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FOREWORD

As we progress through successive generations of larger and
more complex earth satellites, the demands for greater precision
in orbital position and lifetime prediction become more compelling.
The accuracy of these determinations is a difficult hurdle, par-
ticularly where atmospheric drag assumes importance, because of our
uncertain knowledge of the atmosphere's properties. Compounding
the problem is our current inability to compute with accuracy the
effective drag of a satellite passing through the rarefied gas at
orbital speeds. One key to better prediction of satellite drag
lies in improving our understanding of the rarefied gas-solid
surface interaction (GSI) process and having reliable general
empirical information with which to apply to specific satellite

configurations.

This report results from a feasibility study, of the ability
to conduct GSI experiments in orbit, sponsored by NASA, George C.
Marshall Space Flight Center under Contract NAS 8-21090. Mr. Robert
E. Smith and Mr. James 0. Ballance have been the technical monitors

for NASA under this contract.
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ABSTRACT

The feasibility of conducting two types of gas-surface inter-
action (GSI) experiments in an earth satellite is examined. The
primary point of view is the ability to determine the angular dis-
tribution of reflected gas molecule density, momentum, and energy

accommodation.

The engineering need and feasibility are established for experi-
ments designed to examine the changes in solid surface properties
arising from exposure to the natural orbital environment. Surface
condition is considered a vital factor in rarefied gas interaction
processes. Some laboratory development effort is still needed,
however, to standardize techniques for characterizing various kinds
of surfaces and to demonstrate long term storage of clean surfaces

in orbit.

A satellite-borne experiment of the molecular beam scattering
type is highly desirable. However, this experiment cannot be con-
sidered feasible until a suitable technique is demonstrated for
measuring the velocity of reflected molecules at orbital conditions.
It should be added, in contrast, that measurement of molecular
density distribution appears feasible within current technology,
although demonstration of a proposed innovation to improve the sen-

sitivity of an existing instrument is still needed.

An examination is made of recent data on profiles of atmo-
spheric density and its influence on the design of a mission plan.
Although details of the plan will be influenced by ultimate choice
of the launch date, a nominal orbit of 240 km initial perigee with
1.5 to 3.5 percent eccentricity is indicated for the GSI experi-
ments. It is recommended that a supporting aeronomy experiment be
conducted concurrent with the GSI experiment to define the precise

properties of the atmosphere during test.



To aid in defining a future satellite system configuration, a
GSI experiments package concept is presented, although it is recog-

nized as presently premature for implementation.

Recommendations are made for a four part development program
to resolve several important questions revealed by the study and
to make possible the expeditious exploitation of future technologi-
cal advances in measuring gas molecule velocity distribution in

orbit.
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I. INTRODUCTION

The primary goal of this investigation is to assess the feasi-
bility of conducting gas-surface interaction (GSI) experiments in
earth orbit. Another objective assumed by this contractor is the

evaluation of the need for such a satellite program.

In view of the obvious costliness of mounting a satellite
launch, the inadequacy of ground-based investigations within com-
parable economic bounds clearly must be shown before an orbital ex-
periment can be justified. In addition, a strong engineering or
scientific demand must exist for the type of special information

anticipated from an orbital experiment (Ref. 1).

Cursory examination of the many alternative GSI experiments
possible reveals that one type of experiment is highly desirable
from an engineering viewpoint, while a second type of experiment
is indisputably justifiable from the standpoint of inadequate
ground-based test capabilities. There remains, however, a certain
element of doubt as to whether enough test conditions in an orbital
experiment can be defined so that data of permanent scientific

value (as differentiated from engineering value) can be obtained.

The one type of GSI experiment that clearly cannot be done
adequately on the ground is an investigation of the changes that
are produced in the relevant properties of typical surfaces by pro-
tracted exposure to an orbital environment. The best laboratory
and theoretical treatments of this problem fall very short of
realistic simulation of the features essential for reproducing the
history of a surface in orbit. The condition of the outermost
layers of the surface is known to be a major factor in determining
the nature of the gas-surface interaction (e.g., Ref. 2). Atomic
oxygen (a major component of the atmosphere in the 200 to 1000 km

region) is the most important potential surface contaminant because
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it has very strong chemical attraction to most of the materials
likely to be used, and to itself as well. There is presently no
way to determine how often the recombination of two oxygen atoms

at a surface will release enough energy into the translational
motion of the molecule to allow desorption. If this were to be a
favored process, the surfaces exposed to a space environment would
be quite clean. If it were not, the surfaces would be covered
with one or more layers of adsorbed gas, which would result in very
high energy accommodation, and a low exit momentum for reflected
atoms and molecules. Coupled with this type of uncertainty are
other unknown contributions such as solar radiation, bombardment

by high energy particles, etc. We feel it is both important and
feasible to expose an array of different surface types to the true
orbital environment, and monitor over an extended time period sev-
eral properties of the surfaces which might be related to gas-surface
interaction processes. This proposed experiment is described in

more detail in Séction III.

A second type of GSI experiment that should prove to be very
valuable is a molecular beam scattering experiment. The main ad-
vantage of an orbital test over an earth-bound experiment lies in
the opportunity to obtain exact conditions of the beam source; its
species concentration, energy distribution, and over-all density
level. The obvious difficulties of a remote-controlled test opera-
tion and the data extraction requirements in orbit make this over-
all concept somewhat harder to justify in the face of increasing
progress in ground-based techniques (cf., Ref. 3). However, this
orbital experiment certainly deserves continued consideration, and
may prove to be a very worthwhile project if satisfactory molecule

velocity measurement techniques can be developed.

The following sections describe, in sequence, requirements
for the experiments, design features of the experiments, mission
profile considerations, and our conclusions and recommendations

arising from this study.




II. EXPERIMENT REQUIREMENTS

There are several crucial points that must be emphasized when

examining the requirements of a GSI experiment.

