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Data describing spacecraft atmospheric interactions in the lower terrestrial thermosphere (altitude range
between 90 and 200 km) are extremely limited due to the relative inaccessibility of this region to research
vehicles. Atmospheric measurements in the lower thermosphere are sparse when compared with measurements
on satellites at higher altitudes. Downward-deployed tethered satellites are being developed to allow access in a
global sense to this important region of the atmosphere. This paper reviews a number of tethered satellite
systems, emphasizing downward-deployed systems to measure properties in the lower thermosphere; the physics
and chemistry of the lower thermosphere; the interactions of the lower thermosphere with high-velocity tethered
satellites; and the performance capabilities of existing and new instrumentation to measure atmospheric,
aerodynamic, and aerothermodynamic properties that include radiative emission (glow), magnetism, and the
distribution of the neutral gas, excited species, ions, and electrons. It is concluded that these tethered satellite
systems, when implemented, offer a unique opportunity to investigate regions of the atmosphere previously
inaccessible to conventional satellites.

Introduction

NASA and Agenzia Spaziale Italiana (ASI), the Italian
Space Agency, have developed and plan to fly a tethered

satellite system, TSS-1, in the second half of 1992. TSS-1 will
be upward deployed and is designed to demonstrate tether
dynamics and perform scientific studies on the electrodynam-
ics of conducting tethers. The satellite and the Space Shuttle
contain a large number of scientific instruments to perform
these studies.1 NASA and others are determining the feasibil-
ity of a number of follow-on downward-deployed tethered
satellite missions (see Fig. 1) to study the aerodynamics and
aerothermodynamics of hypersonic vehicles that traverse the
lower thermosphere: 1) The Tethered Satellite System Atmo-
spheric Verification Mission (TSS-AVM)2 is proposed as the
second deployment and would be used to study aerodynamic
forces, heating, and tether control at altitudes as low as 110
km. The satellite will be simple in design, will not be recover-
able, and will contain minimum instrumentation; 2) TSS-23

would be fully instrumented to characterize both vehicular
aerodynamics and aerothermodynamics and atmospheric
structure. This satellite mission is currently being studied by
both NASA and ASI; 3) The Shuttle Tethered Aerothermody-
namic Research Facility (STARFAC),4 proposed for flight late
in this decade, would be fully instrumented and retrievable.
This facility, which would fly at altitudes as low as 90 km,
would be the first of a series of satellites whose shape and
purpose will evolve to solve specific practical aerothermody-
namic problems of the 21st century.

In addition to these Shuttle-based missions, NASA has
scheduled in the first half of 1993 a low-cost tether mission5 as
a secondary payload on a Delta II launch vehicle. This mission
will test the Small Expendable Deployer System (SEDS),
which is being designed at NASA Marshall Space Flight Cen-
ter. The Tether Dynamics Explorer (TDE) payload for this
mission consists of instrumentation to study tether dynamics.
NASA plans to develop and fly during the 1990s a series of
these low-cost flights to characterize tether dynamics, measure
the environment around tethered satellites, and test instru-
mentation for future Shuttle-based missions.

The Shuttle-based downward-deployed missions will be de-
signed to obtain atmospheric data in the lower thermosphere,
aerodynamic data on the gas affected by spacecraft flying in
this region, arid aerothermodynamic data at the gas-spacecraft
surface interface. This region of the atmosphere has not been
studied in any detail since it is too high for balloons and
research aircraft and too low for orbiting satellites. Sounding
rockets have probed the region at limited locations, and the
Atmospheric Explorer (AE) satellite accessed this altitude
range at perigee in its highly elliptical orbit. The High-Resolu-
tion Accelerometer Package (HiRAP),6 flown onboard the
Shuttle, has been used to infer atmospheric density in this
region during Shuttle ascent and descent; and the Shuttle
Upper Atmosphere Mass Spectrometer (SUMS),7 another
Shuttle-mounted experiment, has been used to measure species
composition. The Aeroassist Flight Experiment (AFE)8'9 was
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Fig. 1 Scheduled and proposed TSS missions.
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planned to fly in the mid-1990s to probe this region. A sum-
mary10 of the vehicular access to the lower thermosphere can
be found in Fig. 2 (this figure is an updated version of the one
in Ref. 10). The data gathered on these vehicles are limited in
a global sense to isolated points in time and space with the
exception of the data gathered around perigee on the AE
satellite. To emphasize the advantage of satellite measurement
in studying the atmosphere, it is noted that more lower ther-
mospheric data were gathered on the AE satellite missions
than on all previous missions. Tethered satellites, which fly in
the lower thermosphere, will give access in a global sense to
this critical region of our atmosphere.

The purpose of this paper is to describe the measurements
and instrumentation required to determine the structure of the
lower thermosphere and its effects on high-velocity vehicles
like the Shuttle and the proposed National Aero-Space Plane
(NASP), which traverse this little known region of our atmo-
sphere. The structure of the lower thermosphere, including the
distribution of the neutral gas, ions, electrons, excited species
and emissions (glow), and magnetism, is discussed. Atmo-
sphere-spacecraft interactions, including the aerodynamics of
a vehicle traversing this region of the atmosphere and aero-
thermodynamics at the spacecraft surface, are also discussed.
A review of the performance characteristics of existing flight-
qualified instruments is given, and recommendations are made
for the flight development of additional measurement tech-
niques that are needed to improve accuracy, minimize weight
and power, and simplify tether scientific instrumentation
packages. This report concentrates on the definition of mea-
surements and instrumentation for the TSS-AVM and TSS-2
missions.

Atmosphere-Spacecraft Interactions
This section contains a brief review of 1) the atmospheric

properties of the lower thermosphere,11'12 2) the effects of the
vehicle on the gas in its vicinity (gas phase effects—aerody-
namics), and 3) vehicular surface effects (surface effects—
aerothermodynamics). The atmospheric properties of the
lower thermosphere are not well known in a global sense.
Spacecraft are overdesigned due to the lack of information,
and we are constantly being surprised by vehicular interactions
with the atmosphere (i.e., O degradation, spacecraft glow,
etc.).

