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Abstract

Existing and evolving models of planetary environments, and of
planetary missions currently receiving NASA consideration are reviewed.
Current and developing applicable technology is evaluated in terms of
providing systems to operate successfully within the hostile planetary
environments, On-going research intended to close indicated technology
gaps is summarized, and recommendations are made for further efforts |

needed to develop hardware for advanced planetary exploration.
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1.0 INTRCDUCTION

The planets and free space of the Solar System are characterized by
wide ranges of values for the environmental factors of temperature, electro-
magnetic and particulate radiation, gravity, and where atmospheres exist,
chemical constituents, pressure, and unique meteorological phenomena. The
space engineer must cope with these factors in producing spacecraft which
will operate within their influence. Some aspects of these environments
are known to be within his technical experience or capability, others must be
considered severe in that the existing state-of-the-art is challenged in
acﬁieving exploration goals.h,If is this latter area which is of concern in
this study. Bl

This monograph contains reviews of
1. Planetary and space environments
2. .Proposed planetary missions

3. On-going technological research directly

applicable to advanced space missions

In the review of planetary environments emphasis is placed on the most
recently available information which bears upon the envifonmental pafaméters
of iﬁterest, Unfortunately, quantitative knowledge of the other planets of
our Solar System, although rapidly advancing, is far from complete, and in
some cases, extensive reliance on rather abstruse theory is needed to resolve
observations into satisfactory models. Of necessity, howeyer, we must consider
the best available knowledge or théories as the constraints against which
we evaluate the feasibility of partidular missions against the limitations
of existing technology. Data and uncertainty limits are expressed in uniform

and commonly used units throughout this report,

In the mission review we have examined the profiles and features of
several of the planetary missions being considered in the next fifteen years.
Scientific objectives, hardware requirements, and schedule constraints as
presently conceived for these missions are described, and certain recent

design proposals are mentioned. Approved planetary missions (Mariner ‘71,
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Viking '73) are only lightly treated since the research and technological
activities supporting these programs are well underway. Missions, al-
though unapproved, which have been afforded serious study and planning,
are treated in more detail to emphasize their supporting research and

technology (SRT) requirements.

" Current research and development activities intended to provide equip-
ment suitable for operation within the influence of planetary environments
are discussed. Although this review concentrates on NASA activities,
applicable efforts of other organizations are included. A chart summarizing
these activities, their objectives, sponsors, and principal investigators

is presented in Appendix A.

Recommendations and conclusions to assist in the formulation of
future SRT programs have been developed based upon.our analysis of the

technological implications of severe planetary environmental parameters,
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9.0 PLANETARY ENVIRONMENTS

A confident understanding of the characteristics of the environments

to which future planetary spacecra”t will be exposed is essential to an

effective supporting research and technology (SRT) program. Although there
are serious gaps in our knowledge of specific planetary environments,
sufficient information does exist which, when reviewed in the light of
futufe missions, provides a suitable basis for establishing and pursuing

needed technological development.

In this section, the generally accepted theories pertaining to the
environmental aspects of the planets and interplanetary regions of the
Solar System are reviewed with particular emphasis upon those properties
which will adversely affect spacecraft performance. Characteristics which
are known not to present serious constraints are not emphasized; those aspects

which represent severe constraints are analyzed in more detail.

2.1 MERCURY

Mercury's small size (4842 km diameter) and proximity to the sun make
the inrermost planet a difficult object for observation, and consequently,
for a body so close to earth, relatively little is known about it. The
mean solar distance is 0,387 AU  but with -an eccentricity of 0.206 (exceeded

only by Pluto’s), the distance varies from 0.308 to 0.467 AU.

Surface markings have been observed and mapped although the markings
are of low contrast and discernable only when seeing conditions are partic-
ularly good. On the basis of comparison of certain markings at various times,
Mercury was long considered to have a synbhronous periodlof rotation (88 days);
radar soundings, however, have provided more recent evidence that the period

of rotation is 59+7 days. This value is supported by estimates based upon

- other observations of visual markings and, furthermore, a rotation period

of 2/3 of the synchronous period, or 58.6 days, is considered a stable

condition,

Resemblance of Mercury to our owa moon is evident in several physical

characteristics, including size. Albedo in the visible spectrum is 0.056

. vs., 0.067 for the moon, and polarization characteristics are somewhat alike,
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This points to similarities in surface microstructure, if not in actual

composition.

Low albedo and high solar intensity result in high surface tempera-

tures on the sunlit side. (See figures 2-]1 and 2~2.,) Since the solar
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distance varies by a factor of 1.5 illumination varies by a factor of 2.3,
A mean equilibrium temperature, based only upon solar energy and measured
albedo at the subsolar point, is 505°K, Reasonable agreement with this
predictien has been obtained by several methods using various parts of

the spectrum (ref. 80).

Mercury's environmental parameters of concern to the spacecrafp de-
signer are the high level of solar illumination, the higl surface tempera-
ture, the thin atmospuere (surface pressure about 5 mb) and the aermal
transients associated with eclipse. (See figures 2-1, 2~2 and 2-3.) The
extreres experienced in surface temperatures (73°K to 673%K) will constrain
the selection of components and materials for landers. The thin atmosphere
will necessitate significant retro-propulsion in larnling operations which
could cause extensive exhaust product contamination of the atmosphere and

surface.
2.2 VERNUS

With a remafkably high albedo of 0.81, Venus receives less solar
energy in direct radiation at its surface than does the Earth, even though
the incident solar intensity is twice that incident on Earth, as shown in
Figure 2.1. The spectrum of radio noise indicates armost;prebable-seurce _
temperature of 923 K-973 K. Thermal analysis convincingly showé that the radia;
tion source is the bottom of the atmosphere (ref. 80). The Soviet Venera 4
experiment in 1967 released & temperature reporting probe which substantially

confirmed this temperaturé range.

The high brightness temperature observed is popularly’'resolved in
terms of the ''greenhouse" effect. Radiation in the visible and infrared
which does pass through the atmoéphere is absorbed and reradiated in the
far inffared, to which the atmpsphere is more opaque, This differential
"in opacity requires a low altitude temperature buildﬁp to about 700°K in
order to'maintain_thermal equilibrium, (See figure 2-4.) The planet’s long
rotational period (230 days),'high thermal conductivity, and inertia of its
atmosphere, suggests that surface temperature gradients should be smooth,
and variation- relatively modest., Vigorous vertical circulatory patterns

are probable at higher altitudes, and a pronmounced surface component directed .
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from the subsolar to the anti solar points is theorized (ref. 10).

The Soviet Venera 4 experiment launched in November, 1965, represents
to date the only direct observations of the atmospheric properties of
Venus. Pressure, density, and temperature sensors carried on a probe
measured and returned continuous values of these parameters for periods
of 50, 70, and 94 minutes, respectively, during a parachute descent through
the Venusian atmosphere (ref. 66). Impact point was close to the equator
on the night side. Some months later, the Mariner II flyby experiment
provided additional data on the atmospheric density as the vehicle was

eclipsed by the planet,

An unresolved discrepancy concerning the Venusian radius and, hence,
influencing predictions of surface temperature arose when data from the
Soviet probe was compared against measurement using other techniques. Here-
tofore, the planmetary radius determinations considered most accurate had
been performed by radar soundings. Target reflections have been shown by
signal time spread to emanate from a2 velatively small area of the Venusian
globe. Signal transit time and Doppler shift provide a fairly accurate
measure of the range and range rate between the Earth station and the nearest
poiﬁt of Venus's surface. Pure celestial mechanics are then employed to
determine the station position relative to the center of mass of the Earth-
Moon syétem'and that of Venus at the instant of the sounding. The sought
for radius is then determined subject, among other things, to uncertainties
in the astronomical'uhit and tolaccurate inclusion of gravitational perturba-
tion of the other planets. However, (and somewhat surprisingly) the
ephemeris uncertainties contribute less.to the error range than do uncertainties

in the radar observations.

Radar experiments conducted by Lincoln Laboratorieg and JPL pfovide
independent‘valﬁes of 6050;&0.5 km and 6053.7‘£ 2.2 km, fespectively, for
the radius of-Venﬁs, Mariner II passéd within 35,006 ke of Venus and pro-
vided indirect detérminations_df pressure and density proEiles from S band:
radio signal distortions. The occultation of the signal in conjunction
with orbital and model atmospheric parameters provided a confirmation of the

surface radius value obtained from the radar experiments.
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At the moment of a pressure-controlled parachute deployment, fhe
Soviet landing module relayed.a single radio altimeter reading which inci-
cated an altitude of 26 kilometers. From that point atmospheric parameters
were telemetered continuously until failure, and the profiles against the
altitude were indirectly constructed from the descent characteristics of the
parachute, The fact that telemetry abruptly ceased at approximately the
time required to fall 25 km supports the altimeter reading. " However, when
integrated into the radar and Mariner II data, it would appear that the
resulting radius would be approximately 25 km too large (see Figure 2.5).
Error limits in planetary ephemeris, vehicle trajectory, radar ranging,
and occultation modeling are not condidered sufficient to explain the discre-
pancy. Furthermore, extrapolation of temperature measurements to the '"lower"
surface results'in either excessive surface temperatures or thermal models
inconsistent with radiometric data., That Venera & impacted on a local high
altitude surface feature is conceivable, but not likely considering the

rather smooth target that Venus presents to radar signals.

If one accepts the values of Venus radius based on terrestrial radar

soundings and the Mariner experiment, it is possible to conclude that the

Soviet probe may have misreported its original altituda,-and that the probe
may have encountered failure at an actual altitude of about 35 km. It is
interesting to note that the two experiments are not independently considered
in this analysis. A part of tha altitude and temperature discrepancies
result from the assumption of a 100% 002 atmosphere for the interpretation

of the Mariner occultation experiﬁent,. This model was suggested, in turn,

by atmospheric data returned by Venera 4. A better temperature agreement
between probe and radiometric observation follows from the assumption of a

smaller CO, concentration in the Venus atmosphere.

2
Figures 2.4, 2.5, and 2.6 from NASA Design Criteria Monograph, Models

of Venus Atmosphere (1968), summarize data for atmospheric pressure and
temperature. Estimates of the chemical composition of the Venusi .. atmos-

phere are presented in Table 2-1.

Magnetometers aboard Mariner I1I indicated a magnetic field less than

one-tenth that of Earth. This parameter was refined by the Soviet Venera 4

10
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TABLE 2-1

COMPOSITION OF THE VENUS ATMOSPHERE

Component Estimated Percent Source
by Volume
o, 90 + 10 Vinogradov
. 1t
N, <7
NH, <5%107° Benedict
N,0 <5X1072 "
co ~4,5X10"3 "
10~2

» HZO zgiig_l and Vinogradov
0, | ~3%1073 Hunten
HC1 . - ﬁﬂlOfA Benedict
HF ~10"8 : "
He | 221072 McElroy
CH, <7X10-2 | Kuiper
cos <5x1075 i "

Summarized from Proceedings of Second Arizona
Conference on Planetary Atmospheres, Tucson,
March 11-13, 1968, in Journal of Atmospheric
Sciences, Vol. 25, No. 4, July 1968.

13




in 1967 to a value of less than three ten-thousandths that of Earth. No
evidence for Van Allen like belts surroﬁnding Venus has been demonstrated

(ref, 89),

The indicated temperature and thermal conductivity of the lower atmos-
phere will limit to a matter of minutes the lifetime of impact~survivable
probes constructed of conventional components, even with imaginative methods
of insulation. Venus exploration, then, emerges as a major impetus for

advances in high temperature technology.

Buoyant stations such as discussed in the next chapter appear to be
the most attractive method of prolonged investigation of Venus. The rela-
tively high atmospheric density allows satisfactory payload support with
modest balloon displacement. This, plus an apparently smooth temperature
profile are two of the aspects of the atmospheric environment which can be
considered favorable to Venus exploration because they provide a zone in
which environmental conditions may be found that will not quickly degrade

or destroy the payload.

oo The apparently unbroken cloud cover of Venus will require extensive

a analysis if knowledge is to develop concerning the meteorolegical system

of this planet. At present, there is mo spatial information concerning
the clouds, eifher vertically or horizontally. We assume, but cannot be
Eiﬁ certain, that the aerosol particles are an atmospheric condensate. They
could be a simple homogeneous substance, or a mixture whose parameters are

sub ject to rapid temporal or spatial change. Difficulties stemming from

lack of knowledge of what to expect in designing cloud instrumentation are
compounded by the fact that any approach requires assumptions based upon

= terrestrial experience in the interpretation of the results.

It has been conjectured that a combination of high temperatures,
water vapor and carbon dioxide may combine to produce an atmosphere

possessing corrosive properties, While not ruling out this possibility,

we take the position that extensive concern is not warranted at this

& ' time for the following reasons:



1. In the total Venus environment, the probability is small

that corrosion would be a limiting factor as compared

to temperature and pressure. Corrosion protection is
P practically an automatic result of any reasonable pro-

l' tection from temperature and pressure,

l” 2. Failure induced by corrosion is likely only on missions

requiring long or repeated exposure to a corrosive en-

vironment. Early missions requiring long esposure to
the atmosphere will most likely be conducted at alti-
tudes where temperature and pressure stresses are

i - eésily met,

2.3 MARS

The Martian envirounment is by far the most favorable of the planets
4 for approach, entry and analysis. Mars is presently comsidered the only

extraterrestrial Eody in the Solar System which affords a reasonable oppor-

tunity for the support of life forms as we know them.

The most conspicuous Martian fearures visible from the earth are the

white polar caps which alfernéfély grow and shrink with the seasons. The

caps have been extensively studied and tables are available for the predic-
§§. tion to the cyclic behavior (ref. 38). The north polar cap is'larger‘and
LA has a winter extension of over ten million square kilometers. As the caps

- advance they are partially obscured by a haze, but on retreat their outline

= is sharp. The development is characterized both upon advance and retreat
by fragmentation into the same patterns each year, indicating differential
_f rates along topographical features. .The polar caps are believed to be

Watef,'probabiy in the form of small crystals such as hoarfrost, and in a

‘layer that is certainly very thin, The retreat of the cap in late spring

is very rapid in comparison to the melting rate of the earth's snow cover,
although the two planets have axial inclinations which are nearly the same,
buring retreat, the edge of the cdp is lined by a dark baﬁd,_which is

(g susuggestive of damp soil from melting ice, There are doubts, however,




that this is a correct explanation; meteorlogical conditions tend to
favor sublimation, and calculations by some authors cite insufficient

polar ice volume to account for the band effect in this way (ref. 70, 80).

Light and dark surface features are geuerally associated with low and
high elevation terrain, respectively. C(ontrasting areas have been observed
to change in shape, however, as dust storms pass over them. Sagen et al
(ref. 97) relate thesez changes to large scale migration of surface dust

particles. Assuming a relatively uniform surface composition (chiefly

- of pulverized ferriec oxides and absorbed water) he shows that particles

with radii of less than about 100 microns can be carried by even modest
winds over distances comparable with the gross planetary markings. Deposits
of the very fine particles are lightest in color due to a relatively greater
amount of unidirectional reflection_in'the surface albedo. Larger grain
sizes tend to scatter light, producing multiple path reflection, and appear
darker. Local albedoes decrease or increase, respectively, as fine dust is

1ifted or deposited.

Knovledge of Martian surface conditions was greatly increased by the
TV experiment cérried on Mariner IV which made a fly-by encounter of the
planet on July 15, 1965. About one percent of the surface was photographed
and recovery of useful data was possible in most of the pictures (ref. 7).

Tmages were obtained in both green and red light for a simple amalysis of

the soil and atmosphere spectral characteristics, Valuable inputs of relief

" scale were made available, an important parameter when interpreting visual

data.

The most striking result of the Mariner IV experiment was the discovery”

of crateré, apparent in every frame which had suitable contrast and resolu-
tion. Size and distribution of the craters are described in figure 2.7.
Grose similarities to Earth's Moon are obvious in all of the usable images
transmitted. In spite of the similarities between the landscapes of the
Moon and Mars, the surface of Mars is not expected to display the small

craters found in great numbers on the moon. The Martian atmosphere w...

cause meteors of masses of several hundred kilograms to burn up; addition: lly,

soil erosion due to wind would further smooth the landscape.

16
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The Mariner photographs suggest that the craters' edges are less

rugged than those of the moon, and that their average depth appears to be

only about one fourth as great, for a given diameter, (See figure 2.8)

These characteristics of Martian craters are in consonance with the con-

cept of high rates of soil erosion due to atmospheric circulation, Winds

in the lower atmosﬁhere tend to break up, eddy, and stagnate on the lee

side of high terrain features, Airborne particles are preferentially
deposited at these points. Thus, the floor of craters, and to a lesser
extent, any relatively low features which are to the lee in prevailing winds,
are subject to appreciable settling and packing mechanisms other than

gravitational force, and couls not be expected to provide adequate support

. for some classes of rovers and landers. (See figure 2.9) One can expect

low velocity, steady winds and gradients due to general atmospheric
circulation (ref. 9); dust devils* and yellow clouds can also be expected.
Langley Research Center has estimated a probability of 21{10-2 that a dust
devil will sweep over Viking during its 90-day lifetime on the surface

(ref. 79).

Figure 2,9 Martian craters may be filled with deep,

loosely packed dust. Airborme soil particles
settle out of stagnant air masses to the lee
of high elevation areas, -

"Dust devils are cyqlone-liké storms with vortex areas estimated to be
8~10 km and duration of about 4 hours. o :

18



Yellow clouds usually form as small areas and grow larger with time,
sometimes obscuring the entire visible disk. The size cf the clouds
resolvable from Earth ranges from near 100 km2 (or near the sélution limit)
to approximately 106 kmz° Yellow clouds usually disappear within 24 to 48
hours but occasionally last as long as 30 days, as in 1956. The particles
composing the clouds are thought to have sizes of about 20 to several
hundred microns; particles as small as 3§ might form the rare planet-wide

obscurations that last a month or more.

Dust storms may result in localized deposit or abrasion mechanisms which
could seriously degrade the performance of a soft-~landed payload. Accumu~
latien of dust in recesses could block the view of optical or other sensors;
mechanical joints could be fouled by grit; thermal balances could be upset
by accumulation of soil on equipment surfaces, or by sand blasting of

thermal coatings.

