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Abstract B angle of side slip
T emissive vield
According to the electrical power 8 scaling parameter (def. Eq.(7))
system of the future spacecraft. its power Ap Debye length
level 1is foreseen to increase as high as § normalized length (LQ/U)
100 K¥ in 1990°'s. It is advisable in such a T period of pendulum
case to suppress the mass increase due to 5] normalized potential (eV/E)
the current-capacity increase of the wire Vg angle measured from normal
harness by supplying the power at high Q ion plasma frequency
voltage. It is also desirable to directly
drive high voltage equipments by solar Subscript
cells connected in series without dc-dc A solar array
converter and loss in it. On the other 0s back scattering
hand. increase in the bus voltage of the e electron
solar array causes undesirable interference f application point in pendulum
wvith the ionospheric plasma when the i ion
spacecraft fly in the Low Earth Orbit J Jj-th part in pendulum
(LEO). The purposes of this work are to LEQ condition at LEO
tudy  numerically and experimentally the Lab condition at laboratory
nterferance phenomena on the High Voltage n neutral particle
Solar Array (HVSA) by the ionospheric s sensing point in pendulum
plasma. In this study new interactions. se secondary electron
namely. the influence of ion drag on the sp sputtering
spacecraft motion and the surface v weight point in pendulum
degradation by sputtering will be pointed
out . Superscript
A as for drift velocity
Nomanclature
l.Introduction
B megnetic field strength
c unit vector of cord In parallel with the enhancement of
CL scaling parameter (def. Eq.(6)) human activities in the space larger
D length of sheath electrical power 1is required. The space
d displacement of pendulum power issues are the acquisition, storage,
d unit vector of drag transfer and conversion, which may impose
E Kinetic energy constraints on the space activities.
e charge of electron Associated with the large electrical power
F force the efficient generation and transfer can
F ion force vector be made by high voltage. which will save
g gravitational acceleration the mass of power cable and eliminate the
h length from hinge in pendulum loss in dc-dc converters. The Skylab in
[ moment of inertia 1973 adopted about 30 V as bus voltage. and
K Boltzman constant the NASA Space Station will employ 250 V.
L length of HVSA The higher the voltage becomes. however,
1 mean free path the stronger impact 1is imposed on the
1 unit vector of lift spacecraft by the space plasma
i mass interaction !'. Especially it seems to be
N particle density severe for the solar array. of which the
n unit normal of HVSA surface interconnects between the solar cells are
P unit vector of side slip force exposed to the space plasma. [f the space
R Larmor radius plasma interferes significantly with the
s unit vector of span solar array, some protections may be
s temperature required, for example, insulation of the
¥ orbital velocity interconnects. The excessive protections,
u unit vector of orbital velocity however. result in endurance. weight and
v potential cost penalty and endanger the usefulness of
v particle velocity the solar array. For these reasons the
u angle of attack space plasma interaction with the high
voltage solar array (HVSA) is a timely
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topic and worth to be studied as one of the
key technologies for the space activities
in future.



plasma ionization mean free mean free Debye satellite
density rate path of  path of length orbital
neutral ion velocity
particle electron
5x10%cw™?  0.05 60km 4km 0.5cm 7.6km/sec
temperature average thermal Larmor
molecular velocity radius
weight
electron 0.2V 250km/sec  3cm
ion 0.lev 16.7 1.4km/sec  m
Table | Plasma parameters in LEO at
S00 km altitude®=.
The interference of the HVSA can be

viewed as follows. The space charge sheath
is formed around the conductive surface of
the HVSA at some potential referring to the
plasma potential, and collects ions and
electrons. The charge transfer and momentum
exchange between the HVSA and the plasma
result in both the drain power and the
spacecraft dray, respectively. The
coverglasses of the solar cells are eroded
by frequent particle collisions so that
their erosion or re-adhesion to themselves
may 9give damage to the power generation.
The surface erosion by sputtering mechanism
due to the ion collision have not been
reported vet because the bus voltage of the
pover system used in the space has been the
samc¢ order of the threshold value of the
sputtering mechanism. Moreover, the surface
discharges may induce electro-magnetic
interference with onboard instruments. A
potential distribution in the HVSA relative
to the ionospheric plasma adjusts itself as

to collect no net plasma current. The
electron impinges on the HVSA with its
thermal velocity. whereas the ion does with
the satellite orbital velocity. The

difference of the current densities between
twuc species makes the potential in almost
-1l the parts of the HVSA to be lower than
the plasma potential and ions are collected
in the accordance with the drift probe
characteristics. The ion collection is
essential to the interference of the HVSA
with the ionospheric plasma.