Neutral Atmosphere
Below about 100 km the atmospheric gas consists mainly of

molecular nitrogen and molecular oxygen, and its composition
varies little in time and space. Above approximately 100 km
the photodissociation of molecular oxygen and diffusion pro-
duce an atmosphere whose composition varies considerably in
the vertical. Further, the atmospheric density, temperature,
and composition vary with the solar cycle, solar activity, time
of day, geomagnetism, and seasons. At a given latitude and
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Fig. 2 Vehicular access to lower thermosphere.10

longitude, the temperature increases with height and ap-
proaches a defined exospheric temperature Te asymptotically.
As an example, for medium Sun conditions (Te = 1000 K), the
total density, temperature, and composition at 90 km is
7 x 1013 cm -3, 188 K, and 0.78 N2, 0.20 O2, respectively, and
at 200 km is 7 x 109 cm-3, 885 K, and 0.40 N2, 0.56 O,
respectively.13 Atomic oxygen is a highly chemically reactive
gas and is difficult to sample properly. N2 is less reactive,
stable, and remains a major constituent in the lower thermo-
sphere. Atomic nitrogen is formed by processes other than
photodissociation, has a peak density between 100 and 200
km, and is a minor constituent with composition around 0.05.
In addition to these static conditions, the upper atmosphere is
dynamic; there are winds, gravity waves, and transport of gas
in both the horizontal and vertical.

Ion Atmosphere
The three predominant positive ions in the lower thermo-

sphere are O+, NO+, and O2
+. O+ is the predominant ion at

altitudes above 200 km and becomes insignificant below 150
km. NO+ is the largest ion constituent below 200 km. O2

+

composition reaches its maximum at around 150 km but does
not exceed the composition of NO+. The absence of N^ does
not mean that this ion is not formed but that it disappears
rapidly by dissociative recombination. Ions exist in the atmo-
sphere in concentrations (105 cm~3) much lower than neutral
constituents; however, changes with time in charged particle
concentrations have been shown to have a major effect on the
neutral atmosphere. Ions generally follow magnetic field lines
in the upper part of the thermosphere and are swept along
with the neutral gas at altitudes less than 130 km.

Atmospheric Electrons
The electron density increases with altitude from a few times

104 cm~3 at 100 km to approximately 106 cm~3 at 200 km.
The lower thermosphere contains both the E layer (90-160
km) and the Fl layer (above 160 km). The F2 peak is generally
above 250 km. The electron density varies considerably
throughout this region. This is particularly true in the E layer,
where transient abnormal ionization occurs on a more or less
regular basis. Motions in the upper atmosphere can give rise to
electric fields. Electrons and ions moving in response to these
fields and the Earth's magnetic field form an electrical cur-
rent. Examples of these currents are the large flows around the
magnetic pole called the Birkeland current and an east-west
current near the magnetic dip equator, at altitudes between 90
and 130 km, known as the electrojet. The charged particle
flows can transfer energy to the neutral gas, causing heating
and excitation.

Excited Species—Emissions
The presence of excited molecules is demonstrated quite

graphically by observed emissions in the ultraviolet, visible,
and near-infrared spectrum. These emissions are known as
airglow and the aurora. Most of this glow originates in the
lower thermosphere from collisional excitation and sponta-
neous decay of meta-stable states of the atmospheric gas. The
gas is excited by photochemical processes that occur in the
lower thermosphere. Most of the solar photon absorption
occurs in the lower thermosphere, which leads to heating,
excitation, dissociation, and ionization of the gas. A compli-
cated combination of current flow, magnetic fields, and neu-
tral winds are thought to contribute to the aurora that occurs
at high latitudes and is much brighter than airglow. Interest in
emissions has recently increased with the observation of space-
craft glow.

Magnetic Field
The terrestrial magnetic field can be divided into two com-

ponents: the relatively constant field produced in regions inte-
rior to the Earth's surface and the field produced by currents
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in the upper atmosphere. The interior field has a magnitude of
about 30,000 nT; its horizontal component is in the direction
of the magnetic North Pole, and its vertical component is zero
at the magnetic dip equator and maximum at the magnetic
poles. The external component of the magnetic field has small
regular variations due to lunar and solar tides (0.01) and larger
variations (0.20) during magnetic storms. An electrojet has
been used to explain anomalies at the magnetic equator. The
interaction between neutrals, ions, and electrons in the pres-
ence of the Earth's magnetic field outlines the importance of
studying the atmosphere as a whole. In-situ measurements on
tethered satellites offer this opportunity.

Gas Phase Effects—Aerodynamics
A high-velocity vehicle traveling through the atmosphere

interacts with the gas, producing a gas buildup in front of the
vehicle and a reduced gas density behind the vehicle. This
effect is demonstrated in Fig. 3, which shows lines of constant
number density normalized to freestream density14 for a
sphere traveling at orbital velocity at an altitude of 130 km as
calculated with the direct simulation Monte Carlo method.15

Just in front of the vehicle, the density is a factor of 12 times
the freestream (not shown in Fig. 3), decreases with distance
from the body, and approaches the freestream density at
about a satellite body diameter in the forward direction. The
density just behind the vehicle is reduced substantially, reach-
ing a value less than 0.05 times the freestream density.