Estimation of local, small scale surface characteristics invariably
involves the question of the entent to which the characteristic Martian
color can be attributed either to distortion by the atmospnere or to actual
absorptidn.by the crust. Extensive spectral shaping by the atmospheric -
constituents, or by airborne particles is generally accepted. Kiess, Karrar
and Keiss, (ref. 65) have presented a model in which the uusteble
brovnish features and white polar areas are explained as concentrations of
NO, and NZOA’ respectively, whose mutual equilibrium is continually disturbed
by winds. Many others, however, reject such interpretations in favor of

soil dust storms and atmospheric precipitates (possibly Hy0) in crystalline

form. If atmospheric scatfering is accepted as the dominant mechanism for

the Martian hue, then an upper limit is available for the size of the

particles suspended in the atmosphere., Particle opacity would be the pri-
ﬁary effect upon transversing light for bodies excéedinggég%roximately one
micron, and attenuation by particles larger than this_woﬁlé_be.esSentially_

nteutral.

Major advances in atmospheric definition were made in 1965 from inter-
pfetations of the Mariner IV occultation experiment and also of earth-based

spectroscopic observations during a favorable opposition in that year. The



extent of improvement is clearly reflected, for example, in the fact that
surface pressure models in publicatioﬁs appearing prior to 1965 still
ranged over nearly two orders of magnitude. Martian surface pressure now

is bounded with confidence between five and fifteen millibars.

When the Mariner IV vehicle passed behind Mars, communication signals
exhibited a Doppler~like phase shift due to refraction by the planet's
atmosphere, Accuratec measurement of the shift provided the degree of chénge
of the effective radio path length just as the spacecraft was being eclipsed.
Appropriate corrections were applied to the data for such effects as
trajectory errors, osciilator drift, and changes in range rate and earth
atmospheric refraction due to earth rotation. The resultant measure of
the refractivity furmished independent constraints in construction of an
atmospheric model for Mars, and in addition, a measure of the plamet's
radius was made available by noting the duration of the occulted signal,
(See figure 2.10 and 2.11)

Figure 2,10 rMariﬂer IV Occultation
Experiment, 15 July 1965.

Data link: 2.1 Gec Earth to spacecraft
2.3 Ge Spacecraft to Earth
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Tmmersion of Mariner IV into the occultation zone occurred at 1300 hours
‘local time over am area approximately 50°s latitude which was experiencing
late winter, and emerged at 2300 hours local time over 60°N latitude. Data
indicated thai at the surface, the summer night is'considerably (60°K)
warmer than the winter day. This is a familiar terrestrial phenomenon,
although the temperature extremes are greater on Mars. A negative refraction
region was not noted during emersion, indicating an absence of an ionizing
layer in the upper atmosphere on the nighttime side. A relatively large
pressure difference was found between immersion and profiles whiich could be
possibly explained by local surface elevation features, but it was mnoted that
emersion data contained uncertainties because phase lock of the data link

was not established until 7% seconds after occultation ended.

X Signal loss :
g 30 ’ ’
X |
g 5 i } .
8 20 Atmosphere
o o ; -
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o e X A
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Figure 2,11 Radio signal phase change prior to immersion

into occultation zone of Mariner IV experiment, !
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Before atmospheric refractivity can be translated into density, tempera-

ture, and other characteristics, the cdmposition,of'the atmosphere must be
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assumed, Tortunately, the gaseous constituents derived from spectrographic
methods are now bounded sufficiently to provide quite accurate results, Two
models, one pure 002, and the other a mixture of 80% 002 and 20% Nz were
used (ref. 44) to derive a temperature profile of the lower atmosphere from
the occultation data (figure 2,%12). Since the effect of other gases (either
knovn or suspected) is negligible, these models were considered to adequately
bracket real conditions. Tn the calculations of pressure, for example, the
differences between the two composition models change the results by less
than one percent. The Mariner experiment indicated that the atmosphere is
less dense than had been expected, which will increase deceleration problems
associated with probe or landing vehicle entries, Density of the upper

atmosphere falls off rapidly, however, indicating the feasibility of low
altitude orbits.

Temperature, °x (80% 002,'20% NZ)

200
L
¢
l-u ]
o
1)
ol
33
—t
< -
0 AV [ I} | _ k i 1 :
120 140 160 180 200 220

Temperature, CK  (L00% €0,)

Figure 2.12  Temperature profile of Martian atmosphere derived
from Mariner IV occultation experiment
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Figure 2,16 Daily temperature variation of surface of planet
Mars at the equator. Relatively large uncertainty
limits reflect the variation due to seasonal effect.,
Ref. Viking Project Mars Engineering Report
M73-106-0, 1969

Fairly accurate characterization of atmospheric parameters is available

" from occultation studies, particularly when the atmosphere is thin, 'as is the

case with Mars. Determination of density profiles is essential to the proper

design of probes or landing vehicles. The occultation experiment is particularly
attractive because it requires relatively little additional equipment to perform.
A comprehensive mapping of atmospheric parameters under a wide variety of diurmal
and seasonal conditions is possible from occultation observations of an orbiting

vehicle, especially when the orbital plane is highly inclined.
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The pressure range present near the Martian surface may promote arcing
and corona effects in regions of high potential gradients such as will be
present on antenma arrays, and could seriously degrade communication
effectiveness. Likelihood of corona is increased by the conjectured presence
of argon in the atmosphere, which would lower the ionization potential,

Argon has not been confirmed as a constituent, however, because the earth's

atmosphere is opaque to the spectral regions required for the test.

Figures 2.13, 2,14, and 2.15, exerpted from a recently published NASA
space design criteria monograpn, summarizes the atmospheric parameters of
most significance to the space designer. These graphs are derived from
computer calculated models based largely upon the results of the Mariner IV
experiment discussed above, and upon the assumption of an 80% CO2 and

20% N2 atmospheric mixture,

Temperature of the lower atmosphere is strongly dependent upon latitude,
season, and time of day. (See figure 2,16;) Although diurnal temperature
variations will be large because of the thinness and transparency of the.
atmosphere, meteorological conditions will be highly repetitious and pre-

dictable, and will justify extrapolation on relatively few data points.

2.4 JUPITER

Jupiter differs markedly in several respects from the planets previously
discussed. Enormous size and mass, low demsity, and high rotational velocity
serve immediately to differentiate it from the inner four planets. Other
environmental factors intensify the contrésts. Because of apparently high
concentrations of the light solar elements, primary impetus for modern

investigation is the promise of new insights into the origin of the Solar

‘System.

Direct visual observation of Jupiter's surface (if it possesses one in

the sense of a solid-gaseous interface) is prevented by a permanent, highly

reflective layer of dense clouds. The clouds, however, exhibit rather
distinct bands of various hues and intensities along latitudinal lines.
Adjacent bands show differential velocities of the order of several hundred
km per hour, which must result in wind shear disturbances of.phenomenal

magnitudes, Extreme atmospheric turbulence is confirmed by rapidly changing

27
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cloud patterns. The disk of Jupiter has been partitioned with the aid of long
term observations of the cloud bands into the areas illustrated. in figure 2.17,
Over time periods ranging from hours to years, the markings are observed to
change. Hence,the illustration below is highly stylized since at any particular
time one or more bands are likely to be indistinct or lacking altogether. Cex-

tain reported fluctuations of the bands, particularly in coloration, have periods

N. Polar Region

N.N, Temperate Zone =-
N. Temperate Zone

N.N. Temperate Belt
WWW T‘ N. Temperate Belt

N. Tropical Zone WM/// N. Equatoria.l Belt

Equatorial Zone Equatorial Belt
%?k722%2%%%?%%22?74222%%%%2?—* S. Equatorial Belt
) 77z 4> >N/ ‘
§. Tropical Zone g2z 4Vﬁ%§%/§ 8. Temperatée Belt

SG TEmPEIate ZO'D.E‘. f//i/ff’/ e, ,//I/ S.S° Temperate Belt

5.5, Temperate Zone = wzyiégzéggV 6;7

Great Red Spot

S. Polar Region

Figure 2,17 Nomenclature used in discussions of
Jupiter surface markings.

slightly over twelve years -~ the planet's period of solar revolution, This
strongly suggests a seasonal variétion, in spite of a nearly circular orbit and

a very slight (3.090) inclination of the equatorial to the orbital planes. Only
one visible Jovian feature, the so-called Great Red Spot, exhibits any degree of
stability. TFirst receiving mention in 1831, this anomaly has been under contin-
uvous study for almost a century. 'At'first, it was suggested that the spot was an
indication of a high elevation area on the solid surface. However, subsequent
observations soon revealed extensive longitudinal drifting relative to an estab-

- lished rotational periocd for the Spot's mean latitude. Usually associated with the
Great Red Spot is the South Tropical Disturbance, apparently a long lasting anomaly .
in the atmospheric circulation. WNo universally acceptable theory exists for either

the Spot or the Disturbance,

Jupiter's rotational rate is not exceeded by that of any other major
planet of the Solar System. With no solid surface displayed, however, the

rate evades assigmnment of a single exact value, and must be qualified not
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Table 2-2

visual observation (ref, 78)

Rotation periods of Jupiter based on

Situation andfor
name of current

Approx
latitude,

deg

Change of
tongitude in
30 days

T.otation
+ period

A 9
deé der'g

hr

min

seC

N Polar Current____.__.

NNN Temperaic Belt
(NNN Temperate
Current).

NN Temperate Belt and
Zone (NN Temperate

~ Current A).

S edge of NN Temperate
Belt (NN Temperate
Current B).

N edge of N Temperate
Belt and S Part of N
Temperate Zone (N

~ Temperate Current
A).

" Middie of W Temperate

- Belt (¥ Temperate

. Current B).
- Sedge of N Temperate
. Belt (N Temperate
Current C).

N Tropieal Zone and N
© part of N Equatorial
Belt (N Tropical

Currend),
- Middle of N Equatorial

Belt {

8 edge of N Equatorial
Belt and N part of
Equatorial Zone
{Great Bguatorial
Current: Northern
Branch).

Middle of Equatorial
Zone (Great Equato-
rial Current: Central
Braneh),

1898-1900. . ...
1927-1948_. .

+90 to 47
}-43

--40 to -{-36
+35

433 to -+20

+-27

+23

22 to -F14 |-

(N
+13
+10to +3

+3t0 —3

55
55

55
53

56

53

49

50

42
20

42

17

} 29
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only by the 1atitﬁde, but by the method of observation (ref, 78). The three
methods which have been employed are: (1) Visual observations of en-

during anomalies in the cloud deck., Tzble ?-2 indicates the mean rota-
tional rate of each zone based upon long term observations using this
method. (2) Comparison of periodic radiation patterns in the microwave
region. A rather stable period of 9h 55m 28s has been established by this
method., (3) Doppler analysis of spectral line shifts in radiation from
near the limbs. This method is rarely used because its uncertainty range

is the highest of the three.

Rapid axial rotation produces a pronounced flattening at the poles.
An independent measure of the oblateness is cbtained from observations of
the precession of the inclined orbital planes of the inner satellites, a
result of tidal forces of the equatorial bulge. The comparisons between
this "dynamic" and the optically determined oblateness, together with their
respective error limits, provide important constraints in forming a theo-
retical surface and interior model of Jupiter. The various Jovian interior
models are essentially presentations of plausible ranges of solid, liquid,
and vapor distributions which satisfy gravitational, oblateness, and thermal
constraints, based upon theories of the extent to which Jupiter's core is
thermally active. A representative interior model is shown in Figure 2.18.

At Jupiter, the intensity of direct solar radiation is only a few per-
cent of that incident on Earth.. (See'figure 2.1} The heavy cloud layers
help to stabilize the temperature of the lower atmosphere, and further re-
duce the effect of diurnal solar transients on the atmospheric wind @atterns.
The well defined circulatory patterns are, therefore, an éxpected result
and provides boundary conditions for an internal planetary model if it is
accepﬁed that internal heat souvces play a dominant role in the thermal
dynamics of the planet. Uufortunately, there has been little aﬁparent success
in attempting to incorporate the observed atmoSphetic conditiors into a
comprehensive thermal.quel.. The major impediment to the study of atmos-
pheric circulation is the lack of a visible solid surface tc use as a
coordinate system in,deterﬁining the velocities of the cloud layers. Since
the atmosphere moves to conserve its angular momentum, a precise determina- -

tion of the rotational period of the surface would permit accurate estimates

R e e
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- of mass displacements involved and important additional information would
;; then be available for characterizing the dynamics of the planet.
. The only molecules positively asscecilated with Jupiter are hydrogen
: (HZ)’ methane (CH4), and ammonia (NHB)’ but it is apparent from spectro-
) poeaphic analysis that significant amounts of other gases are also present,
Cruikshank and Binder (ref. 32) have recently submitted estimates for

. minor components of Jupiter's atmosphere, based on absorption curves in
_; the 0.93 - 1.63 micron region. A background mixture of 55.6 m—atm.CHﬁ

and 0,211 m-atm NHB at a total pressure of 1.4 atmospheres was selected as
; most suitable for an overall curve fit in their experiments, but it should
- be noted that these gases are minor constituents when compared with the
E several kilometer~atmospheres of hydrogen known to be present on this planet.

The spectral .tésolution in this investigation allowed for significant improve-~

ments over previously compiled results. Table 2-3 lists compounds that are,

due to spectrometric evidence, suspected to be present in the Jovian atmos-

phere.

A mean brightness temperature measured in the 8 - 13 micron range with

thermocouple techniques yields 130°K with relatively good agreement between

several investigators. 'Other techniques used for temperature analysis,

| including rotational analysis of H2 and CH_ZP lines, saturation analysis of

B NH3 clouds, and microwave observations in the 8 mm to 3 cm range all lead to
temperatures.bétween 130°K and 200°K. The fact that these measurements all

exceed the theoretical equilibrium temperature of IO&iloK indicates that

internal sources may play a dominant role in the thermal picture of -Jupiter,

i

[EE-CEE

The wide variety of opinions and speculative nature of theories_fela—

ting to regions beneath the cloud layer point to the inappropriateness at
t: this time of attempting an engineering-oriented model of the atmosphefe,

: Much more important to the'question of probe type missions to‘Jupiter is the
[f high approach velocity resuiting from the gravitational attraction of the

' planet. Entry problems are compounded by the abundance of hydrogen in the |
Eﬁ atmosphere, Abrasion resulting from high specific energy exchanges between
}

these light molecules and a penetrating probe could not be sﬁcCeSSfully_
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jl TABLE 2-3 Minor Constituents of the Jovian Atmosphere
" Based on Spectroscopic Evidence

. - Maximum 1limit of

_ Molecule Wave Length Amount Above Laboratory
B V) Jupiter Cloud Pressure, atm,
. layer, m-atm,

3 R ;i 1.44 - 10-20 1.
i 1.10 ' 100 _ ‘ 1.4
1.23 100 a 1.4

L. . 1.51 0.2 1.4
T . S 1,53 0.2 1.4
L | » - 1,08 , | 5 . 1.4

“c.2H2 - . 10538 - 0.004 . o _039

C2H4 E . 0.872 _ -2 0.9

i 02}}6' o 0.904 - L 2.5 ‘ 0.9

W 0.74 500 I 0.9
CH D B 00 994 . ‘ N 20 . i " 009

‘CH

B

omriied

3NH2 R .1n52. By '0002 . 100

si

|Gy

0.974 20 | -

HCN . 1.53 0.05 0.9
HyS 1.58 0.25 L4

& €O, - 1.6 -1 0.5

From Cruikshank;'Dale P. in Astrophysics and Space Science,
3:347-356, March 1969. _ - '
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challenged by heat shield techniques suitable for the immer planets,

Comnmunication problems would be severe, also, since an orbiting vehicle
acting as a relay station would be in sight of a probe for only a short
time period. Direct communication to Earth from a probe appears highly

unfeasible at over 4 AU.

Jupiter exhibits a wide range of electromagnetic radiation which can~
not be attributed solely to thermal or solar origin. Many of the details
of this phenomenon are still open to speculation, but the presence of
intensive magnetic and Van Allen-like particle fields associated with this

planet is unquestioned, Three separate regions of the spectrum usually

‘receive individual treatment in studies of Jovian radio emission.

a) 1-3 centimeters
Radiation in the 1 em region is accepted as being of thermal origin
and caused by motions of the atmospheric molecules because agreement with
the infrared brightness temperature is satisfactory. The 3 cm region ex-
hibits stronger radiation than that attributable to the infrared, but it is

possible that its origin is below the 2loud layer,.

-b) 3-7 -centimeters
Decimeter rédiation is believed to be caused by electrons spiraling
about and oscillating along magnetic lines in a manner similar to those in
the Earth's Van Allen belts. Available estimates for the magnitude 6f‘the
particle flux surrounding the planet vary widely, but an electron flux of
approximately 1000 times that associated with the Earth is currently used

in mission analysis (ref, 103). (See figure 2.19.)

¢) 7=70 meters

| The emission in the decameter region is characterized by sporadic
bursts. No theory presently exists for ti:'s behavior, but a turbulent or
"patchy" plasma distribution has received acceptance, Jupiter's innermost
satellite, Io, has a remarkable effect upon the nature of the emission, with
maximum radiation received at regular intervals correlatable with the

satellite's phase angleS, Ghedhill (ref. 50) offers an explanation of this

phenomenon in terms of an inclined, disk-shaped compressed région-which the

satellite penetrates twiece during each orbit. A co-rotating magﬁetosphere
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is necessary for the plasma concentration. Decimeter radiation also has
been associated with longitudinal coordinates on the planet's surface, but

a clear correlation has not been established.

Emission in the region between decimeter and decameter wavelengths is
not well understood because of technical limitations of receivers and the
background of galactic noise. Wavelengths longer than the decameter region
are subject to attenuation and reflection by the Earth's ionosphere, nor-

mally restricting studies to wavelengths of less than 15 meters.,

Jupiter has twelve known satellites which are divided into two major
groups according to their proximity to the planet. Table 2-4 lists some
of the physical constants of the system. Four out of five inner satellites
are comparable in size to our moon, with the largest, Ganymede, being only
slightly smaller than Mars. The innermost satellite, J-V, revolves at.a
record 26,53 km/sec only 181,200 km above the planet's cloud layer, and its
orbit is strongly perturbed By the planet's equatorial bulge. The outer
system is Eomprised of bodies of insignificant masses under the gréviational
influence of the Sun aé strongly as that of the planet. Hence, their orbits

are nol even approximately elliptical,

Although the largest satellites might be expected to retain tenuous
atmospheres, no direct evidence has yet been found. A temporary increase
in the apparent magnitude of To upon emerging from Jupiter's shadow has
been attributed to a covering of frost due to the temperature drop associated
with the eclipse. (Ref., 78.) Of the satellites large enough to'diéplay surface

markings, locked synchronous rotation is evident,

2.5 INTERPLANETARY REGTIONS

The planets do not move in empty space, but are accompanied in their
circuits around the sun by countless millions of lesser particles of neutral
matter. This material is known by such-names as asteroids, meteoroids,
cometary debris, and cosmic dust, and range in size from gaseous molecular
aggregates to bodies measured in hundreds of kilometers. All of these
objects move in orbits under the gravitational forces.of the sun and

planets. The smallest are additionally influenced significantly by the |
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sunlight which irradiates them. Collisions with space debris can result in

damage to, or total failure of spacecraft because of the high relative velo-
cities involved. Therefore, an evaluation of collision probabilities for

a given mission profile is necessary for proper vehicle design.

