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Abstract 
A ground facility was developed for simulation of 

material and reactive space plasma interaction in LEO 
and for study of spacecraft charging and discharge 
phenomena. The space plasma simulator consisted of a 
vacuum tank 0.7 m in diameter X 1.5 m long, two 
turbo-molecular pumps with pumping speeds 5 and 3 
m3/s, respectively, achieving some lo-” Pa, and an 
electron cyclotron resonance (ECR) plasma source of a 
magnetic-field-expansion plasma accelerator. 
Microwaves of maximum 500 W and 2.45 GHz were 
introduced into the discharge chamber of the plasma 
accelerator, and plasma generated by ECR heating was 
accelerated through a divergent magnetic field. The 
sample holder was located in oxygen or nitrogen plasma 
flows in the simulator. As a result, a clean low-pressure 
reactiv~plasma environment could be produced with the 
plasma simulator. Plasma properties of plasma density, 
electron temperature, ion incident energy, ion freestream 
velocity and atomic oxygen flux were measured. The 
incident ion energy could be controlled by changing the 
sample holder potential. The ion freestream velocities for 
both gases had small variations for the sample holder 
potential. The flux of ions or atomic oxygens was large 
enough to simulate plasma environments around 
spacecrafts on ground for a shorter period than that in 
practical use in space. The simulator was found to have 
a high potential for ground material tests. 

Introduction 
Spacecrafts are in a severe environment in space. The 

surfaces of spacecrafts are exposed to energetic and 
reactive particles, such as electrons, ions, protons and 
oxygen atoms and ultraviolet light, during space 
missions. Furthermore, the electrostatic interactions 
between the surface materials and space plasmas, such as 
negative or positive sheath creation, and charging and 
arcing phenomena, frequently occur. In future long 
missions, materials in space will encounter a drastic 
decrease in performance of optical and/or electrical 
properties by bombardment of the particles and 
irradiation of high energy lights to their surfaces, and/or 
the surface materials may be destroyed by frequent 
electrical breakdown, i.e. arcing. Thus, the estimation of 
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the decrease in performance of the physical properties is 
required in space before long use of materials, and also 
the mechanism of the material degradation, the structure 
of electrical sheaths and charging and arcing phenomena 
must be understood. 

Space experiments on material degradation due to 
atomic oxygens or plasmas, on charging and discharge 
and on high voltage solar cells and plasma interactions, 
such as LDEF (Lone; Duration Exposure Facility), EOIM 
(Evaluation of Oxygen Interaction with Materials), 
SCATHA (Spacecraft Charging at High Altitude) and 
PIX (Plasma Interaction Experiment), were carried out 
by NASA etc in USA. 1-8 In Japan, flight experiments 
were initiated with the satellite ETS-V launched in 1987, 
and currently on ETS-VI and SFU (Space Flight Unit) 
many exposure experiments were conducted. On the 
other hand, ground facilities and computational codes 
also were developed to simulate the complex phenomena 
around spacecrafts on ground. In some ground 
simulations, spacecrafl materials were exposed to 
energetic particles in vacuum chambers, in which the 
dose of each particle species was matched to a real 
condition in space.g~‘o In some experiments and 
computations, negative charging and arcing due to it, and 
high voltage solar array and plasma interactions were 
studied.11-L4 The energies of these charged particles 
ranged from several hundreds eV to a few keV, and 
physical phenomena caused by reactive charged particles 
with lower energies below 100 eV, such as charging and 
material degradation, are hardly simulated. One of the 
reason is that the development of a reactive particle 
accelerator realizing high flux and low energy was 
diBicult.‘5 

In Osaka University, a ground facility was developed 
to simulate plasma environments around spacecrafts, i.e. 
the physical and chemical interaction between materials 
and reactive space plasmas involving low energy charged 
particles, atomic oxygen3 and electric thruster plumes ; to 
investigate the elac$omagnet ‘c or electrostatic interaction 
between electronic devices in satellites or high-voltage 
solar panels and the plasmas. In the present article, we 
reports operational characteristics of the space plasma 
simulator and plasma features generated in it. 

Experimental Apparatus 
The space plasma simulator, as shown in Fig.], 

consists of a vacuum tank, vacuum pumps and a plasma 
accelerator. The electron cyclotron resonance (ECR) 
plasma accelerator is set on a flange of the large stainless 
vacuum tank 0.7 m in diameter X 1.5 m long. The main 
vacuum pumps are two oil-free turbo-molecular pumps 
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Fig. 1 Schematic diagram of space plasma simulator 
with electron cyclotron resonance plasma accelerator. 