Below 130 km, the density of the gas near the surface
increases to the extent that freestream molecules cannot tra-
verse this gas without having many gas-gas collisions. These
collisions heat the gas, and cause excitation and dissociation
of molecules. These effects are summarized in Fig. 4, which
shows typical flight paths for high- and low-lift vehicles plot-
ted as a function of both altitude (atmospheric density) and
spacecraft velocity. The high-lift entry trajectory is typical of
the next-generation Shuttle, and the low-lift entry trajectory is
typical of NASP. The flight path of the present Shuttle lies
between the high- and low-lift curves. Superimposed on this
plot are percent dissociation and vibrational excitation for
molecular nitrogen and oxygen. All of the effects to the left of
the flight-path curve are possible. As an example, at 90 km
and orbital velocity (approximately 8 km/s), a large fraction
of N2 is dissociated, all of O2 is dissociated, and vibrational
excitation is possible for most of the molecular atmospheric
species.

The high-velocity vehicle also produces a flow of charged
particles, ions and electrons, in its vicinity and onto its sur-
faces. This current, in the presence of the Earth's magnetic
field, can substantially change the local electric field, cause
spacecraft charging, and further complicate the plasma near
the vehicle.17 The plasma (substantial in the lower thermo-
sphere) can also affect the local magnetic field near the vehi-
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Spacecraft velocity, km/s_____

Fig. 3 Number density normalized to 1.89 x 1018 cm~3, J(atmo-
sphere) = 431.5 K for a 1.6-m-diam sphere, surface temperature =
350 K.

Fig. 4 Flight paths for high- and low-lift vehicles in the lower atmo-
sphere.16

cle. At altitudes below 130 km, the plasma caused by the ion
sheath around the vehicle is dense enough to cause attenuation
of radio waves.

A complex combination of gas-surface collisions and chem-
ical processes is known to excite molecules in the gas near
vehicle surfaces. The decay of these excited states produces
light emissions that have been observed in the vicinity of the
Shuttle vertical fin and on other orbital spacecraft.18 These
emissions have been observed in the ultraviolet, visible, and
near infrared. The likely excited molecular species include
OH, CO, NO, and NO2. For the Shuttle glow, the most
intense region occurs in the red (approximately 700 nm).

The distribution of the neutral gas density, ion temperature,
and composition; ion density, its energy, and composition;
electron density and energy; excited molecules and their pho-
ton emissions; and the electric and magnetic fields are all
substantially changed near the spacecraft. The characteri-
zation of these changes and the extent to which they extend
into the local atmosphere should be thoroughly investigated.

Surface Effects—Aerothermodynamics
The effects on spacecraft surfaces come from the interac-

tion of the high-velocity gas, ions, and electrons with the
surfaces. The complex molecular interactions lead to surface
heating, gas adsorption and desorption, excitation, and chem-
ical changes of the gas on surfaces. These effects lead directly
to degradation of most surface materials, particularly in the
presence of atmospheric atomic oxygen. Ions and electrons
interacting with the vehicle cause surface charging19 that can
lead to currents through the spacecraft, discharges, and inter-
ference with and damage to sensitive instruments and elec-
tronic packages.

Above 130 km, the gas arriving at the surface is substan-
tially unaffected freestream gas. The collision frequency in the
higher density gas layer around the vehicle is low enough that
the freestream gas is not affected before surface collisions.
Heating rates are low enough that they do not drive vehicle
thermal design. Collisions with the surface have enough en-
ergy to excite and dissociate freestream molecules. The resi-
dence times on the surface are large enough to allow chemistry
to occur. Indeed the surface can act as a third body, allowing
chemical reactions to occur that are not probable in the gas.
Chemical combinations of O and N from the gas phase and C
(from the material) and H (from water) from the surface will
exist on the surface and can desorb into the gas phase. These
chemical effects manifest themselves in two important prob-
lems faced by spacecraft designers: spacecraft glow18 and O
degradation of surface materials.20

Below 130 km, a substantial buildup of gas occurs at the
surface in the flow direction. As a result the freestream gas
cannot reach the vehicle surface without colliding with other
gas phase molecules, releasing energy to these molecules and
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significantly heating the gas. This hot gas transfers its energy
to the surface, heating the surface to high temperatures. N2
and O2 dissociate in the gas, arrive at the surface as atoms, and
can combine with themselves, other gas phase atoms adsorbed
on the surface, and other surface species such as C (from the
material) and H (from water). This molecular recombination
can be a major surface heating mechanism. An ion sheath
develops in the flow around the vehicle at altitudes between 95
and 125 km, which causes surface charging and radio com-
munication problems. These heating, charging, and communi-
cation effects must be considered in vehicle design.

Instrumentation
The purposes of the downward-deployed tethered missions

are to determine 1) atmospheric and aerodynamic effects in
the vicinity of the tethered satellite and aerothermodynamic
effects on its surface, and 2) the dynamics of the tether and its
endmass, the satellite. This paper will concentrate on the
former. Instrumentation (accelerometers, tensiometers, etc.)
and data analysis for tether dynamics are treated elsewhere21'22

and are not considered within the scope of this paper. It
should be noted that the analysis of this dynamic data gives
satellite drag that can be used to infer atmospheric density and
temperature. (This technique is not discussed in this paper.)
These inferences could be useful in interpreting atmospheric,
aerodynamic, and aerothermodynamic data.

Both in-situ and remote sensing techniques can be applied to
measuring flowfield and surface parameters on and around
tethered satellites. To describe both freestream atmospheric
and vehicle disturbed parameters completely, sampling should
be made throughout the flowfield up to at least a satellite body
diameter away from the surface (see Fig. 3). For the in-situ
measurements this will probably require sampling booms.
Measurements should also be made at a number of points on
the satellite surface to characterize the effects of gas-surface
interactions on the spacecraft. No attempt will be made to give
experiment design considerations. This paper is limited to the
discussion of existing instrumentation that could form the
basis for future experiment design. Instrumentation includes
mass spectrometers and other density measuring devices;
plasma devices such as Langmuir probes and other electro-
static analyzers; optical spectrophotometers; magnetometers;
and surface devices such as thermocouples, heat transfer
transducers, O flux density sensors, etc.