A significant proportion of the smallest size particles in the Solar
System are believed to have cometary origins. According to the popular
"dirty iceberg" theory, the volatile nucleus of the comet disintegrates
during approach to the sun, and produces an associated swarm of meteoroids
as imbedded gravel-like particles are freed. The swarm eventually loses
definition by perturbations, and spreads outf albng the original comet
trajeétory. Meteoroid swsrms are responsible for amnual meteor showers
observed at orbital intersection points and represent particle dengity dis-
tributions several orders of magnitude above background. Aside from these
relatively few recently developed (astronomically speaking) and well-
defined meteoroid swarms, the spatial distribution of cometary material

debris has apparently become quite uniform.

The major portion of the Solar System®s debris lies bétween the orbits
of Mars and Jupiter, and with few exceptions, moves in posigrade orbits of
low eccentricity and'inclination, Ceres, the largest of these asteroids
(diameter: 770 km), has been suggested as a target'for.advanced missions,
but is not included in our assessment., Several thousand members of the
asteroid belt have been observed optically and orbital elements for 1726
have been published. Periodic variations in their observed brightness
indicate irregular shapes and.support.the‘hypothesis that tﬁese bodies re=-
sulted from an explosion or collision of a planet. While it is mot possible
to detect from earth asteroids smaller than about I km in diameter, their
existence is not doubted., Continual collisions between asteroids are
believed to be occurring which gives rise to the popular expression of
“"grinding itself to bits." Several estimates of the population of the
asteroid belt have been submitted in recent years due to a need for a
quantitative model on.which to base engineering designs for vehicles inten-

ded to penetrate the belt. The models are usually extrapolations 6f the

mass population distribution of the known asteroids, according to certain

37



[ peesst

v et |

theoretical considerations. Inputs to such models include:

1. Gegenschein or Zodiacal light

2. Crater distributions on Mars and the Moon

3. Near Earth micrometeoroid populations determined from
gsatellites and meteors burning in the atmosphere

4., FEmpirical rock crushing experimenis by various methods

Collisions with high speed atoms ejected from the sun (solar wind)
combine with radiation pressure to sweep the solar system of the smallest
particles, The solar influence tends to place a lower limit on the size of
interplanetary debris at a given heliocentric distance and this factor is
usually reflected in meteoroid population models generated for the purpose
of spacecraft design criteria, Were there no micrometeoroid regenerating'
mechanisms, solar pressure would have eventually cleared the solar space

environment of particles up to perhaps several hundred microns in diameter.

In general, mass distributions are assumed to follow the form

=
N —~m

where N is the g@mber_per unit volume of particles having masses greater than

or equal to m. The choice of o is highly significant as can be seen in
figure 2.20. Kessler (ref. 8) points out that values of & as low as .67
would effectively eliminate the hazard to spacecraft, whereas values
approaching 1, suggested by terrestrial rock crushing experiments, predict
a meteoroid flux sevarél orders of magnitude above that near earth. He has

developed a modél_(figure 2.21) for the central portion of the belt using

e = ,84. Devine (ref. 39), in developing a similar model chose a nominal

value of ,75. Particles of greatest concern lie in the range bf approxi-

mately 10’2

to 10_5 grams, Smaller particles are not inherently damaging,
vhereas shielding against meteoroids greater than 10"? grams'becames pro-
hibitively expensive in payload. Trainor (ref. 103) suggests a bumper

shield for the Outer Planetary Explorer spacecraft caﬁable of stopping

~bodies of masses up to 10-3 grams.

The meteoroid impact hazard to spacecraft is very difficult to assess

because of the great uncertainties which persist regarding the'particle
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Figure 2,20 Asteroidal debris models based updn extrapolation
from observed asteroids. (Ref, 8) '

flux originating from both cometary and asteroidal sources. Present models
of the meteoroid enviromment represent extrapolations of rather limited data
e requiring one or more assumptions concerning the particle's origin, density

velocity, ete, A decade of space flight experience in the cometary debris
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Figure 2,21 Asterold mass distribution at 2.5 AU. (Ref. 8)

years without sensible impact damage, with the result that concern has

diminished for catastrophic or seVerely damaglng 1mpacts in the near earth

region.

Although there is similarity between the 1ntegrated fluxes of

cometary debris and the upper limit asteroidal debris models, it does not’

follow that the spacecraft impact damage risk in the asteroidal belt is siv (-

lar to that near Earth,

The implications of most recent models of snte: -

planetary debris conceining the hazards of spacecrzft damage includas i

1) acceptance of a moderate risk of damage, 2) 's'ub'.s'tanm‘.a'l sﬁie:..d"ing-of



,..,,_.--E

[,

bodaiks

Ty
b opedd

ez - g
[P e
AR N

|

the spacecraft or 3) avoidance of the asteroid belt. These implicatioms
must be conside-:d realistic until such time as new data becomes available

which reduces the model uncertainty by eliminating the upper limit model.

- Such data will probably be obtzdined only by in situ detection of asteroidal

debris by missions to or through the asceroidal belt,

2.6 OUTER PLANETS
Data pertinent Lo the mechanical and physical characteristics of the

planets beyond Jupiter are tabulated in Table 2-5.

The surfaces of these planets, if they possess sizeable solid cores,
are compictely hidden from observation by dense, cloudy atmospheres, The
sunlight by which we observe them is reflected by only a shallow layer of
the gaseous envelopes and gives us very little information concerning the
lower layers of the atmospheres or of the surfaces which they overlay. The
only gases revealed by the spectroscope in the atmospheres of these planets
are émmonia and methane, both noxious and inimical to life. These gases
are compoﬁnds of nitrogen and carbon, respectively, with hydrogen atoms.
Other gases that are present in the Earth's atmosphere, such as nitrogen,
oijgén, and water are expected to be present in the atmospheres of the .
outer planets, but because of the low temperatures that prevail they are

probably in the liquid or solid state.
Saturn

Spectxoscopically; Saturn appears similar to Jupiter although our
knowledge is more limited because of its greater-distance from Earth. The
méthane bands appear as very strong features and hydrqgen has also ﬁeen
observed. A rotational temperature of 90°K has been derived from the

hydrogen spectra.

The rings of Saturn, lying in Saturn's equatorial plane, extend_from
about 12,500 to 76,000 xm above Saturn's surface. A gap between the outer-
most ring and the inner iings, called the Cassini Gap, is about 400y km
wide., It has been suggested that Satumn swing-by missioﬁs travel through
this gap to aveid possible dumaging encouﬁtefs with particulate matter'

within the rings.

|
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Uranus and Neptune

Uranus and Neptune both have more than ten times the mass of Earth,
but are less than half as dense. Inténse methane bands have been observed
in the spectra of Uranus and Neptune, completely altering the continuous
spectra from the yellow fo the infrared and perhaps concealing weaker bands
of other molecules. No ammonia has been observed in the spectra of either
planet, ifhit exists, it is undoubtedly firozen as would be carbon dioxide

and water.
Pluto

Little is known of Pluto other than its orbital characteristics and
its mass. Ite density is as yet undetermined. No atmosphere has yet been

observed. Most readily observable chemical species would freeze out if the

. o
temperature is near the assumed value of 50 K.



3.0 PIANETARY MISSIONS

There is little need for extensive research in the development of
hardware capable of operation in, for example, high temperature énviron-
ments unless some future mission must perform in such an envirorment.
Furthermore, the schedules plamned for future missions which may encounter

severe environments can effectively guide the timing of supporting research.

- This section, therefore, reviews future missions whick have been studied

and proposed for funding. It identifies the planetary environments to
which the hardware will be exposed, and reviews schedules for these

missions so that associated SRT can be planned.

Our mission listing is not complete nor does it consider all config-
uration-alternatives. It is sufficient, however, for the present purpose,
i.e., to permit the identification of the pertinent spacecraft technology

defic*encies for furthur discussion in chapter 4.

3.1 GENERAL CHARACTERTSTICS

Planetary flighté can be conveniently classified in increasing complex~

ity according to required trajectory maneuvers at planetary encounter.

- The simplest mission profile is the direct impact trajectory. Examples
include the recent serics of Ranger flights to the Moon. High reliability is
Qossible in this mode because ballistic.accuracw needed to effect impact is
significantly reduced by the planet's gravitational field., Relatively few

gc - eific objectives, however, can be conveniently achieved by impact of a

‘si.le vehicle due to limited geogréphical coverage and experimental duratiom.

A second profile class is represeﬁted by the fly-by mission in vhich most

of the scientific objéctives are achieved during the few hours of closest

'planetar& approach. Reliability problems caused by severe environmental

factors are minimal but so are the opportunities to observe temporal phenom-
ena and to verify and correlaté data. The Mariner program has acheived to
date four highly successful Mars and Venus fly-by missions. Many of the

outer planet missions discussed in this section employ this mode.

5 r
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Orbiting missions, achieved by retro-braking against the heliocentric
trajectory and gravitational capture by the planet, can provide spatial

and temporal observations of planetary phencmona.

The most demanding mission profile provides for a soft landing of
a probe'or the entire spacecraft and extended experiments to study the
atmosphere and the surface of the planet. This mission type is of partic-

ular interest since it is required to operate for extended periods in

e . . .
atmospheric environgentg which often represent the most serious threats

to the successful performance of the hardware.

Some missions consist of combinations of these four ciasses of
profiles, For example, a soft lander is combined with an orbiter for
Yiking '73.

To explore the outer planets, the gravitational field of an intermediate
planet, (usually Jupiter) is used to accelerate the spacecraft to its
final destination. Gravity assist becomes particularly éttractiVe to
shorten the total flight time because the long duration of such missions
will result in serious religbility implications° This is treated in more

detail in a later section.

The schedule of planetary exploratlon is largely determined by the
l1aunch w1ndows or time periods avallable in which the missions are considered
feasible, Outside these windows, energy requirements for target encounter
exéeed the launch vehizle capability, or the mission duration becomes unreas-
sonably long. Launch windows may be lengthened by sacrifiQing payload, but
the tradeFoff here is economic justification for the mission. TLaunch win-
dows for planetary missions rarely exceed several score days in length, and oppor-

tunities for missions to encounter more than one planet occur infrequently.

_(See table 3-2.,) An unusual opportunlty in 1977 to encounter several of

the outer planet: with a single vehicle has been widely studied (ref. 63, 82).

Some of the more widely studied missions which ptOvide examples of

hardware~environment interactions in the planetary program are summarized

‘below.,
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TABLE 3-1
PROFOSED SCHEDULE OF PLANETARY MISSIONS

" TYPE

EARLIEST PROPOSED

-

Legend:
ORB
LAND
 FB
. PRB
(PRB)

orbiter
soft lander
fly-by

probe

probe as alternative

configuration

ROV

SB = swing-by.
RENDEZ. = rendezvous
(ORB)

!

]

1
!

rover

orbits the sun within
. the asteroid belt

MISSION TARGETS LAUNCH DATE
Mariner thfs ORB 1971
Viking Mars ORB & LAND 1973
Pioneer F/G Jupiter FB - 1972
‘Mariner Mercury-Venus $8 & (PRB) 1973
Planetary Explorér Venus ORB 1973
FB/Out of Ecliptic Jupiter FB & (PRB) 1974
Planetary Explorer Mars ORB - 1975
Multi-Probe Venus ORB & PRB 1975
Mariner Venus ' ORB 1975
Asteroid Belt Survey .Asterqid Belt (ORB) 1975
Buoyant Probe . Venuﬁr . ORB & PRB 1976
Mariner Comet DlArrest FB, 1976
Jupiter Orbiter Jubiter ORB 1976
Jupiter-Saturn-Pluto Jupiter-Saturn-Pluto SB & FRB 1977
fligh Data | Mers ORB . 1977
Rover . Mars ROV 1977
Saturn Orbiter ‘Saturn ORB & FPRB 1978
Rough Lander Venus ORB & PRB 1978
JupiterfUranuséNepﬁune ' ﬁupifer-Uranus—Neptune "SB & (PRB) 1979
Mariner Asteroid ‘ Erosl FB - 1981

- Jupiter Probe Jupiter FB & PRB 1980
Solar Electr. “Mercury ORB ' 1982
Soft Lander Venus. LAND | 1983

“Jupiter Moon 1o LAND 1985
Mariner Comet Hnpfe RENDEZ 1983
Mariner Comet . Halley FB 1985
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3.2 PROPOSED MISSIONS

T e
ia A

(1) Mars Mariner '71l This on-going program in the Mariner series con-

ducted by JPL will explore atmospheric and surface properties of Mars by means
of an orbiting spacecraft, Two flights are currently planned for the 1971 op-
portunity., Planet surface topography, planetary fields, astronomical data and
atmospheric properties such as pressure, temperature, density, and chemical
constitutents will be measured. Instrumentation includes magnetometers, trapped
radiation detectors, IR and UV spectrometers, and photo imagery. A transit time
- of 210 days is estimated and an operational life in orbit of me half the planet’'s
| year is desired. An elliptical orbit with apoapsis of 30,000 km and periapsis

of 1800 km will eliminate the need for consideration of the adverse effects of
i the Mars atmosphere. Envircnmental factors of principal concern to the space-

craft designers are mission lifetime and thermal transients associated with

Martian orbit.

FHEN

. i -netary quérantine requirements will require that the probability is below a
g specified level of accidentally delivering a potentially contaminating organism

to the surface or to growth-supporting atmosphere. 1In this case the spacecraft

é' will not be required to be exposed to heat sterilization prior to launch, al-
-  though surfaces may be chemiéally decontaminated as an added precaution,

£ ' : _ '

2 (2) Mercury-Venus '73 The year 1973 and 1975 provide opportunities to

use the gravitation field oi Verus to assist in missions to study Mercury.

Mariner-type spacecraft will be instrumented to measure this planets' atmo-
spheric properties, surface properties, orbital characteristics, and Venus's

cloud characteristics.

o - Scientific payloads would closely resemble Mars Mariner '71 and will

E'x'.,;;r-;i

include photo imaging of both planets. It mav also be possible to launch a

L)

r,iz.on—surviv:xble_atmosph-e.ric probe during the Venus swing-by.

Flight times.df 108 days to Venus and 183 days to Mercury have been pro-
jected. Environmental éonstraints will be essentially.dﬁiérmined by the inter-
planetary space between Venus and Mercury. To withstanégfhe higher level of
s solar intensity, gallium arsenide solar arrays will be eﬁployed. The Mariner

mylar-teflon thermal blankat will be replaced by polyimide (H-film). Use of

Ul
Lo b

silver zinc batteries is plannad.

[

Vi

fus ki
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(3) Venus Multiprobe '75 Simultaneous, wide geographical coverage of

Venus by means of a nuumber of probes has been recommended as a comprehensive
approach for further study of the atmosphere of this planet., The probes
would be carried aboard a single Mariner class spacecraft launchea by an
Atlas Centaur vehicle and released into the atmosphere in the polar, tem-
perate, and equatorial zones on the sunlit and dark sides of the globe. A
direct impact of the primary vehicle or bus is seen as the most feasible

trajectory for reasons of reliability and payload economy.

One alternative configwration includes the deploymeht of three types of
probes. Ten days prior to encounter, three so-called small probes are released
with appropriate velocity increments to cause insertion into the atmosphere at
the sub-solar, anti-solar, and south polar points, respectively. Ninety
minutes beforeLimpact, additional larger probes are released, and experiments
aboard the bus vehicle initiated and continued until destruction of the bus
by atmospheric friction. Two of these latter probes may carry balloons de-
signed to'remain suspended indefinitely at an atmospheric level of 50 milli-

bars.

Descent time of the three small probes will be approximately two hours.
A nominal surface environment of 738°K and 109 atmosphereé has been chosen for
design pﬁfposes. Thermal protectfon may be achieved by a system of concentric
beryllium spheres. The space between two of the spheres will be evacuated, and
a change-of-phase material (possibly sodiym sulfate dek.hydrace) will immediately
surround and maintain a constant local ambient temperature for the centrally
located instrumentation. Reflective coatings on all surfaces will furthzr en-
hance the insulation effectiveness. Thermal and pressure protection in the

large probes is to be achieved in a similar fashion.

(4) Venus Buoyant Probe This space exploration mission may conéist of an
orbiting spacecraft or direct impact vehicle with one cr several probes designed
fcr_suspension in Venus's atmosphere.in the 50 to 150 kilometer region. At this
altitude environmental constraints will.not be severe and measurements df:atmo—
spheric.an& perhaps even surface properties can be carried out. Such 2 mission

could probably not be dndertaken prior to 1976. Environmental considerations

49

B L LA T LI P L

b s g 3 e



include pressure, temperature, contaminating atmospheric constituents, sterili-

‘zatinn requirements, and orbital lifetime.

(5) Venus Mariner and Mars High Data Rate Mariner The primary objective

of these missions is high resolution mupping of the planet surfaces (Mars
optically Venus by radar). Other scientific goals include studies of atmos-
pheric properties, planetary fields and astronomical data. Orbiter spacecraft
of the Mariner design will be used. Possible instrumentation includes:
Magnetometer, IR and UV Spectometer, Microwave ,Spectometer, Solar Plasma Probe,

Cosmic Dust Detector, Particle Flux ™atector, Ion Chamber, and TV Imager.

Spacecraft will include both passive (coatings and blankets) and active
(Louvers) thermal control. Surface finishes and materials will be selected

to provide specified absorbance and emittance.

The Mars mission may include a high data rate communication system to

facilitate photo imagery. Proposed launch opportunities are 1975 and 1977.

an1ronmenta1 stresses can be assumed similar to Venus Mult probe Orbiter
and the Mars Mariner ‘71,

(6) Jupiter Filyby An early flyby of Juplter has been suggested to reflne

cur current questionable knowledge of the propertles of this planet to a1d in
the-operatlon of late 1970 decade missions, particularly outer planet swing-bys.
Such a flight is possible as early as 1974. A precursor of the later outer
planet swing-by spacécraft will be pulled by the gravitational field of Jupiter
in a trajectory approximating that for multiple outer.planet swing~bys. Of “
particuiar interest would be gravitational field chéracteristics, trapped radia-
tion, atmospheric properties Whlch could be measured remotely, surface charac-

terlstlcs (by occultation, etc, )

Environmental,aspects'of concern in system design and equipment selection

include radiatibn, interplanetary debris, low temparatures, and the possibility |

of magnetlc flelds..

