to prevent from
ionizing xenon atoms inside the QMS. In addition, a
combined plate of a 10 cm x 10 em grid and a 5.0 cm X
5.0 cm mesh, which was much larger than the nozzle
exit plane of 4.5 mm diameter, was settled in front of
the neutralizer so that undesirable electrons were not
led into the QMS.

The typical values recorded as a function of a mass-
to-charge ratio are indicated in Fig.10. The peaks of Xe",
Xe**, and Xe™ were detected and those derived from
residual gases, such as N,, O,, H,0 and so on, appeared
below 40 m/z. Xenon has nine stable isotopes, three with
natural abundance greater than 20 % (' “Xe, "' Xe, '*’Xe),
and these isotopes make the mass spectrum broadened.
Therefore, the number of ions was determined from the
integral of the broadened spectrum. The fraction of mul-
tiply-charged ions obtained are illustrated in Fig.11. In
this experiment, we observed no noticeable multiply-
charged ions beyond Xe'™. The fraction of doubly-
charged ions is approximately 0.2 % when the collector
bias voltage is below 30V, and then it increases with
the collector voltage. Similarly, the fraction of triply-
charged ions does not appear below 30V, and subse-
quently, it rapidly increases. It is because electrons in
plume plasma begin to ionize xenon atoms beyond the
collector potential of 30 V which is almost equal to the
plasma spacc potential discussed in Fig.8 (a). It can be
estimated that the fraction of doubly-charged ions gen-
erated inside the neutralizer is around 0.2 % and that
the triply-charged ions are hardly generated.

The plasma parameters obtained from the above mea-
surement are summarized in Table 1 for each plasma
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Tablc 1 Plasma species characterisites inside micro-
wave discharge neutralizer; the temperature data are
expressed as “data inside the discharge chamber” |
“data inside the nozzle”.

specics  number density temperature
m™* eV
Xc' 1.0x10"™ 2.4/3.0
Xe* 0.2x10'° 2.4/3.0
X" 1.0x10" 0.030/0.030

specie. From these values, we can give quantitative es-
timation on the clectron emission from the inner wall,
as is discussed in the next chapter.

4. Discussions

From the aforementioned experimental results, it is
obtained that the plasma space potential inside the neu-
tralizer is less than 30 V. Hence, the ion sheath potential
near the surface of the inner wall will be below 30 V.
Under this sheath potential, the ions are introduced per-
pendicularly to the inner wall, and consequently, not
the kinetic but the potential secondary-electron emis-
sions will occur according to the secondary-electron
yield, y. Therefore, using the plasma parameters repre-
sented in Table 1, the series of equations, Eq.(1) to
Eq.(4), can be applied to evaluate the electron emission
current from the inner wall. For the various material
used for the neutralizer, that is, Ni (the work function,
¢, 18441 t05.0eV), W (¢d=4.1t04.2¢V), Mo (¢ =
4.52¢V), Th-W (¢=2.63 eV), and Ba-W (¢ = 1.63 V),
Figure 12 indicates the calculated results on the elec-
tron emission current density on the inner wall of the
nozzle. Each process illustrated in this figure is described
in the foregoing Fig.4. It is found that the electron emis-
sion current are dominated by the one to neutralize the
singly-charged ions, but its percentage decreases with
reducing the work function; whereas the secondary-elec-
tron current from the Mo wall is 3.25 % of the total
current, that of the Ba-W wall amounts to 16.5 %. Both
the metastable atoms and the doubly-charge ions
scarcely contribute to the electron emission, below 1

Bascd on these results, extracted clectron currents were
measured for the nozzle made of the following materi-
als; Ni, W, Mo, and Th-W. The surface arca inside the
nozzle is 65 mm®, which is less than 5 % of the whole.
The test results are summarized in Fig.13. It appears
that the total electron current will increase according 1o
the decrement of the work function of the material used.
Compared with the standard molybdenum wall, the in-
crement is approximately 2.7 mA, as corresponds to
nearly 6 % of the extracted electron current from the
neutralizer in these experiments. These measured val-
ues are in good agreement with the trend of the numeri-
cal estimation represented in Table 2, which indicates
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Fig.12 Numerical investigations on electron
emission current from nozzle; each of the electron
emission process is depicted in the foregoing Fig.4.

Table 2 Numerical estimation on extracted electron
current from neutralizer with various materials.

material Mo Th-W Ba-W
work function [eV] 4.1 -4.3 2.63 1.63
nozzle (65 mm?) 9.75 10.9 11.4

sidewall (622 mm?)  84.0 93.3 96.4
others (535 mm?) 72.2 72.2 72.2
total 166 176 180

Units: mA

the maximum extracted electron current from the neu-
tralizer, under the plasma property given by Table 1.

The increments of several milliamperes observed in the

experiments were more than the estimated values shown
in Table 2. That is because the secondary-clectrons emit-
ted from the Th-W nozzle can stimulate the plasma gen-
eration and increase the plasma density.

At the present time, on the basis of the above discus-
sions, we are developing a Ba-W neutralizer whose work
function is lowest among current electrode materials.

5. Conclusions

The experimental investigations on the clectron emis-
sion mechanisms of the microwave discharge neutral-
izer were conducted. First, the electron emission mecha-
nisms inside the neutralizer, which would sustain the
electron extraction from the neutralizer, were proposed.
Secondary, in order to evaluate the plasma particles in-
side the neutralizer, some plasma diagnostics were car-
ried out. The results can be summarized as follows;
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Fig.13 Extracted electron current as function of
work function of wall material used; for the case
collector bias voltage was set to 30 V.

(1) The absorption spectroscopy detected the number
density of metastable xenon atoms, approximately
1.0x10" m™, regardless of both the collector bias volt-
age and the measuring positions.

(2) The Langmuir probe determined the ion/electron
number density around 1.0x10" m™, the electron tem-
perature of 2.5 to 4.0 eV, and the plasma space potential
less than 30 V.

(3) The quadrupole mass spectrometer settled the dou-
bly-charged ion rate of 0.2 %.

From these results, it could be confirmed numerically
that the enhancement of the secondary-electron emis-
sion inside the neutralizer was efficacious enough to
increase the extracted electron current from the neutral-
izer; whereas the secondary-electron emission current
for the Mo wall is 3.25 % of the total current, that of the
Ba-W wall amounts to 16.5 %. Finally, the extracted
clectron current was measured with respect to the mate-
rial of the nozzle, the contact surface area of which is
less than 5 % of the whole, and consequently, with the
Th-W nozzle, we could achieve the improvement by
nearly 6 %, compared with the molybdenum.
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