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COMET ENCKE 6 JANUARY 1961

There was an old comet in space,
Whose end was a notable case.

It puffed and it fumed

Till its coma was doomed,

And a dead asteroid took its place.

E.W.G.
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ABSTRACT

This repor s concerned with feasibility, scientific objectives,
modes of exploration and implementation alternatives of a rendezvous
misgsion to Encke's comet in 1984. The principal emphasis of this study
was placed on developing the scientific rationale for such a mission,
based on available knowledge and best estimates of this comet's physical
characteristics, including current theories of its origin, evolution and
composition. A main section of the report is devoted to a compilation
of these data and theoretical results, giving an up to date model of

Encke's phenomena.

Our aim was to formulate a basic mission concept devoid of overly
costly and complex elements not absolutely necessary in achieving the
principal scientific objectives of the rendezvous mission. With this re-
striction in mind we studied mission profile alternatives, performance
tradeoffs, developed a preferred exploration strategy, and defined a

spacecraft design concept capable of performing this mission,

The study showed that the major scientific objectives can be met
by a Titan IIID/Centaur-launched 17.5 kw solar electric »ropulsion
spacecraft (13 kw of this power being used for propulsion) which carries
60 kg of scientific instruments and is capable of extensive maneuvering
within the comet envelope to explore the ->ma, tail and nucleus. Launched
in December 1981, and arriving at the comet after nominally 800 days in
February 1984, 40 days before perihelion passage, the spacecraft will
stay in the comet envelope for at least 80 ‘lays. The residence time can
be extended by several 100 days as the co:1et recedes from the sun, for

additional scientific observations during t.e comet's dormancy.
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Results of this study are presented in two volumes:
I Technical Report

II Appendix
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1. INTRODUCTION AND SUMMARY

{.{ STUDY OBJECTIVES

In this study we have investigated the feasibility, scientific
objectives, modes of operation, and implementation alternatives of a
rendezvous mission to the comet Encke in 1984, It is assumed that by
the time this mission will be launched, i.e., in 1981/82, the new
technology of solar-electric propulsion will be sufficiently well established
aud flight-proven to make a rendezvous mission, rather than a mere

flythrough, practical and economically attractive.

The study differs in scope from previous spacecraft feasibility and
design studies by aiming to establish principal goals and priorities of the
mission rather than assuming them for granted and proceeding to the
technical implementation problems. In fact the main effort was devoted
to defining the physical environment at the comet and developing a strategy
for conducting the exploration. As a result we formulated a mission con-
cept that we believe to be most effective in achieving the desired scientific
objectives. Spacecraft design tasks were given much less emphasis by
comparison. This allocation of task priority was made in concurrence
with the technical direction given us by JPL.

The overriding ground rule that we applied in formula*ing this mis-
sion concept was simplicity and cost economy. Thus, of the many
alternate options that appeared attractive and feasible, only the one that
could be defended as essential to the basic scientific objective of a rendez-
vous mission was adopted as the preferred option. The ultimate criterion
of acceptibility of any payload instrument, observation mode, or space-
craft feature was relevance to the basic rendezvous objective. Features
that would enhance the mission but did not contribute an essential
ingredient were considered as luxury and had to be given up. This applied

particularly in the payload instrument selection.

In performing the study we took into consideration the cometary
exploration goals published in recent years, particularly the preliminary
report material available from the two recent NASA-sponsored comet
conferences at the University of Arizona (Tucson, March {970, Reference

1-1), and at Yerkes Observatory (June 1971, Reference 1-2). Recent

{-1



studies of comet rendezvous mission concepts performed by the Illinois
Institute of Technology Research Institute (References 1-3 and {-4) also
provide useful and up-to-date source material. In addition, the recently
completed design studies of electric propulsion rendezvous spacecraft by
JPL, TRW, and North American Rockwell (References 1-5, 1-6, and 1-7)
provided practical design concepts and a thorough documentation of the
technology base available today for implementing a solar electric propul-
gsion (SEP) mission such as an Encke rendezvous.