Mass Spectrometers—Other Density Sensors
A number of flight mass spectrometers have been flown to

measure constituent density in the lower thermosphere. These
include the open source neutral mass spectrometer flown on
the Atmospheric Explorer Satellite23 and rocket probe mass
spectrometers24 flown during the Energy Budget Campaign.
There have been a number of review articles25'26 on the Atmo-
spheric Explorer and Energy Budget Campaign from which a
more detailed reference list can be obtained. Recently, a
rocket probe experiment27 to measure N2 and Ar was reported
that covered the altitude range between 90 and 130 km. Typi-
cally, satellite and rocket probe mass spectrometers weigh less
than 10 kg and require less than 15 W average operating
power.

These mass spectrometers and other density sensors offer a
base from which aerothermodynamic and atmospheric experi-
ments on tethered satellites can be developed. Aerothermody-
namic experiments are different from atmospheric science ex-
periments in the sense that a distribution of the flowfield
parameters is needed for each time and space point as opposed
to a single atmospheric data point. (In the atmospheric science
case, the effects of the vehicle are considered a data analysis
complication.) To measure density distribution, an articulated
sampling probe (arm), designed to minimize gas flow effects,
is required to survey the entire volume around the spacecraft.
For spacecraft that have attitude control systems, the survey

may be made with a boom that is not articulated but is
extendable and retractable. For the spacecraft flowfield results
given in Fig. 3, a sampling probe with a maximum length
equal to or exceeding a body diameter (where the ratio of
affected gas density to freestream gas density, in the forward
direction, is less than 2) would allow density measurement to
be made throughout most of the disturbed gas and at the
boom's full extent would allow the accurate measurement of
freestream density. Another consideration is the high density
at altitudes below 150 km, which will require gas reduction
methods as part of the mass spectrometer system. Also, O and
O2 (major atmospheric constituents) are highly chemically
reactive and can cause degradation of the hot cathode in the
mass spectrometer ion source (low emittance/power coated
cathode will be required). These highly reactive gases are
difficult to measure accurately since they recombine and form
molecules that are associated more with gas-surface interac-
tions than gas phase density. Proper sampling of this highly
reactive gas near the satellite is required. Techniques used in
the past include transparent seminude ion sources embedded
in the flow, cyrogenic cooling of the ion source and satellite
surfaces, and molecular beam techniques. Ion gauges have
also been used to measure total density in the lower thermo-
sphere; however, these gauges are gas composition sensitive
and their use is generally restricted to altitudes below 110 km
where the composition is less variable. These gauges are small
in physical size, are less complicated, can be operated at much
higher density, and require much less power than mass spec-
trometers. Ion gauges were flown during the Energy Budget
Campaign,26 and one is proposed to measure satellite orienta-
tion on tethered satellites.28 Typical weight for flight ion
gauges is 1 kg, and they require less than 2 W average operat-
ing power.

Recently, an ion trap mass spectrometer29 that is similar to
an ion gauge in size and complexity has become commercially
available (see Fig. 5). Ions are trapped in the ion source by a
quadrupole electric field and extracted for analysis by mass.
This mass spectrometer30 is simple to construct, is small in
physical size, has high mass resolution (m/Am = 75), and can
be constructed with transparent grids to operate embedded in
the flow to altitudes as low as 105 km.31 The flight develop-
ment of this instrument should be considered for density mea-
surements on tethered satellites. Estimated weight and power
consumption are less than 2 kg and 2 W, respectively.

Electron beam fluorescence23 could be used to measure or
infer the density distribution in the flowfield near tethered
satellites. The application of this technique should be thor-
oughly investigated since the need for instruments on probes is
eliminated, and a spectrophotometer that is needed to measure
the fluorescence will probably be included in the spacecraft
instrumentation package to measure vehicle and atmospheric
glow. (See this paper's section on optical spectrophotometers.)

Sample Inlet

Ion Trap
End Cap

Scale

Ion
Storage
Region

Electron
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Fig. 5 Ion trap mass spectrometer/
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Plasma Instrumentation
There are a number of instruments that have flown on both

satellites (Atmospheric Explorer and Dynamic Explorer) and
rocket probes (Project Condor) to study ion and electron
concentrations and electric fields. Further, TSS-1 contains
several of these instruments33 to determine electric field struc-
ture and charged particle constituent density and temperature
in the vicinity of the satellite. The instruments on these mis-
sions included ion mass spectrometers to measure ion con-
stituent density; retarding potential analyzers to measure total
ion and electron density and energy distribution; and multiple
probe systems to measure electron density distribution (i.e.,
Langmuir probes) and electric fields. Again, it should be
noted that the distribution of parameters in the vicinity of the
satellite is required to understand the complex nature of the
ion and electron flow in the presence of charged surfaces and
the ambient and disturbed electric and magnetic field.

Ion mass spectrometers have been flown on both satellites34

and rocket probes35'37 to measure ion constituent density. The
previously mentioned review articles25'26 also give a more com-
plete reference list for ion mass spectrometers. An ion mass
spectrometer is basically a neutral mass spectrometer without
an ion source. Most of the comments on neutral mass spec-
trometers (see this paper's section on mass spectrometers—
other density sensors) apply to ion mass spectrometers. An
exception is that sampling problems are less complicated since
ambient ions can be controlled with electric fields before anal-
ysis. The ion trap mass spectrometer (previously mentioned)
should be investigated for possible use as an ion constituent
density measurement device. It should be noted that other
plasma devices discussed in the rest of this section are total ion
detectors and cannot discriminate ion species.

