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Instrument for Measuring Spacecraft Potential
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A high-resolution, low-energy electron spectrometer can be deployed on rockets or satellites to measure absolute
spacecraft floating potential relative to true (Earth) ground with an accuracy of +0.2 V. Features due to the
photoienization of nitrogen and atomic oxygen by an extremely sharp solar extreme ultraviolet line (304 A, Hell)
appear in the electron spectra collected by the instrument. At altitudes where the photoelectron production is local
(below 250 km), the peaks that appear in the spectrum are created by electrons of a known kinetic energy: the energy
of the ionizing photon minus the energy needed to ionize either atomic oxygen or molecular nitrogen. The spacecraft
potential is determined from the apparent shift in the energy of the photoelectron spectral peaks. The instrument
is best suited for use in the daytime atmosphere at altitudes between 150 and 250 km. The spectrometer is based
on an earlier design, that of the photoelectron spectrometer of the Atmosphere Explorer satellites. Enhancements
of the earlier design, including a threefold greater throughput and a specialized scan mode, greatly improve the
determination of spacecraft potential. The placement of the instrument on the spacecraft is critical to the success

of the measurements.
Nomenclature

D = electrostatic (deflection) potential between the
inner and outer hemispherical surfaces

Dpeax = electrostatic potential applied to pass electrons
at the centroid of the electron spectral peak

Epass = kinetic energy of the electrons that pass through
the analyzer

Epass(peak) = kinetic energy of the electrons passed by the
spectrometer at the centroid of the
electron-spectral peak

Eource = kinetic energy of the electrons as produced
by the source

E, = the energy of the photoionizing photon

IP = jonization potential of the atom or molecule

to the final state of the ion
k = deflection constant for the electron spectrometer

N,*(A%[1,) = excited electronic state of singly ionized
molecular nitrogen

N,*(B%2X,t) = excited electronic state of singly ionized
molecular nitrogen

N,*(X?Z,*) = ground electronic state of singly ionized
molecular nitrogen

Ot (D) = excited electronic state of singly ionized atomic
oxygen

O*(*P) = excited electronic state of singly ionized atomic
oxygen

O+ (*S) = ground electronic state of singly ionized atomic
oxygen

Va = spacecraft floating potential relative to absolute
ground

Vinstrument = instrument chassis potential relative to absolute
ground

V_ = electrical potential applied to the outer

hemisphere relative to instrument chassis
potential
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Vi = electrical potential applied to the inner
hemisphere relative to instrument chassis
potential

AE/E = electron spectral peak width normalized for the

energy location of the peak

Introduction

N the ionosphere, spacecraft pass through a plasma of free elec-

trons and positively charged ions. The electrons that strike the
spacecraft supply a negative current to the spacecraft. The ions that
strike the spacecraft supply a positive current. Photoemission of
electrons from sunlit surfaces and the ejection of secondary elec-
trons from surfaces impacted by energetic particles supply an ad-
ditional positive current. The voltage at which all of the currents
balance to zero is the floating potential of the spacecraft (the po-
tential of the conducting surfaces that are used as the spacecraft’s
electrical ground measured relative to absolute, or Earth, ground).
For satellites in low Earth orbit the spacecraft charges to some neg-
ative potential, usually around —1 V (Refs. 1 and 2). However, it
is not yet possible to predict exactly what a spacecraft’s floating
potential will be under all conditions.?

Because charging can be a problem for spacecraft systems,*
sounding rockets have been launched to test the effectiveness of
grounding schemes.’ Over the decades various methods have been
used to determine spacecraft potential.*~® However, the determina-
tion of spacecraft potential with precision has proven very difficult.
Multiple techniques used on a single spacecraft have yielded widely
differing results.’

We have developed a new technique for determining spacecraft
potential while analyzing old satellite data for another purpose.!’
The technique is based on the interpretation of an apparent shift in
the energy location of photoelectron spectral peaks.