The drain power was experimentally
studied by McCoy and Konradi and
analytically by Katz et al 3}, They have
regarded the solar array as a stationary
probe. Knechtel and Pitts (' made an
oxperiment on the ion drag acting on a
sateilite model which is biased at the same

order of voltage as the plasma thermal
energy. The present work 1is to study
analytically and experimentally the

drain power and the ion forces for the
large solar array which moves at the
orbital speed being biased at highly

n2gative voltage.

2 Simulari cuidel ]
The plasma parameters in LEO at 500 km
altitude where the space station is
designed are summarized in Table 1 @, In
this condition the electron thermal
velocity W is larger than the satellite

orbital velocity U. whereas the ion thermal
one v. is smaller. lons are. therefore.
approximated to impinge on the satellite
wWith U while electron with .

>> U (1

Vs >> V.
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The characteristic length L. 5 m HVSA
is shorter than the various mean free
1., whereas longer than the plasma

length 1;. These conditions satisfy
basic conditions of the Langmuir probe
theory and permit the particles to be
regarded as plasma moving without collision
near the HVSA.

span

paths

Debye
the

1 R b > Np (2)
The maximum array voltage \, the ion
kinetic energy E and the electron
thermal energy KT, satisfy the following
relations,

ey > E ¥¥ el (3)

where the voltage V, applied to the HVSA is
assumed to be 500 V at its tip. The Larmor
radii R' and R;of the ion for the drift
and thermal velocities are larger than L
while that of electron R; with reference to
the thermal velocity is smaller. Therefore
the geomagnetic field may have little
effect on the ion collection by the HVSA in
LEO.

Ry By R D L >3 Ry (4)

The HVSA is considered as a simple
rectangular plate. That has a conductive
surface on one side and an insulated
surface on the other from the following
reason. In general the solar cell is mostly
covered with glass, and the solar array
potential appears only at the
interconnects, which is covered with the
plasma sheath. Since the sheath thickness
is larger than interval between the
interconnects, the solar array is ‘“entirely
covered with the sheath and electrically
behaves as a single conductive plate. In
these days another type of the solar cell
has been developed that has a_ coverglass
coated with a conductive paint ‘. In such

a case the solar array is strictly a
conductor because the conductive coverglass
are connected electrically to one side of
cell electrodes.

The angles of attack ¢ and side slip 8
referring to the ion flow are shown in
Fig. 1. The drag d. side slip p, and lift 1
are also seen there. They are defined
mathematically by unit vectors of orbital
velocity u. normal on the conductive

surface n. and span from the wing root to
tip s as follows.
(1 = S Xxn
¥ Hxn :
P = TR (¢#+390).
P = s i @=+30).
d = -u
1 = d xp
sin « = e
sin g8 = telP L iC)
Drag B (F . &
Lift = (F, £
Side Slip = (F . p) (5)
The unit side slip vector p is dependent on
the angle of attack «. Under p£=0, the
conditions at @=-390. 0 and +9¢ are called
"ram", "airplane" and "wake" modes .
respectively. with regard to the relation
betveen the conductive surface and the
plasma flow. The position on the HVSA is
indicated by the spanwise and chorduise
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Coordinate system.

Fig. 1

tooations in percentage of respective array
dimensions.

As stated above, the ion properties
affect more significantly the interference
of the KVSA rather than those of electron.
Ii. this work the interference of the HVSA
with 1onospheric plasma is studied about
the ion collection, namely assuming almost
all the area of the HVSA to have negative

potential relative to the plasma. The
assumptions are summarized as follows.
. [onospheric environment is regarded

as plasma. ]
Electrons are in thermal equilibrium.
Ions have zero temperature.
Plasma particles nove
collision.