Retarding potential analyzers have been used in flight38'39 to
measure total ion and electron density and energy distribution.
This device is basically a gridded cylindrical cavity, simple to
construct and small in physical size, and requires minimum
operating power. Retarding potential analyzers have been
used in conjunction with neutral mass spectrometers to sepa-
rate the high-velocity freestream gas from lower velocity sur-
face collided gas and have also been used on ion mass spec-
trometers to obtain constituent ion energy distributions.40

Probes on booms, to minimize the effect of central body
potential, have had extensive use in space flight. On Dynamic
Explorer (DE), Langmuir probes routinely provided fast re-
sponse (2 sample/s) electron density and temperature mea-
surements.41 Further, the frequency and current of an ex-
tended antenna, as used on Project Condor,42 were measured,
from which electron density was derived. The electric field
instrument43 on DE, which consisted of symmetric double
probes mounted at the end of booms, provided data on both
the dc and ac electric fields. An ion drift meter44 on DE gave
the east-west components of total ion drift velocity. These and
other electrostatic devices as a class are in general relatively
simple, are small in physical size and weight, and require low
operating power.
Optical Spectrophotometers

Most spectrophotometric measurements that have been
made with instrumentation onboard rockets or satellites have
been used for long-range sensing of emissions from atmo-
spheric species45'46and to study airglow and the aurora. One inter-
esting exception is an experiment containing a uv monochro-
mator with a light source mounted on a boom extending from
a rocket. This experiment, designed to measure O atom den-
sity by resonance fluorescence, has been flown on several
rockets.47 The data48 from these flights are found to be in good
agreement with the Mass Spectrometer Incoherent Scatter
Thermospheric Model, MSIS-86.49 A newly proposed experi-
ment involves an Ebert-Fastie spectrophotometer (see Fig. 6)
that was developed for AFE.50 This instrument has a 0.6 nm
resolution, weighs about 3.5 kg, requires less than 30 W of
operating power, and is designed to measure the total radia-

Fig. 6 Ebert-Fastie spectrophotometer.

tion produced by the vehicle in the visible and ultraviolet
regions of the spectrum.

Spectrophotometric observations of excited species pro-
duced by the interaction of a vehicle with atmospheric gases
have been made on both the AE satellites51 and the Shuttle18

(the Shuttle glow phenomenon). In each case, the resolution
and spectral range of the instruments was not sufficient to
identify conclusively the species producing the emission (the
highest resolution was 3.4 nm on the Shuttle). The resolution
and spectral range available with the Ebert-Fastie spectropho-
tometer described earlier would substantially improve these
measurements, but it does not have the resolution to identify
fully the species produced both during satellite descent and
orbit. There are small, lightweight Spectrophotometers that
are commercially available with high resolution (0.06 nm) in
the required spectral range. The flight development of these
Spectrophotometers would allow identification of the species
that are producing the light emission as well as the energy state
from which the light is being emitted. These measurements
would allow the extent of energy accommodation on the sur-
face, the chemical reactions that take place on the surface, and
the overall energetics of the surface-gas interactions to be
determined.

Magnetometers
Magnetometers have been flown from the beginning of the

space age to measure the terrestrial magnetic field in orbit. A
number of satellites (DE-2,52 S3-3,59 and AE-C54) have con-
tained magnetic field measuring instrumentation. The Magsat
satellite was dedicated to sophisticated magnetic field mea-
surements and successfully measured the magnetic field in the
upper atmosphere. Magsat instrumentation55'57 included both
absolute sensors that sense the magnetic field effects on the
frequency of atomic transitions (Zeeman effect) and relative
measurement devices that use multiple nulled reference coils to
give magnetic field magnitude and direction.

These flight magnetometers offer a base58 from which direc-
tional magnetic field measurements can be made on tethered
satellites in the lower thermosphere. Deep in the ionosphere,
the magnetic field in the vicinity of the satellite can be driven
by atmospheric currents and vehicular effects due to the flow
of ions and electrons around the spacecraft. The separation of
these magnetic field effects into their components using both
instrument and data analysis techniques should be a major
consideration for magnetic instrumentation on low-altitude
tethered satellites. To properly analyze magnetic field data,
the satellite position must be accurately known, the electric
field (ion and electron concentrations) in the vicinity of the
spacecraft must be measured, and the satellite magnetic signa-
ture must be known or nulled during testing and calibration.
Magnetic field measurements should be made through the
plasma sheath near the vehicle. The extent of the disturbed
magnetic field can be substantial; as an example, the Shuttle
plasma sheath is estimated to extend to 400 m forward, 1.5 km
aft, and 0.5 km normal to the flow.
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Surface Instrumentation
Instrumentation to measure the effects on surfaces embed-

ded in a high-velocity, chemically reactive gas that contains
free ions and electrons can be divided into a number of classes.
These include sensors and measurement techniques to deter-
mine the following: surface temperature, heat transfer, and
pressure; gas adsorption on surfaces, chemistry with other gas
molecules and surface material, and desorption from the sur-
face; and surface charging.

Thermocouples and heat transfer transducers have found
extensive use in measuring surface temperature and the trans-
fer of energy from the gas to the spacecraft surface and are
included in the design of most spacecraft. Figure 7 shows
proposed locations for heat transfer transducers on the TSS-
AVM mission being studied by NASA and Martin Marietta.2
These devices will be used to determine surface heat transfer
distribution at altitudes as low as 110 km. For. an altitude of
120 km, the surface temperature can reach values as high as
700 K at the stagnation point. (See Fig. 7 in Ref. 2.) The
surface temperature distribution can also be used to determine
satellite orientation. Orientation-sensitive high-pressure ion
gauges28 mounted on the surface at a number of locations have
been proposed to measure surface pressure and to give inputs
to vehicle attitude control systems. For the most part, gas
adsorption and desorption and gas chemistry on spacecraft
surfaces have been inferred from other measurements such as
the interpretation of the source of Shuttle glow18 and the
modeling of temperature and heat flow measurements upon
Shuttle reentry.59 Direct measurement of the net result of this
chemistry has been obtained from materials exposed to space
environment in the Shuttle bay60 and samples retrieved from
the Long Duration Exposure Facility (LDEF).61 Velocity dis-
tributions of oxygen atoms were also estimated by examining
etching patterns of surfaces exposed to the flow on STS-8.62