Comet Encke was specified as the rendezvous target prior to
initiation of this study. It is well suited as a target for a deep space probe

because its short orbital period has allowed it to be observed on many
perihelion passes since its discovery, and its orbital parameters as well
as perturbative influences are better established than most othcr comets'.
For purposes of our study we assume that an Encke flyby mission in 1980
will precede the 1984 rendezvous mission, and that this flyby mission will
have established the existence of a nucleus. More detailed observation of
this nucleus is assumed as one of the principal objectives of the rendez-

vous mission.

The rendezvous spacecraft being considered has the capability of
performing in-situ experiments at the nucleus, as well as in the coma
and tail of the comet for a prolonged time period. This permits observa-
tion of time varying phenomena during the closest approach to the sun and
correlation with concurrent observations from earth to enhance under -
standing of cometary physics. The mission plan foresees a rendezvous
40 days prior to perihelion passage with residence at the comet for at
least 80 days thereafter,

The principal advantage of electric over chemical propulsion in this
application is reduction by an order of magnitude of the propellant mass
for the large maneuvers in deep space that a comet rendezvous mission
entails, and hence a significant increase in payload capacity. Another
useful attribute of an electric propulsion system is the power capacity of
several kilowatts that becomes available for operation of sophisticated
payload instruments and high-data-rate telemetry after arrival at the

comet.

1-2
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i.2 TENTATIVE COMET MISSION SCHEDULE

A tentative sequence of major events leading to the launch in 1981/
1982 of an Encke rendezvous spacecraft is illustrated in Figure {-1., We
postulate that the rendezvous mission is preceded by a flythrough mis-
sion to Encke in 1980 which will provide basic data on the unknown physical
phenomena and hazards to be encountered at the comet. An alternate
target for an earlier flythrough mission would be Comet d'Arrest (1976)
but this mission is unlikely to be approved, considering its time constraints.
The time interval between the flythrough event (October 1980) and the
launch date (early or late in 1{981) of the rendezvous mission allows some

design changes or adjustments of critical parameters in accordance with

6 MO RPN AR e e Mo s SEP  gg

the data obtained from the precursor mission. Short transfers of 700 to
800 days (Option B) would defer the launch date by about ten months com-
pared to long transfers (Option A), thus increasing the time margin for

any necessary spacecraft (or payload) modifications from about 5 to 15

months, as shown in the lower right of Figure 1{-1.
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Figure 1-1. Key Events Leading to 1984 Encke Rendezvous
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{.3 SOME CHARACTERISTICS OF COMET ENCKE

The general characteristics of comets, their significance in models
of solar system formation, and the broad aims of cometary observation,
whether pursued with earthbound or spaceborne instruments nave been
well documented in the literature., Certain less familiar physical features
of comet Encke which can affect the planning of a rendezvous misgion are
summarized in the following paragraphs.

Encke has passed fifty-six times through perihelion, at 0. 34 AU,
since its discovery in 1786, Its orbital parameters have long been well
established, even to the extent that a mass loss of some 0. 03 percent per
orbit has been inferred with confidence from its secular perturbation,
Despite its accurately calculable earth-crossing trajectory, however,
recovery and observability of Encke have not been consistently easy or
predicrable, Recovery has commonly occurred several months before
perihelion at distances of 1 tc 3 AU, but has occasionally been delayed
until perihelion, or even later, Variable Earth-Encke distances and
angles, inconsistent seeing conditions, diversity of viewing technique,
intrinsic variability of the comet, and relatively faint apparitions have
combined to give Encke a widely changing image, The comet has appeared
on a few occasions as a naked-eye object; it has been described as having
no nuclear condensation at all, having a clear condensation asymmetrically
located in the antisolar section or at the edge of the coma, and having even
two separate bright condensations,

The oval or fan shaped coma varies in apparent diameter, appears to
shrink as Encke approaches perihelion, and is commonly diffuse and
difficult to see after perihelion, Tails have been observed to extend to
several times the coma diameter in length or have not been observed at
all, Presence or absence of a tail has been reported with roughly equal

frequency, Faa shaped and long narrow tails have both been observed.

