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57 ABSTRACT 
A simple, nearly passive apparatus is disclosed that 
allows a spacecraft sensor to be driven to a potential 
close to that of a plasma where the ion concentration 
exceeds about 100 cm3 even in the presence of a large 
vehicle potential. The apparatus includes a conductive 
reference surface insulated from all spacecraft elements. 
The reference surface is situated on the spacecraft such 
that it faces in the direction of motion, and collects ions 
thereon. There is developed on the surface a plasma 
potential. The reference surface is connected to the 
inverting input of an operational amplifier that is pow 
ered by floating voltages referenced to the potential at 
the noninverting input of the amplifier. Since the opera 
tional amplifier has to maintain equal voltages at both 
inputs, the amplifier will drive against spacecraft 
ground until the voltage at the noninverting input is 
substantially equal to the voltage at the inverting input. 
The reference potential established at the noninverting 
input is therefore the same as the potential on the refer 
ence surface. 

5 Claims, 4 Drawing Figures 
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1. 

METHOD AND APPARATUS FOR 
ESTABLISHING AREFERENCE POTENTIAL ON 
SATELLITES IN PLANETARY ONOSPHERES 

The present invention was made with Government 
support and the Government has rights in this invention 
pursuant to National Aeronautics and Space Adminis 
tration Contract No. NGLA4-004-130 and Air Force 
Contract No. F19628-79-C-0108. 

BACKGROUND OF THE INVENTION 

The present invention relates to satellite-borne instru 
mentation for low-energy charged particle measure 
ments; and more particularly, it relates to the mainte 
nance of a stable sensor potential near the ionospheric 
plasma potential. 
A problem that confronts instrumenters attempting to 

make in situ low-energy charged particle measurements 
with satellite-borne instruments is that of maintaining a 
stable sensor potential near the ionospheric plasma po 
tential. The problem is primarily due to electron cur 
rents collected by positive potentials exposed to the 
plasma on the satellite solar arrays. Past experience has 
shown that spacecraft whose solar panels are operated 
with their positive terminals grounded, thus exposing a 
negative solar array potential, are characterized by 
having a steady and slightly negative vehicle potential 
that is ideal for making these measurements. The NASA 
Atmosphere Explorer and Dynamics Explorer space 
craft utilized positive ground systems and demonstrated 
these characteristics. Conversely, spacecraft with nega 
tive grounds tend to have rather large and erratic nega 
tive potentials. The NASA OGO 6 satellite, for exam 
ple, had a variable vehicle potential some 20 V negative 
when the solar array was in the sunlight. 

Factors such as cost, the use of off-the-shelf hard 
ware, and reliance on past successful designs have re 
sulted in the incorporation of the negative ground sys 
tems in most satellites flown by both NASA and the 
Department of Defense, and efforts to conceal the posi 
tive solar array potentials from the plasma have mostly 
been either nonexistent or costly and unreliable. Since 
the space shuttle uses a -28 V system (negative 
ground), the advent of the shuttle-launched satellite era 
may well result in the exclusive use of negative ground 
systems in future satellite designs to assure compatibility 
with the shuttle while the satellite is in the bay. 

Low-energy particle detectors can in fact be designed 
to operate on satellites with large negative vehicle po 
tentials by electrically isolating the sensor system and 
biasing it to some potential. Electrical isolation of the 
sensor system is relatively straightforward in that me 
chanical elements can be isolated with conventional 
insulators and the electronics can be isolated by using 
floating power suppies with transformer isolation and 
optical couplers or level shifter circuits for data and 
timing signal interface with the spacecraft. Heretofore, 
however, no straightforward method for maintaining a 
bias potential near the plasma potential has been demon 
strated. 

SUMMARY OF THE INVENTION 

The reference potential circuit apparatus of the pres 
ent invention provides a reference potential that de 
pends weakly on the electron temperature and that is 
slightly below the plasma potential. This reference po 
tential is well suited to many charged particle instru 
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2 
ments for direct use as a sensor potential, and it can also 
be used as a basis to establish other biases with respect 
to the plasma potential. The apparatus is nearly passive 
in that it does not require voltage ramps or exposed 
positive potentials usually associated with instrumenta 
tion used to derive the plasma potential. The apparatus 
is suitable for use on spacecraft operating in planetary 
ionospheres where there is a dense, low-energy plasma 
with a Debye length less than about 10 cm (i.e., with 
Te). Ne). Typically, Ne will be greater than 100 cm-3. 