. Geomagnetic field is ignored.
HVSA acts as a simple plate that has
a conductive surface on one side and
has an insulated on the other.

without

(2009 ] - Wio
. B 6Tl

Poisson's and the Kkinetic equations
are fundamental. In one-dimensional
~ondition two scaling parameters, CL and O,
are introduced as follows,

s (M AR
(U. 7Qx(eVy) i3
KT,
e\",\

(6)

s‘.
@:.5
A

] (7)

~here they are also described using &, and

z. The CL 1is induced from the Child-
Langmuir equation converted from the
‘undamental equations. The former parameter
has significance in the interaction of the
HVSA because the latter is determined by
[nequarity (3). On the other hand. & and §

are available to understand individually
the array potential and the array length at
the specific environment.

A real-sized simulation on the ground
is not realistic if one considers the
dimension of available space chamber. the
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high' vacuum and the uniform plasma flow.
etc. The experimental simulation using
small size model was conducted in the

laboratory based on a similarity law, which
required more dense plasma than that in
LEO. In the simulated plasma environment
Inequalities (1), (2) and (3) must be met.

The mean free paths for ion-electron and
ion-neutral should be selected for
Inequarity (2) in the laboratory. As for

the magnetic field. Assumption (5) requires
the following relation instead of
Inequality (4):

R{

>> L ’ (8)

The CL parameter defined in the former
paragraph must be equal to those in LEO.
The normalized electron temperature, 8, do
not have to equal as long as Inequality (3)
is met, in other words, the plasma flow is
super-sonic because the characteristics of
the electron little affect the ion
collection by the HVSA. i

31N {cal Simulati

The fundamental equations were
iteratively until a self-consistent
solution was obtained using the particle
tracking method. The ion current collected
by the HVSA was estimated with 10 %
addition to the «calculated result for
consideration of the secondary electron
effect. The 1ion drag and lift were
calculated using the accommodation
coefficients. More details are given in
Ref .—15).

solved

{.E : L Simulati
Vacuum System and Plasma Source

All the simulation were carried out in
the space chamber which had 1.5 m length
and 2.8 m diameter. The space chamber made
of stainless steel and grounded to the
earth electrically were evacuated by an oil
diffusion pump which had the pumping speed
of 4,300 litters/min. The diffusion pump
was backed by an o0il rotary pump of
3.000° litters/min pPumping speed. The
pressure in the space chamber was around
2 x 10% torr before the gas was supplied.

The plasma
steady-state Hall
which

flow was generated by a
type accelerator '2,
ionizes gas and accelerates ions by
Lorentz force due to Hall current and
external magnetic field. The operational
conditions were typically 2 A in discharge
current, 105 V in discharge voltage.
0.85 mg/sec in mass flow rate using argon

gas and 2 x 10* torr in back pressure.

The plasma parameters were measured by
the Langmuir probe, the retarding potential
analyzer. the time of flight method. the
optical multi-channel analyzer (0OMA) and
Hall sensor. The spectrum of the plasma
plume was observed by OMA, and only for Al
and AIl were identified. In the downstream
region at 13 cm from the exit of the
accelerator the following plasma was
produced in the space chamber:

Nk = 5.0 % 109 em=
N S ev
E; = 36 eV
N, = 7 x 10%cm== ,
B = G



Eq. (1) Eqs. (2), (8) Eq. (3)
paa=gle t=rn R b e WA cx.-—f-,-“.', 8 =kl
LEo [ 323 =100 1Bt _2s'$:°”"=49 250kws »7.6ka/s 4k, —, 408 >1.6a> 0.5 2.4 g'zgxauxo-:«x
Te~t
lab. §‘§I¥=l°° &1%9-‘—-49 880ka/s > 13ka/s 30m,40cs, 48 >4.4cw> 0.2m 2.4 §:§3=6x10-‘«1
Table 2 Comparison between plasma environments in LEO and in laboratory.

Table 2 shows comparisons between the and lift were measured by the pendulum
conditions in LEO and the laboratory. method. The baseline model was suspended
According to the similarity law the plasma by ceramic rods and tungsten wire from the
generated in the space chamber achieves the ceiling of the space chamber and supplied
conditions stated in the preceeding power through a flexible cable insulated by
section. The solar array of 1.6 m length Teflon. The swing of the pendulum system
and 500 V as the bus voltage in LEO is along the direction of the drag or the lift

simulated by a model of 4.4 cm and 3.6 kV
in the laboratory. It has concluded from
the probability of 1ionization that the
argon ions accelerated by the potential of
the solar array model will not generate an
additional plasma in these conditions. The
electron collection by the HVSA also can be
simulated qualitatively in the laboratory
since the normalized electron temperature,
8. 1s the same order of that in LEO.