First, the type of interaction that can be encountered may
range from almost complete adsorption, with accompanying lack of
recoil momentum, to a reflection with very nearly the initial
kinetic energy, and a normal directional component of momentum as
much as 20 percent greater than the initial normal momentum. The
point here is that radically different types of behavior are possi-
ble for different surface and gas species, even for an initial gas

velocity of the order of 10 km/sec (i.e., orbital).

Second, the diagnostic tools available to us are very crude
when compared to the need for determining the states of molecular
distributions. Because of this, we must seek to use as many dif-
ferent simultaneous measurements as possible in order to have a
real understanding of the results of any one test. For example,
one instrument presently available (the through-flow ionization
gauge, see Fig. 1) appears capable of measuring the gas density
field reflected from a surface. Another concept (the metastable
molecule time-of-flight system) may prove capable of measuring
velocities of reflected gas particles, but is useful only for cer-
tain species of the atmosphere mixture. There is currently no
a priori relationship between the measured densities and veloci-
ties which would enable one to compute momentum exchanges or other
quantities of engineering interest. The basic decision as to the
feasibility of a scattering experiment in an orbiting vehicle cur-
rently depends on the successful demonstration on the ground of
enough workable methods for measuring sufficient related quantities
which, when examined together, can be expected to describe the gas-

surface interaction. These methods must be mutually compatible,
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and must possess the necessary sensitivity, signal/noise ratio,

and reliability to be acceptable for the orbital mission.

The third major point to be emphasized is the requirement
that the surface either be completely known (a highly improbable
situation), or directly related to the kinds of surfaces for which
GSI daté would be useful. We tend to emphasize the latter approach
in the belief that the former requirement exceeds present tech-
nological capability even in ground-based laboratories. Above all,
we feel that no single space experiment should be viewed as a
panacea for all GSI problems. A more realistic objective is to
obtain a sampling of how a few typical surfaces behave under en-
vironmental conditions which previously have been totally inacces-
sible. If the work is carried out with skill, this information
from a single experimental program will be useful for correlating,
extending, and generalizing the limited understanding gradually
taking shape from the painstaking efforts of many ground-based re-
search centers. What should be avoided is a ready acceptance of
excessive compromise which would yield information that is devoid

of relatively wide-spread applicability.



ITI. EXPERIMENT DESIGN

A. Reflected Beam Experiment

The purpose of this experiment is to measure the spatial dis-

tributions of molecular density, flux, and velocity produced by

the reflection of a relatively undisturbed incident flow from a
well-characterized surface. The surfaces should be at several dif-
ferent angles of incidence, and several different surface types
should be available in a single flight experiment. The impinging
molecules (and/or atoms) must be composed primarily of particles
which have not had a gas or solid phase collision in the vicinity
of the vehicle so that they are fairly representative of the state
of the incident flow on the external surfaces of a vehicle in free

molecule flow.

Althoughthere are several alternative possibilities, we have
chosen the preliminary design configuration shown in the frontis-
piece. We believe this design offers most of the desired features
in an efficient package. Its principal disadvantage relative to a
"nude surface" approach is an inherently large loss in the incident
beam intensity because of the skimmer-shield arrangement. Con-
versely, there are several advantages to our proposed design such
as: better angular resolution of the incident stream, better struc-
tural rigidity, thermal control, and micrometeorite protection, and
enhanced reliability throﬁgh the use of redundant components. How-
ever, the fundamental question of performing this kind of experi-
ment depends not on the configuration employed, but rather on the
ultimate capabilities of the diagnostic devices to be used. It
should be possible to perform a perfectly satisfactory set of ex-
periments using either a closed or nude design approach if an

acceptable method of measuring gas velocity can be devised.




The over-all spacecraft control required by this experiment
is limited to alignment of the gas beam axis with the flight
velocity vector at perigee. The tolerance on this alignment is
not rigid, but the intensity of the beam will fall off rapidly if
the misalignment becomes much greater than +2 degrees. The expected
speed ratio, S, 1in the atmosphere is close to 10, and the frac-
tion of the incident flow at a given misalignment angle, A9, will
decay as e-S A9 . Because of this factor and the attenuation of
the beam, it will be necessary to monitor the target intensity if

more than just a relative flux measurement is required.
1. Measurement of Density Distribution

It should be possible, with slight modification to established
techniques, to measure the density distribution reflected from a
1 cm2 area target exposed to a beam formed from the oncoming atmo-
sphere, for an ambient density of 109 molecules/cm3. This would
allow for attenuation of the incident beam of about 100:1 and a
local scattered density 0.1 of that incident on the target.* We
would employ the through-flow electron bombardment ionization
gauges first proposed by Hagena and Henkes (Ref. 4) and now being
used successfully in our shock tube driven molecular beam. We would

match each of these gauges (see Fig. 1) to an electron multiplier

stage for increased sensitivity. When used with a low frequency
chopper, the basic gauge has a sensitivity of 5 x 10-18 amp-molecule-
cﬁ+3 at 1 ma of emission current in N2. We should be able to

achieve a gain factor of lO6 with a semiconductor type of electron

multiplier. This system would give a steady (i.e., dc) current

*
/I, = (Sd/x)z, where S is the incident speed ratio, d is
the initial beam diameter, and x 1is the distance from the colli-

mator to the target. For x =1 meter, d=1cm, and S =~ 10,
the target intensity is about 0.01 of the incident value. These

are deliberately pessimistic values.



of about 10-3 amps at a background pressure of 10-7 torr (our

best guess at the background for a noncryogenic internal molecular
beam experiment). The audio range rms noise due to this back-
ground is about 5 x 10-10 amp on our gauge, without a multiplier
stage. Low frequency chopping yields an unaugmented signal/noise
ratio of unity with signal levels of 108 molecules/cm3. A loss
factor of 103 from ambient-to-scattered measurements creates a
requirement for signal/noise enhancement factor of 100, at an
ambient density of 109 molecules/cm3. The primary noise source
is the fluctuation in the background signal and the multiplier
dark current due to their stochastic variatioﬁs, a very small con-
tribution in the frequency range of the chopper. Signal/noise
ratios of this level and below have been measured easily in our
laboratoxry calibration apparatus. In summary, we are confident
that it will be possible to make satisfactory measurements of re-
flected density distributions in orbit, although some proposed
extensions of present measurement techniques will have to be veri-

fied in the laboratory before this becomes definitely established.
2. Measurement of Velocity Distribution