(OSAKA VACUUM: TH5OOOVA and TI-BOOOVA) with 
high pumping speed 5 and 3 m’/s, respectively, each of 
which is connected to a rotary pump (ANELVA: 
T2033A). It takes about 90 minutes to achieve some lo-” 
Pa of tank pressure using this pump system. 

Quartz Window Magnetic Field Lines 

Microwave 
2.45 GHz 

- 
The ECR plasma accelerator, as shown in Fig.2, is a 

type of magnetic-field-expansion plasma accelerators.r6t9 
Plasma is generated by ECR heating of the interaction 
between microwaves and divergent magnetic fields 
induced by a solenoidal coil around a discharge chamber 
and is electrostatically accelerated by micro electric fields 
induced by charge separation in the magnetic fields. 
Since the ECR plasma accelerator has negligible 
contamination because of no electrodes, clean and 
reactive plasma flows are expected to be generated in the 
space plasma simulator. is Microwaves of maximum 1 
kW and 2.45 GHz are introduced into the discharge 
chamber 125 mm in inner diameter X 100 mm long 
across a qua& glass window 150 mm in diameter X 12 
mm in width. As shown in Fig.2(b), there exists an ECR 
layer with X7.5 mT about 20 mm downstream corn the 
quartz window at a solenoidal coil current of 95 A. 
Oxygen and nitrogen are used as working gases. Afler 
the mass flow rate is controlled with a commercially- 
available thermal-conductivity-type mass flow controller, 
the gas is radially injected from four ports just 
downstream of the quartz window into the discharge 
chamber. 
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Fig.2 Cross section of electron cyclotron resonance 
plasma accelerator and calculated magnetic field lines 
and strength generated by solenoidal coils. (a) Cross 
section of electron cyclotron resonance plasma 
accelerator. (b) Calculated applied magnetic field lines 
and its strength on center axis. 

Microwaves generated by a magnetron tie transmitted 
in TEro mode in a rectangular waveguide (WRT-2(JIS): 
109.2X54.6 mm) to the quartz glass window. The 
impedance of the transmission line is matched to that of 
a plasma load as closely as possible by an E-H tuner. 
Forward power (Pr) and reflected power (P3 are 
measured with a directionsI coupler connected to a power 
monitor. Since the reflected powers were nearly zero for 
all experimental conditions, the absorbed powers (Pi=Pe 
P3 almost equaled the forward powers. 

Furthermore, a flux of oxygen atoms in a plasma is 
measured using a quartz-crystal microbaisnce 
(INFICON: QCM XTM!2) with a sensor surface coated 
with silver, and production of radicals in plasmas and 
energy excitations are examined by means of emission 
spectroscopy.24 

Results and Discussion 
Vacuum Environment 

Ambient gas species in the vacuum tank are examined Figure 3 shows the typical mass spectra measured on 
with a quadrupole mass spectrometer (BALZERS: a side wall about 800 mm downstream from the quartz 
QMG112). Plasma parameters of plasma density and glass window. Although the small output signal of Nz+ is 
electron temperature are measured with a Langnmir observed for no gas flow at an ambient gas pressure of 
single probe, and incident ion energy is also measured 4.7 X 10e4 Pa afler 90 minutes evacuation from an 
with a three-grid electrostatic energy analy~er.~“~*’ atmospheric environment, there exist many atomic and 
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Fig.3 Typical mass spectra in space plasma simulator 
evacuated by S-m3/s turbo-molecular pump. (a) Mass 
spectrum for no gas flow at ambient gas pressure of 
4.7 X 1 Om4 Pa. (b) Mass spectrum for oxygen gas flow 
withflowrateof21.0sccmat l.lX10-2Pa. 

molecular oxygens with an oxygen flow for no discharge. 
Since the signals of lSO+ and Nz’ are very small and no 
carbonic species are observed, a clean low-pressure 
environment can be produced with the present pump 
system and even with the short pumping time. 

Plasma Parameter8 
In order to determine the position of a sample holder, 

plasma parameters in plasma kestreams were measured. 
From their spatial protiles, the aluminous sample holder 
100 mm in diameter X 3 mm thick perpendicular to 
plasma flows, was determined to be located at an axial 
position of 700 mm downstream from the quartz glass 
window on the center axis of the ECR plasma accelerator 
and the vacuum tank. At the sample holder position, the 
mean free path was 300-500 m for electrons and about 
50 m for ions. As a result, collisionless plasmas are 
created in the tank. The axial magnetic field strength was 
about 4 mT at the holder position, and the Rarmor radius 
for electrons was 2-3 mm. The Hall parameters for 
electrons and ions were orders of IO5 and lo’, 
respectively. 