Spacecraft Potential from Photoelectron Spectra

Over the decades many instruments have been flown to explore
the free electron energy distribution at spacecraft altitudes. Six spec-
trometers that flew on three satellites in the 1970s retrieved unusu-
ally high-resolution spectra. Those instruments, the photoelectron
spectrometer experiment (PES) of the Atmosphere Explorer (AE)
satellites,!! retrieved thousands of spectra of the ambient electron
environment of the Earth. PES was the first spectrometer with high
enough energy resolution [2.5% A E/E full width at half-maximum
(FWHM)] to reveal the features in the photoelectron spectrum due to
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the photoionization of N, and O (the main ionospheric constituents)
by 304-A solar radiation.!? Figure 1 is a high-resolution photoelec-
tron spectrum acquired by many spinning passes of Atmosphere
Explorer-E (AE-E) near perigee. AE-E, the last of the three AEs that
carried PES, flew in a decaying elliptical orbit with perigee at 150 km
and at an inclination of 19.8 deg to gather low-altitude data. Note
that the spectrum shown in Fig. 1, with many data points for each
peak, is not representative of the individual spectra retrieved by PES.
In its finest energy sampling mode PES produced one spectrum each
second with 0.5-eV gaps between energies. The improved resolution
of the spectrum in Fig. 1 is the result of a data analysis technique
that makes use of spectra obtained from the spinning spacecraft.

As the spacecraft spun, the potential of the PES instrument varied
slightly with respect to the ionospheric plasma as a consequence of
the v x B voltage induced in the spacecraft body.”> Because the
PES sensors were mounted on the outer surface of the 1.36-m-diam
cylindrical AE spacecraft, the typical v x B voltage induced along
the direction normal to the v and B across the conducting spacecraft
body by the geomagnetic field was of the order of 0.3 V. When
the spacecraft was spinning at 4 rpm, the sensor energy channels
appeared to shift sinusoidally relative to the ionospheric plasma by
this voltage. The magnitude of the v x B voltage was calculated for
each 1-s voltage scan during the spin cycle, the center energies of
the 64 channels from O to 34 eV were corrected by this amount, and
the result was displayed as a spectrum having a greatly increased
number of data points. The enhanced spectrum iltustrates the full-
energy resolution of the AE/PES instrument.

the deflection voltage of the PES electrostatic analyzer in steps;
64 discrete electron energies (channels), evenly spaced from 0 to
34 eV, were sampled each second. The deflection voltage applied to
the spectrometer for each channel was not varied over the lifetime of
the instrument. For the spectra of Fig. 2, the data from 15 consecutive
1-s spectra have been accumulated to increase signal to noise enough
that the four peaks due to the photoionization of N, and O by 304-A
solar radiation stand out. The spectra, one from 250 km and the other
from 150 km, were produced by accumulating the electron counts
for each of the 20 channels that correspond to the 20-30 eV portion
of the 0-34 eV scanned by PES. An examination of the two spectra
reveals a shift in the channels at which the spectral peaks appear.
The energy scale for the plot has been adjusted so that the peaks
in the spectrum from 250 km appear at the energies corresponding
to those expected for the photoionization of N, and O. The lower-
altitude spectrum exhibits an approximately one-channel shift in the
location of the photoelectron peaks, corresponding to an apparent
shift in the energy location of the peaks of approximately +0.5 eV.
As the satellite dipped to lower altitudes, the spacecraft potential
became more positive by approximately 0.5 eV, and this caused a
change in the reference voltage of PES. The change in instrument
potential for PES produced a change in the energy of the electrons
sampled at each channel of PES. The shift in the channel location
of the peaks takes place in the downleg, and then another shift

Table 1 Assignment of peaks in Fig. 1
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Fig. 1 High-resolution electron spectrum composed from PES data from many orbits of AE-E: improved-resolution PES data (180-205 km).
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Fig. 2 Typical 15-s accumulations of PES data that illustrate the shift in spacecraft potential with altitude.

(back to the original location) takes place in the upleg for each of
the orbits we have examined.® The cylindrical electrostatic probe!*
gives a spacecraft potential of approximately ~0.9 V at 250 km
and a spacecraft potential of approximately —0.5 V at 150 km for
the orbit of Fig. 2. The shift of the peaks to about 0.5-eV higher
energies at low altitudes is consistent with the shift of the spacecraft
potential by about +0.4 V. The value we quote for the shift in the
PES instrument potential is necessarily vague: PES sampling was
too coarse for a more precise determination.