To our present knowledge, the only workable schemes for measur-
ing translational velocities in the required range are time-of-flight
techniques using either a mechanical chopper or a metastable source
which can be modulated at high speed. Of the two, the only one
which appears to have reai promise is the metastable Time of Flight,
ToF, experiment (proposed for this project by Dr. J. Zorn) (Ref. 5).
Extensive research on this technique is still required, although
results available at the time of this report from the University
of Toronto Institute of Aerospace Studies and at the University of
Michigan are encouraging. We have studied several approaches to

the mechénically chopped ToF concept including phase-sensitive



détection and signal enhancement techniques. It is concluded that
there is no mechanical way to chop the beam rapidly enough to use
this method at satellite velocities, although it is widely used in
laboratory experiments at lower incident energies. Should the
metastable technique prove usable, we would strongly advocate a
molecular beam scattering experiment. Without the capability of
measuring velocities of the reflected molecules, such an experiment

does not appear to be worthwhile.

B. Long Term Exposure Experiment (Surface Contamination)

In view of the established importance of surface contamination,
and the virtually complete ignorance of the state of surfaces after
long-term exposure to an orbital environment, this experiment prob-
ably is the most important one to be considered. Theoretical methods
are now becoming available which can predict interactions for well-
characterized surfaces. Although these methods have not been
thoroughly tested experimentally, they do give trends which conform
to those found in the best laboratory experiments. A report is now
in preparation at our laboratory which presents results of an ex-
tensive series of calculations on the interactions of noble gases
with single-crystal silver surfaces. Our results for low energy
incident molecules show the same trends as those shown in the ex-
periments of Saltsburg and Smith (Ref. 6); the lobes of maximum in-
tensity of reflected molecules become sharper and lie further from
the normal to the surface as the energy of the incident beam in-
creases. At higher energies (above 0.25 eV), where no experimental
data are available, this trend reverses, showing that a new scatter-

ing mechanism becomes dominant.
1. Surface Types

We propose a system of several basic types of surfaces which

would be exposed to the orbital environment and analyzed in



accordance with a definite schedule to detect changes in their
surface characteristics. Within the surface types to be tested

are the following:

a) Refractory Metals

Tungsten and/or tantalum ultra pure
single crystals.

b) Structural Class Metals

Nickel, aluminum, and possibly magnesium.
Some single crystals, some engineering
finishes.

¢) Nonmetallic Surfaces

Replicas of solar cell surfaces, spacecraft
thermal control coatings, anodized surfaces.

d) Noble Metals

Gold, possibly platinum.
Probably plated on structural base metal.

We have not made final selection of test surfaces, as we feel

this can be done better at a later stage of the project.

2. Surface Analysis

We anticipate three methods of surface properties analysis.
The most direct would be to use a low energy (i.e., ~ .03 eV)
helium effusive beam with a small null-seeking detector to detect
changes in the helium scattering pattern after exposure. This tech-
nique should detect many changes which are important to high energy
GST because at low energy, helium acts in much the same manner that
a heavier, larger gas molecule would at higher energy. Since helium
will not adsorb to any important extent, it should not affect the
over-all experiment results significantly. This analysis should be

quite simple to implement for a satellite package.
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) A second approach which is extremely simple is the measurement
of surface potential levels. This can be done by allowing the test
surface to be one plate of a vacuum-gap capacitor. Electrical
dipoles are induced on surfaces in many types of adsorption, and
these should, in principle, be measurable. Unfortunately, it is
not too easy to determine precisely what is happening at a surface,

even though one does observe that the surface potential is changing.

The third analytical method proposed would be selective de-
sorption of adsorbed species. This would entail local destruction
of the surfaces!' history, so either duplicate surfaces or a very
localized desorption technique would be needed. We would propose
measuring the species concentrations of the effluent gas with a
mass spectrometer and comparing these results with similar measure-
ments previously conducted in the laboratory. Among the available
desorption methods are flash heating by electron beam or electrical

resistance, and bombardment by noble gas ionms.

In support of this experiment, it is proposed that a laboratory
program be undertaken to develop and calibrate the three proposed
procedures. Such ground-based evaluation is especially necessary
for the protracted exposure experiment and appears not difficult to

perform.

3. Surface Control

Control of the surface condition should commence at the prepa-
ration stage and should progress through the preflight storage,

orbital storage, and final deployment phases.

At least four special techniques are available to prepare the
control test surfaces in the earth laboratory; baking, ion bombard-
ment, vacuum deposition, and crystal cleaving. Not to be ignored

are engineering type surfaces, such as might exist after normal

11
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manufacturing procedures, that have had no particular treatment or
conditioning control prior to launch. The controlled test surfaces
would have to be prepared under ultrahigh vacuum. Thereafter,

they would be "canned" with up to one atmosphere pressure of ultra
pure helium gas. Helium has favorable desorption properties and

may reduce or prevent any surface contamination by more tenacious
species. To assist in preventing the formation of a contamination
gas layer on the test surface, gettering material (which selectively
adsorbs undesired gases) could be provided in the canning envelope.
The total gas volume and internal surface area of the capsule must
be controlled so as to ensure much less than é monolayer of species
that have strong adsorption bonds with the target. We believe

this can be done, although it has yet to be demonstrated. Between
the period of preparation in the laboratory and the exposure of the
surface to the orbital environment, the hermetically sealed enclo-
sure containing the helium gas buffer should preserve the surface in
the freshly-prepared condition. To provide a reference for the var-
ious orbital measurements employed to characterize the surface, an
identical plaque or portion of the original surface would remain

in the laboratory for parallel measurements under controlled condi-
tions. The removal of the sealed enclosure, in orbit, would signal
the beginning of a schedule of periodic measurements by each ana-
lytical technique previously described for the satellite experiment
package. In this manner, the orbit environment history and surface
characterization measurements in orbit could be correlated with the
controlled laboratory data. We believe this is a workable scheme

that should provide adequate surface control.