It is believed that the apparatus of the present inven 
tion will enhance the making of low-energy charged 
particle measurements from space vehicles moving 
through an ionosphere at speeds higher than the ion 
thermal speed. Sensor potentials referenced to the 
plasma potential rather than to the vehicle potential can 
be maintained by using this technique. This is a distinct 
advantage on spacecraft that expose positive potentials 
on the solar arrays, since these spacecraft tend to ac 
quire relatively large and variable negative potentials 
that preclude reliable measurement of many ionospheric 
plasma parameters in the conventional manner, i.e., 
with the instrument sensor referenced to the vehicle 
potential. The incorporation of the reference potential 
circuit apparatus in low-energy charged particle detec 
tor designs should result in instruments capable of reli 
ably coping with these adverse vehicle potentials. 

In accordance with the present invention, apparatus 
for establishing a reference potential on satellites in 
planetary ionospheres includes a conductive reference 
surface for disposition on the spacecraft to face in the 
direction of motion. The conductive reference surface 
collects ions and adjusts to a plasma potential. Further 
included is an operational amplifier having inverting 
and noninverting inputs and an output. The inverting 
input of the amplifier is connected to the conductive 
reference surface. A power source providing floating 
positive and negative voltages referenced to the poten 
tial at the noninverting input of the amplifier is provided 
for powering the amplifier. The output of the amplifier 
is connected to drive against spacecraft ground until the 
voltage at the noninverting input is substantially equal 
to the voltage at the inverting input. Such operation 
establishes a reference potential at the noninverting 
input, which potential is the same as the potential on the 
reference surface. 

In order to extend the voltage range of the reference 
potential circuit, the output of the amplifier can be con 
nected to drive through a power supply against space 
craft ground. Alternatively, the output of the amplifier 
can be connected to drive through a programmable 
power supply against spacecraft ground. Yet a further 
alternative is to provide a second stage operational 
amplifier coupled to the output of the first amplifier and 
connected to drive against spacecraft ground. 
BRIEF DESCRIPTION OF THE DRAWENGS 

A written description setting forth the best mode 
presently known for carrying out the present invention, 
and the manner of implementing and using it, is pro 
vided by the following detailed description of an illus 
trative reference potential circuit embodiment shown in 
the attached drawings wherein: 
FIG. 1 is a functional diagram of the reference poten 

tial circuit of the present invention; 
FIG. 2 is an embodiment of the reference potential 

circuit for use on a satellite that exposes a maximum 
solar array potential of about -- 13 V; 
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FIG. 3 is an embodiment of the reference potential 
circuit for use on a satellite that uses -- 28 V batteries 
and exposes a maximum unregulated positive potential 
of about --36 V on the solar arrays; and 

FIG. 4 is an embodiment using an additional stage of 5 
high-voltage amplification to extend the voltage range 
of the reference potential circuit. 

DETAILED DESCRIPTION OF AN 
ILLUSTRATIVE EMBODIMENT 

As illustrated in FIG. 1, the reference potential cir 
cuit 10 utilizes a conductive reference surface 12 insu 
lated from all other spacecraft elements. The reference 
surface is situated on the spacecraft (usually moving 
supersonically) such that it is always facing in the direc 
tion of motion in order to use the spacecraft ram veloc 
ity for ion collection on the reference surface. If there is 
a sufficiently high insulation resistance, the reference 
surface will adjust itself to a potential that will reduce 
the net current to the surface to zero; i.e., a sufficiently 
negative potential will be acquired to repel enough 
thermal electrons so that equal ion and electron currents 
are collected. Neglecting effects of the reference sur 
face potential on positive ion motion, the effect of the 
wake on electron collection, and the effects of photo 
emission and the ambient magnetic field, the potential is 
given by: 