We believe that the phenomenon exhibited in Fig. 2 can be ex-
ploited to determine spacecraft potential in the daytime atmosphere
from 150t0 250 km. Ataltitudes below 150 km, attenuation of the so-
lar 304-A flux is so great that electron counting rates would be very
low and it would be take a prohibitively long time to gather a spec-
trum with good signal to noise. At altitudes above 250 km, the pho-
toelectrons detected are no longer locally produced and the photo-
electron lines in the spectrum may be broadened and shifted (by less
than 0.5 eV) because of scattering by the ambient thermal plasma.
However, the effect is variable,'® and it may be possible to determine
spacecraft potential at higher altitudes in cases where the scattering
is minimal (when the thermal plasma density is low in the flux tube
for the escaping photoelectrons). Although it will not be discussed
further, it may also be possible to measure the spacecraft floating po-
tential under all conditions where photoelectron spectra can be col-
lected, with less accuracy, by examining spectra for the characteristic
reduction in photoelectron fluxes that occurs at approximately 60 eV.

Physical Basis of the Measurement

The electron spectrometer described here passes electrons of en-
ergy Ep. with the following relationship:

Epass =kD 1)

where D is the deflection voltage applied. The deflection voltage is
divided between the inner and outer hemispherical electrostatic sur-
faces so that a negative potential (relative to the instrument chassis
potential) is applied to the outer hemisphere and a positive poten-
tial of approximately the same magnitude is applied to the inner
hemisphere.!6-18

Equation (1) can be applied to the case where a spectrum of a
monochromatic source of electrons is collected:

Epass(peak) = kDpeak (2)

Note that Epaespeak) 18 NOt necessarily the kinetic energy of the elec-
trons as produced by the source. It is possible that the electrons
have been accelerated or decelerated before entering the spectrom-
eter. Such would be the case if the instrument chassis potential were
above or below true ground. The relationship between the instru-
ment chassis potential, the kinetic energy of the electron as produced
by the source, and the kinetic energy of the electron passed by the
spectrometer at the centroid of the peak is

Esource = Epass(peak) — Vinstrument (3)

If the spectrometer chassis potential is identical to the spacecraft
floating potential, then

Vi = Vinstrument (4)
By combining Egs. (2-4) we find
Va = kDpeak ~ Egurce (5)

As shown by Eq. (5), the spacecraft’s floating potential relative to
true ground can be determined from the deflection voltage applied
to pass electrons at an electron spectral peak, the deflection constant
of the spectrometer, and the kinetic energy of the electrons produced
by the electron source. In practice, we examine a photoelectron spec-
trum that is displayed as photoelectron counts vs Ej, to determine
the spacecraft floating potential. Therefore, we use the following:

Va = EPaSS(peak) — Esource (6)

Prominent spectroscopic lines due to the solar 304-A photo-
ionization of molecular pitrogen and atomic oxygen appear in pho-
toelectron spectra taken at altitudes from 150 to 250 km (Ref. 12).
The photoionization process can be written as follows:

Esource =E, — 1P (7)

where Eg... is the energy of the photoelectron ejected. The peak
that appears at 27.2 eV in Fig. 1 is due to the 304-A (E, = 40.8
eV for a 304-A photon) photoionization of atomic oxygen to
O*(*S) (IP = 13.6 eV). Note that, although the 304-A-produced
peaks dominate in Fig. 1, lower-intensity peaks due to the solar
368- and 256-A lines also appear. Once a line of the electron spec-
trum is identified, it may be used as Equce in Eq. (6) to determine
spacecraft potential.



GOEMBEL AND DOERING 69

A discussion of the use of photoelectrons as Egource is in order.
First, the electron source linewidth is considered. The photoelectron
spectral peak width below 250 km is consistent with the PES instru-
ment function convolved with a sharp line.'* The actual production
linewidth of the spectrum is not important in the determination of
spacecraft potential because the location of the centroid of the peak
is used to determine the spacecraft’s floating potential. Second, ac-
celerating or decelerating mechanisms between the electron source
and the spectrometer are considered. Only an electric field between
the source of the photoelectrons and the spectrometer can accelerate
or decelerate the electrons. The electrons detected travel along geo-
magnetic field lines from their source (O and N, in the atmosphere)
to the spectrometer. Because electric fields parallel to geomagnetic
fields rarely exist in the ionosphere, there is no mechanism to accel-
erate or decelerate the electrons created locally by photoionization
(to within the resolution of the spectrometer).!*?® Finally, due to
the conservation of energy, any regions of charge through which the
electrons pass on their way to the spectrometer (such as a charge
sheath that surrounds the spacecraft) will not change the kinetic
energy of the electron, Egyrce-