A point might be made about the control of satellite outgas-
sing which is a source of randomly occurring surface contamination.
The outgassing burden should, preferably, be minimized prior to

launch by attention to the design selection of primary and secondary

12



s£ructura1 materials, by care in the manufacturing and assembly of
the satellite systems, and by prelaunch conditioning in a proper
thermal-vacuum facility. During launch, very few active degassing
measures can be exercised other than preventing new absorption by
providing carefully designed venting for the enclosure of the satel-
lite. 1In orbit, the satellite should be given every opportunity

to outgas before conducting GSI experiments. Estimates of a day to
a week have been associated with published discussion of the out-
gassing problem for various satellites. Grumman experience with
OAOQ vehicles indicates a period of from 6 to 12 hours is reasonable
to remove the majority of the "loose" gases. Periods of more than
a day to create a negligible outgassing background are probably
excessive for certain types of GSI experiments utilizing cryogenic
liquids or for satellites having an expected lifetime of only three
to four weeks. However, for longer lifetime satellites and many of
the proposed GSI experiments described here, there is virtually no
deterrent to the scheduling of a passive outgassing period of up to

a month.

An additional note should be introduced concerning manned
spacecraft. An obvious application of better GSI data would be to
improve orbital position and lifetime prediction of manned satel-
lites. Such applications inherently introduce the reality of never
being able to have a fully outgassed vehicle. 1In addition, there
is the likely situation that certain gaseous contaminants such as
H20, COZ’ HZS’ NH3,
emitted at random intervals during the flight. Under such con-

and hydrocarbon-halogen compounds may be

tamination conditions, the spacecraft surfaces are likely to behave
differently than for identical unmanned vehicles. It thus becomes
of interest to conduct at least some GSI experiments in conjunction
with scheduled manned flights of the Apollo and MOL programs.

These special tests could be of value despite the need for ultimate

13



comparison with a uniquely designed unmanned satellite for GSI ex-

perimentation.

C. Experiment Package Concept

A consequence of the establishment of several GSI experiment
requirements and the design features for two principal experiments,
is the formulation of a conceptual experimental package for a satel-
lite (see Fig. 2). Although, as previously discussed, certain ele-
ments of the experiments must still be developed, this package
concept becomes a first step in providing direction to a future
satellite system involving several complementary experiments.* It
is assumed that eventual technological development, to provide cer-
tain currently unfilled measurement capability, will be accommodated

within the geometric constraints of this package concept.

The reflected beam experiment of the package features a beam-
forming skimmer, with auxiliary shield, that permits the upper
atmospheric molecules, traveling at orbital speed, to enter through
a 1.0 cm2 area orifice and intermittently impinge upon the target
surfaces after passing through a chopper. The conical shield acts
to deflect misaligned molecules away from the experimental equip-
ment, as well as to protect against radiation and micrometeoroid
penetration. The measurements are made during near-perigee condi-
tions. A moderate-to-low speed (i.e., ~100 Hz) chopper behind the
skimmer provides suitable'fiduciary signals to allow density mea-
surements of reflected gas molecule distributions. Venting of the
initially deflected molecules occurs through the open section imme-

diately following the front conical shield.

*
Integration of these several experiments also is a future effort
in establishing the total satellite system.

14
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An interim decision to examine not more than 12 different
test surfaces and three different incident angles for each test
surface results in the need to expose up to 36 target surfaces to
the incident beam. Concurrently, it has been decided that no more
than 10 detectors should be employed to monitor the reflected beam.
Locations of the detectors should include one normal to the sur-
face, one in the specular direction, four or five in a near-
specular array, and two for backscatter. A failure-mode analysis
of fixed and movable configurations for the detectors and target
surfaces shows that a near-optimum number of data points and best
reliability should be obtained by the arrangement shown in Fig. 2.
Here, the 36 targets, each having a surface area of 1 square
centimeter, are installed on an indexing mechanism consisting of
spokes radiating from a rotatable hub. The rotary test sample
holder is to be indexed after a predetermined period of exposure,
or number of orbits. The detectors, on the other hand, are mounted
on two movable yokes that can be rotated to at least five angular
positions for reflected beam measurements. At least three detec-
tors of the through-flow density measurement type are mounted on
each yoke. With these six detectors, about three times more data
may be obtained than possible with a three dimensional fixed array
of 10 detectors. If more than three detectors were to be used on
each yoke, the data rate could increase proportionately. The
counterrotating yokes also can serve to support other diagnostic

devices such as mass spectrometers.

The 1l6-inch diameter, cylindrical inner passage provides an
exit for the continuous outflow of unreflected beam molecules as
well as randomly directed background gas. Surrounding the passage
are four subsystem equipment bays and two additional bays contain-

ing other surface contamination experiments. Three movable panels

16



hinged at the rear of the package will be used to shield the GSI
experiment from solar rays when the rear of the satellite faces

the sun. A rearward facing sun sensor activates movement of these
panels to protect the internal equipment. This design would func-
tion either with or without internal cryogenic pumping. The added
weight of cryogenic equipment would result, however, in a reduction

of background noise for instrumentation.

The second experiment of the conceptual package is a long term
exposuré, or surface contamination, experiment previously outlined
in Section III-B. It consists of two arrays of specially prepared
1 cm? area test surfaces mounted on diametrically opposed indexing
mechanisms which rotate on axes parallel to the package centerline.
A sector of each array is exposed to the total orbital environment
(i.e., not just perigee conditions) for a predetermined time in-
terval before being rotated into an analytical chamber for examina-
tion of their surface properties. In one chamber, a portion of
each exposed surface may be desorbed by one of several techniques
previously noted (see Section III-B-2). The efflux would be moni-
tored by a scanning mass spectrometer as a means of assessing rela-
tive surface absorptivity characteristics during the satellite life-
time. The second analytical chamber provides the opportunity for
independent measurements of surface potential and/or surface re-
flection characteristics for a thermal energy helium gas beam after
increasingly longer periods of surface exposure to the orbital
environment, As a new test surface moves into the analytical
chamber, another is rotated outside the experiment bay to join

those exposed to the natural environment.