: 
KT, 

n 

where K is Bolttzmann's constant, Te and me are the 
electron temperature and mass, respectively, e is the 
electron charge, and Vs is the spacecraft velocity. For 
typical values of Te=3000 K. and V=7.5 km sl, the 
reference surface potential will be of the order of 1 V 
negative with respect to the plasma potential. 
The reference surface is connected to the inverting 

input of a field effect transistor (FET) input operational 
amplifier 14 that is powered by floating voltages refer 
enced to the potential at the noninverting input of the 
amplifier. The high-input impedance and low-input bias 
current of the FET-input operational amplifier are nec 
essary to avoid changing the potential on the reference 
surface by disturbing the equilibrium of the ion and 
electron currents. Since the operational amplifier has to 
maintain equal voltages at both inputs, the amplifier will 
drive against spacecraft ground until the voltage at the 
noninverting input is equal (at least to within the few 
millivolts input offset voltage of the amplifier) to the 
voltage at the inverting input. The reference potential 
established at the noninverting input is therefore the 
same as the potential on the reference surface. 

Electrical isolation of the sensor system is accom 
plished by using conventional insulators to isolate the 
mechanical elements and isolating the electronics by 
using transformers, optical couplers, and level shifter 
circuits. Each of these elements introduces some finite 
resistance path to ground. Even if the sum of these 
resistances is as low as 10,000 ohms, the typical opera 
tional amplifier output current capability of 10 ma will 
support an IR drop of 100 V between the spacecraft 
ground and the sensor system. This voltage is much 
larger than can be anticipated. 

Sensors can be biased positively with respect to the 
reference potential provided that the spacecraft pres 
ents a conductive area in the direction of motion large 

(l) 
8KT dby = - 

Trn 
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4. 
enough to insure that an ion current equal to the net 
electron current to the sensors can be collected by the 
spacecraft at a vehicle potential within the voltage 
range of the reference potential circuit. 
The voltage range over which the reference potential 

circuit 10 must operate is dictated by the potential of the 
spacecraft with respect to the plasma potential. For 
satellites exposing a potential +V with respect to the 
spacecraft ground on the solar array, the maximum 
negative excursion of the vehicle potential will be ap 
proximately - V with respect to the plasma potential, 
so the circuit must be able to control the reference 
potential in the range 0 to +V volts with respect to the 
spacecraft ground. 
The voltage range of the circuit in FIG. 1 is limited 

by the output voltage swing of the operational ampli 
fier. FET-input operational amplifiers that satisfy the 
low-input bias current and high-input impedance re 
quirements are typically rated for operation with a max 
imum supply voltage of 15 V and have a typical out 
put voltage swing of about - 13 V. There are several 
ways of extending the voltage range of the circuit, how 
ever, 

For instrumentation on a satellite that exposes a maxi 
mum solar array potential of about -- 13 V, --5 V sup 
ply is used between the operational amplifier output and 
spacecraft ground. This circuit embodiment is shown in 
FIG. 2. The amplifier 16 will drive against spacecraft 
ground through the +5 V supply to provide a reference 
potential control range of about -8 V to -- 18 V. This 
should provide an adequate safety margin for the antici 
pated vehicle potential range. 

Spacecraft that use +28 V batteries typically expose 
a maximum unregulated positive potential of about --36 
V on the solar arrays. One configuration of the refer 
ence potential circuit capable of operating over the 
voltage range required on these spacecraft is shown in 
FIG. 3. Here, the amplifier 18 drives against spacecraft 
ground through a supply that is programmable by 
ground command. The circuit will provide control of 
the reference potential within about it 13 V of the pro 
grammable supply voltage, and if the supply is pro 
grammable from 0 to -- 28 V in increments of a few 
volts, an overall voltage range of -13 to +41 V can be 
accommodated. The programmable supply 20 would be 
adjusted by ground command and would probably re 
quire only two voltage settings, one for operation with 
the solar array illuminated and one without illumina 
tion. A simple voltage divider 22 can be used to provide 
a reference potential monitor to the telemeter to aid in 
deciding the optimum programmed voltage. 
Another configuration shown in FIG. 4 extends the 

voltage range of the circuit by using a second stage 
high-voltage operational amplifier 24 in addition to 
amplifier 26. The resistor RIL is used to protect the 
high-voltage amplifier by current limiting the output. 
Circuits utilizing discrete devices could also be used in 
place of the high-voltage operational amplifier. 
The reference surface must present a cross-sectional 

area normal to the direction of motion of sufficient size 
to collect an ion current that will support an IR drop 
across the reference surface isolation resistance which is 
equal to the worst case vehicle potential. Assuming an 
isolation resistance of 10 ohms and a vehicle potential 
of +36 V, the ion current required to the reference 
surface is 3.5x 10-10 A. When a conducting plate 
mounted on the forward-looking face of a spacecraft is 
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moving through a plasma with a speed much greater 
than the ion thermal speed, then the ion current I to the 
plate is given by: 