Advanced Electron Spectrometer

Table 2 lists selected specifications for the instrument we have
developed. Although the basic design of the instrument is similar
to that of its forerunner, PES, the instrument is improved over PES
in a number of significant ways. We have increased the throughput
threefold without increasing the size or decreasing the resolution.
We have reduced instrument bulk by installing a channeltron de-
tector (very compact and light compared with the focused mesh
detector used on PES) and by installing updated, more compact
electronics. We have included changes to the design of the energy
analyzer that should improve the electron optical performance of the
spectrometer. Two large holes in the outer hemisphere of the electro-
static analyzer of PES were eliminated. The holes in the outer hemi-
sphere were included in the PES design to 1) reduce the scattering
of light within the spectrometer and 2) admit calibration radiation
from a radioactive source. However, the holes in the outer hemi-
sphere caused nonideal behavior (such as a nonlinear relationship
between the voltage applied to the hemispheres and the energy of
the electrons passed!?). After PES was flown, it was found that data
taken when the sun was in the instrument’s field of view were not
usable. Solar extreme ultraviolet (EUV) radiation produced enough
photoejected electrons (an example of the photoelectric effect at
work) within the instrument to severely contaminate the data.2! We
plan to orient the spectrometer so that the sun will not enter the field
of view or, alternatively, discard data taken when the sun is in the
field of view. We have replaced two curved slits of PES with one
aperture and one straight slit. PES had a curved exit slit and a curved
entrance collimating slit. On our instrument, with a 60 x 9 deg field
of view, a curved collimating slit would cause noticeable attenuation
at the extremes of the field of view. We believe that the elimination
of the holes in the outer hemisphere will lead to, at least, an easier
calibration of the instrument and the elimination of the curved slits
will lead to, at least, slightly higher throughput per steradian of view.

We have taken advantage of the improvements that have been
made in electronics since PES was designed more than two decades
ago. The electronics available at that time limited the data rate of
PES to one 64-point spectrum every second. With the electronics
available today, we can easily oversample the 2.5% energy resolu-

Table 2 Specifications for the spectrometer

Parameter Specification
Particles detected Electrons
Energy range 19-31eV

Resolution 25% AE/E FWHM
Weight Approximately 1 kg

Size Approximately 11 cm diam x 19 cm
Power Lessthan3 W

Data rate 256 bytes/s

Time between Vj determinations 5 s (estimated)

Accuracy of Vg determinations +0.2 V (estimated)

tion of the spectrometer. Because we need only determine the shift
in the location of the four peaks due to the photoionization of N,
and O, the instrument need not devote time to the collection of data
at higher or lower energies. For the determination of spacecraft po-
tential, we will collect data from 19 to 31 eV only, an energy range
that will allow an unambiguous identification of the peaks even with
a few volts shift in the instrument potential. The threefold increase
in throughput combined with a narrower energy range will provide
the signal-to-noise ratio needed to determine peak locations (and,
thus, spacecraft potential) precisely. An exact figure for the in-flight
time needed to collect data for potential determination is not possi-
ble without a test flight of the spectrometer. A preliminary estimate
(based on an examination of the PES data along with the consid-
eration that the instrument will have threefold greater throughput
and scan about a third the energy range) is that we will be able to
determine the spacecraft potential with an accuracy of 0.2 eV for
every 5 s of flight.

Principle of Operation

The instrument is based on a proven design for a hemispherical
electrostatic charged particle monochromator.?? Figure 3 is a pho-
tograph of a prototype instrument, and Fig. 4 is a cutaway drawing
of the prototype. The electron optical basis of the hemispherical
design has been described.!® Charged particles enter the analyzer
through a circular aperture that is kept at instrument ground po-
tential. A potential is applied to the outer hemispherical shell. (For
the detection of electrons, it is a negative potential V_.) The inner
hemispherical shell is kept at potential V. (a positive potential for
the detection of electrons). Charged particles with a greater kinetic
energy than Vp, will be drawn to the outer hemisphere, and parti-
cles with a lesser kinetic energy than Vs will be drawn to the inner
hemisphere. V.. and V_ can be supplied by a single power supply

Fig. 3 Photograph of the prototype high-resolution electron spectrom-
eter.