Structural support of the experiment package is provided by
six longitudinal tubular members and cross-members to the internal

cylindrical passage. The outside panels for each of the equipment
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bays are removable for ease in subsystem preflight checkout and
servicing. The 36-inch maximum cross section dimension provides
a reasonably small projected area in comparison to any of the
Saturn class launch vehicles and should be a minor disturbance to

the rocket's flow field.

D. Attitude Control System

A satellite containing GSI experiments must be able to align
the beam-forming orifice within *2 degrees of the orbital velocity
vector during the data-taking period (i.e., near perigee)., The
conventionally used technique of reaction jet'attitude control is
inappropriate in this instance because the exhaust gas products
would very likely contaminate the test surfaces and compromise the
data to be taken of natural GSI processes. Helium jets might be
acceptable if extraordinary contamination control were exercised
and they could provide sufficient total impulse for the mission.

To meet these alignment and contamination-free requirements, three
passive, two active, and three hybrid attitude control systems have
been surveyed. A comparison of their relative features is given by
Table 1. The active control moment gyro system and the passive
gravity gradient with aerodynamic damping hybrid system both hold
promise to perform as required. However, more analysis of acquisi-
tion or capture dynamics is needed before a final judgment based on
performance is possible. - In addition, a more detailed investiga-
tion beyond the scope of this study is necessary to define the
cost, weight, and power requirements associated with the candidate

systems.
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IV. MISSION PROFILE

The objective of establishing a mission profile is to pre-

scribe an atmospheric environment which is best suited for gas-

surface interaction experiments in orbit. The considerations that

influence suitability include:

a)
b)

c)
d)
e)
£)
8)
h)
i)

knowledge of the mean atmospheric properties

spatial and temporal variations of the atmospheric
environment

instrumentation characteristics

time available for individual measurements

time available for entire program

special orientation requiréments of experiments
tracking and telemetry ability

launch vehicle capability

relevance‘of test conditions to ultimate usefulness
of information

A. The Atmosphere

For most considerations, the atmosphere above about 120 km

exhibits cyclic as well as irregular variations in density profile,

temperature, pressure, and composition. Extensive discussion of

these variations will not be included here because of the available
abundant literature (e.g., Refs. 7, 8, 9, 10). It is sufficient to
categorize for this study the following types of observed density

variations:
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I — At a fixed global location
a) altitude
b) diurnal
c) monthly (27-day cycle)
d) seasonal
e) semiannual
f) solar decimeter radiation (11 year cycle)
g) solar extreme UV

h) magnetic storm (irregular)
I1T — Latitude position

IIT — Auroral activity (high latitudes)

The changing relation of the earth's orbital position and the
sun's activity make it impossible to predict precise atmospheric
properties at all times and at any particular altitude. Therefore,
model atmosphere profiles are useful primarily as convenient typical
values for preliminary guidance rather than a serious attempt to
define the actual test situation environment. The distinction is
emphasized here because in a rarefied gas-surface interaction the
precise properties of the gas (e.g., velocity distribution, composi-
tion, number density, etc.), and the concurrent condition of the
surface, have an enormous effect on the outcome of the interaction
process in progress at that time (e.g., see discussion in Section II).
It might be added that the surface condition, insofar as it pre-
sumably represents the result of the integration of previous GSI
processes since initial exposure, also is influenced by short term
variations of the atmospheric and radiation environment that are not

normally accountable in standardized atmosphere profiles.
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It becomes evident once these facts are appreciated that the
detailed design of a mission profile must be linked with, at least,
the expected solar activity period that the orbital flight is
likely to take place. To assure further that the environment condi-
tions of an orbital test are reasonably well known, it appears al-
most essential to prescribe suitable aeronomy instrumentation in
any satellite payload containing primarily GSI experiments. Initial
objectives of this study were directed toward a late 1968 to 1970
flight period. This schedule would have coincided with an expected
peak sunspot activity of the ll-year cycle and would have provided
a rare opportunity to conduct deliberate GSI orbital experiments
together with long-term, in situ detailed aeronomy measurements
during an extreme of atmospheric behavior. However, coordination
with NASA technical monitors during the course of this study, has
resulted in a redirection of the timing to the early 1970's when

solar activity might be characterized better as moderate to low.

The atmospheric model used in this study for orbital dynamics
calculations has been based primarily on recent updated determina-
tions derived from over 50 satellite orbit decay studies (Ref. 9).
A comparison of these results with other typical reported values
of density for 200 km altitude is given in Table 2. For rela-
tively quiet-sun periods the day and night profiles of atmospheric
density given by King-Hele (Ref. 9) have been applied without modi-
fication (see Table 3). For active-sun periods, the adopted King-
Hele model atmosphere has been altered by the average ratio of
active-to-quiet-sun density variation indicated by Harris-Priester

(Ref. 11) and Johnson (Ref. 8) that are plotted in Fig. 3. For ex-

ample, at 200 km altitude, the average ratio (pmax/pmin) from
Fig. 3 is 4.7. Thus, the active-sun day density should be 4.7
times the quiet-sun night density, or 4.7 x 1.5 x 10-13 =

7.05 x 10.'13 gm/cm3.
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Another atmospheric parameter of importance for this study is
the scale height, H. Figure 4 gives several models of altitude
variation of H based on computations of Johnson (Ref. 8) and
King-Hele and Quinn (Refs. 9, 10). It is evident that at a repre-
sentative altitude of 200 km, the scale height may vary by as
much as a factor of 2 between the period of low density atmo-
sphere (i.e., quiet sun) and high density conditions (i.e., active
sun). At higher altitudes, this atmospheric depth of pseudo-
unchanging thermodynamic properties becomes somewhat larger, al-
though the same relative magnitude of change with solar activity
index is maintained as at lower altitudes. The changes in orbital
atmospheric environment can, effectively, be considered small
within this scale height dimension, at any particular time or

satellite altitude.