(7) Comet Exploratlon Missions %o D'Arrest, Kopff and Halley have be=n

suggestad to further explore theor¢es_re1at1ng_to the nature of comets and their
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- relationship to the origian of our Solar System. As a comet approaches the sun
significant amcunts of dust and gas are released as the nucleus is heated by
solar radiation. Comets exhibit a wide range in their trajectories, some moving
about the sun in orbits indistinguishable from inner planets, other following

highly eccentric paths inclined at large angles to the earth'’s orbit plane.

The pertinent crbital characteristics of the three proposed target comets

are shown below:

# P T q Q i

D'Arrest 10 6.70 1976 1.38 ' 5.73 18.1
Kopff 8 6.32 1983 1.52 5.32 4.7

Halley 29 76.03 1985 0.59 35.31 162.2

where;

# = Number of observed returns to perihelion
= Period in years |
= Date of perihelion passage of iﬁterest

Perihelion distance AU

L a8 1B o
n

"= _ Aphelion distance AU

N
I

Inclination of orbit to ecliptic (in degrees)

A spécecraft of the Mariner class is pfoposed to £ly-by and rendezvous
with these comets to measure dust and constituency of their tails and to eluci-
date some processes ¢f comet disintegration.. Encounters would be érranged close
to perihelion, thus minimizing required £light time. Flight profiles can be
selected which minimize interplanetary environmental effects on spacécraft hard-

ware and systems. Of principal environmental concern to the spacecraft designer

will be characteristics of the comet trajectory such as dust and vapor.

(8) Asteroid Fly-By A Mariner class spacecraft has beer propoéed for a

fly-by of the asteroid Eros, a well known_asteroid:used to improve solar'paral-
lax during its close approaches to earth. With a solar period of 1.76 years it
approaches within 14 million miles of eértﬁ every &4 years., Its pertinent

characteristics include: .

'_Perihelion_ .1,13 AU

Aphelion . 1.78 AU
Oorbital incli-
nation 1Q;82( -

g1

AR AR B et



Prezraac

The Eros fly-by is planned for 1980 and should not encounter any environ-

ments more severe than those encountered by Martian f£ly-by.

(9) Soft Landers Soft landers are proposed for Mars (Viking "73), Venus
(1983), and Io, a moon of Jupiter (1982), and a rovinguﬁehicle to be landed on
Mars in 1977. With the exception of Viwiug '73, an on-going, approved program,
the mission objectives and spacecraft designs have not been detailed. The
environmental aspects, other than I:. can, however, be reascnably well defined

for all missions.

_ The Mars missions will encounter low atmospheric pressure and density,
fairly low surface temperatures, high winds, sand and dust, negligible magneto-

sphere, corrosive atmosphere and rough topography. The Venus lander must be

“designed to withstand high pressures, high temperatures, a possibly corrosive

atmosphere and an unknown topography. These factors have been discussed more

fully in Chapter 2 and are related to equipment state of technology in
Chapter 4.

Io, the second closest-in of the many moons of Jupiter, has been suggested
as a station for more detailed observations of the properties of Jupiter. Io.
sweeps through the intence trapped radiation belt and any plamned landers. must

be desigmzd to operate within this environment.

(10) DPlanetary Explorer '72-'75 The Planetary Explorer series is proposed

to place several (currently planned 3 Venus, and 2 Mars) small scientific

-measurement platforms into orbit about both Mars and Venus. Durations of the

orbit phases of the missions are designed to exceed one-half of each planet's
year to. observe.and map time seasonal variations in enviroument. An oppor-
tunity will also be afforde:d for observing the interactions of the planetary
and solar environments over a large heliocentric angle, The program is cur-
rently in a conceptional stage;.spacecréft_énd subsystems are receiving pre-

liminary design, and mission requirements and profiles are being analyzed.

Between twenty-five and fifty pounds of payload and up to twenty-five
watts of power will be made available for scientific experiments. The first

group of the experimental objectives involves measurvements of fields and.

s ]
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particles and includes: Magnetic Fields; Solar Wind Plasma, Energetic Particles
and Cosmic Rays; Exospheric Composition; Planetary Electromagnetic Emissiong
Atmospheric Distorfion by Occultation; and Micro Meteorites. The occultation
experiment will provide extensive mapping of the diurnal and seasonal varia-
tions of tho planet's atmospheric parameters. Also, an analysis of radio
transmissions when the planet is near superior conjunction will add to the
knowlaedge of the immer solar corona. Although the prime purpose of Planetary
Explorer is to survey the environments of the target planets, the spacecraft
will also be able to provide measurements of the earth's magnetosphere in each

of the two directions.

.Mission profile Explorer insertion is designed to produce an eliptical

-orbit with 2 nominal perigee of 1000 km, which can be trimmed. Final selection

"of orbital elements will be coordinated with experimental requirements when the

sclection is made. Mission profile plans include the possibility lowering of

the perigee near the end of the mission, to sample the upper atmosphere and to
test for bow shock, This dip-in would be achitved in a series of 10 to 100 km
steps until.the 200 to 500 km altitude range is reached. Leunch dates studied

ol

for Planetary Explorer are summarized below:

Mission  Year - Launch Date Departure Flight Time
| (km2/Sec2)  (Days)
1973 . July 20 16 180
Mars - _ .
1975 September 8§ = 20 - 200
| 1972 March 19 | 13 108
Venus 1973 November 3 i4 110

1975 June 1 7 140

Since the mission profiles of this serizs do not include atmospheric entry

~»xcept for the dip-in option, the more severe planetary environwzntal aspects

are avoided. Spacecraft surface temperatures of 393°K en route and 338°K in
orbit have been estimated. Magnetic and particle fields at both planets have

been shown (refs. 7 & 89) by Marimer flights to warrant no special engineering

concern., A combination of albedo and solar radiation could be viewed as the

Y
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major environment—felated concern of the Planetary Explorer program. Duality

of missions recessitates some compromise in thermal design. Solar panel tem-
perature limits are exceeded for Venus, for example, -if maximum power is genera-
ted at 0.72 AU, making it necessary to limit available power during Venus
approach and orbit, Thermal constraints are being studied for trajectory

altitude correction, and for the burn of the retro-motor.

(11) Pioneer F and G Fly-by missions of Jupiter are planned for 1972 and

1973. The goals of these flights are to investigate:

. The interplanetary magnetic and electric fields and inter-
planetary particles of solar and galactic origins.
. The particulate matter in and beyond- the asteroid belt.
. The particle and electromagnetic environment of Jupiter.
. The chemical and physical properties of the Jovian
atmosphere.
o The thermal baiance, composition, internal structure and

evolutionary history of Jupiter and its satellites.

Much of this 1nformat10n will be of 31gn1f1cant value in the plannlng and

designing in future outer planet missions.

The éxperiment complement for Dlioneer F and G includesﬁ
Plasma probe

Micrometeorcid sensors

Cosmic ray detectors

Radio propagation receivers
Magnetometers

Elactric field detectors

X-ray detector

Photo imagery

IR and UV radiometry o _
Transit time is 637 days to closest approach. The asteroid.belt_is'encountered
between 180 and 250 days. A periapsis of about 1%.times the assumed Jovian

radius is planned,
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Pioneer includes a thermal control system employing an insulated equipment
compartment with adjustable louvers. A compartment temperature of 273°K to 303°K
is plammed. External mounted experiments will experience a temperature range
from 173°K to 343°K. 4An RTG power systei: will probably be employed because of
the low illumination intensity at Jupiter ranges. A two year total system

reliability value of 0.714 has been postulated.

Environment factcis of concern include asteroidal traverse, trapped radi-

ation, temperature extremes, long life requirements, and spacecraft background

RTG radiation, slectromagnetic field and effluents,

Bt bl

(12) Othgr Outer Planet Missions Five «ther outer planet mission oppor-

7 tunities are listed in Table 3.2. These ara:
¥ Jupiter Orbiter

- Jupiter Probe

3 Saturn Orbiter

. “Jupiter-Saturn-Pluto Tour

é Jupiter-Uranus-Neptune Tour

The scientific objectives of these missions are essentially the same; viz.,

e

to obtain additional information regarding our Solar System and its origins,

Possible science experiments for outer planet missions include:

Magnetometers

AC magnetic field detectors

T
L."An-.\.-ﬂ

DC magnetic field detectors
[ : : Plasma probes '
Thermal plasma detectors

Electron density detectors

Radio astronomy receivers
IR radiometers |

IR spectrometers

uv spectrometers

AP

Photd*iﬁagery

Cosmic radiation detectors

il

Micrometeoroid detectors

Solar x-ray detectors

Lacibaaned
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Candidate spacecraft for these missions include the Outer Planetary
Explorer (OPE) and the Thermoelectric Outer Planetary Spacecraft (TOPS). A
radical departure from previous spacecraft designs, the proposed TOPS and
OPE configurations have been influenced most strongly by two unique con-

straints:

1., Unprecedented communication distances and,

2. Low solar energy available during the greater part of the mission.

‘Extreme distances in the missions require that an unusual degree of atten-
tion be given to the communications system. The most important single feature
of this system, and the one which dictates much of the overall physical desigu
of the spacecraft, is the high gain antenna., A gain of 33.7 db, combined with
a tvansmitter power of ten watts is required For feasible communication rates
of 830 bits per second at Jupiter encounter, and one bit per second beyond
30 AU, |

The use of ralioisotope thermoelectric generators (RTG's) mounted en |
extendable booms to provide thermal and radiation isolatiom represents the only
presently feasibie solution for primary power beyond the orbit of Jupiter.
Particle and gamma envivonments resulting from the nuclear activity of the power

supplies are definitely of engineering conc:rn.

The proposed Jupiter Orbiter and the Jupiter Probe missions will in-
clude non-survivable‘probes which will descénd to the surface of the planet.
For maximum useful.lifa, these probes should be designed to withstana radiation,
RIG bgckground,.asteroidal fluxes, and large asteroids in addition to the long

transit time to the planet (almost 2 years).

The Saturn Orbiter mission (1978), which also includes a descent prcbe,

will encounter the rings of Saturn. Protection from dust, particulate matter,

‘and corrosive gases should be a design consideration. 1In addition, long tran-

"sit time, travel through the asteroid belt, trapped radiation fields and RIG

background will impose design constraints. The three-planet combination swing-
bys, Jupiter-Saturn-Pluto in 1977, and Jupiter-Uranus-Neptune in 1979, repre-

sent two of several possible outer planet opportunities.
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For orbiter missions a grivity assist mode should not be used because the
high approach velocity in gravity-assisted missions actually reduces the allow-
able payload., Ballistic thrusting is recommended for highly eccentric orbiters;:

nuclear electric vehicles for circular near-planet orbits.

In any case, long transit time is of significant concern in the design of
cuter planet spacecraft. The problems in designing systems capable of many
years of reliable operation in a space environment only slightly exceed in
difficulty our inability to confidently establish whether that goal has been

reached._

Other enwvironmental-related problems which these missions will face

include:

Asteroidal fluxes and materials

Trapped radiation

Saturn's rings (for Jupitew-Saturn-Pluto)

'Spaceéraft-originated interference (such as RTG background,
electromagnetic background, and gaseous or charged particle

discharges).
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4.0 TECHNOLOGY IMPLICATIONS

4.1 GENERAL DESIGN APPROACH

Planetary mission hardware must survive, for the duration of its specified
lifetime, environments which are often unusual and often severe, In the prelim-

inary mission phases, therefore, it is necessary to

1. identify deleterious interactions between environmental

vectors and equipment of current design,

2, determine the extent of equipment hardening which is

feasible within current techmnology, and

3. identify present limitations in crder to effectively
- direct future Supporting Research and Technology (SRT)

programs.

The discussion in this section is organized by environmental parameter.
Relative to each parameter, the capabilities and limitations of the current
state-of-art are reviewed. Where deficiencies are evident, suggestions for

certain SRT efforts are offered,

The outer envelope of the spacecrait provides the first 1line of defense
against the environment, and extensive environmental modification within the
spacecraft is often possible and desirable., Each subsystfe;n9 then, .is subjected
to its own local enviromment which is defined by (1) the position withinrthe
vehicle, (2) the environment exterior to the ve-hic_les and in most cases, (3) the
duration of the vehicle's exposure to the external environment. This local
- environment concept is exploited where possible in spacecraft design, since
circumvention is usually the cheapest and most direct method of dealing with
environment problems. For all but the outer structﬁ;g and external experimental
sensors, the question'in most cases is not how to provide components to meet
environmental sPecificétigns, but rather how to build the spacecraft so that

each component sees an environment sufficiently mild so that its reliability

[ ¢ ]
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is maintained up to the end of the mission.,

There are three strategiés which can be employed to provide protection
from severe environmenial effects. One is to harden the component so that
degradation is reduced to an acceptable limit. An example can be seen in the
improvement in radiation resistance of solar cells over the past ten years,
By proper selection of polarity, increasing resistivity, and employing other
design parameter changes, the useful 1lifetime of solar power systems for use

in the Van Allen-beits has been extended almost tenfold,

A second strategy is to enclose the sensitive compone:it in an environment
more suitable to proper functioning. For example, mechanical relays have been
found to fail by cold welding after some time in space. By sealing them in

a case containing air, the problem was solved.

Finally, as a third alternative, it should be recognized that a substitute
component is sometimes available. Rather than attempting shielding or hardening
of a sensitive component, it may be advantageous to replace it with a less
sensitive one which accomplishes the same objective. The designer must be
avara of his alternatives, although this is sometimes difficult in view of the

rapid development of the state-of=-art,

This section considers the status of space technology with regard to

its ability to provide solutions to the following environmental hazards:

* extreme temperatures

« radiation .
-+« varying illumination levels

o meteroid effects

o corrosion

o sterilization

- long mission durations

The wide variability in protective options available to the designer and
the preliminary status of the future mission programs results in a degree of
uncertainty in the output of this review. WMore detailed analysis is suggested

in order to establish firm specifications for individual SRT programs.

L]
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4.2 [FMPERATURE EXTREMES

Environmental temperature extremes can be counteracted by spacecraft
thermal control systems which maintain the payload at a non-malevolent
temperature range (such as 283°K to 303°K.This approach requires a selection
of materials for external surfaces and often an active thermal system which
adds .or subtracts heat so that heat transfer to the exiernal environment will
be at the required rate for maintaining an optimum temperature. Spacecraft
temperature in a thermally passive spacecraft will follow a change in external
enviromment at a rate that can be controlled by thermal separation or couplingz
insulation materials. Active steps often taken include the use of resistance
heating, Peltier cooling devices,_refrigéraﬁion and louvers which change the
surface properties. A change in environmment, such as eclipse by a planet,
entrance into a planetary enviromment, or long-term motion away from the sun,

complicates the problem of thermal design.

The components of a spacecraft most susceptible to extreme temperature
effects are liquids or semiliquids such as lubricants and battery :lectro-

lytes, organic materials, and solid state devices,

| Liquids tend to vaporize or freeze, losing their desirable properties,
organic materials deéompose at high temperatures and become brittle at low
temperatures, and soiid_state devices experience changes in electric proper-
ties at both temperature extremes. Some of these effects are discussed in

more detaill in the following paragraphs. .

- (1) Batteries. Both extreme cold and extreme heat are deleterious
to battery performance. At low temperatures, there is increased polarization

and decreased coi ‘uctivity of the electrolyte. Several projects are underway

" (see Appendix A) sponsored by JPL, IRC and GSFC to improve battery performance

over wider temperature ranges. Technical feasibility of heat sterilizable

NiCd cells has been demonétrated*s cells capable of operation at Mercury and

- | _
Texas Institute progress reports under Contract #NAS 7-100.
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Venus surface temperatures are neither available, nor is current research

directed toward these objectives.

Some activity is underway, however, for the development of a high
temperature battery. Ammonia electrolyte batteries have been investigated
for operation at temperatures of 200°K but have not as yet been used in |
spacecraft, Some high temperature fused salt electrolyte batteries are also

under investigation.

(2) Organic Materials. At low temperatures, 263°K and below, lubri-

cants such as petroleum distillates and greases are generally ineffective.
For such applications these have been largely replaced by solid materials
such as molybdenum disulfide, graphite, and teflon (polytetrafluoroethflene)
and composites of these materials, e.g. teflon reinforced with glass fibers
and containing molybdenum disulfide. Investigatioﬁs have been made into the
use of niobium diselenide in efforts to develop a low friction matefial of
higher conductivity for low pressure applications, however, the wear rate of
the material is high, It has however proved useful in motor brush material

uses.,

Problems also exist at high temperatures. Muany plastics lose their
desirable properties at 373%k. Tensile strength decreases with increasing
temperacure, electrical resistivity for most polymers decreases exponentially

with inersasing temperature, requiring careful selection of organic dielec-

"trics for nigh temperature applications. At nominally high temperatures,

- most common plastics outgas, and this is highly enhanced at low pressures.

- Figure 4.11illustrates the thermal stability curves of a typical
polyimide and teflon at 6773°K. '

As a result of tests conducted at JPL, several plastics have been
suggested for high temperature and pressure tolerance. The test conditions
were six hours at 563%K and a CO, pressure of 18.5 atmospheres,' This test
may be regarded as simulating a brief stay in the Venusian atmosphere, although
not near the surface. The plastics sdfferiﬁg no severe damage-wefe:

GP 77, a _silicon resin coating,

Viton 77-545, a fluorelastomer gasket material,
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Teflon TFE, a fluoroplast,
Fiberglas 91 1D, phenolic/glass laminate, and
Kapton 100, a polyimide film.

The results suggest these materials as candidates for missions to Venus and

Mercury,

JPL, under work unit 186-58-13-02, is sponsoring work to establish a
listing of polymeric materials suitable for use in future lander/probe

missions,
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(3) Solid State Electronics. The temperature at which a semlconductor
such as a transistor or diode operates, depends on the power dissipation
during operation, the temperature of the envirrnment, and thermal coupling of

the device to the environment. Typically, silicon semiconductors are rated

for case temperatures in the range of 323-373°K. When there is considerable
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power dissipation within the unit the semiconductor must be more closely

coupled to the environment by use of a heat sink.
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Figure 4.2 Life Expectancy of p-i-n diode under
forward bias, versus temperature

-

In theory, it appears practicable to design silicon semiconductor

devices for operating in environments near 473°K,, The factors which limit

" operation at higher junction temperatures are the surface properties of

silicon and the differential expansion at the contacis,- These factors cause
sudden failure and a penalty in 1life expectancy of the component is incurred.
This mainly is thie result of the deterioration of junction properties, _
caused by heat-accelerated diffusion of atoms across the junction. A typical
example of this effect is shown in Figure 4.2. The higher -the temperature,

the shorter the life expectaacy. For well-built semiconductor devices there

is no abrupt temperature limit.