Path of Electrons

Y Detector
Mount
Collimator

Inner Hemisphere (V+) Quter Hemisphere (V-)

Fig. 4 Cutaway drawing of the prototype spectrometer.
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if the potential is divided between the inner and outer hemispheres
by a voltage divider. The relationship between V_ , V., and Vpa
is well known.'® Note that the electrostatic hemispherical analyzer
discriminates by particle energy per unit charge: It cannot directly
discriminate by mass. The relationship between V_, V., and V
varies from instrument to instrument due to geometric differences.
For example, a nonlinearity in the applied voltage vs the electron
energy passed was found during the calibration of PES. As a rule,
particles with a kinetic energy equal to approximately double the
electrical potential provided by the power supply are passed:

Vpass ~ 2(V+ - V—) (8)

Therefore, a power supply that ranges between approximately 9.5V
and approximately 15.5 V is needed to detect particles with pass
energies ranging from 19 to 31 eV. The energy resolution of a hemi-
spherical analyzer is determined by the dimensions of the slits, the
inner and outer radius of the space between the hemispheres, and
the field of view of the analyzer.!®

Construction

Both the inner and outer hemispheres of the prototype spectrome-
ter are machined from aluminum and are approximately 3 mm thick,
radially. The hemispheres have been machined on a computer nu-
merical control lathe to £0.025-mm tolerance. The electrostatic sur-
face of each hemisphere has been coated with an aerosol of graphite
suspended in isopropyl alcohol to increase the electron sticking fac-
tor. On flight instruments we plan to machine the hemispheres to
a thickness of approximately 0.5 mm to reduce the weight of the
instrument while retaining (for rigidity) some thickness at the sup-
porting base of each hemisphere. Electrostatic surfaces will be gold
plated on flight instruments, rather than graphite coated, to provide
a good electron sticking factor and to minimize degradation by the
ambient atomic oxygen.

The insulation needed to detect particles with pass energies be-
tween 19 and 37 eV are provided by 0.25-mm-thick polyimide plas-
tic insulators between the inner hemisphere, outer hemisphere, and
ground. The collimating apertures and the focal plane apertures have
been machined from 0.25-mm-thick 99% pure molybdenum sheet.
The magnetic shielding for the instrument has been constructed from
80% permeability, 0.64-mm-thick mumetal. Degaussed stainless-
steel machine screws have been used in the assembly of the instru-
ment. All other parts, such as the collimator and detector mount,
have been machined from aluminum.

10

We have chosen to use glass—ceramic channel electron multipli-
ers. The channel electron multipliers have a large entrance aperture
(10 x 5 mm) yet are compact. They are also rugged enough to with-
stand the rigors of launch, so that they may be used in flight versions
of the spectrometer.

Positioning of Instrument on Spacecraft

The measurement of low-energy electrons in space presents a
number of problems. The four major concerns are 1) the interception
by the spacecraft of the particles to be measured (shadowing by the
spacecraft), 2) contamination of the measurement by photoelectrons
produced on sunlit parts of the spacecraft (photoemission) within
the magnetic look cone of the spectrometer, 3) contamination of
the measurement by direct sunlight into the field of view of the
instrument, and 4) distortion of the measurements at low energies
by magnetic fields. Our solution to concern 3) was covered in our
discussion of the elimination of the PES light trap. Our solution to
concern 4)is the enclosure of the instrument within a magnetic shield
and its placement on the spacecraft far from sources of magnetic
fields. Problems associated with shadowing and photoemission will
be minimized by the careful placement of the spectrometer on the
spacecraft, as described next.

Photoemitted electrons are those electrons that are released from
spacecraft surfaces by the photoelectric effect. Interference by pho-
toemission has been analyzed for the rocket flight of an early version
of PES.? The effect of shadowing and photoemission on the spectra
from PES of the AE satellites has also been analyzed.?"* Figure 5
has been produced from the data of Hays and Sharp® with the au-
thors’ permission. It illustrates that below approximately 5 eV the
flux of photoelectrons from aluminum exposed to unattenuated sun-
light greatly exceeds the flux of photoelectrons from the atmosphere.
Interference from higher-energy electrons photoemitted from space-
craft surfaces must be considered as well. The photoelectric yield
for aluminum, gold, and stainless steel is as high as 10% for photons
of greater than 15 eV. The energy distribution of the photoemitted
electrons is a function of the densities of electron states in the band
structure of the material and the oscillator strengths for the vari-
ous interband transitions involved. However, due to contamination
effects, actual photoelectron energy distributions for various space-
craft materials show a strong deviation from the theoretical distri-
butions predicted for clean metals.?® For materials such as gold,
aluminum, stainless steel, and graphite that have been exposed to
the atmosphere, only a small portion of the electrons emitted is
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Fig. 5 Approximate photoelectron energy spectrum of aluminum and of the Earth’s atmosphere (courtesy of Hays and Sharp?®).