The above measurements depended on retrieving the experi-
ment and estimating the O flux density, which was not mea-
sured. Recent development of small, lightweight, low-power O
flux density sensors (see Fig. 8)63 will allow O flux density on
the satellite and tether surfaces to be measured directly. Sput-
tering of surface material by ambient ions has been observed34

in flight mass spectrometers and should be investigated as a
possible inflight surface analysis technique. Surface charging
of the satellite affects the plasma measurements that have been
discussed and influences the surface chemistry. Both the mag-
nitude of the surface charge and its sign must be measured.
The negative potential of rocket payloads has been determined
by electrostatic analyzers that measured the cutoff of the ion
energy spectra of ions interacting with the rocket surfaces.64 A
similar cutoff for electrons does not seem to exist either in
rocket payload measurements65 or in the Shuttle measure-
ments.66 A number of the electrostatic analyzers outlined in
the Plasma Instrumentation section of this paper could be
used (modified) to measure surface charge.

Equatorial
Heat Flux

Meters

Fig. 7 Location of heat transfer transducers on the proposed TSS-
AVM.2

Fig. 8 Atomic oxygen flux density sensor.63

References
, P. A., and Ammann, P. W., Tethers in Space Handbook,

2nd ed., NASA, Washington, DC, May 1989.
2Wopd, G. M., Stuart, T., Grouch, D., Melfi, L. T., and Brown, K.

G., "Atmospheric Verification Mission for the TSS/STARFAC Teth-
ered Satellites," AIAA Paper 91-0534, Jan. 1991.

3Wood, G. M., Siemers, P. M., Squires, R. K., Wolf, H., Carlo-
magno, G. M., and de Luca, L., "Downward-Deployed Tethered
Platforms for High-Enthalpy Aerothermodynamic Research," Jour-
nal of Spacecraft and Rockets, Vol. 27, No. 2, 1990, pp. 216-221.

4Siemers, P. M., Wood, G. M., Wolf, H., Flanagan, P. F., and
Henry, M. W., "The Definition of the Shuttle Tethered Aerothermo-
dynamics Research Facility," AIAA Paper 85-1794, Aug. 1985.

5DeLoach, R., Diamond, J., Finley, T., and Rhew, R., "End-Mass
Instrumentation for the First SEDS/Delta-II Mission," AIAA Paper
90-0537, Jan. 1990.

6Blanchard, R. C., Hendrix, M. K., Fox, J. C., Thomas, D. J., and
Nicholson, J. Y., "Orbital Acceleration Research Experiment," Jour-
nal of Spacecraft and Rockets, Vol. 24, No. 6, 1987, pp. 504-511.

7Blanchard, R. C., Duckett, R. J., and Hinson, E. W. J., "The
Shuttle Upper Atmosphere Mass Spectrometer Experiment," Journal
of Spacecraft and Rockets, VoK 21, No. 2, 1984, pp. 202-208.

8Jones, J. J., "The Rationale for an Aeroassist Flight Experi-
ment," AIAA Paper 87-1508, June 1987.

9Blanchard, R. C., "Rarefied-Flow Aerodynamics Measurement
Experiment on the Aeroassist Flight Experiment," AIAA Paper 89-
0636, Jan. 1989.

10Ahderson, J. L., Tethered Satellite System 2, A Planning Guide,
NASA, Washington, DC, May 1989.

nCraig, R. A., The Upper Atmosphere: Meteorology and Physics,
Academic, New York, 1965, pp. 235-274.

12Heicklen, J., Atmospheric Chemistry, Academic, New York,
1976, pp. 1-44.

13Jacchia, L. G., "Thermospheric Temperature, Density, and
Composition: New Models," Smithsonian Astrophysical Observa-
tory, Special Rept. 375, Cambridge, MA, March 1977.

14Wopd, G. M., Jr., Wilmoth, R. G., Carlomagno, G. M., and de
Luca, L., "Proposed Aerothermodynamic Experiments in Transition
Flow Using the NASA/ASI Tethered Satellite System-2," AIAA Pa-
per 90-0536, Jan. 1990.

15Bird, G. A., "Monte-Carlo Simulation in an Engineering Con-
text," Rarefied Gas Dynamics, edited by Sam S. Fisher, Vol. 74,
Progress in Astronautics and Aeronautics, AIAA, New York, 1981,
pp. 239-255.

16Anderson, J. D., Jr., Hypersonic and High Temperature Gas
Dynamics, McGraw-Hill, New York, 1989, p. 375.

17Webster, W. J,, Jr., "Engineering Tethered Payloads for Mag-
netic and Plasma Observations in Low Orbit," Journal of Spacecraft
and Rockets, Vol. 26, No. 2, 1989, pp. 80-84.

18Mende, S. B., Swenson, G. R., and Llewellyn, E. J., "Ram Glow:
Interaction of Space Vehicles with the Natural Atmosphere," Ad-
vances in Space Research, Vol. 8, No. 1, 1988, pp. 229-241.

19Grard, R., Knott, K., and Pedersen, "Spacecraft Charging Ef-
fects," Space Science Reviews, Vol. 34, No. 3, 1983, pp. 289-304.

2QMarinelli, W. J., "Collisional Quenching of Atoms and Mole-
cules on Spacecraft Thermal Protection Surfaces," AIAA Paper 88-
2667, June 1988.

21DeLoach, R., "Uses of Tethered Atmospheric Research Probes,"
AIAA Paper 91-0533, Jan. 1991.

22Ioup, G. E., loup, J. W., Amini, A., Rayborn, G. H., Wong, D.,
and Wood, G. M., "Enhanced Data from Analytical Instrumentation



BROWN ET AL.: TETHERED SATELLITE SYSTEMS 677

by Deconvolution of Periodically Sampled Signals," Computers and
Experiments in Stress Analysis, edited by G. M. Carlomagno and C.
A. Brebbia, Springer-Verlag, New York, 1989, pp. 449-460.