Figures 4 and 5 show the plasma parameters in front 
of the sample holder. They were measured with a 
cylindrical Langmuir probe axially located 20 mm 
upstream from the holder surface at a radial position of 
25 mm from the center axis. The potential of the sample 
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Fig.4 Plasma density and electron temperature vs 
sample holder potential characteristics for oxygen and 
nitrogen gases. (a) wgen gas. (b) Nitrogen gas. 

holder was changed to -20, 0 and +20 V on ground 
potential of the vacuum tank potential. The plasma 
densities for oxygen and nitrogen gases slightly decrease 
with increasing sample holder potential, and they are 1 .O- 
3.0X10*~m~3aboxtheordczrof 10nm-30fiondensityin 
LEO. The plasma datsities are slightly higher than those 
for no sample holder, i.e. in plasma freestreams, because 
of stagnation of plasma flows by the sample holder. On 
the other hand, the electron temperatures and the plasma 
space potentials for both gases are sensitive to the 
operational condition at low holder potentials of -20 and 
0 V, and they range fkom 5 to 12 eV for the electron 
temperature and t?orn 30 to 40 V for the plasma 
potential. 

Incident Ion Energy, Ion Velocity and Ion Flus 
Since spacecraft materials are considered to be 

intensively degraded by energetic ion bombardment, the 
ion energy into the sample holder were measured with 
variation of the holder potential. As shown with closed 
circles in Fig.6, the ion collector current of the energy 
analyzer, located at the same position of the Langmuir 
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Fig.5 Plasma space potential vs sample holder potential 
characteristics for oxygen and nitrogen gases. (a) 
Oxygen gas. (b) Nitrogen gas. 

probe, drastically decreases around the plasma space 
potential as shown in Fig.S(a) on the sample holder 
potential v.-vh (V,: plasma space potential, Vh: holder 
potential), in which the ion reflecting voltage of a Gz grid 
voltage on ground potential is ~aried.~O-~~ Since the 
voltage V,Vh cciresponds to the voltage of an ion sheath 
in front of the sample holder, ions in plasma free&earns 
are accelerated by this voltage just before attack to the 
sample holder. In other words, the holder surface is 
bombarded by ions with the sum of an energy 
corresponding to a freestream velocity and that 
corresponding to a sheath voltage. The derivative of the 
current signal, as represented with the solid line, has a 
peak at 45.0 V; that is, this energy corresponds to the 
mean incident ion energy, and the ion kinetic energy in a 
frees&earn is estimated to be the energy 15.2 V 
subtracting 29.8 V (=v%-vh) from 45.0 V. The half- 
value widths of peak characteristics of derivative lines 
became large with decreasing sample holder potential; 
i.e. the incident ion energy was widely distributed. 

Figures 7 and 8 show the dependence of the incident 
ion energy, the ion flux and the ion freestream velocity on 
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Fig.6 Typical ion collector current and its derivative of 
three-grids electrostatic ion energy anaIyzer. The closed 
circles represent the ion current I, depending on the 
second-grid Gz reflecting voltage V, corresponding to the 
incident ion energy. The solid line represent the 
derivative -dI.JdV, corresponding to the ion energy 
distribution function. The space plasma potential and the 
sample holder potential are represented with vh and V,, 
respectively. 

the sample holder potential. The ion flux in the sample 
holder is estimated to be the plasma density shown in 
Fig.4 multiplied by the ion &&ream velocity shown in 
Fig.8. The incident ion energies for both gases decrease 
linearly with an increase in the holder potential, and they 
range from 20 to 80 eV. The variation of the ion energy 
almost equals that of the holder potential. As a result, the 
incident ion energy can be controlled by changing the 
sample holder potential. Also, the ion energy is found to 
be larger at the lower flow rate or with the higher 
m&owave power. As shown in Fig.8, the ion velocities 
for both gases have small variations for the sample holder 
potential, and it is 9-12 km/s for oxygen and 1 O-14 km/s 
for nitrogen. Accordingly, the existence of the sample 
holder hardly influexbzes the ion velocity in a plasma flow 
generated by the ECR plasma accelerator although the 
plasma density and the plasma space potential are slightly 
changed with the sample holder. Also, the ion flux into 
the sample holder is relatively large, and it ranges from 
1 X lOI to 3 X lOI ions/m2sec for oxygen and f?om 
1 X lOI to 4 X 1 Olg ions/m*sec for nitrogen. As a result, 
we can simulate the interaction between low energy ions 
and space&l materials with short operational periods on 
ground because of the large ion flux. 