Some high temperature missions can, however, utilize silicon éomponents
through judicious desigh. For a Venus probe several hours of operation on the
surface could be devisec thfough a proper thermal design. One-approéch
could take advantage of the cold upper atmospheric temperature., The probe
therefore would initially be cold, and would come into equilibrium with the
environment at a rate deiermined by the heat conductivity of its shell.

With insulation, this rafe could conceivably be slowed so that the insulated

electronics would function for hours.



' least) there are belts in which e;ectrons and photons have become magneflcally.'

For more long-lived Venusian probes, and for missions where the high
temperature problem is even more severe, silicon components do not have the
operation capability of other semiconductors that are available. Gallium .
arsenide (GaAs), gallium phosphide (GaP) and gallium arsenide phesphide
(GaAsP) have wider energy gapz than silicon, have been formed into diodecs and
transistors, and are better mateyrials for high temperatﬁre applications. |
Silicon carbide (SiC) has an even wider energy gap and therefore has great
promise., Because of the significant potential of the high temperature, radia-
tion-res . stent material, a special report on progress in 5iC technology is

presented in Appendix B,

Many research activities are directed toward the evolution of semi-
conductor devices capable of high temperature operation, e.g., by ERC,'Texas
Instruments, Air Force Cambridge Research Labs, WeStinghouSe, General Electric,
RCS, N,V. Phillips, Lockheed, Norton and Carborundum. Some of these projects

are included in the summnry of Appendix A.

Low.temperature is also a detrimental factor for electronic semiconductors.
The gain of typical junction tramsistors decreases‘as temperature is reduced,
genierally vanishing near 10092, Gain reduction at low temperature results
primarily from decreased e« -otance of silicon. Sandia Corporation and
others are investigating g....um doping techniques to producé units capable

of operation at temnnratures below 2009K.
4.3 RADIATION

Particulate radiation is part of the space environméné. There is a
continual background of cosmic rays; there are predominantly high éﬁergy
protons with alpha particles and nuclei of heavier elements also present. 1Imn
~addition, there ave spora&ic solar proton flares; these are of high energy,
emitted from the sun during sunspot activiﬁy, and represent a'significant

radiation hazard in free space. Near sOme'planets'(Earth and Jupiter at

t“apped and accelerated to hi_:h energies. Finally it may be necessary to
consider radiation to a spacecraft from an onboard nuclear power device or

pvopulslon system.
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Solar flare proton showers typically last a few days and contain protons
of energies up to 100MeV. Although there is considerable variance of the

number and intensity of flares during solar cycles, recent flares have re-

- sulted in proton fluences of up to 1010_per cm? per year at 1 AU, Because

of diffusion interactions with the solar magnetic field, the protén fluxes

do not appear to decrease as fast as the inverse of the square of distance

from the sun, especially for the lower proton energies. The permanent effects

of radiation exposure are cumulative, Missions to the outer plunets will
require study of radiation exposure effects because of the long accumulation

times involved. Missi ..s to Mars will most 1likely be short enough to avoid

serious permanent effects, but the lack of a protective magnetic field indicates

that the exposure will continue for a lander on the surface. Missions to
Mercury and Venus will recéive exposures to higher 1gvels of solar radiation.
Proton radiation'exposure is a factor to be considered for essentially all
planetary missions. This problem can generally be circumvented by proper

design.

For Jovian orbiters and probes, the high enérgy electrons cf the trapped

: radiation belt will requlre spec1a1 atte‘ntm.on° Damage caused by electrons is

generally 1ndlst1ngu1ahab1e from that cadsed by protons, the two may be
congidered to be cumulative for each of the categories dlscussed below. The
principai_distinction is in it.ae ease of shielding, It is far simpler.to
provide shielding on the order of a few gramé per square centiﬁeter to sﬁop

the proton damage than it is to provide the 10-20 gms/cm? necessary to stop

electron damage. Thus, shielding is an adequate stratagem ‘for free space, but

not as useful for m1531ans near anlter.

.The effects of radiation on spacecraft materials are discussed in the

following paragraphs:

(1) Solid State Electronics. The effect of particulate radiation on

semiconductors can be significant. This radiation strikes the ordered lattice

of a crystal and can dislodge individual'atoms. ‘The resulting vacancy at

a lattice site - and the atom at_samé interstitial position - leads to the
bulk radiation damage in-semiconductor devices. The damage-ihcreases with
int:easéd radiation exposure. In.addition_to this_damage, there is also a

sﬁrface effect on transistors which,is-poorly undefétopd,_but is believed
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to be due to charge deposition in the surface layer of the device under the

- influence of radiation. A significant property of surface radiation damage

is that it saturates. That is, after a certain amount of radiation exposure
{on the order of several megarads) the surface radiation damage reaches an

upper limit,

Many of the vacancy-interstitial pairs formed by recoil from the
electron scattering collisions immediately recombine at room temperature
with the aid of thermal vibrations. Temperature obviously plays a critical
role in this anneéling, The significant recombination centers are created
at the lattice site, from which the atom was ejected, diffusing in the lattice

until it forms a stable configuration with an impurity atom. The configura-

tion can be dissociated generally by increasinr the temperature. As a

result, the number of centers can be decreas:«i by a'suitable thermal amnnealing

of the irradiated materials.

‘Unfqrtunately, major recombination centers produced in p-type silicon
have annéaling energies in the 473 - 6239K range whereas the base material
of pnp tfansistors may be amnealed at lower temperatures. Offsetting this
advantage of n=type siiicon'iS'the fact that the initial démage for a given
dose to n-type silicon is greater than to p-type silicon, apparently due to
a greater minority~carrier capture cross section. Generally, p-type silicon
is preferredwhen selecting for radiation resistance; hence, npn transistors,

n on p solar cells, etn,

A principal figure of merit for transistors'affected by radiation damage

is the common emitter dc current gain. For a junctionm transistor, ‘this gain

is related to the minority carrier lifetime in the base of the tramsistor.

Speéifically,_a radiation-induced decrease in lifetime of minority carriers

in the bulk material of the transistor base results in a decrease in the gain.

The bése transit time is often.simply related to comstruction parameters,
so that different transistor design will have different radiation reéistancesq
The mean bage transit time'depénds not only on the transistor-ﬁype,_by serial
number, but also on the operating value o€ the collector current and on the
manufacturer's current techlnique of fabrication. . For ex-mple, tests of
2N1613 transistore produced by three different manufacturers have significantly
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different transit times. Moreover, identical units from a single manufacturer

can differ. The result of these differences is a wide variance in the radiation-

damage sensitivities of the units,

Most transistorswhich are presently avé.i.lable, show some effects of
radiation on reverse current leakage and current gain at doses in the range
of 0.1 to 1 megarad, These effects are very complex but are associated with
radiation effects on the surface oxide layer which is generally used to
passivate the transistor surface, At doses above one megarad, permanent
damage to the gain usually is dominated by degradation of minority carrier
lifetime in the base region. Similar effects are observed in metal-oxide
devices, and this type of design is generally unsuitable for use in radiation

environments,

Unfortunately, a prediction of transistor performance after irradiation
cannot be based on transistor type alone. Rather, the initial gain, the
base transit time, the composition, surface features, resistivity of the base

material, and other pertinent parameters determine the final performance.

| Early transistors with etched surfaces (e.g., mesa and alloy construc-
tipné) were not‘surfa¢é=proté¢ted and their characteristics were found
to depend on surface contamination. Under irradiation, mesa transistors
exhibited surface effects which were associated with gas ionization in the
transistor can while the device had voltage applied. This efféct could te
essentially eliminated by evacuating the can and maintaining the required
cleanliness and evacuating tramsistors have not been widely adopted by the

industry. Instead, the use of dielectric insulating coatings has Been

widely adopted (e.g. planar, surmetic and anmilar transistors). These

insulating coatings are usually thermally grown oxides. These passivating
layers may still hot prevent effects of the environment on and beyond the
coating. '

The complicated effects of radiation on transistors are believed to be
due primarily to electrical charge deposition within such dielectric coatings.

Therefore one can predict that radiation surface effects on transistors might

be reduced or eliminatedoby
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- Eliminating the surface insulating layer,
s Maintaining very clean silicon surfaces, and

» Evacuating the can.

Whether this appiroach could be practically implemented by the semiconductor
industry remains to be evaluated, because it would undoubtedly require
drastic revision of present production practices. Also, it is not clear
that 'all the transistor types required for a planetary capsule could be
made using the mesa or alloy technique which is most applicable for

implementing this suggested approach.

The same considerations that apply to radiation damage of transistors will
apply to radiation damage of solar cells. A reduction in minority carrier
lifetime in the base region of irradiated solar cells reduces their power
13 lectrons/em? (of ‘1 MeV energy) reduces
typical solar cells power output on the order of 5%. Similar description of
the effect of proton fluences, which ﬁredominate in free space, can not be
given since it dépends critically on the design of the solar cell array.

With proper design, however, neither form of radiation prohibits the selection

~ of solar cells for any conceivable mission, .

Diodes and other semiconductor junction devices are generally less
sensitive to radiation than are the above junction devices. The same forms of
damage, however, are in evidence. The dominant effects are due to minority

carrier lifetime decreases on either side of the junction. The dependence on

“minority carriers- of pertinent properties of devices other than transistors and

solar cells, however, is generally less significant so that about an order of

magnitude greater exposure is necessary to develop serious effects,

NASA's program for developing radiation hardened semiconductors is
being directed by a number of centers. Marshall is studjing radiation resis~
tant digital electronic circuit elements. Lewis is assessing radiation damage
as related to nuclear-electric power.systems. Development of hardened devices
and materials is ©being sponsored principally by ERC. GSFC is directing its

attention to radiation effects on advanced electronics and JPL is investigating
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the development of hardened solar cells,

(2) Ofganic Materials. Radiation damage to organic polymers is principally

due to ionization. The radiation breaks covalent bonds; the subsequent recom-
bination of the free radicals is random and leads either to smaller molecules
.(scission) or to a union of adjacent molecules (cross-linking). When scission
predominates, the degradation of the polymer is more pronounced. This occurs
in polymers such as Teflon, Kel-F, and polymethyl methacrylate. Cross-linking
does not affect the material properties so strongly; this occurs in poly-
styrene, polyethylene, mylar, si}icone, epoxy and natural rubber. Cross-
linkiﬁg increases the viscosity of liquids, and the hardness and brittleness
of solids. Scission, on the other hand, decreases viscosity axd softens
solids. Both of these modes of radiation damage can occur simultaneously in
2 given material, but one generally dominates. Hydrogen gas is also generated

which may have deleterious effects.

The acceptability of a polymeric material after irradiation depends on
a number of considerations. The use to which‘the material is put will deter-
mine the acceptable level of degeneration of a given property. The level of
degenefation, for the given dose, is dependent to some extent on such factors
as the temperature and atmospheric pressure, the inclusion of trace impurities
such as antirads, the level of cure of a rubber, and the molecular size of the
polymer. Without delving into these considerations, only broad ranges can

be given for the radiation damage in ii.ividual polymeric materials,

Two such lists are reproduced here as Table 4;1.The materials are listed
with the dose that will give approximately a 25% loss in a salient property.
These lists are intended for survey use; they indicate that, most likely, some

materials are unacceptable, and some are quite safe.

The extreme sensitivity of halogenated polymers is immediately apparent.
‘Gaseous breakdown products, often corrosive, are liberated. Teflon and Kel-F,
both fluorocarbon polymers useful és dielectric and insulating materials, lose
resistivity at the levels jquoted, embrittle, and generate volatile fluoro-
carbons. 1In the case of Teflon, it has been extablished that the presence of

exygen is partly responsible for its extreme sensitivity. When the irradiation

£0
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Table 4-1 Magnitude of a Dose in Megarads for

Bése Qils

5000
1000
100

50
5

Plastics

4000
400

- 100
50
20

10
-1

Elastomers

Significant Damage

(damage is usually to viscosity or acidity)

polyphenyls
polyphenyl ethers, alkyl aromatics

polyglycols, mineral oils, methylphenyl silicones,
aryl esters :

sﬂicatés9 disiloxaznes, alkyl diesters

phosphates, alkyl silicones, olefins

(damage is usually to tensile strength)

polystyrene, phenol formaldehyde filler
polyester (mineral filler)

polyvinyl chloride, polyethylene

urea formaldehyde
monochlorotrifluoroethylene, cellulose acetate

phenol formaldehyde

methyl methacrylate, polyester (unfilled), teflon (in air)

%0
25
10

(damage is usually to temnsile strength)

polyethylene

polyisoprene (natural rubber)
styrene-~butadiene

nitrile rubber

neoprene, silicone rubber
butyl rubber,'fluoroélastomers
acrylate rubber

polysulfide
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is carried out in a vacuum, the dose for significant damage to Teflon

is about 106

rels, Lacking tabulations of thresholds for damage in
vacuo or inert gas one may use the presented compilation to indicate

conservative values of radiation sensitivity.

Fillers or inert additives such as carbon black, silica, glass
fiber, cellulose fiber, talc, asbestos, and wood flour used to reinforce
the polymer or merely as an economical extender, absorb part of the

dose and thereby reduce the radiation damage.

The table indicates that rue seiection of elastomeric material
is significant for control of radiation damage effects. Butyl rubber
is quite sensitive, natural rubber is rather resistant, and nitrile
rubber falls somewhere between. The molecular rearrangemeﬁts that lead
to these widely different sensitivities to rez iation are not the same.
In natural rubber, the polymer molecules tend to cross link under radia-
tion exposure. In butyl rubber, on the other hand, the polymer molecules
tend to undergo chain scission, and a sticky gum results. This latter
effect is more critical to the elastomeric properties, hence the greater

sensitivity of butyl rubber.

Nylon, also with a fairly low threshold, has a high ratio of chain
scissions to cross linking when irradiated. This makes it more sensitive
to radiation than is polyethylene, with respect to retention of strength

and elongation.

Tablek-lin&iéates that several highly radiation resistant materials
are available; hence the development of additional materials for spa;e missions
which will encounter intense radiation emvironments does not appear warranted.
Desigﬁeré of such spacecraft must be made aware of the radiation susceptibility
of insulating materials so that proper selectioﬁs can be made from available

polymers and oils,

e L.T
3

4,4 TLIUMINATION

Solar illumination is of concern to planetary spacecraft which use

solar cell arrays as their primary power source. Most inner planet missions

and several Jupiter missions intend to employ solar cell systéms. Design
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considzrations include the distance to the sun and the resultant mean level
of illumination (see Table 4-2).The rapid decrease in solar constant for the
outer planets essentially eliminates any possibility of the use of solar cell

systems.

A secondary factor in solar power system design is planetary eclipse.
For a mission orbiting or passing a planet, the duration of eclipse should
be identified in order to size the energy storage requirement. For a plane-

tary lander, the length of night is of importance,

Attenuation by planetary atmospheres affects the sunlight availability
for‘photovoltaic power on the surface., On Earth, illumination drops about
30% due to atmospheric attenuation. On Venus, a greater drop can be expected;
reflection alone removes 81% of the illumination, so that other power sources

appear necessary for surface missions.

. TABLE 4-2 SOLAR CONSTANT. IN PLANETARY ORBITS

S 1 Mean Orbital . . .} . Solar Constant
w_‘Planet Radius Radius (AU) ;. (mw/em?
Mercury 0.38 , .387. ...920
Venus ' 955 724 | 270
.Earth 1.00 1.000 - 137.4
Mars 523 | 1.524 | 60
Jupiter 11.2 5.203 ¢
Saturn _  9.48 9.54 1.5
Uranus 3.90 19.19 o 0.37
Neptune 4.16 30.07 N 0.15 _
Pluto C0.457 39,46 | ,087

With a solar cell array, spacecraft thermal design is frequently
concerned with conserving. heat. Missions that approach closer than about

0.3 AU to the sun are an exception to this, of course, and will be
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discussed separately. Missions to Venus, Mars, or the outer planets, when
using solar arrays, can generate steady heat at a rate no greater than the

spacecraft intercepts solar energy. If the array is in the form of a paddle

-~ with poor thermal coupling to the payload, only about 10% of the intercepted

solar energy is available to the payload; the rest is re-radiated thermally

by the paddle.

With an RTG, on the other hand, spacecraft thermal design is frequently
concerned with reducing heat. Typical efficiencies of RTG units are in the
range of 5%, so that large amounts of heat are produced for typical electri-
zal requirements. On the basis of weight, it has been calculated that
RTG's are superior to solar power beyond 3.5 to 4; AU from the sun?; cost

considerations, however, may favor solar power as far as Jupiter.

Space RTG development activity is sponsored by the USAEC and its
organizational elements working toward specifications established by NASA.

Appendix A cites several on-going efforts.

4.5 METEOROID EFFECTS

Numerous theoretical and experimentual studies have been conducted in an
effort tu evaluate the effects of meteoroid impacts on spécecraft, The
decade of space flight experience in the vicinity of Earth has caused les-
sening of the concern about catastrophic or severely damaging impacts by
meteoroids of cometary brigin. The present models of asteroidal meteoroids
contain estimates of integrated fluxes very similar to that for cometary
meteoroids, thus the probability of sustaining impact is about the same as in

the near Farth envirvonment. However, it is incorrect to imply on this basis

‘that the risk of damage from asteroidal debris impact would be comparable to

that experienced in near Earth missions. There is actually substantial in-
crease in the hazard because the asteroidal debris density is greater by a
factor of nearly 10 (even though the average impact vélocity may be slightly
less); and because there is a probability of about .16 that the integrated

flux of the upper limit asteroidal model is execeeded. Unless new data

#W.J. Dixon. Major System Design Problems for Deep Space Probes, J, Spacecraft
& Rockets 4&:9, Sept. 1967. ' ' ' '
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become available which reduce the model uncertainties by eliminating the upper
limit model substantial spacecraft shielding or asteroid belt avoidance are

indicated to reduce the risk of spacecraft damage to an acceptable level.