23Nier, A. O., Potter, W. E., Hickman,D.R., and Mauersberger, K.,
"The Open-Source Neutral-Mass Spectrometer on Atmospheric Ex-
Vlorer-C,-D,eind-E," Radio Science,Vol. 8, No. 4,1973, pp. 271-276.

24Arnold, F., Krankowsky, D., Marien, K. H., and Joos, W., "A
Mass Spectrometer Probe for Composition and Structure Analysis of
the Middle Atmosphere Plasma and Neutral Gas," Journal of
Geophysics, Vol. 44, No. 1-2, 1977, pp. 125-138.

25torr, D. G., and Torr, M. R., "Chemistry of the Thermosphere
and Ionosphere," Journal of Atmospheric and Terrestrial Physics,
Vol. 41, No. 7-8, 1979, pp. 797-839.

26Philbrick, C. R., Schmidlin, F. J., Grossman, K. U., Lange, G.,
Offerman, D., Baker, K. D., Krankowsky, D., and von Zahn, U.,
"Density and Temperature Structure over Northern Europe," Jour-
nal of Atmospheric and Terrestrial Physics, Vol. 47, No. 1-3, 1985,
pp. 159-172.

27Von Zahn, U., Lubken, F. -J., and Putz, C., "BUGATTI Exeri-
ments: Mass Spectrometric Studies of Lower Thermosphere Eddy
Mixing and Turbulence, Journal of Geophysical Research, Vol. 95,
No. D6, 1990, pp. 7443-7465.

28Hansen, W., private communication, Center for Space Sciences,
University of Texas at Dallas, Richardson, TX, Aug. 1990.

29Anon., "Ion Trap Mass Spectrometer," Finnigan MAT®, San
Jose, CA, 1989.

30Dawson, P. H., Hedman, J. W., and Whetten, N. R., "A Simple
Mass Spectrometer," The Review of Scientific Instruments, Vol. 40,
No. 11, 1969, pp. 1444-1450.

31Dawson, P. H., and Lambert, C., "High Pressure Characteristics
of the Quadrupole Ion Trap," Journal of Vacuum Science Technol-
ogy, Vol. 12, No. 4, 1975, pp. 941-942.

32Wojcik, R. M., Schilling, J. H., and Erwin, D. A., "Rarefied
Flow Diagnostics Using Pulsed High-Current Electron Beams,"
AlAA Paper 90-1515, June 1990.

33Sabbagh, J., and Bonifazi, C., "Scientific Experiments on Board
the TSS Satellite," Tethers in Space—Toward Flight, AIAA, Wash-
ington, DC, May 1989, p. 409.

34Hoffman, J. H., "Ion Composition Down to 130 km—From
Atmospheric Explorer C to TSS-2," Tethers in Space—Toward
Flight, AIAA, Washington, DC, May 1989, pp. 136-140.

35Narcisi, R., Bailey, A., Federico, G., and Wlodyka, L., "Positive
arid Negative Ion Composition Measurements in the D- and E- Re-
gions During the 26 February 1979 Solar Eclipse," Journal of Atmo-
spheric and Terrestrial Physics, Vol. 45, No. 7, 1983, pp. 461-478.

36Grossman, K. U., Frings, W. G., Offerman, D., Andre, L.,
Kopp, E., and Krankowsky, D., "Concentrations of HaO and NO in
the Mesosphere and the Lower Thermosphere at High Latitudes,"
Journal of Atmospheric and Terrestrial Physics, Vol. 47, No. 1-3,
1985, pp. 291-300.

37Kopp, E., Andrej L., and Smith, L. G., "Positive Ion Composi-
tion and Derived Particle Heating in the Lower Auroral Ionosphere,"
Journal of Atmospheric and Terrestrial Physics, Vol. 47, No. 1-3,
1985, pp. 301-308.

38Torkar, K. M., et al., "Energy Deposition Rates by Charged
Particles," Journal of Atmospheric and Terrestrial Physics, Vol. 47,
No. 1-3, 1985, pp. 61-71.

39Gurtis, S. A., Hoegy, W. R., Brace, L. H., Maynard, N. C.,
Suguira, M., and Winningham, J. D., "DE-2 Cusp Observations:
Role of Plasma Instabilities in Topside Ionospheric Heating and Den-
sity Fluctuations," Geophysical Research Letters, Vol. 9, No. 9,1982,
pp. 997-1000.

40Sojka, J. J., Schunk, R. W., Johnson, J. F. E., Waite, J. H., and
Chappell, C. R., "Characteristics of Thermal and Suprathermal Ions
Associated with the Dayside Plasma Trough as Measured by the
Dynamics Explorer Retarding Ion Mass Spectrometer," Journal of
Geophysical Research, Vol. 88, No. A10, 1983, pp. 7895-7911.

41Koehbiel, J. P., Brace, L. H., Theis, R. F., Pincus, W. H., and
Kaplan, R. B., "The Dynamics Explorer Langmuir Probe Instru-
ment," Space Science Instrumentation, Vol. 5, 1981, pp. 493-500.

42Baker, K. D., LaBelle, J., Pfaff, R. F., Hewlett, L. C., Rao,
N. B., Ulwick, J. C., and Kelley, M. C., "Absolute Electron Density
Measurements in the Equatorial Ionosphere," Journal of Atmo-
spheric and Terrestrial Physics, Vol. 47, No. 8-10, 1985, pp. 781-789.

43Maynard, N. C., Bielicki, E. A., and Burdick, H. G., "Instru-
mentation for Vector Field Measureinents from DE-B," Space Sci-
ence Instrumentation, Vol. 5, 1981, pp. 523-532.