GOEMBEL AND DOERING 71

near the energy corresponding to the photon energy minus the work
function. In the distribution of photoemitted electrons from space-
craft surfaces exposed to sunlight, a peak appears between 0 and
7 eV. The laboratory measurements of photoemission from space-
craft surfaces are consistent with the spacecraft photoemission spec-
trum derived from PES measurements.** Unfortunately, there does
not appear to be a simple coating that would substantially reduce the
photoemission of electrons on a spacecraft. Insulators have yields
at high photon energies that exceed the yields of conductors. Of

the choices between aluminum, stainless-steel, gold, insulating, or

graphite-coated surfaces, graphite coating will emit the fewest pho-
toelectrons. However, the photoyield of a graphite-coated surface
still approaches that measured for metals.

One option to avoid the contamnination of the spectra is to aim

the spectrometer along the geomagnetic field, pointing away from

the spacecraft. Electrons move along field lines with circular paths
of different Larmor radii, depending on the particular energy and
pitch angle. The Larmor radius (in centimeters) is approximately 5.3
times the square root of the electron energy (in electron volts). The
electron may move directly up or down the field line (with a pitch
angle of 180 or 0 deg), or it may move along the field line in a helical
path with an intermediate pitch angle. The energy of the electron
is distributed between along field-line motion and circular motion.
By aiming the field of view of the spectrometer in the direction of
the field line, we can minimize the admission of photoelectrons that
have been produced on sunlit parts of the spacecraft. Shadowing!!
is also eliminated when the spectrometer looks along field lines.
The instrument position that is best for the particular payload
is based on the orientation of the spacecraft while in flight and
the locations available for placement in the payload. Consider a
sounding rocket launch from the White Sands (New Mexico) Missile
Range at noon on equinox, with the major axis of the cylindrical
payload directed toward the sun. The geomagnetic field at White
Sands is aligned at 41.5 deg from vertical (directed toward the south)
at 100 km and is aligned at 41.9 deg at 300-km altitude. An ideal
position for the spectrometer would be at the shaded end of the
payload with the look cone centered along the magnetic field line. In
that orientation, it would be impossible for an electron ejected from
the surface of the spacecraft to travel into the electron spectrometer.
If a position at the base of the payload were not available, however,
then the instrument could be mounted to view rearward through a
port cut in the cylinder wall of the payload. The look angle of the
spectrometer could be oriented Earthward at an angle of 20-30 deg
relative to the major axis of the payload and placed on the side of
the payload that would most closely align the field of view with the
geomagnetic field (Fig. 6). A detailed analysis of the paths available
for electrons to reach the instrument can be made to be certain the

Rocket Major
Axis Directed
Sunward

Instrument Viewing
Direction

Geomagnetic
Field Line

Fig. 6 Placement of the spectrometer on a rocket.

spectra will not suffer from shadowing or from contamination!! by
electron photoemission.

Electronics

The electronics for the spectrometer have been designed for ease
of manufacture, small size, and reliability. The sensor electronics for
the hemispherical analyzer consist of a channel electron multiplier,
high-voltage supply, charge-sensitive preamplifier and discrimina-
tor, and line driver all in one commercially available module. The
sensor electronics will mount inside the magnetic shielding. The
electronics will be powered remotely from the spacecraft subsys-
tem power supply.

The data electronics will be built around a flight-ready micropro-
cessor, and the electronics will fit on a single, small circuit board
that will be equipped with programmable memory for program stor- |
age, RAM for data manipulation and testing, and an 8-bit digital-
to-analog converter for control of the analyzer potentials. A test
port connector will provide an interface to a personal computer for
software testing and instrument calibration.

The spectrometer will collect one full spectrum (256 bytes of
data) each second to provide for good temporal resolution. The en-
ergy spectrum will range from 19to 31 eV in 128 steps (each step will
have an integration time of 7.8 ms). The count rate of the spectrome-
ter is expected to be no higher than 39 kHz (based on the photoelec-
tron spectra retrieved by PES on AE-E), and a 2-byte word will be
sufficient to record the maximum number of counts expected at each
electron energy sampled. Under conditions where electron fluxes are
low (for instance, at altitudes near 150 km), successive 1-s spectra
will be coadded to improve the signal to noise of the spectrum for
greater certainty in the spacecraft floating potential determination.