Another atmospheric property important to GSI experiments is
the composition of the neutral gas.* Certainly a predominantly
atomic oxygen atmosphere will be more reactive than a molecular
nitrogen environment. Unfortunately, it is precisely in this area
that a great deal of controversy persists; the probable reason for
the many contradictory observations (e.g., Refs. 12, 13, and 14)
of atomic oxygen concentrations at altitudes between 120 and
about 200 km may lie with GSI processes in the instrumentation,

e.g., surface recombination. Thus, it becomes additionally

*Although ionic species and electrons also exist in the upper atmo-
sphere, and produce important electrodynamic effects, they are
smaller in concentration by at least a factor of 104 compared
to the neutrals. As such, they may be neglected from aerodynamic
considerations. Ions can be removed fairly easily, e.g., by an
electrostatic field, from the molecular beam created for GSI ex-
periments in orbit.
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significant to have redundant techniques of determining the 1ocal‘
orbital gas composition concurrent with the GSI experiment. Not
only would such measures increase the confidence of knowing the
environmental conditions under which GSI data would be obtained,
but they could be designed to yield correlating data with the
primary GSI experimental equipment. OQur current theoretical cal-
culations of oxygen atom recombinations at the surface may also

help to clarify all of these questions.

The apparent diurnal variation of atomic oxygen to molecular
nitrogen concentration ratio (Refs. 11, 13) and total local number
density may yield different GSI results as the orbital perigee
precesses from the daylight to night regions. However, for guiding
GSI instrumentation measurement threshold and dynamic range, the
adopted atmospheric density and composition model profiles should
encompass the maximum and minimum extremes likely to be encountered
during the lifetime of the program. This objective is achieved by
using the highest density atmosphere model (i.e., 1400 hours,
active sun, see Ref. 11) at the lowest altitude for which the mis-
sion could be conducted, and the lowest density atmosphere model
(i.e., 400 hours, quiet sun, see Ref. 11) at the highest likely
altitude of testing. Based upon the representative comparison of
density models given by Table 2, Johnson's maximum and minimum
density atmospheres (Ref. 8) have been employed (see Table 4). Any
departure from these assumed models during an actual orbital mission
would represent enhanced instrumentation capability that might be
used for greater measurement accuracy and/or greater trajectory

variability.

It is interesting to note that in the altitude band of 140
to 350 km, for a maximum dynamic range of mass or number density
of 100:1, the corresponding maximum dynamic measurement ranges

for the major atmospheric constituents are the following ratios:
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for (N — 300:1

9)
for (0) — 20:1

for (02) — 1000:1 .

Thus, monitoring of atomic oxygen is, perhaps, the least sensitive
measurement parameter for a given dynamic range of a common measur-
ing technique, e.g., a mass spectrometer. Molecular nitrogen con-
centration measurement is more nearly of the same order of magnitude
as the‘possible full range of density variation. Molecular oxygen,
on the other hand, is 10 times more sensitive a variable, over a
potential range of test altitudes, than the atmosphere density. If
comparable degrees of sensitivity of specie detection were desired,
then‘different dynamic ranges of measurement would have to be pro-
vided for each constituent. This provision introduces undesirable

complexity into an experimental program.

Two subsidiary points of possible difficulty have been examined
relative to the mission environment. The first involves the ac-
cumulation of charge on the satellite which could interfere with
on-board instrumentation that cannot be suitably shielded. A re-
cent report (Ref. 15) for a near-polar orbit satellite between
about 200 and 500 km altitude indicates that the potential of a
representative vehicle is likely to vary between zero and less
than =20 wvolts; such levels of change of effective satellite
ground potential are not expected to affect the types of diagnostic
devices planned for GSI experiments. The second point concerns the
rotational speed of the upper atmosphere xrelative to the rotating
earth. A west-to-east wind of approximately 1.3 times the earth's
rotation is inferred by King-Hele and Allan (Ref. 16) on the basis
of principally satellite and some high altitude vapor-trail data,
between 200 and 300 km altitude. If so, the drag force acting
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on a satellite would not be in the plane of orbital motion and the
net effect would be to act to decrease the orbital inclination

as well as to alter the satellite orientation relative to the true
velocity vector. However, since the satellite orbital velocity is
approximately 8 km/sec and the earth's rotational velocity is
about 0.45 km/sec relative to its center, it is clear that the
relative wind represents less than 1.5 percent variation in the
magnitude of the velocity vector, and is not likely to be discerni-
ble in the context of the accuracy of atmospheric density and GSI

experiment instrumentation.

B. Orbital Parameters

~One of the prime concerns for orbit selection is the assurance
that the GSI experiment will be exposed to a free~molecular gas
flow regime. Allowing for the approximate size of a satellite and
the variations of atmospheric properties, this establishes an alti-
tude of about 160 km as the lower limit for any GSI experiment.
At this altitude, there is almost certainly a high enough atmospheric
density to permit measurements to be made at nearly all times with
state of the art instrumentation. However, for all but a highly
eccentric orbit, the satellite lifetime is very short (i.e., on the
order of a day) at this altitude because of relatively high atmo-
spheric drag forces. This characteristic would severely limit the
amount of data that could be obtained. Therefore, an initial peri-
gee of 160 km with a low eccentricity orbit would yield a mission

with low cost effectiveness.

As the design perigee altitude is increased, two important
trends start competing. The orbital lifetime increases with peri-
gee increase but the measurement capability rapidly approaches a
sensitivity threshold because of decreasing atmospheric density.