^Heelis, R. A., Hanson, W. B., Lippincott, C. R., Zuccaro, D. R.,
Harmon, L. H., Holt, B. J., Doherty, J. E., and Power, R. A., "The
Ion Drift Meter for Dynamics Explorer-B," Space Science Instrumen-

tation, Vol. 5, 1981, pp. 511-521.
45McCoy, R.P., "Thermospheric Odd Nitrogen 1: NO, N(4S), and

O(3P) Densities from Rocket Measurements of the NO 8 and 7 Bands
and the Oz Herzberg I Bands," Journal of Geophysical Research,
Vol. 44, No. A4, 1943, pp. 3197-3205.

46Hays, P. B., Carigan, G., Kennery, B. C., Shepherd, G. G., and
Walker, J. C. G., "The Visible Airglow Experiment on Atmosphere
Explorer," Radio Science, Vol. 4, No. 4, 1973, pp. 369-375.

47Sharp, W. E., "Absolute Concentrations of O(3P) in the Lower
Thermosphere," Geophysical Research Letters, Vol. 7, July 1940, pp.
485-488.

48Sharp, W. E., "The Measurement of Atomic Oxygen in the
Mesosphere and Lower Thermosphere," Planetary Space Science,
Vol. 39, No. 4, 1991, pp. 617-626.

49Hedin, A. E., "MSIS Thermospheric Model," Journal of
Geophysical Research, Vol. 92, No. A5, 1987, pp. 4649-4662.

50Crouch, D., private communication, Martin-Marietta, Denver,
CO, Aug. 1990.

51Yee, J. H., and Abreu, V. J., "Visible Glow Induced by Space-
craft-Environment Interaction,'' Geophysical Research Letters, Vol.
10, No. 2, 1983, pp. 126-129.

52Sugiura, M., Maynard, N. C., Farthing, W. H., Heppner, J. P.,
and Ledley, B. G., "Initial Results on the Correlation Between the
Magnetic and Electric Fields Observed from the DE-2 Satellite in the
Field-Aligned Current Regions," Geophysical Research Letters, Vol.
9, No. 9, 1982, pp. 985-988.

53Rich, F. J., Cattell, C. A., Kelley, M. C., and Burke, W. J.,
"Simultaneous Observations of Auroral Zone Electrodynamics by
Two Satellites: Evidence for Height Variations in the Topside Iono-
sphere," Journal of Geophysical Research, Vol. 86, No. All, 1981,
pp. 8929-8940.

54Bythrow, P. F., Heelis, R. A., Hanson, W. B., and Power, R. A.,
"Simultaneous Observations of Field-Aligned Currents and Plasma
Drift Velocities by Atmospheric Explorer C," Journal of Geophysical
Research, Vol. 85, No. Al, 1980, pp. 151-159.

55Acuna, M. H., Scearce, C. S., Seek, J. B., and Scheifele, J., "The
Magsat Sector Magnetometer—A Precision Fluxgate Magnetometer
for the Measurement of the Geomagnetic Field," NASA TM-79565,
Oct. 1978.

56Farthing, W. H., "The Magsat Scalar Magnetometer," Johns
HopkinsAPL Technical Digest, Vol. 1, No. 3, 1980, pp. 205-209.

57Langel, R. A., Estes, R. H., Mead, G. D., Fabiano, E. B., and
Lancaster, E. R., "Initial Geomagnetic Field Model froni Magsat
Sector Data," Geophysical Research Letters, Vol. 7, No. 10, 1980,
pp. 793-796.

58Webster, W. J., Taylor, P. T., Schnetzler, C. C., and Langel, R.
A., "The Magnetic Field of the Earth: Performance Considerations
for Space-Based Observing Systeriis," IEEE Transactions on Geo-
science and Remote Sensing, GE-23, 1985, pp. 541-551.

59Throckmorton, D. A., "Benchmark Aeroheating Data from the
First Flights of the Space Shuttle Orbiter," AIAA Paper 82-0003, Jan.
1942.

60Leger, L. J., Visentine, J. T., Kuminecz, J. F., and Spiker, I. K.,
"STS-8 Atomic Oxygen Effect Experiment," AIAA Paper 85-0415,
Jan. 1985.

61Kinard, W., "Long Duration Exposure Facility (LDEF) Results,"
AIAA Paper 91-0096, Jan. 1991.

62Peters, P. N., Sisk, R. C., and Gregory, J. C., "Velocity Distri-
butions of Oxygen Atoms Incident on Spacecraft Surfaces," Journal
of Spacecraft and Rockets, Vol. 25, No. 1, 1988, pp. 53-54.

63Cross, J. B., and Blais, N. C., "High-Energy/Intensity CW
Atomic Oxygen Beam Source," Rarefied Gas Dynamics: Space-Re-
lated Studies, edited by E. P. Muntz, D. P. Weaver, and D. H.
Campbell, Vol. 116, Progress in Astronautics and Aeronautics,
AIAA, Washington, DC, 1989, pp. 143-155.

^Arnoldy, R. L., and Winckler, J. R., "The Hot Plasma Environ-
ment and Floating Potentials of an Electron-Beam-Emitting Rocket in
the Ionosphere," Journal of Geophysical Research, Vol. 86, No. A2,
1981, pp. 574-584.

65Arnoldy, R. L., Pollock, C., and Winekler, J. R., "The Energiza-
tion of Electrons and Ions by Electron Beams Injected in the Iono-
sphere," Journal of Geophysical Research, Vol. 90, No. A6, 1985,
pp. 5197-5210.

66Waterman, J., Wilhelm, K., Torkar, K. M., and Riedler, W.,
"Space Shuttle Charging or Beam-Plasma Discharge: What Can Elec-
tron Spectrometer Observations Contribute to Solving the Ques-
tion?," Journal of Geophysical Research, Vol. 93, No. A5, 1988, pp.
4134-4140.

Ernest V.Zoby
Associate Editor