I = NVA (2) 

where N is the total ion concentration, V is the velocity 
of the spacecraft, A is the cross-sectional area of the 
reference surface, and q is the unit charge for a singly 
charged ion. If a charged particle instrument is required 
to make measurements in a plasma with an ion concen 
tration of 100 ions cm-3 and above, for example, a 
reference surface cross-sectional area of about 38 cm2 
would yield the required minimum current of 
3.6X 10-10A at a spacecraft velocity of 6 km s-l. One 
must take care, however, that the reference surface is 
sufficiently removed (a few Debye lengths) from the 
spacecraft so that it is not shielded from the ambient 
plasma. For very low plasma concentrations (<< 10 
cm3), the photocurrents ejected from the spacecraft 
by solar ultraviolet radiation can become comparable 
to, or exceed, the thermal electron currents. Under 
these conditions the circuits described herein become 
inoperable. r 

A resistor (several megaohms) added in series be 
tween the reference surface and the operational ampli 
fier can be used to protect the amplifier input from static 
discharge damage. If the resistor is added near the refer 
ence surface and a shielded cable is used to connect the 
resistor to the amplifier, the resistance-capacitance 
(RC) network formed by the resistor and the inherent 
cable capacitance will provide RF bypassing. Addi 
tional RF bypassing can be added, provided that that 
bypass capacitors used do not introduce excessive leak 
age paths between the reference surface and other ele 
ments of the spacecraft. 
The foregoing description of the invention has been 

directed to a particular preferred embodiment for pur 
poses of explanation and illustration. It will be apparent 
to those skilled in this art that many modifications and 
changes in both the illustrated apparatus and the 
method taught may be made without departing from the 
invention. It is the applicant's intention in the following 
claims to cover all equivalent modifications and varia 
tions as fall within the scope of the invention. 
What is claimed is: 
1. Apparatus for use on spacecraft having a ground 

reference and having a solar array, to establish a refer 
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6 
ence potential near the ionospheric plasma potential, 
comprising: 

a conductive reference surface for disposition on the 
spacecraft to face in the direction of motion, for 
collecting ions and adjusting to a plasma potential; 

an operational amplifier having inverting and nonin 
verting inputs and an output, with the inverting 
input being connected to the conductive reference 
surface; and 

a power source for powering the amplifier, said 
power source providing floating positive and nega 
tive voltages referenced to the potential at the 
noninverting input of the amplifier; 

the output of said amplifier being connected to drive 
against spacecraft ground until the voltage at the 
noninverting input is substantially equal to the 
voltage at the inverting input, whereby the refer 
ence potential established at the noninverting input 
is the same as the potential on the reference surface. 

2. Apparatus of claim 1 wherein: 
the output of said amplifier is connected to drive 
through a power supply against spacecraft ground. 

3. Apparatus of claim 1 wherein: 
the output of said amplifier is connected to drive 

through a programmable power supply against 
spacecraft ground. 

4. Apparatus of claim 1 further comprising: 
a second stage operational amplifier coupled to the 

output of the first amplifier and connected to drive 
against spacecraft ground. 

5. A method of establishing a reference potential near 
the ionospheric plasma potential used for biasing instru 
ment sensors carried on a spacecraft having a solar 
array and a ground reference, comprising the steps of: 

providing a conductive reference surface on the 
spacecraft facing in the direction of motion, for 
collecting ions and developing a plasma potential; 

applying the plasma potential to the inverting input of 
an operational amplifier powered by floating posi 
tive and negative voltages referenced to the poten 
tial at the noninverting input; and 

driving against spacecraft ground from the amplifier 
output until the voltage at the noninverting input is 
substantially equal to the voltage at the inverting 
input, whereby the reference potential established 
at the noninverting input is the same as the poten 
tial on the reference surface. 
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