Specific spacecraft components requiring design attention from the stand-
point of damage by interplanetary debris include optical and/or heat transfer
surfaces, liquid-filled contai.ers (radiators and fuel tanks), expandable
structures, and vehicle hulls. Numerous theoretical and experimental studies
have been conducted in an effort to evaluate the effects of meteoroid impacts
on spacecraft. Much of this effort prior to 1965 has been summarized by

Cosby and "yle (ref. 30) and more recently (ref. 29) Lyle has reviewed the

. work related to degradation of spacecraft solar cells,

The effects of meteoroid impact can be divided into those resulting from
the small dust.particles (micrometeoroids) and those resulting from the more
massive bodies (meteoroids). Momentum and/or energy considérations, which
usually dominate hypervelocity impact problems, are essentially irrelevant when
considering damage by micrometeoroids because the momentum imparted per unit
impacted area is far too small to initiate a shock wave or to produce to any
significant degree the damage mechanisms associated with deep craters. At
escape velocities, it is most probable that evaporation processes obscure all
other energy dissipative mechanisms for impacting micrometeoroids. Evaporation
dissipates energy at a rate of 1084ev/cm2 sec so that long before any heat is
conducted or radiated, the molecules and atoms of the micrometeoroid and of the
local surface vaporize and dissociate, dissipating all the energy. The result
is a shallow crater on the surface having the same area as the micrometeoroid

and a depth dependent on micrometeoroid dehsity of 5to 50 perceht of its width,

Bjork's hydrodynamic theory of impact penetration has been used to esti=-
mate that the rate of erosion of an aluminum plate in interplanetary space will
be ene angstrom per year. The erosion will be in the form of small hemispheri-
cal craters having diameters generally less than 10" cm if impacting particles
have the density of solid stone. In brittle materials, such as glass and
plastic, each crater will be surrounded by an area of éracks, or very shallow

spall, several times the crater diameter.
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~ Since the optical or thermal radiation characteristics of most spacecraft
surfaces are controlled by a thin layer of material it is quite likely that
these surfaces under continual bombardment by micrometeoroids were in time
(three to ten years) degrade in their function. This is because the altering
of optical properties requires surface erosion only to a depth of 'A/2 (where
A is the radiation wavelength of interest, approximately 4000 angstroms), or

less than 0.1 .

Studies of the reflectivity/emissivity changes produced by simulated
micrometeoroid impacts on gold, aluminum, stainless steel (types 304 and 316),
chromium plate on brass substrate, tungsten and silver indicate that the softer

metals tend to sputter away more readily and to give a larger crater.

A small probability exists for a solar cell arréy to be catastrophically
damaged or at least perforated by meteoroids, the more common hazard is due to
micrometeoroid impingement resulting in erosion of the coverslide and reduced
transmission of solar radiation to the cell. Studies of coverslide surface
erosion on cell performance were reviewed (ref. 29) and it was found that
simulated meteoroid erosion of coverslides causes short circuit current degra-
dation. Damage to cell edges cause significant increases in leakage current

with the resultant power degradation.

'

The uncertainties which persist concerning the meteoroid enviromment in-
volve many orders of magnitude due to difficulties in defining the masses of
particle debris and the flux-size distribution functions, as well as interpre-
tations of observations and data from a variety of sensors employed ‘in both ea
earth-based and spacecraft studies. Howevér, it is concluded that'éurface
erosion, the most probable degradation of solar cells due to micrometeoroids,
can be significantly retatded by the use of appropriately designed cover-

slides.

Impacts by the more massive meteoroids will be less frequent than those by
micrometeoroids, but the larger bodies are'capable of producing catastrophic
damage due to their high kinetic energy; a typical 0.5 gm particle traveling at
a.speed of 30 km/sec possesses a kinetic energy of about'IOF joules. The most

damaging effects include cratering, perforation (puncture),'ahd spallation.
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Spall fragments from the inside surface of a vehicle hull may be ejected in-
ward a* a velocity sufficiently high to cause serious damage to components
or personnel inside. Diameters of spalled fragments are usually several
times the thickness of the impacted plate; thickness of spalled fragments
may be from about 0.1 to 0.5 times the thickness of the impacted plate, In
addition, impact bf these more massive bodies on the surface of a vehicle
will cause vibrations in the skin and/or other parts of the structure. The
vibration amplitude may be sufficiently large to cause ceramic coatings to

spall or flake off or even to crack welded joints in the structure (ref. 30).

Meteoroid impacts 6f liquid filled tanks will cause strong shock waves
in the liquid leading to catastrophic damage. Cryogenic propellants would
cause the tank walls more susceptible to brittle fracture. A secondary violent
reaction may occur in cases where the fluid and tank materials combine to deto-
nate and burn in the high energy environment caused by impact; such would be
the case with liquid oxygen in a titanium alloy tank. Beryllium has been
-found to offer greater resistance to penetration per unit weight than either
aluminum or steel. The high values of specific heat, meiting point, and heat
of fusion further contribute. to the preference of beryllium over aluminum and

steel for resistance to meteoroid damagé.

Perﬁaps the most vulnerable component of a spacecraft containing a power
system which must rid itself of waste heat is the radiator. One beneficial
characteristic of a space radiator is that it lends itself to being segmented
in such a mamner that a penetrated segmeht.can be isolated from the rest of the
system without disastrous effects. However, preiiminary analysis indicates
that this component wmay require shielding or standby capacity involving a

greéter weight penalty than any other compoﬁent of the spacecraft.

Spacecraft hulls present a problem to the designer from the standpoint
- that a large penetration could, as jin the case of a radiator, be disastrous,
particularly, in the case of a manned vehicle. For instance, if the hull of
a vehicle were completely penetrated, both explosive decompression and pene-
trated fragments .ould cause serious damage to the contents of the ﬁehicle.

Also, the detachment of a spall from the inside of the hull,-even'without
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complete ?enetration, constitutes a hazard. Obviously, the structural require-
ments to protect against such catastrophic impacts to spacecraft hulls should
be considered in detail. To insure a high probability of survival for space-
craft of long duration missions this involves a large weight penalty, parti-

cularly in single-plate-thickness hull designs.

Protective Design Concepts — Two significant approaches in reducing the

'Jweight requirements of vulnerable areas are shields and/or self-sealing de-

vices. “ The application of both techniques is complex as indicated by the many

reports that have been published on this subject.

Meteoroid shieldc(bumpéf) The underlying concept of the shield is to

provide a sacrificial element which would =xpend the energy associated with an
impacting prcjectileu As has been discussed in the foregoing section of this
report, when a plate is penetrated by-a'hypervelocity projectile an expanding
bubble of fragments is produced. Not only are the fragments spread over a
large area, but also, the velocity component, normal to the plate, of the many

fragments is significantly reduced below the impact velocity of the.ocigiral

projectile. Both of these factors would reduce the effect of a projectile on

a spacecraft component placed behind such a plate since much less momentum

and energy per unit area would be applied than if the component were not

shielded.

Various parameters.svch as shield material and thickness and distance fram
the target have been investigated to determine optimum conditions. Results have
shown that considerable weight savings can be obtained without sacrificing
safety;-for.the same probability of penetration, weighc reductions of over
50 percent may be expected. The latter statement is, of'course, ?redicate& on
the assumption that meteoroids can be shattered by shields to the same degree

that simulated projectiles have been in the laboratory.

Suggested extensiens of the bumper concept of spacecraft protectlon range
from shields with multi-sheets to comb1nat1ons of polymeric materlals and com-
posites with metallic structures in multlple-wall conflguratlons, The emphas1s
recently glven polymers results from ‘the successful appllcatlon of materlals

such as epoxy resin filament-wound Flberglas com9031tes in hlgh-performance

-3

s
3
¥
P
4
%
i
<

e e e



T

s 2N

L

T e

L aniniilite? §

bl e

21 Teepeinand

Lk arieomiadi d

L. e s

LERER RPN POV )

pressuré containers. Single wall configurations of such composites would still
incur severe weight penalties. However, inasmuch as multidirectional orienta-
tions of the filaments would minimize erack propagation initiated by meteoroid
impact, this characteristic combines with other advantages of filament-wound

plastic composites to make them potentially promising materials for an inmer

‘wall of a multiple-wall structure,

Self-sealing structures The application of self-sealing structures to

reduce the hazards of meteoroid perforation is a more recent azpproach, but con-
siderable effort has been expended toward its realization. Design concepts
may, in general, be classified as mechanical or chemical, depending on the
mode of activating the sealing process. A variety of configuratioms, pri-
marily variations of sandwich-honeycomb core structures, applying the concepts
have been successfully tested in simulations of the meteoroid environment.

-~

A highly effeetive mechanical approach Has been to prestress the elasto-
meric sealant in compression. This technique, which utilizes the recovery of

sealant material to achieve the closure, has been very successful for extremely

_localizgd damage. Materials for this application should have appropriate

thermal and vacuum properties and low shear strength characteristics under
dynamic conditions when simply confined. Another prestressing technique uses

an elastomer and feaming reagent which causes an unconfined volume expansion

of 200 to 300 percent upon curing. The sandwich-honeycomb core panel is filled

with the uncured sealant compound to 2 volume_fraction'which_would produce the
desired prestréss level; the sealant is then cured at the required temperature,,
Bonding of panel face plate should be'accomplished with a material whose soften-
ing point is above the cure temperature of the sealant. This latter technique
has'shown_successful séaling charactefistics with a high degreel@f reliability.
It is possible that under certain environmental conditions and with massive

face sheet and sealant damage or tearout, macro-motion of sealant into the

perforated zone will be required, For this reason, the elastomeric sphere con-

cept was initiated. In this approach, the conventional sealant is replaced by
elastomeric spheres to a predetermined packing density. Upon penetration, the

pressure differential between the inside cabin and the vacuum of space forces
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the spheres toward the hole and effects the sealing. Sphere size, packing
density, and material will control the mobility of the spheres and the seala-

bility. This concept has exhibited residual leakage rates comparable with the

- mechanical system employing sealant recovery as the mechanism of sealing.

Chemical concepts rely on the dynamic action of the penetrating particle
to initiate a reaction which closes the hole. 1In one concept, an uncured
polymer is separated from the catalyst by a thin, nonreactive membrane. Upon
complete perforation, the pressure differential across the sandwich panel forces
a mixture of polymer and catalyst through the hole. Extremely fast curing mix-
tures have been used with complete and repeatable sealing action. In another
technique, small bags of catalyst are distributed in the sealant void to
localize curing action to the area of penetration; catalyst bag size is an
important factor in this method. For uniform distribution of the catalyst in
the uncured elastomer, micro-encapsulation techniques could be adopted. 1In all
chemical concepts where the.sealant materials are initially fluia, careful |
attention must be given to the rheological or flow properties of the polymer.
The viégésity.of the material must be such as to permit an initial gradual
flow through the hole without excessive loss. Cure rate must obviously be
répid enough to "set up" the material in the hole. Environmental stability
must be carefully considered against mission time, as degradation can severely

alter flow rates and, hence, sealability.

Typical self-sealing configurations.conSist of metallic or polymeric com-
posite facings separated from an elastomer-reinforced back-up plate by a honey-
comb core of polymeric and/or metallic material or various sections as neces~
sary to combine multiple concepts. For example, a section of foamed elastomer
may'bé used with a section containing elastomeric spheres:or encapsulating bags.
The honeycomb core functions to contain the sealant and provide damage confine-

ment through the addition of bonding surfaces in the sealant volume. Required

characteristics include: the sealing material should be elastomeric and have

cohesive strength high enough to resist tearing but low enough for collapse into

the puncture under the pressure differential, the honeycomb core should have a

-low shear modulus but a high tear strength, Unoriented fabric-reinforced elas-

tomers seem best for the back-up sheets, and elastomeric adhesives appear best
for bonding the sealing structure to the vehicle structure. Optimization in

materials selection has not been reached, however.

-y



4,6 EROSION AND CORROSION

A. Erosion Problems

The principal efforts in the studies of erosion in planetary environments
have been directed toward Mars. For the most part these have compared the
Martian environment to that of a terrestrial desert with very low atmospheric

pressure, but high wind velocities.

In 1966, the development of a Martian Eanvironmental Simulation Facility
was announced by McDonnell Aircraft Corp. (ref. 58). The effects on spacecraft
coatings (ref. 40) and surface transport phenomena for the simulation (ref. 23)

have been done in this facility.

The parameters utilized within the system were as follows:

Gas Composition: 002, N2, Ar -
T s 198%k

P: & - 20 torr

Wind Velocity: 100 £ps - 520 £ps

. Abrading Materials: silica flour 140 mesh (majority < 40 1)
fine sand (105 - 210 p)
coarse sand (297 -~ 420 p)

It was reported that storms of 500 fps veloeity produced sevér; abrasion in
contrast to 300 fps effects. Weight profiles of particles indicate Ehat one
effect would be most severe oﬁ parts of the lander within several inches of
the éﬁrféce. Spacecraft coatings were particularly abraded; most coatings

wer: completely removed in less than30 min during 500 f£ps storms.

Results reported in these efforts are condensed in Table 4-3.  As
indicated, the main areas of interest include the coating loss due to abrasion

and the change in the coatings' solar absorptance/thermal emittance ratio

(a"s /et. ).
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Abrasive Coating Loss Because dust adhered to or embedded in most coatings,

thickness change was used, instead of weight change, to measure coating loss.

Percent thickness decrease for each coating is shown in Table

All paint coatings showed an abrasiﬁe coating loss; however, only the sili-
cate bonded zinc oxide coating was completely abraded. The most resistant paint
coating, Rokide A—flame sprayed A1203, could possibly withstand up to 18 hr of
continuous exposure, All silicone rubber coatings showed no measurable thickness
change. A comparison between the two types of coatings indicates that a soft,
resilient coating (silicone rubber), which can rebound particles without absorb-
ing their total energies as do hard paint coatings, is much more abrasion resis-
tant in the Martian surface enviromuent. For longer Mars missions (over 48 hr),

it appears that some type of abrasion-resistant, soft coating would be needed.

Radiative Property Changes All coatings, except black silicone rubber,

showed increases in their o /¢, ratio. In eacﬁ?case, the o, /e, rise was due to
a greatly increased o ; the g, did not significantly change. An o;/e rise
greatly'reduces a surface coating’s ability to radiats internal heat from
equipment to its surroundings while absorbing little solar heat., An increased

ratio could produce overheating of the spacecraft and cause equipment failure.

The increased o in each paint coating was caused by abrasion which changed
the coating color from the initial white to varying shades of grey or tan. In

most cases, this abrading action resulted in at least a 50% oy /e, increase.

Since the silicone rubber‘coatings were not measurably abraded by storm
exposurs, their o, /e, rise was not due to abrasion. In their case, the in-
creased @, /e, was caused by a heavy dust covering that could be removed to
expose the original sﬁrface. With a method for decreasing the silicone rubber's
affinity for dust, these soft coatingé éould become ideally suited for the storm

environment expected on the surface of Mars.

The test results verify the foliowing-conclusions:

1. Particle transport and behavior in simulated Martian storms
are quite similar to those of sand and dust occuring in

earth deserts.



2. Even a short exposure to a typical Martian dust storm decreases
the amount of coating and greatly increases the coating's

o /ey ratio.

3. Soft, resilient surface coatings appear to resist the abrasive

effects of Martian storms much better than hard paint coatings.
L

The investigations discussed are a start towards understanding the Martian

surface enviromment and its effects.

No comparable work has been reported for Venus, although the high pressure,
slow rotation and high sun-side temperatures should cause considerable thermal
gradients with accompanying high winds. It is therefore necessary to conduct

similar studies prior to planning Venus loading missions.

B. Corrosion Problems
' ]

High Temperature Corrosion It is likely that the most severe planetary '

environment with the Solar System with respect to probable corrosion is to be
found on Venus. While Mercury is likely to be hotter, it lacks the dense
atmosphere. Jupiter, while having the factors of high gravity and dense atmo-
sphere is low in temperature. Venus with a high temperature, high pressure
environmeﬁt, with the probable presence of oxidizers presents a problem some-

what similar to the construction of suitable steam turbines.

In the construction of these turbines stainless steels predominate, and
include type 316, 347, 321, 18 Cr -~ 8 Ni; Cr-W-Co steels such as stellite and
others, High molybdenum steels tend to oxidize severely and require additional
* protection. Clad steels should also serve the purpose of minimizing corrosion,
Inconel cladding is anaid, as are coatings composed of aluminum and silicon.

The use of a noble metal such as gold would also provide a non-reactive material.
In addition, the use of cermets and ceramics, designed for rocket engine nozzles,
affixed with a suitable bonding medium to the surface, provide protection against

the types of corrosion expected on Venus,

The use of gold and platinum in contacts, a feature well proven in ter-

restrial systems is mandatory not only on Venus, but on any of the other

a1
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planets as well. The well known resistivity of these metals to corrosive environ-

ments makes them obvious choices whenever environmental corrosion is expected.

In high temperature environments stress corrosion and intergranular attack

with subsequent embrittlement are factors requiring consideration. The use of
stabilizers such as Ti, Nb and Ta in steels minimize the latter factors, as
does heat treatment for amnealing and special quenching techniques for preven-

tion of internal stresses leading to the former.

Stress Corrosion The prevention of stress corrosion is less understood

than the others, and the selection of materials depends highly upon time-

temperature and environmental attack conditions., Selwction of materiais requires

stress-relief annealing to minimize this type of corrcsion.

The best methods to date of preventing this type of attack have been the
avoidance and/or relief of the internal stresses themselves and of cladding
the materials to avoid the initial corrosion point. Iithe environment of

Jupiteffﬁdoppebease alloys should be avoided as noted in Table

Nickel, Incorel and Monel are likely to be attacked on Venus, as are
Aluminuw and Magnesium, leaving the stainless steels and gold alloys as the
most likely metals except for titanium and tantalum which are highly resis-
tant to sfrongly corrosive materials such as those expected in the planetary
environments under discussion. Zirconium is highly embrittled in the pre-

sence of H,,0, and Nz'as wvell as with CO, CO, and SO, making its use on

2°72 2 2
Venus and the other planets unlikely unless highly protected.

........

brittlement, a factor enhanced by low temperatures, as may be expected on the

outer planets, Jupiter, particularly has high H concentration coupled with

2
the low temperature and selection qf materials to avoid this problem is neces-

-

sary.

Galvanic corrosion may be avoided by proper selection of materials with
regard to their placement in the electromotive series, by cladding, and by

proper insulation. It should not then cause a problem.
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Table 4-4

Alloy Systems and Some Reported Stress-Cr.orosion Environments

Alloy System

Environments

Aluminum-base alloySoccoecacasss

NaCl~H202 solutions
NaCl solutions

Sea water

Air, water vapor

Copper-base alloyscccocccaoaoss
~ Amines

Ammonia vapors and solutions

Magnesium-base alloys..ccococos

NaCl-K20r04
Rural and coastal atmospheres
Distilled water

Mild 'Steej-SGOQ00070090900.0.'3000

NaOH-NaySi03 solution (caustic
-embrittlement)

Nitrate solutions (caleium,

ammonium, and sodium nitrate)

- - Aqueous solutions of HCN

Stainless steelS.,..ccccocascane

Acid chloride solutions
NaCl-H202 solutions
HzS

. ?. ;"?5- “ _
'Nlckel‘g:.n:é"nnoaoa?annannooounooue
Monelna::aon-anaana-nacnoaouo'nnau

k Inconej-coauuuuuuoo.ouuo'oaoaoﬂooc

Caustic soda solutions
Fused caustic soda
Hydrofluoric acid :
Hydrofluosilicic acid (HpSiFg)
Steam - :
Caustic soda solutions

LeadﬂloﬂﬂDUUFGCHOGDGQUGBOGQDGDOO

Gold-copper-silver alloys......