Calibration of the Instrument

The electron energy calibration of the instrument is done within
a vacuum chamber with a variable-energy electron gun.?! The cal-
ibration consists of determining the energy of electrons admitted
at each of the 128 energy channels of the instrument with the in-
strument chassis held at absolute (Earth) ground. The energy of the
electrons from the tunable electron gun will be calibrated by use
of the helium resonance phenomenon.?” The £0.2-eV accuracy we
estimate for our spacecraft floating potential measurements is based
in part on the +-0.05-eV uncertainty in the energy location of the he-
lium resonance phenomenon. A helium cell will be placed between
the electron gun and the electron spectrometer. Because the elastic
scattering cross section for helium approaches zero at 19.30 eV, the
helium cell will preferentially pass 19.30-eV electrons. Once the
electron gun has been adjusted to produce a 19.30 +0.05-eV beam
of electrons, adjustments can be made to produce beams of between
19.00 and 31.00.eV with a £0.05-eV certainty in electron energy.
The calibrated variable-energy gun can then be used to determine
the pass energy of the spectrometer at each of the 128 deflection
potentials that will be used to gather a spectrum in flight.

Additional Uses for the Spectrometer

The instrument is by no means useful only for gathering spectra
for the determination of spacecraft potential. The upper bound of
the detected electron energies is set by the highest potential we can
supply to the hemispheres without discharge. The prototype design
can scan from 1 to 4 keV with a modification of the electronics.
The collection of spectra with a broader energy range than the 11
eV suggested for spacecraft potential determination would improve
our understanding of the superthermal electron composition of the
upper atmosphere. There are large uncertainties in the values for
photoelectron fluxes provided to those who model the atmosphere.
For instance, values derived from PES spectra differ by a factor
of two from some of the calculated values based on solar EUV
fluxes observed with optical spectrometers on the same satellite,
The change in the ambient electron composition of the atmosphere
with location, with season, and with changes of geomagnetic and
solar activity is still not known. The data collected by the instrument
could be of practical use: The quantity and energy distribution of
free electrons around the Earth is of concern to those who design and
operate space systems.**~* The development of two new uses for
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high-resolution electron spectra since PES was flown [relative abun-
dance determinations for O and N, (Ref. 10) and the topic of this
paper, spacecraft potential determinations] multiplies the usefulness
of the instrument described here for low-altitude missions, such as
sounding rockets, dipping satellites, and downward-deployed teth-
ered satellites.-32 The spectra returned by the instrument could be
used to determine three parameters of interest: absolute photoelec-
tron fluxes, spacecraft potential, and relative abundance of O and
N in the atmosphere between 150 and 250 km (Ref. 10).

Conclusion

The flight of the instrument described could provide accurate,
absolute measurements of spacecraft floating potential. Although
it may be possible to use the instrument to determine spacecraft
potential at higher altitudes, we are confident that measurements of
" spacecraft floating potential can be made in the daytime atmosphere
at altitudes from 150 to 250 km.

The method by which the instrument will provide spacecraft po-
tential is based on an apparent shift in the energy location of features
in high-resolution electron spectra. The shift in the energy location
of peaks in the spectra is caused by the acceleration or deceleration of
the electrons upon entrance of the electron spectrometer if the elec-
tron spectrometer’s chassis potential differs from absolute ground.
With the spectrometer chassis potential held at the spacecraft float-
ing potential, the spacecraft floating potential can be determined
from an examination of the spectra collected. To ensure that fre-
quent measurements can be made, care must be taken in mounting
the instrument so that shadowing of the photoelectrons by the space-
craft and contamination of the spectra by spacecraft photoemitted
electrons may be avoided.

An estimate based on the helium cell calibration technique, past
experience with laboratory measurements, and an analysis of PES
spectra indicate that we will be able to determine the spacecraft
floating potential to within +0.2 eV for every 5 s of flight. The
instrument is designed to weigh less than 1 kg, occupy a volume
11 cm in diameter by 19 cm long, consume less than 3 W of power,
detect electrons of between 19 and 31 eV energy, and have a data
rate of 256 bytes/s.
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