Solar Array Models

The characteristics
current. ion drag and lift and potential
distribution were measured by a simple
tungsten plate insulated one side by boron-
nitride plate of 4.4 cm length square and
called "baseline" model. So as to enlarge
the dynamic range of the similarity law the

=mall” model of 2 cm length square was
415G used.

of total ion

The model divided into 3 X 3
~trodes was used so as to measure ion
current distribution. It was consisted of
nine tungsten plates and boron-nitride
substratum of 4.4 cm square and named the
=iuented” model.

All types of the solar array models
cxcept that used for the drag and lift
measurement could be located and rotate
with respect to the flow by a X-Y table
combined vith a stepping motor in the space
chamber.

El ical Ci .

The models were biased at as low as
-3 kv from the ground within 10 V accuracy
by a constant voltage power supply through
a fine cable. Total ion current collected
by the models was monitored by a shunt
resister with the accuracy less than 1 % of
measured value. In the measurement of the
on current distribution using the
segmented model biased uniformly the ion
current signal from each segment was
transferred to a pen recorder by the
photocoupler. SHARP PCS1 1 Every
photocoupler was calibrated separately
about its characteristic of input current
and output voltage taking of non-linearly
into account. The accuracy of the current
measurement is within *3 % due to the
effect by ambient temperature. The
potential drop by the photocoupler with a
protection circuit is less than 3 V.

d Re-M irem

The characteristics of the ion drag
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was detected by the optical displacement
sensor, KEYENCE PA-1810, with the accuracy
of a micron meter. This pendulum method was

calibrated by two ways. One is the way to
find a functional relation of displacement
of the pendulum system and a known force

using the road cell. KYOWA 120T-5B. Another

way is to find the moment of inertia about
the pendulum system from the change of the
swinging period T by addition of a Kknown
weight. The dynamics of a pendulum

represent the following equations:

Fhs = g(Smjh; + m,h;) siny
=-:;-s9(2mJ hj + myh,) (9)

I +I,+ mu,?
T = .

21Jﬂ-mhg*'mm’ (10)

where the notations are seen in Fig. 2. The
T is dependent functionally on h, as for a

specific weight. Eq. (10) is converted
into;

< » .
hul9GE) 2-h J -‘"'Jhlg(-zt-) 2 I_;'i.m)

bl

The characteristic of h, JL9Fp2i-n,1 and
g(Fp)ireveals the Im jh; ‘by measuring the
swinging period with variable hy using the
known weight so that the displacement can
correspond with the force by Eq. (9). The
two calibrations coincide well each other.

The friction of the pendulum system
estimated by reduction of the amplitude of
the swing is 0.05 mgf. The total accuracy
is less than +5 % and #2 mgf which results
from the errors in the calibration. finite
, PENDULUM
A A A
w(‘ 7
hy [y [Py [hs
j=th PART

m
5 F > s
B NS
!__._ pr M N B L
|

e

d OPTICAL
DISPLACEMENT
SENSOR
Flg: 2> _ Geometry and notation for
calibration of ion force measurement method
by using moment of inertia.



length of the pendulum. the lift (or the Numeri ¢ imen
drag). respective to the drag (or the lift).

the friction and the displacement sensor. characteristics of Ion Current
Observation by Video Camera The ion current dependences for the
calculation and the experiment on the CL
The experimental simulation using the parameter are shown in Fig. 3 in the ram
similarity law enabled to observe some and the airplane modes. The ion current is
phenomena by a conventional video camera normalized to the ion current ratio by
owing to the brightness of the dense unbiased ram current. The circle and cross
plasma. The observation of some phenomena symbols represent the results by the
in dilute plasma requires a special baseline and the small models with the
instrument, for example, low .light TV tungsten electrode. respectively. The
camera. By a digital image converter the experiments were performed as for the HVSA
photograph was processed into equi-darkness corresponding to 0.5 m - 3.1 m array length
contours. and 63 V - 470 V array potential 1in LEO.
The data of two models overlap smoothly
Emissive Probe with each other, and agree well with the
solid curve representing the numerical
Potential distribution around the result. By increasing.the CL parameter, the
baseline model was measured by an emissive ion current ratio for the ram mode seems to
probe mounted on a X-Y table which was converge to wunity. while that for the
driven by a microcomputer with 0.1 mm airplane mode to zero. The data of both ram
resolution. The probe was made of thoriated and airplane modes look to converge to each
tungsten wire of 0.2 mm diameter and heated other as the CL parameter decreases.
by a 5 A current. The probe current was Especially for the airplane case the ion
measured with regard to probe location and current characteristic seems to be
analyzed by a microcomputer. When the probe proportional to =-0.5 power of the & !
passes through the position having probe parameter.
potential, the emissive current from the
probe changes drastically to near zero. The dependence of the ion current on
Surh position was defined to correspond to the angle of attack is shown in Fig. 4 at
the maximum inclination of the current -2 kV the array potential. The ion currents
profile subtracted by the back ground are normalized by the unbiased ram current
plasma current. The results have the errors of each model. The experimental results of
of +1.3 mm in location and 3BV in the baseline and the small models, which
potential due to finiteness of the probe are obtained for 3.0 as the CL parameter.
stze. the accuracy of the X-Y table and the agree perfectly with each other and the
potential wvariation in the probe. The numerical result within the accuracy
emissive current was about 3 mA, which was represented by the error bars.