The determination of maximum perigee for a GSI experiment, then,
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represents a compromise of these considerations biased to the best
estimate of instrumentation performance. Some flexibility in ob-
tainipg a desired lifetime way still ba.exercised by.suisable de-
sign.of . the satellite ballistic cosfficient..{M/Cgh); Where i M his
the satellite mass, Cp is the.average drag. coefficient akipear=
perigee ¢pnditions;.and -A .is the.effective emogsnsechienal mreas
gﬁetg§t§§5§}£i§§rf, ‘n '8 the average drag coef%icient at near-
per i 7fke CORSEEUMBAtALTON Currentlly fa ‘Gsé VR HE SGraftin “Rircfa PE
Endglheerinig : Cofporation Molecular Beam Test Facility is capable
(with medification) of meaauuq& §cattered dlstaribumma formed .
from 2 .$qukceof ghout, w .Ranbickesice. pinimym %Wnberfdwmty
Thigcorresronds to ap altitude slightly.in mxeess.@f 23¢ Jmedfor
&, m}y,nm%ndensmy a;mqsphwb at night /(see Table 4 and Ref. 8).
g%gg %y;ggﬂq;gb; densLtyxnatnq.;s;apprXLmatelyV~L 5 for quiet suyn
(Ref, Q) s that an initial, operatienal altitude of ;.240 lm may be
associa t;e%h,dqu% daylight, with a jpinimum.density Atmoespheree sun
We, qpnq}u@g, therefore, that ap.initish perigeeiof: 240ckmy isay be
just qoqgétlb;q with existing. density meagnrement :technology for
incident mass Flow, under, minimm,, quist=sm @mesphenir ‘¢ondi-
tions. For more dense atmosphergs, eithex a higher perigeg .of -an
additional 20 to 40 km can b acgommadated, or, she Qutpuf sig-
nai..:,amplirtséﬁe..o.i? the GSI measurement devices ¢an be ingreased to..
theu midrange values. Development,of more sensifive instrymentar
tion than current state of the art similarly would permit higher
perigeeibxtaﬁ ihcreased signal l@vgl o bhe emplaoyed. The calqular
ted lifetime of a satellite with, ballistic. coeﬁﬁlﬁlenn,~1M/gD4l

of 1.0 slug/ft is about 18.5 days for.a 240 km. cimqular qrbit,
using the atmospheric density model. of Table 3. . The circular or-
bital lifetime is linearly proportional to the ballistic coeﬁfigiep@ﬁ
so that longer desired lifetimes would require larger ballistic
coefficients. For example, lifetimes of 30 or 300 days would

necessitate coefficients of 1.63 slugs/ft2 and 16.3 slugs/ftz,
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respectively. The orbital period would be approximately 90

minutes.

Some gain in lifetime also is achieved by establishing low
eccentricity orbits to reduce the decay effect of atmospheric drag
forces near perigee. Although the period of small‘eccentricity
orbits is slightly longer than a circular orbit of the same initial
perigee altitude, additional benefit can be derived from gas vent-
ing opportunities possible in the greatly reduced atmosphere sur-

rounding the apogee position.

One constraint on the apogee consideration is the Van Allen
radiation belt located beyond about 1000 km altitude. Thé large
concentration of energetic particles in this belt presents poten-
tial'énvironmental hazards to GSI electronic instruments that may
result in distortion or even complete frustration of any measure-

ments.,

A reasonable criterion for minimum apogee selection is where
the atmospheric density is such that a monolayer of atmospheric
species would take about 1000 seconds to form on a clean surface.
Quite obviously, this rule links the apogee to the prevailing atmo-
sphere profile at the time of the mission. For conditions similar
to a low density atmosphere model, the apogee should be at least
at 400 km; for a medium density model the apogee should be at
least at 550 km, and for a high density model atmosphere the
apogee should be at least at 700 km.,

Table 5 shows some typical orbit characteristics and require-
ments resulting from the three apogee possibilities discussed

above, and an initial perigee of 240 km,

Selection of an orbital inclination is guided principally by
recommended launch capabilities of the rocket booster; a maximum

orbital inclination of 30 degrees is to be considered (Ref. 17).
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TABLE 5

SOME TYPICAL ORBITAL CHARACTERISTICS
FOR A GSI EXPERIMENT SATELLITE

Initial Initial Satellite  M/CpA Required
Condition Perigee, Apogee, Eccen- Lifetime, days for Lifetime of
km km  tricity % for M/CDAﬁ=l.0 30 days 300 days
1 240 - 400 1.20 ~ 20 1.5 15
‘ 240 550 2.29 ~ 45 .75 7.5
3 240 700 3.37 ~ 75 .40 4.0

It is assumed that the launch site will be at Cape Kennedy (28.5°
north latitude) so that barring a complex series of orbital cor-
rections by on-board auxiliary propulsion rockets, the bulk of the
experimental data will be obtained for equatorial atmospheric con-

ditions.

Thus, major orbital perturbations caused by earth oblateness,
seasonal variations of the atmosphere, and high latitude auroral
or magnetic storms phenomena are virtually eliminated as areas of
concern. The molecular beam produced by transit through the peri-
gee atmosphere is more likely to be repeatable in the equatorial
zone than at high latitudes. This is a highly desirable situation
for the basic GSI experiments. However, many anticipated applica-
tions of earth satellites are likely to have initially high inclina-
tion orbits. Eventually, orbital precession should expose these
future satellites to the same latitude environments projected for
the GSI experiments. Therefore, the mission profile test condi-
tions have relevance, although not complete, to the ultimate appl-

cation of the GSI data to be obtained.
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V. CONCLUSIONS AND RECOMMENDATIONS

The feasibility of a satellite-borne gas surface interaction
experiment has been examined relative to the question of determin-
ing angular distributions of reflected molecular density, momentum
and energy for surfaces of practical importance under orbital con-

ditions.
The following conclusions appear evident from our study:

1. The condition of the surface is a vital factor in the
interaction process. It is important and feasible to
conduct experiments in orbit to examine the changes
of surface characteristics brought about by exposure
to the orbit environment. However, to prepare for a
satellite experiment, additional development is needed
to demonstrate the ability to store and protect clean
test surfaces in orbit. Also, laboratory effort is
needéd to establish standard techniques for the char-
acterization of surfaces in orbit xelative to their

gas interaction properties.

2. A molecular beam scattering experiment in orbit is
highly desirable but currently not feasible. The
principal deterrent is the lack of a demonstrated
time-of-flight velocity measurement technique* for
the reflected molecules, under orbital conditions.