Atomic Oxygen Flux 
The atomic oxygen flux into the sample holder was 

inferred using the silver-coated QCM, in which oxygen 
ions are reflected by applying a bias voltage above the 
plasma space potential to a grid in front of the sensor 
head.” When the silver coating on the sensor is 
oxygenated by oxygen atoms in a plasma flow, the natural 
tiequency is changed by an increase in the sensor weight. 
Figure 9 shows the typical mass change vs exposure time 
characteristics. The drastic mass change around the start 
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Fig.7 Dependence of sample holder potential on 
incident ion energy and ion flux into sample holder for 
oxygen and nitrogen gases. (a) Oxygen gas. (b) 
Nitrogen gas. 

of exposure shows oxygenation of the sensor surface. 
When the slope gradually decreases with the exposure 
time, oxygenation into the internal bulk, i.e. inner 
di&ion, is enhanced. We estimated the atomic oxygen 
flux from the slope at the start of exposure. The flux for 
an oxygen flow rate of 14.9 seem is 7.91 X IO’* and 
1.22 X lOI atomshnzsec at microwave powers of 300 and 
500 W, respectively; for 2 1 .O seem 9.50 X 1 018 and 
1.21 X lOI atomshhec at 300 and 500 W, respectively. 
An increase in the microwave power raises the atomic 
oxygen flux at a constant flow rate. The flux is an order 
of 1 O’*- 1 0i9 atoms/m%ec. Although the atomic oxygen 

flux is the same order as the ion flux, a much longer 
operational time will be required for ground simulation 
on atomic oxygen flow and materials interaction because 
of the larger oxygen atom density in LEO. 

Plasma Emission Spectra and Exposure Tests 
In the e-mission spectroscopic measuremem spectra of 

01 and OlI for oxygen plasmas and of NII, NZ and Nz+ for 
nitrogen plasmas were mainly observed in tkont of the 
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Fig.8 Ion fix&ream velocity vs sample holder potential 
characteristics for oxygen and nitrogen gases. (a) 
Oxygen gas. (b) Nitrogen gas. 
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Fig.9 Typical dependence of exposure time on mass 
change of silver-coated sensor for quartz-crystal 
microbalance. 
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sample holder. Thus, energetic particles of many species 
were found to exist in the generated plasmas. 
Furthermore, prelimmary tests of the interaction between 
Kapton tilms and oxygen plasma flows were carried out. 
X-ray photoelectron spectroscopic analysis showed that 
the addition reaction of oxygen atoms or the disruption or 
separation of various structural compounds occurred 
depending on incident ion energy and dose. 

Conclusions 
The ground facility was developed for simulation of 

material and reactive space plasma interaction in LEO 
and for study of spacecraft charging and discharge 
phenomena. The plasma simulator consisted of the 
vacuum tank 0.7 m in diameter X 1.5 m long, the two 
turbo molecular pumps with pumping speeds 5 and 3 
m3/s, respectively, achieving some 1Oa Pa, and the 
magnetic-field-expansion ECR-plasma accelerator. 
Microwaves of maximum 500 W and 2.45 GHz were 
introduced into the discharge chamber of the plasma 
accelerator, and plasma was generated by ECR heating of 
interaction between microwaves and the divergent 
magnetic field induced by the solenoidal coil outside the 
discharge chamber. The sample holder, biased from -20 
to 20 V on ground potential, was located in oxygen or 
nitrogen plasma flows in the simulator. As a result, a 
clean low-pressum reactive-plasma environment could be 
produced with the plasma simulator. The plasma density 
in fbmt of the sample holder was 1 .O-3.0 X 1 Oi5 m-’ above 
the order of 10” rn-’ of ion density in LEO. The incident 
ion energy into the sample holder ranged from 20 to 80 
eV, and it could be controlled by changing the sample 
holder potential. The ion freestream velocities for both 
gases had small variations for the sample holder 
potential,andtheywere9-12andlO-14km/sforoxygen 
and nitrogen, respectively. The ion flux into the sample 
holder ranged from 1 X lOi to 4 X lOI ions/m2sec and 
the atomic oxygen flux from 7 X lOI to 2 X lOI 
atoms/m2sec. These values were large enough to 
simulate plasma environments around spacecrafts on 
ground for a shorter period than that in practical use in 
space. Furthermore, preliminary tests of exposure of 
oxygen plasma flows to Kapton fihns were made, and the 
simulator was found to have a high potential for ground 
material tests. 
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