much less than total current collected by,
the model. The electrons exhausted from the Characteristics of Ion Drag and Lift
:ilssive probe never affected the structure
of the sheath around the model as will be The experimental results of the ion
described in Section 6. drag and lift are presented as a function
of the angle of attack in Fig. 5 at -2 kV
array potential with the numerical one.
They were obtained by measuring the

10 - v
xx
%
x*xim E
=) % a =-90/Ram mode
pe x
<< ~ ﬁﬁ?
c HE!%
— 5\3( X, ‘e&a°°‘°o~o—-o~
E 1 P Ca‘ . o
(-]
3 \\\Wq,EL X
Q
= a =0/Airplane mode \cg\
Q\\~
Cal.
043 1 10 700 7000
CL PARAMETOR
Fig. '3 Dependences of ion current ratio on scaling

parameter at ram and airplane modes. Data of circle. cross
symbols and solid curve represent results by baseline. small
models and calculation. respectively.
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the
floating
affected
ion lift
to the
is never

displacement of the pendulum system in
biased condition from the
condition which had already been
by the aerodynamics force. The
represents negative sign due
definition in Egs. (5) and
produced at the ram and the wake modes
owing to the symmetory of the model. The
ion drag shows maximum at the ram mode and
turns negative. namely, acts as thrust at
positive angle of attack.

leasur [

A dark area around the model
observed in the bright ion beam and changed

its configuration depending on the array
potential. the plasma density and the angle
of attack. The baseline model of a copper

electrode was observed from the direction
perpendicular to both the ion beam vector

and normal vector of the array surface in
the cases of the ram, airplane and . wake
modes in Figs. 6., 7 and 8. The experiment
nsing a copper electrode enabled to observe
the dark area because of dimness on the
clectrode surface. The dark area is thin on
the ram side, and thick in the wake though
the array 1is biased uniformly. The dark
area enlarges with increase of the array
protential and with decrease of the plasma
density for lack of the plasma shielding.
Figures 9. 10 and 11 represent the
experimental results by the emissive probe
and are superimposed on the numerical
results of equipotential contours in three
modes.  Frow the emissive probe data were
1dentified the positions corresponding

-40 V and -400 V with respect to the plasma
potential in the cross section at 50 %

span. Each cross bar represents the spatial
SITOY .

was

[ou Current
The models with tungsten and
aulyvbdenum glowed on their surfaces when
3 . - - - - - -
. 1
Exp. 40eV  -2kV/-250V 4.
=2kV/-310V 2. .3m

| Cal. 4
o
S
= -
o<
—
-
wl 4
o
5
o (e}
= 1r typical ® 4
o] error bar
beset
-80 -80 =30 0 30 60 S0
ANGLE OF ATTRCK, deg

il e R Dependence of ion current ratio

. angle of attack. Data of baseline model
are represented by open symbols. those of
small model by solid. Solid curve

represents calculation result.

110

they were biased in the ion beam. These
luminous patterns transformed depending on
the plasma density, the array potential and
the angle of attack. They are hought to
correspond to the current density
distribution. The luminous pattern in wake

mode is shown in Fig. 12. The arched areas
without the luminescence exited on all
edges of the model and became larger with
increasing the array potential and
decreasing the plasma density. A circular
shadow on the center of the model in
Fig. 12 is a head of screw which fixes the

electrode. The numerical simulation code
drew the similar figure to Fig. 12 as shown
in Fig 13.