Lead acetate solutions
FeCl3 solutions _
Acetic acid-salt solutions




4.7 STERILIZATION

The requirement to sterilize unmanned planetary spacecraft prior to
launch also has technological implications., This requirement derives from
an international agreement through the Committee On Space Research (COSPAR),
under which the U.S§. has established a policy to control outbound biological
contaminants to ensure a probability of less than 0.001 of contaminating
each planet of interest, This policy 1s currently implemented by means of
heat sterilization prior to launch. Other techniques are, however, being
investigated, e.g., radiation, noxious gases and combinations with and
without heat and could be adapted within the 15 vear time frame of this
study.

Sterilization Procedures. Exposure of spacecraft hardware to a dry,
inert gaseous enviromment at a temperature of at least 373°K (usually
398%K) is the pnly NASA approved sterilization process.® In 1968= the
requirement foé heat sterilization was set at a twenty~four hour soak at
398°K, with additional limits on the initial biological load. Present
plans (such as for Viking '73) are to tailor the terminal sterilization
cycle to specific misgion hardware, so that the planetary quarantine require-
ment will be satisfisa (ref. B). Exotech (ref. C) and others have devel-
oped mathematical models which take into account all the various factors
of assembly, contamination, decontamination, cleaning, thermal character-
istics, death mechanisms, integrated lethality, release probabilities, etc.,
to arrive at a sterilization specification for specific missions. These
models permit the selection of various controllable parameters (including
the duration and level of heat sterilization) to optimally fulfill éuaran?

tine requirements.

Current plans for Viking '73 call for a 60 hour exposure at + 398°K
for all components in the flight acceptance cycle plus an additional ter-
..inal cycle of duration to be determined, based upoﬁ observed sﬁrface
contamination encountered during final assembly; Total exposure including

estimates for retests could exceed 100 hours. The implications of exposure

“NASA-NHB 8020.12 Planetary Quarantine Provisions for Unmanned Planetary
Missions
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of this degree are discussed in the following section.

It has been shown that unmanned planetary landing capsules can be
sterilized by high energy X-rays or gamma rays with a dose of 5 megarads.
A 5 megarad dosage is sufficient to give a probability of one viable micro-
organism surviving the irradiation comparable to that obtained by a dry
heat treatment of 53 hours at 398°K. X-rays from a 3 to 10MeV electron
accelerator are preferred for a large (2500 1b) capsule, because of
penetration requirements, but Cobalt-60 gamma rays can be used on small

capsules .,

Heat Sterilization Effects on Component Reliability. Earlier studies

have assessed the ability of spacecraft materials and components to survive
dry heat sterilization cycles as prescribed by current policy. Two years
ago, fourteen items of hardware commonly used in planetary spacecraft were
identified* for which sterilization~velated reliability problems were
expected. Research has reduced that list to at most two items - magnetic
tape recorders and the soiid rocket motors - and it is expected thaf current

efforts will totally eliminate these susceptibilities,

Coﬁponénts,-materials and systems being developed to better withstand
sterilization temperatures without reliability degradation include:
o Batteries '
° Guidance and control systems
° Actuators and inertial devices
_« Tape recorders
 Digital electronics
° Solid rockets
¢ Liquid rockets
o Polymers-

> Spacecraft structures

Current R&D efforts directed to this goal are summarized in Appendix_A,
Progress in this program has been encouraging and there is little doubt that
continued efforts will be fruitful in providing for Viking '73 and later

programs high reliability heat sterilizable conponents and systems.

-
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0f particular note in this regard is the CSAD program at JPL which
has demonstrated that a typizal planetary lander capsule can be built within
the planetary quarantine sterilization constraints and function properly

- following sterilization.

Radiation Sterilization Effects on Component Reliability. The most

| critical radiation~sensitive componenis are silicon transistors and certai
organic polymers. Transistors are subject to damage by surface effects and

- permatieit degradation of current gain.

The selection of 1 to i0MeV photons as the most suitable radiation
[; for this application makes the evaluation of radiation effects on components
) difficult because most test data have been obtained under irradiation by
tf neutrons, electrons, or brotoas, rather than high-energy X-rays. Although
” very limited data are available for gamma ray damage alone, studies show
}; ' that a dose ratio of less than 2‘:1 can be achieved within a 2500 pound
capsule by using 10MeV linear accelerator (linac) bremsstrahlung. These
= levels can keep transistor gain loss to < .10. Certain polymers, notably
s teflon, polyesters, methyl methacrylate, and polysulfide rubber have un-

acceptable semnsitivities, but satisfactory substitutes are available., The

use of other types of radiation sources such as a proton accelerator or

combined gamma rays and neutrons from a nuclear reactor has disadvantages -~

in particular the production of induced radioactivity and the generation of
excessive radiation damage. The direct irradiation of a capsule by electroms

leads to a large dose variation with depth which would cause excessive

radiation damage near the surface, : s

{é . Current studies at Sandia Laboratories imdicate that combinations of
radiation and heat have a synergistic effect; the presence of each factor

5 ) tends to enhance the lethality to microorganisms by the other. Since the
degradation mechanisms of radiation and heat are~différent,'suqh a combina=
tion should have less deleterious effect on equipment relizbility than the
B * use of either, singly, to produce the same sterilization. Thus, although
: present planetary quarantine plans are based on heat alone, the combined

‘ use of heat, radiation, and possibly other agents should be further inves-

tigated. : _ . ' - o .
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4.8 LONG FLIGHT TIMES

;i : Where today’s spaée programs arce geared to lifetimes of 1 to 3 years,
the J-8=P '77 wission, for example, will be exposed to space environments
for about a decade before its fimal objective, Pluto is reached. Such
reliability requirements have far reaching effects on the design, manu-

facture, and testing of future space hardware.

Redundangyo One design approach to long life reliability is increased

redundancy. In the past the penalty for this alternative was severe in
terms of weight, size and cost, so that it was employed only when failure of

a part, or a device was likely. With integrated digital circuitry electroniecs,

[

however, redundancy can now be obtained without a severe weight penalty,

The rising technology of Large Scale Integration (LSI) suggests that redun-

W R

< dancy to enhance reliability of logic circuits is a subject worthy of

intensive review. JPL is addressing this question under work units 125 and

bt

186. The STAR (Self-Test and Repair) activity under project TOPS (Thermo=

electric Quter Planet Spacecraft) is an éxample of an attempt to achieve

bt

long time reliability through redundancy.

| pesting for Relisbility. As indicated by the sbove discussion, quanti-

Y 3
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tative knowledge of the reliability of components and devices is mecessary

to permit desién of a system with an acceptable chance of success. This

.

knowledge is based on test results.

After an initial burn-in period, during which device specimens fail

at a high rate, it is usually obseérved that the rate of failure is propor-

tional to the number_of specimens. This observation leads to an gprnential
B law for reliability, whereby the pfobability P that a device has not failed
' decreases with time t according to
P = exp(-t/T)

vhere T is the mean lifetime of the‘parts surviving the initiai burn=-in.
Thus, if 990 of 1000 parts survivé a:test"operation'fog.10,000 hours, the
religbility would'be 0m99.for a 14~menfh'opération5 but only about 0.93
- for an eight year extended operation. | |
Although testing procedures have beén,&eveloped te.an'advaﬁced'atate,

i . . . | - ) . . a2 - ' 5. S o .
3 this example points to difficulties that -are inherent xn,allztestzng. To

oLty
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begin with, large numbers of specimens must be tested simultaneously so that
one obtains confidence in the ﬁeasurement. This is often mnot feasible; the
specimen may be a prototype or an expensive, not easily-duplicated device.
A second difficulty is the requirement of a Iong test time. 1In the above
example only 1% of the specimens failed a fourteen month test, and this
suggested that this part alone might contribute a 7% probability of failure

of a mission to outer planets.,

Test time raises the requirements that a design for a planetary mission
be frozen far in advance of the launch date. Components which have been
improved so that their newer forms offer some advantage in a2 spacecraft soon
to be launched are, nevertheless, subject to rejection because of their |
unknown long life reliability. This is an especialiy severe hardship in the

microelectronics category, where technology is advancing so rapidly.

Another difficulty is that of duplicating the environment during the
test. The hard vacuum of space is not reached in testing chambers, and
parameters such as temperature, meteoroids, and radiation present problems
of definition. As a result, even when the duplication of environment is
almost achieved, it is necessary to extrapolate test results as functlons of
pressure, radiation balance, etc. This extrapolation could in theory be
done on the basis of 5 series of tests, at different pressures, and so forth.,

in practlce, such a series of lengthy tests is often not feasible,

Recognizing the difficulties in simulation testing for reliability,
some have advocated.evéluations based upon physics of failure analyses. A
side benefit of understanding the physics of failure is the possibility of
speeding up tests. Frequently, the temperature is deliberately increased
for a test. This has the effect of compressing the time between failures,
and shortening the _est time. For spacecraft to be used in loﬁg flight
missions, there is an obvious desire to employ accelerated life testiﬁg
techniques. An accurate extrapolétion of data, however, requires a sound

- understanding of the phonomena involved.

Another reason exists for an investigation into the theoretical

aspects of failure., In many reliability tests, there is observed a rapid

an

R
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increase in failure rate after a long time. The exponential form of P no
longer applies, instead the failure modes observed appear now to be dr 2 to
a wearing out of the tested units. As a result, extrapolations of test data

to long time periods (such as the examples above) can be misleading.

Failure Analysis, If testing is important to extimate reliability, the

analysis of those units which fail a test is equally worthk while, This is
recognized by the NASA Reliability Program Provisions (NPC 250-1, Sec. 3.7),
where analysis of failures and malfunctions is emphasized. This is not only
important to identify failure modes due to poor design or workmanship; it

is also important to identify basic failure modes. These basic failure
modes frequently fall into two categories. Instability is ome, such as the
migration of atomic species in a material or at a connection: the "cold
welding" of relays in space is an example. The second is wear out, whereby
an essential property or constituent is depleted through use of the unit.

Metal fatigue falls in this category.

Knowledge of the mechanisms by which a part may fail will lead to more
precise evaluations of its reliability. In some situations, a dependence on

time that is not exponential may be indicated.

Significant effort in NASA's SRT program is beiug devoted to the pro-
blem of long life reliability. Some of the more significant projects are

summarized in Appendix A,
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5.0 GCONCLUSIONS AND RECOMMENDATIONS -

~ Technology implications of many suggested space missions are severe

and will require significant-advances in the ability of equipment to verform:

=~ at_ temperature extremes

- in high radiation environments

- at low illumination levels

- in erosive and corrosive atmospheres

- during transit through the asteroid belt
= for long flight durations

Many SRT projects ave being directed toward promoting these technological ad-

vances. -

Temperature ' ' T -

" Temperature appears to be the enV1ronmenta1 faetor prov1d1ng the most
severe strain on all planetzry missions. The performance of convention-l

electronic circuits, under extremes of heat or cold, deserves a closer

-analyticistudy to determine what margins exist and how circuits may be

Miardened" to endure extremes of heat or cold. Although there are work units
for the development of heat sterlllzable batterles, cons1derat10n should be

given to the development of energy storage devices for 0perat10n at temperatures
above 398°K '

Venes probes, Jupiter probes and Venus landers could tenefit from further
effort in the development of high temperature plastics and electronic components.
Research toward high temperature semiconductor devices should continue since
this effort can also lead to higher reliability. Programs to develop unconven-
tional electronies, such as ITI-V compounds for solid state dev1ces, have

.potentlal for high temperature missions. These should be supported and expanded,

Radlatlon

- ALl planetary missions should be planned with the effects of radiation
considered, both during interplanetary flight and near a planet. Other factors
being equal, components which are more resistant to radiation should be selected,

such as n-p solar cells, n-p-n transistors, and plastics such as nylon. Parts

standardization, systematic parts selection and assembly QC will become in-

creasingly important as mission lifetimes increase and prelaunch testing be-

comes more 1engthy and elaborate. Current standards programs and specafications

Q9
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are generally not compatible with the needs of 6-10 near missions. Further
work is suggested in determining the radiation susceptibility of commonly<used
plastics. Such work can assist designers in selecting materials for missions
with high radiation exposure. Radiation levels attendant with nuclear

power sources and rocket engines should be more thoroughly studied.

A more current analysis than is available and necessary to evaluate the
relative merits of RTG power and solar cell power for inmer planet and Jupiter
missions. This analysis should include. cost, weight, reliability, and thermal
requirements for each power source and should be in terms of the current
state of the arts. Since solar cell systems are not feasible for outer
planet missions, RTG development should be continued and objéctives (performance

and schedule) should be more concisely specified.

Meteoroids

Asteroidal debris fluxes calculated from the latest numerical model
of the meteorid environment, and integrated over sample trajectories through
the asteroid belt demonstrate that present knowledge of the environment is
so uncertain that the-shielding required to pfotedt an outer~planet~bound
spacecraft is significant if a low probability of impact-caused failure is
required.' In order to assess the environment more accurately and possibly

to eliminaté the upper limit model which predicts undrsirably high fluxes it

.would be worthwhile to make an early attempt to detect 10~2 grams and smaller

particles in the asteroid belt. Calculations have been performed for two
trajectories in the ecliptic plane, one a transfer to Jupiter and the other

a mission to 3.4 AU and return (ref. 39). The latter passes twice through

.the most densely populated portion of the asteroid belt. The conclusions

from the two trajectory integrations are very similar and indicate that for

‘a one séuare meter surface the probability of impact of a 3.5 g/cm3 asteroidal

- debris particle at 12 km/sec is about 20 percent for a 10-6 gram particie

and 1 percent for a 10-2 gram particle. For a probability of puncture as low
as 1 percent the surface must resist penetration by the 10”2 gram particle,
reqﬁiring a single wall thickness of at least one cm of aluminum, A lighter,
but more complex solution would be to use a bumper shield for protecticn.

In view of these results, work on meteoroid protection through lightweilght
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design concepts should be continued.

Although little can be done to prevent micrometeorid damage to optical
surfaces, high velocity impact testing of materials such as low density oxides
coated non-metallic sandwich panels, and solar cell coverslides are recommended
to determine their actual behavior and to permit reliable estimates of life-

times to be made.

The design philosophies from wﬁich evolved the micrometeoroid defense
of the Outer Planetary Explorer, appear to be soundly based. Data necessary
to significantly refine the shielding design criteria appear to be obtainable
now only by gg.gigg measurements. Results of micrometeoroid éxperiments on
Pioneer F and G plus the first OPE missions should provide sufficient defini-
tion of the environment for nearly optimum design, but an analysis of how
the results will affect overall design tradeoffs of future spacecraft (partic-
ularly the OPE), is recommended. A carefully pre-designea set of procedures
anticipating.an appropriately Widg range of experimental results is felt to

be a better approach than an ad hoc .type of decision making at a later date., ¥
Erosion
The erosion of surfaces of payloads landed on either Mars or Venus is
presently estimated to be a significant problem. Work should be continued
to identify and apply screening tests under simulated conditions to protective
surface coatings and hardening treatments. The need is particularly grest

for protection treatments applicable to surfaces which must retain goaod

optical or radiative heat transfer characteristics,

Design approaches for erosion and soil contaminatioﬁ effects could best
be proven out only under environmental simulation. Total simulation would be
prohibitively expensive and not necessary, since effects of airborne contamina-
tion Wou1d not be dependent upon many atmoépheric parameters. Much of the .
technology and reliability testing procedures for desert operation of terrestrial
equipment is probably quite valid. A study is recommended into present veli-
ability testing for air;bdrné dust and dirt to determine existing applicabilities

of criteria and changes necessary to make valid extensions to Martian operation,

- 9%



Corrosion

The expected corrosive atmospheres and surface conditions of Venus, and
possibly Mars, indicates the need for study to identify the possible corrosive
mechanisms, and subsequently the transfer of materials protective technology
developed for dealing with severe industrial environments. More definitive
results concerning chemical constituents of the planetary environment are .
needed to permit estimation of the rates applicable to the various corrosive

mechanisms.

Reliability

Further studies are recommended of reliability through redundancy for

“digital electronics (IC's and LSI's), Prograﬁs éuch as JPL's project STAR

should be further supported. Consideration should be givén to additional

effort in physics of failure studies and accelerated life testing tecﬁnique§

as possible aids to the solution of long life reliébility requirements.,

Accelerated life testing which provides requisite assurances of performance
reliability and circumvents the problems of long lead times in parfs selection,
procurement and pre-flight testing should be investigated to support long y
duration missions.

Outer planetafy.probes—willlalso share a common engineering problem of a
magnitude not previously encountered in spacecraft design., Missions are
necessarily of long duration, with certain proposed trajectories requiring
up to 12 years. Reliability estimates for state-of-the-art hardware, most
notably electronic devices, are widely considered inconclusive or speculative,
In many cases, necessary information is unavailable or unkpown. In deep space
probes, concern is shifted from infant'mortality to end-of-life in the reli-
ability characterization of components. Burn in techniques to eliminate early
failures, for éxample, are simply not adequate to cope with the requirements
imposed by long mission durations. Accelerated life testing as a reliability -
criteria becomes immediately suspect when we consider fhat normal end-of-life
of sbate-of-art compenents can not be reached and compared to prediction--
except in retrospect. Nearly-everyone comnected with reliability engineering
interviewed in the course of this study has cited a need for new criteria to

reference in making decisions, but at that point, consensus ended. No specifie
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tasks could be responsibly offered due to the limited time to explore this

problem. Fresh ideas in this area should be encouraged, however,

Hardware design is influenced not only by data available from representa-
tive planetary environmental models, but also by the relatively large amount

of uncertainty remaining in those vectors significantly affecting system

‘reliability or feasibility. For this reason, a somewhat greater than usual

amount of over-design must be accepted as a necessary characteristic of

early planetary missions. In view of the dearness of payload weight, sacrifices
necessitated by conservative design are acutely felt. A primary goal of these
first missions, then, is to attack the problem of defining accurately the

gross environmental factors of greatest engineering concern in order to allow
efficient design of.advahced platforms carrying more sophisticated and subtle
experiments, Selection of mission objectives, profiles, and on-board experimeﬁts

should reflect this priority.
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APPENDIX B

STATUS OF SILICON CARBIDE
HIGH TEMPERATURE SPACE COMPONENTS

1, INTRODUCTION

F

Seriiconductors were launched into prominence with the discoverv of
the transistor in 1948. The original semiconductor material, germanium,
was soon joined by its higher temperature equivalent, silicon. Develop-
ments over the next several years in the manufacture of these elemental
semiconductor materials résulted in the ability to produce crystals with
purities of the order of 0.1 part per billion. Experimental studies pro-
vided the detailed structure of the electron energy bands, the effective
masses of the electrical carriers, their transport and scatter charac-
teristics, their interaction with impurity atoms or structural defects

and their response to electric and magnetic fields.