A method of measuring molecular density distribution
under these conditions appears feasible with no major
additional technological advances. However, labora-
tory demonstration of a proposed innovation to extend
the sensitivity of an existing density measurement

technique is required.

*
Although development work is in progress.
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3. Preliminary examination of satellite attitude control
requirements for GSI experiments shows a need for
approximately 2° alignment of the molecular beam
forming optics with the flight velocity vector during
measurement intervals. The almost certain exclusion
of reaction gas jets as an acceptable satellite atti-
tude control technique (because of surface contamina-
tion problems) makes it necessary to employ either a
passive gravity gradient or an active angular momentum
wheel technique. Additional investigation is needed
to evaluate the attitude holding performance of these
methods, as well as weight, power, and cost data, to

permit a decision on the preferable method.

4, 1t is desirable and feasible to have aeronomy instru-
mentation accompany any orbital GSI experiment in |
order to obtain a concurrent in situ definition of
the atmospheric properties under which the interac-

tion experiment is conducted.

5. A nominal initial perigee of 240 km and orbit ini-
tial eccentricity of between 1.5 and 3.5 percent
is indicated for GSI experiments. The exact mission
plan will depend largely on the launch date relation
to solar activity since the latter profoundly influ-

ences the density profile of the upper atmosphere.

A gas-surface interaction experiments pac¢ e concept has been
devised as a first step toward defining a future satellite system
configuration. Although we believe it is presently premature to
implement the entire package, it is reasonably certain that the
current pace of technological developments in instrumentation will

soon change this status. There is little likelihood, however,
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that the conceptual experiments packagé configuration will have
to undergo radical change because of a velocity measurement

breakthrough.

The following minimum program description is recommended as
the next step to be taken. It consists of three léboratory in-
vestigations and one analytical task. This program should resolve
several crucial questions arising from this preliminary feasibility
study, and thus enable expeditious exploitation of any advances in
the technology to measure time-of-flight velocity of reflected gas

molecules in a satellite-borne experiment.

Task I: Evaluation of Bendix Type Electron Multipliers for
Orbital Instrumentation

The atmospheric density range likely to be encountered in a
satellite experiment is many orders of magnitude less than the den-
sity experienced in the Grumman Aircraft Engineering Corporation
molecular beam laboratory facilities. A much more sensitive output
stage will, therefore, be needed for the type of density gauges
that have proven satisfactory in our current laboratory research.
Electron multipliers, available from Bendix, offer a means of ob-
taining this sensitivity with available flight qualified components,

if sufficient compatibility to other factors can be demonstrated.

For proper evaluation, at least three electron multipliers
with the necessary accessories should be procured. They should be
incorporated as the final output stage of a modification of the
present Grumman through-flow detector (TFD) instrumentation, which
would also require an intermediate acceleration stage. The test
objectives would be to obtain sensitivity, stability, frequency
response, and reliability of the electron multiplier stage for

measurement of the instantaneous, local gas density in a simulated
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satellite experiment. Of comparable importance would be the success-
ful demonstration of suitability under these simulated environmental
conditions of the modified TFD in a completely integrated configura-

tion.

Task II: Storage and Protection of Clean Test Surfaces in Orbit

The objective of this task would be to design and evaluate
practical means of encapsulating and deploying specially prepared
test surfaces for satellite~borne, gas-surface interaction experi-
ments. (The importance of surface condition to the GSI process
has been stressed in Section II.) While adequate procedures are
available to prepare candidate surfaceé in the laboratory, we have
concluded that the inclusion of such provisions in an unmanned
satéllite-would be extremely difficult and unreliable. Therefore,
we feel it is necessary to explore the practicality of preservihg
a laboratory-prepared surface for periods up to one year. Design
and test effort is anticipated for this task. Various encapsula-
tion methods would be formulated, and the necessary equipment
would be designed and fabricated for typical test samples. After
various storage time intervals, the mechanism protecting a small
number of the test pieces would be removed in a controlled environ-
ment. The test surface would then be compared with its original
GSI characteristics. A sufficient number of these tests would be

conducted to assure a high degree of reproducibility.

Task IIT: Characterization of Solid Surface Contamination

It is reasonable to anticipate that exposure of the prepared
test surfaces to the orbital environment will result in a time-
dependent GSI process., At present, however, there is no single
standard method of determining the relative interaction properties
of an exposed test surface while in orbit. At least three sug-

gested approaches warrant further consideration. One method is to
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monitor the spatial distribution of reflected, thermal energy,
helium molecules that are supplied from a calibrated source.
Theoretical predictions of these distributions have been computed
for clean surfaces, and this method has been used to some extent
as a laboratory standard. The proposed laboratory experiments
under this task would seek to confirm these methods and disclose
variations that accompany a contaminated surface. A second method,
also proposed for examination, is the determination of the contact
potential of clean solid surfaces and the variation of this quan-
tity with exposure (i.e., contamination) to a controlled gaseous

environment.,

As a third technique, it would be desirable to study the use
of flash desorption in conjunction with a mass spectrometer monitor,
although it is preferable to use a technique that would not so com-

pletely destroy the history of the local surface area.

. Task IV: Attitude Control Performance for GSI Orbital Experiment

Conceptual designs of orbital GSI experiments impose a need
for alignment of the gas beam-forming optics with the £flight
velocity vector, especially near perigee. However, reaction gas
jets for satellite attitude control create an unnatural gas en-
velope that might frustrate the purpose of the experiment. A pre-
liminary survey of other applicable attitude control systems is
presented in Table 1; more detailed analysis appears warranted, at
this time,.tobjudge the many potential options by providing rela-
tive performance information. Under this item,'a limited analysis
would be developed of the holding performance of a satellite by:

'‘a) a passive gravity gradient method under the
influence of aerodynamic torque, and

b) an active control technique using angular momentum
wheels and an attitude referencing device (e.g.,
three directional ionization gauges).
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Both analyses would stress the nominal attitude control system
pexrformance with limited emphasis on capture dynamics, for the
passive technique, or acquisition dynamics, for the active con-
trol method.
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