After many operations at the wake mode
a pattern similar to that of the luminosity
and holes near the corners were observed on
the tungsten electrode. Frequent ion
collision eroded the tungsten electrode and
made holes on it by the sputtering.

The ion current distribution was
measured with the segmented model in each
angle of attack. The experimental result in
the wake mode is represented in Fig. 14 in
the condition of 1.1 m equivalent array
length, 250 V equivalent array potential
and 3.0 CL parameter with the <calculated
one which is reconstructed to be compared
with. These value are normalized by the ion

current collected by a unit cell unbiased
in the ram mode. In all cases. corner cells
collect more ions than edge cells. The

cells on the leading edge collects the more
ion current in the airplane mode than
others. These results are in good agreement
with those of the surface luminosity.

6.Discussion
Wi i d Ex im
The results of the experimental

simulation include non-ideal factors in the
plasma environment as well as the measuring

™ T T T T g
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T
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0
<20}
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~40r error bar |
-80 =60 =30 0 30 60 g0
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Figs'S Dependences of ion drag and lift
on angle of attack. Experimental drayg data
are represented by open symbols. those of
lift by solid symbols. Solid curves

represent calculation results.
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accuracy. The latter has already been
described in Section 4. The effective
plasma density depends on the array
attitude and the extent of the ion sheath
because of the non-uniformity along and
across the ion beam. The comparison between
numerical and experimental results needs
some corrections about it, which is
represented as the typical error bar in all
figures.

lon Current
The numerical code describes
quantitatively the ion current

characteristics of the experiment as shown
in Figs. 3 and 4. The ion current ratio is
enhancement of the ion current collected by
the HVSA in biasing condition with
respective to in the ion saturation
condition. In other words, it can be
considered to be the area ratio of ram
sheath surface with respect to the array
surface since the ions are collected
through the sheath surface.

The ion current dependences on the CL
parameter are different between the ram and
airplane modes as shown in Fig. 3 and
explained as follows. In the case of the
unbiased array, namely infinit €L
parameter. the ion current ratio is equal
to wunity for the ram mode, whereas it
equals zero for the airplane mode because
of wvanishing frontal area of the model in
the ion flow direction. The increment of
the array potential or decrement of the
array size decreases the CL parameter and
thickens the ion sheath covering the model
so that both curves of ion current converge
gradually since the ions are collected
through the virtual surface area of the ion
sheath instead of the physical surface of
the HVSA. For the case of the airplane mode
the ion current is approximately
proportional to the -0.5 power of the CL
parameter. The Child-Langmuir Law indicates
D« V% (D = CL"5 because the ion
current density is regarded as constant in
LEO. The virtual surface area of the ion
sheath 1is considered proportional to the
first power of D owing to D < L 1in the
airplane condition of Fig. 3. Therefore.
the inclination of the ion current
characteristic at the airplane mode equals
-0.5 closely with obeying the law of Child-
Langmuir, though slight deviation may occur
due to three dimensional effects. The ion
currnt ratio is also dependent
significantly on whether or not the
insulated surface 1looks toward the ram
direction as seen in Fig. 4.

In the numerical simulation the
secondary electron is assumed to add the
effective ion current through the HVSA and
not to influence the structure of the ion
sheath, which are proved as follows. The
secondary electron forms electron space
charge sheath between the ion space charge
sheath and the HVSA. Under assumption of
one-dimensional and ignorance of particle
initial energy. a point where the right
hand side of Poisson’'s equation wvanishes
can be considered as a boundary between the
ion and the secondary electron sheathes.
The thickness ratio of the ion and electron
space charge sheathes. D and D, can be
written as:



D s N (12)
D: = m:
The condition interested in this study
reveal that the electron sheath 1is thin
enough to be neglected due to smaller mass
of the electron. The above discussion also

tells that the electrons exhausted from the

emissive probe - little affect the ion
sheath.
Ion Drag and Lift

Comparison between the numreical and
the experimental results is represented in
Fig. 5. They are in good agreement.