Technology then caught up with basie understanding with the devel-
opment of planar diffusion processes which provided sharper p-n junctions
and devices with improvzd reproducibility, speed and versatility. This
was followed by fhe development of highly controlled vapor-solid reactions

(epiaxial and evaporation techniques) which led to the integrated circuit,
2, HIGH TEMPERATURE MATERIALS

The séarch-for-semiponductor materials capable of operating in high
temperature environments (such as exists in the surface of Venus) ha;
been underway for more than a decade. o Vérious compounds of
eleméﬁts have been and are being inveétigated for this application. The
compound semiconductors consisf of elements positioned symmetricall&
about group IV in the periodic'table of the'eléments;_Gallium arsenide
(2 group ITI-V compound), zinc sulfide (a group II-Vi compound), and
gilicon carbide (a group IV-IV compbund) are typical sémieonduptor com-
pounds. As a class they represent phénomena and applications with highér

frequencies, high speeds, higher power, and higher temperatures thaﬁ those
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of elemental silicon and germanium. They are also the potential key to
electro optics where interaction of light and semiconductivity are involved
and where electronic signals are coupled with light enmergy rather than with

electrical charge or magnetic flux,

Progress with semiconductor compounds has been very slow, the main
reason being that preparation of these materials with high chemical and

structural perfection has not been achieved in a reproducible way.

Of all semiconductor compounds, gallium arsenide and indium antimonide,
belonging to the group I1I-V class, have received the greatest overall atten-
tion. Some remarkable advances have been made. Gallium arsenide varactor

diodes having cutoff frequcucies up to 300 gigacycles have been realized,

_Equally remarkable are the microwave oscillators of gallium arsenide which

are capable of generating at least 25 milliwvatts of continuous power, or 350
watts of pulsed power at the amazing frequencies of 10 gigahertz., This type

of application implies revolutionary developments in radar technology.

Téxas Instruments, under contract to ERC, developed a high tempera-
ture logic circuit of diffused GazAs capable of performing up to 573%K. At

o .
temperatures above 573K, leakage currents became excessive and performance

- deteriorated.

Under a recent contract, RCA will develop GaAs-P diodes using vapor

deposition.

Autonetics is investigating epitaxially grown GaAs and chemical

~deposition in the dgvelopmént of semiconductor devices. The temperature

‘limit for GaAs 1is probably 573°K. To perforn at 650—750°K.w111'r¢guire

coolers (such as Peltier Effect devices). There is a trade off decision

to be considered: use of GaAs and coolers vs. development of a SiC line.

Pertinent characteristics of some semiconductor compounds are listed

below: o .

Band Gap (eV) ~ 1.4 2.2 2.3/2.9
Melting Point (CK) 1513 1738 3073
Electronegativity Difference ~ .4 _ o~ .5 | ~ .7
Débye.Temperéture (°K) o~ 400° E ~ 450° ~ 1300°

B-2
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Silicon carbide has also been extensively studied, principally {or
its potential as an extremely high temperature operating material /i
high resistance to ambient radiation fluxes. Almost ten years ago tin
AFCRL sponsored the first conference to present results in th2 reses -h

and development of silicon carbide semiconductor devices.
Silicen carbide (SiC) has favorable basic properties of:

* high band gap (2.3 ev for ¢, 2.9 ev for B)
+ high mobility (500 to 1000 cm?/volt-sec.)
« chemical stability

° thermal stability (Debye temperatures of 1200-l430°K\
These factors permit high junction temperatures which favor:

° performance in high temperature environments
° performance at high power in normal environments

+ performance at high current densities
SiC devices potentially include:

= optical diodes
> high temperature diodes
°'majority carrier devices

Shottky barrier diodes

° ¢old cathode devices

+ severe environment devices

Although 6perating SiC junction devices have been made

there exist several problems inhibiting further development. These irclude:

° crystal growth
° fabrication techniques (such as device encapsulation)
lead attachment, and materials of construction)
3.  CRYSTAL GROWTH

Unfortunately, the very properties that make silicon carbide i: .-hai-

-cally attractive also make it very difficult to grow as repronducibl- :zingle

cerystals of acceptable size and purity. Moreover, silicon carbidc ¢ :2s
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in many crystallographic polytypes. There is only one cubic form (B) but

there are many closely related hexagmal and rhombohedral polytypes (¢).

These various forms of $iC exhibit the larges. energy gaps found in common
semiconductor materials, ranging from 2.39 ev (B) to 3.33 ev (w-2H). The '
most abundant polytypes are the 6H and 15R structures, from which most

devices are fabricated.

Most of the usual methods of crystal growth have been successfully
demonstrated for silicon carbide. From the vapor phase there are subli-
mation (or vapor transport), pyrolysis (or chemical vapor deposition),
and a sublimation analogue to the liquid phase Czochralski technique,

From the liquid phase, in most cases using a Si or Cr-Si solvent, crystals
have been grown by melt cooling, by drawing and zone refining or traveling -

solvent.

Excellent crystals of both alpha and beta silicon carbide aré
presently produced in several laboratories by remarkably different tech-
niques; Purity levels approaching the_pért per billion range have been
mentioned, although the problem of avolding nitrogen contamination is

perhaps’ the most difficult,

Sublimation growth of 8iC is the most successful method presently
known for producing device grade single crystals. This method uses the
vaporization of a §iC charge followed by condensation and crystal growth

into a cooler cavity.

'Doped crystals, or crystals containing p-n junctions are prepared
by adding the proper dopants to the ambient during growth., The highest
rated SiC power rectifiers are produced by this technique. To prepare
grown'junctions, p-type and n-type impurities are serially introduced into
the growth cavity. Generally, the p-type dopant is a&ded-directly to
the S8iC charge (aluminum or boron) and after it has been depleted, the
n~type dopant (nitrogen) is introduced. The grown junctioh crystals .

thus have a p-type shell.

Growth of high purity SiC crystals by the sublimation-technique

requires extensive outgassing and gettering at elovated temperatures.

B-4




Major impurities are nitrogen (n-type dopants)., Highest purity crystals
are n-type with a donor concentration of 1015 -1016 cm_3, exhibiting
eivrctron mobilities of 300-600 cm2 volt~l stsc-:cm1 (11), corresponding to
diffusion lengths of about 10 microns. Compared to £’licon, these are
relatively short lifetimes and dififusion lengths and pose one of the
problems in designing $iC devices. The SiC transistor studies, for
example, have concentrated on imajority carrier devices; because a minor-

ity carrier device would require a base widths of only 1-2 microns,

The problem in silicon carbide growth is not omne of simply:making
crystals grow to sufficient size, but rather of controlling twinning,
structure and preventing excess nueleation which leads to ecrystal

interactions ("hexagonality" or "polytypism"). Since for each type there

exists 4 different energy gap, successful production processes require

that the type be predictable and controllable. Several theories have

been advanced to explain how various polytypes form but none of these

permit one to predict in advance which type will form.

&, FABRICATION IECHNIQUE

The techniques for mechanically shaping $iC crystals, such as

lapping, dbrasive ecutting, ultrasonic cutting, ete., are all standard, but =

dizmond or boron carbide must be used since these are the only materials
harder than the $iC. Etching techniques are extensively used on SicC,

but care ﬁust be takeﬁﬁsince hexagon..l SiC is a structurally polarized
crystal, with a4 carbon face and a silicon face., Etching rates on the
carbon face are usually very much faster than the same etc¢h on the silicon
face, Molten salt etching of SiC provides very rapid etch rates (1-2

microns per second). Lack 6f suitable etch masks make the molten salts

unsuitable for most device work, = SiC can be electfolytically etched

using a dilute solution of HF in water and methyl alcohol. This etch is

specific for p-type mate.ial and has been used to etch mesa structures on

- p-n junctions and to determine. Junctlon depth. A preferred technique is

the use of gaseous etch:ng wzth chlorine or chlor;ne-oxygen mixtures from

1023- 1323°K. Etcblng rates of 0.25;t0.02 microns per minute are obtainable.

B-5
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The etching rate on the silicon face is several orders of magnitude slower

than the above rate which was determined on the carbon face.

Oxidation of SiC is a fundamental step in device preparation and
fabrication. Silicon dioxide can be grown on S§iC with steam oxidation
techniques similar to those used for silicon crystals. Oxidation takes
place at 900-1200°C in a carrier gas saturated with water vapor. As
before, the o.ide attack rate is approximately ten times faster on the
carbon face than on'the silicon face, but even the carbon face oxidizes

much slower than silicon crystals,

Of additional technical importance is the fact that the oxide grows
at a different vate on p~type and n-type regions of a single crystal
containing a p-n junction. This leads to a different coloration of these %
regions due to -thin film interference effects. Tﬁié‘différeﬁce in oxicda-
tion is thus used in the delineation of junctions, after edge POllShlng

a crystal, to determine the junction depth.

The self-masking diffusion and etcling process is of paramount tech~
nological importance for the precision fabrication of SiC placar devices.
Aluminum or boron diffusion in Siewrequires-Eemperatu;es=from,2073.to

2373°K. At these temperatures Si0, can no longer be used as a diffusion

mask. Various refractory matgriali have been‘investigéted but only SicC

itself has proved effective and practical to date. On the other haﬁd,

8102 is very effective as a mask for chlorine etching at i270°K. By using

the photoresist technique, a precision configuration of openings can be i
etched into the 10, mask and in turn a corresponding configuration of SiC

can be formed on Sic by the chlorine etching

Gonstruction, heating, control of thermal gradients and mechanical
manipulation becomes more difficult with SiC than with lower temperature
materials. Instead of the quartz or platinum crucibles used to grow II=VI
crystals, garnets and spinels; there are vrly a féw materials not molten _ ‘ !
at 8iC growth temperatures. Most of these, the refractory metals, carbides
and silicides, are not campatible'chemically-with silicon carbide at thése S ‘ g

temperatures. Metal-silicon~carbon binary, and ternary eutectics and low o -
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melting compounds, rule out practically everything but graphite for the
crystal growing zone., Graphite porosity, adsorption and permeability
to a wide variety of impurities at the use temperatures require the use

of a totally clean system to prevent contamination.

Two solutions suggest themselves, First, a carbon-graphite system
of maximum simplicity and purity can be used. The second alternative, and
one that has received less attention, is to "make things happen” under

less severe conditions.

'+ A number of silicon carbide preparations have been made below
1270°K. Crystals have been grown by sublimation well below 2270°K in
quite short periods of t)".mtef,'-Hctwe\ner‘S as in so many other cases, the %
tendency has been to conftinue to beat on the high temperature systems
that are known to work and try for successive thougﬁ slight improvements.

What really i: needed are fresh ideas and a new, “completely different"
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approach rather than to learn to live with crystal growth at 2500°C and

find suitabls materials.

John Schier of ERC feels that the GaAs contact problem has been

"provisiondlly" solved with the use of thermal bonding techniques. For’

b e o ST L 05 D5

8iC, however, temperatures in the range-of 1470 - 1670°K are necessary .
to achieve the bond. He is currently investigating tantalum doped gold

as a contact material.

I

.Enh;?nulation deéign_is as important to the successful operation of
the device .- is the SiC itself, The basic requirements of ‘the encap-

sulation are o provide protection of the package components from the

o A ki b

operating environment. The main concern is the tungsten which is generally

o et e

used as a base plate to the SiC crystal,-which-must be protected from
oxidation. Also, Since the device may be used from 200°K - 770°K, the .
encapsulatioﬁ must provide for the-differing thermal expansions of the,
device components. The realiz:stion of these requirements is a study in
compromises. ' |

The Russians, through intensive work 6ﬁéf“a.num§ér of years,'dvéf=

" came many of the obstacles associated with silicdn'capﬁide,rwith the
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result that electroluminescent.diodes made of silicon carbide are widely
used in the Soviet Union and monolithic alpha-numeric devices are being

mass produced.

However, the silicon carbide technology needed for transistors and
integrated circuits is not likely to be developed in the next five years,
During that period the sales volume of high temperature and high power
semiconductor devices (85 to $15 million per year in the United States)
may not be sufficient to encourage the required development work on
silicon carbide. It is more likely that it will be another 10 years be-
fore the many potential applications of silicon carbide are realized,

unless there is a government crash program.

5.  COMPONENT TYPES

Reliable diodes of gallium arsenide will very shortly become more
widely avajlable for microwave or other specialized applications. Simi-
larly, an increased number of devices of indium antimonide and indium
arsenide will find application in infrared-detection and other high-
speed devices., Compound semiconductors will complement germanium in
radiation detection and radiation analysis in the near future. Silicon
carbide could be used in this field also, if the need for high-temperature
detection becomes compelling., | )

On the other side of the spectrum, diodes for handling high leveis
oi electrical power wili continue to be of great importance. In this
category belong'the'high-power rectifiers and the Thyristor'switches,whose
bistable action is based on a p-n-p-n type structure. Semicqnductor.
devices of this type are Peing used in the automobile industry (solid-
state alternators).and in some electric appliances. For high_power'control
Sic i grown junction form is the most suitable material. The time and
rate of introduction of-nitrogén into the growth cavity determines, to .

a great extent, the final eleétrical properties of tﬁe'junction. By
using the'nitrogen introduction rate to control the width"of the intrinsic
region and the degree of compensation, the forward voltage drop and reverse

voltage capability of the junction can be controlled. 8iC rectifiers
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prepared from the grown junction crystals operate at temperatures of
773°K and some exception: units have been run at 873°K., The forward
voltages of these devices decrease with increasing temperature, but

even at 773%K are always larger than two volts,

Thus far, rectifiers operating up to 5V amps (peak) have been '
prepared and spebia}ly processed units have exhibited a reverse capaé
bility of 600 PIV. The reverse characteristics of §iC rectifiers gener-
ally show a "soft” breakover, rather than the avalanche breakdown some-
times noted in silicon rectifiers. This is generally attributed to the
carrier generation mechaniesm at the junction agd to local areas breaking
down at different voltages so that the total effect is one of gradually
increasing reverse current. The following table lists the properties

of some S8iC diodes which have been produced.

Table B-1

Electrical Properties of Typical SiC Rectifiers

Forward Volioge  Forward Current  Reverse Voltage Reverse Current |

Unit Type (V) half wave av.  (A) half wave av, (V) peak (MA) peak

. 3039 773% 303°%%  773°K 3039k  773°% 303°k 773%
Power Rectifier 4.2 2.8 1.5 1.5 200 150 0.01 0,40
Low Current . : )
Instrument Device 5.0 25 0.5 0.5 500 300 0.001 0.008
High Voltage - | o
{stacked unit) 31 26 {o 0.01 2000 1500 0,001 0.005
Low Voltuge ' i ' '
Blocking Diode 5.1 4,3 15,0 15.0 120 100 0.8 1.6

B-9
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The operav._on of a semiconductor p-n junction as a detector of
photons or nuclear particles depends on the formation and collection
of electron-hole pairs produced by the passage of the photon or particle
through the detector. These electron-hole pairs are separated in the
junction region, collected and give rise to a charge or voltage. 8iC

devices are being made for charged particle, neutron or phocton detection.

SiC diode structures have been prepared which are capable of detec-
ting alpha particles up to , and with the addition of a conversion

layer, thermal neutrons have been counted.

8iC, with a pand gap near 3.0 eV, has an absorption coefficient
several ordérs of magnitude less thén that of SiC at 4000 R, and there~
fore surface effects at 4000 & or less would not be so impertant.
Detectors have been prepared from Si C which show a maximum spectral
response in the ultraviolet region which could be cnifted by varying

the junction depth.

Both bread band detectors, with a relatively uniform response from
20003!_:0 4000 £ and peaked response detectors with about a 100 £ band-
width, can be prepared from diffused SiC crystals.

Measurements of'quantum efficiency show that at room temperatures
thege deﬁices-exhibit a quantum efficiency of 0.1 to 10 percent which
increases with temperature to about 15 to 50 percent at 773°K. The
peak response wavelength can be readily varied by oxidaticn-chlorination

chemical milling of the detector surface. '

In the last 10 years.conaide:able work has been carried out on

electro-luminescent diodes, where electronic excitation leading to

emission of light is brougﬁt about across a p-n junction. Here again

there are theusual materials limitation. In order for the emitted light
to be visible, the energy gap of the semicondﬁctor must be greater than '
2 electron volts. Germanium and silicon, with energy gaps of 0.6 and 1.1
electron volts, respectively, are disqualified completely. Gallium

arsenide diodes can be made to electroluminesce éith high efficiencies

(greater than 20 percent at room temperature), but their light is in the |

B-10
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infrared region (1.45 electron volts). The choice of available mataorials
that have appropriate energy gaps and that can be prepared as n- and

p-type is limited indeed: galium phosphide (2.24 electron volts), aluminum

-phosphide (3.1 electron volts) and silicon carbide (2.7 electron volts).

Essentially all of the work on electroluminescence has been concen-

trated on these three materials, and working electroluminescent diodes
have been obtained in all cases. All three semiconductors have in irect
energy band gaps, which are less favorable than direct band gaps for
achieving high efficiencies. For this reason, extensive work has been
done in alloying the gallium phosphide or aluminum phosphide with the
direct-gap material gallium arsenide. 1In this process direct band pgaps
can be achieved that are somewhere between that of gallium phosphide
{or aliminww phosphide) and that of gallium arsenide, The external
quantum efiiciencies attained with such alloys ( the light quantum
emitted per injected carrier) are greater by about two orders of magni-
tude than' those attained with the pure compounds (1 percent as opposed
to 0,01 percent)., But this increase in efficiency is achieved at the
expense of shifting the light in the red part of the spéctrum, where the
eye is more than an order of magnitude less sensitive.

"SiliCOntc&rﬁide_has also beéﬂ”iﬂtensiVéTy“stddiedg with impressive o ;
results. A silicon carbide diode with 2 remarkably narrow line light 7
source, well suited for recording voice or_other types of information on

photographic'films,.has been developed and marketed.
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