The generation of thrust by the ion

force is confirmed by the numerical and the
experimental simulations as shown in
Fig. 5. The ion particles with zero initial
velocity., when viewed from the coordinate
system fixed to the ionosphere, are
accelerated by the array potential and
leave backward of the HVSA with large
reflection velocity losing electric charge
and accompanying the sputtered atoms after
the collision. In other words, the HVSA
behaves like an ion engine using
ionospheric plasma as propellant.

The ion force is found to be composed
of those by the back scattering F,s and "by
the sputtering F,. The back scattering

means the reflection of the primary
particle, whereas the sputtering that of
the secondary. Their ratio is estimated as
fcllows:
il w i —E-"*"E” (3
Fos Co5\ MysEpg
Inserting the values to these parameters,
/R, iVl is found €0 -equal
nearty unity, which is uncertain for lack
of exact data. It is found both the back

scattering and the sputtering contribute to
the ion force.

a {al Di {but i

The ion sheath could be
the dark area because the
recombination can not occur for lack of
plasma as shown in Figs. 6, 7 and 8. The
luminosity of the radiative recombination
must ¢hange drastically in the thermal
sheath which is wvery thin and locates
betvieen the uniform plasma and the ion
sheath. The border of the observed dark
area. therefore, can be consider to equal
the edge of the ion sheath. The results by
using the emissive probe can be compared
with those by the numerical simulation in
Figs. 9. 10 and 11. The data by the
emissive probe of =40V and -400 V
correspond to the curves of =1 and =10,
irespectively because of 40 eV beam energy.
They agree well with each other. The
numerical simulation code can describe the
transform of the sheath due to the ion beam
orientation.

observed as
radiative

on Current Distribution

The arched dim area along the model
edge varied depending on the plasma density
and the array potential. The thicker the
ion sheath becomes. the more strongly the
ion trajectories are deflected in the
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sheath so that the dim area enlarges, that
is to say. the focusing effect 2.
The luminosity pattern in Fig. 12

resembles the pattern of the calculated ion
current density in Fig. 13. Qualitative
comparison between them can not be carried
out since there are no basis to correspond

the luminescence to the current density.
Figure 14, however, shows quantitative
agreement between the calculation and the
experiment in spite of low spacial
resolution.

The numerical and the experimental
simulation find the corner parts on the

HVSA collect a considerable sum of the ion
current. The result of the eroded electrode
supports this and concerns the endurance of
the practical HVSA.

ic vV

The experiment supports the
quantitative wvalidity of our numerical
simulation code as stated above. The
interference of the practical HVSA can be
simulated numerically. The practical HVSA
was assumed to have 10 m span. 3 m chord
and linear potential distribution which
minimum voltage -1 kV at wing tip in LEO.
The maximum drain power was about 0.3 % of
the generated power at the ram mode and
regarded as insignificant. On the other
hand. the maximum ion drag was about 20 %
of the aerodynamic drag at the ram mode.
The ion thrust was also generated according
to the angle of attack. The ion force.
therefore, may affect the dynamics of the
spacecraft equipped the HVSA. The leading
edge, the wing tip and corners biased
deeply negative collected a considerable
sum of the ion current. The experimental
results predict these parts of the HVSA are
eroded by the sputtering. The 1low bus
voltage below the thresold value of the
sputtering used in the space at present
never cause this type of erosion of the
solar cell surface. As rising the bus
voltage this pPhenomena may become
significant for the endurance of the HVSA
and lead us to select the materials
resistant against the sputtering in the
development of the solar array.

7.Concluding Remarks

At first,
was examined
experiments.
total ion current and ion dray
were obtained and showed in good
with the numerical results. The
distributions of the space potential and
the ion current density were measured which

the validity of our modeling
and confirmed by the
The macroscopic data such as
and_—Lifs
agreement

could be compared with the calculation. The
agreements between the experimental and
numerical simulations verified validity of
our assumption and modeling about the
interaction of the HVSA with the
ionospheric plasma. The numerical
simulation code, therefore, can describe

quantitatively the interference of the HVSA
of arbitrary configuration. In addition to
well-known interferences, the generation of
the 1ion force and the surface degradation
by the sputtering were found.

In this study.
were obtained.

the following results-



1) The validity of our assumptions and
modeling were examined and confirmed by the
experiment.

2) The numerical "simulation code was
developed. The experimental simulation
supported the wvalidity of the numerical
code.

3) As for the interaction of the
practical HVSA in LEO the drain power, the
ion force and the erosion of the solar
cells were taken into account.
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