Physically, Encke appears to be an old comet which is depleted in
solid particles, since it has shown little or no continuum spectrum of
reflected sunlight, Its coma and tail are primarily gaseous, with emission

1-4
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spectra displaying strongly the pressnce of CN, CZ' and Cs, and weakly
the presence of CH, NH, NHZ, OH, CO+, and N +. A comprehensive
model of Encke giving estimates of gas and particle densities and distribu-
tions apparently does not exist, Recently, Encke became the third comet,
and the first short-period comet, around which an extensive envelope of
neutral hydrogen Lyman-a was discovered by measurements from earth

satellites,

The following are some elementary parameters describing Encke
which are relevant to the formulation of the mission concept:

Orbital period 3.3 years

Aphelion distance 4,1 AU

Perihelion distance 0.34 AU

Orbital inclination 12.0 degrees

Velocity at 1 AU 37.1 km/sec

Velocity at perihelion 69.9 km/sec

Estimated diameter of coma 20 x 103 to 360 x 103 km
Estimated diameter of nucleus 1 to4 km

Estimated minimal length of tail, 2 x105 to 2 x 106 km

when present

1. 4 SCIENTIFIC OBJECTIVES AND EXPLORATION STRATEGY

In formulating the mission concept described herein, it is assumed
that a precursor mission has established the existence of a compact
nucleus, The projected mission profile, exploration strategy, and payload
composition are governed by two principal overall objectives which are,
in order of priority:

1., To determine the mass, dimension, physical structure, and
composition of the nucleus,

2. To examine the configuration and composition of coma and
tail, together with solar wind interaction processes affecting
them,

The priority which is given to investigation of the nucleus does not
downgrade the importance of other goals. The large net payload and ex-
tensive maneuver capacity provided by a solar-electric spacecraft strongly
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suggests that comprehensive measurements throughout the comet's en-
vironment be included in the mission plan. The assignment proposed
here of spacecraft resources and capabilities reflects the view that most
cometary investigation will continue to be by remote (telescopic) observa-
tion, either with surface or earth-orbiting equipment, and that on-site
observations should be pursued in such a way as to improve the yield
from analysis of such earth-based optical measurements. A high-
resolution imaging system carried by the spacecraft will permit correla-
tion of phenomena observed optically from outside the comet with observa-
tions made locally inside the comet. An important further objective is

to correlate changing solar wind parameters outside the comet with
processes observed within the comet. The exploration strategy and pay-
load composition arrived at in this study are addressed to these require-

ments.

The primary objectives of the mission will be met by the spacecraft
penetrating the coma and the nearby tail region and performing excursions
that permit systematic mapping of physical characteristics provided that
adequate thermal protection of the spacecraft is feasible. Excursions to
distances 50 x 103 km downstream of the comet center can be readily
carried out using the electric propulsion system for maneuvering. During
this phase the spacecraft will also search for and detect the nucleus
(unless this has been achieved prior to rendezvous) and approach the

nucleus for close-up observation.
1.5 TYPICAL MISSION PROFILE

A typical transfer trajectory that arrives at the comet 50 days
before perihelion is shown in Figure 1-2. 1984 trajectories require
typically 750 or 1100 days with low-thrust propulsion continuing during
most of the transfer phase. Propulsion during the last several hundred
days prior to arrival is critical to matching the comet's orbital velocity
and to achieving rendezvous. Terminal guidance corvections can be ex-
ecuted converiently during this phase, facilitated by the low approach
velocity, After zero velocity rendezvous the spacecraft will maneuver in
a flexible manner on command from earth to search for and explore the
nucleus, coma and tail. Residence time near the comet will be about
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Figure 1-2, Typical 1984 Encke Rendezvous Trajectory Profile

100 days but can be extended if desired. This permits in-situ observation

of the comet through perihelion and perhaps all the way to aphelion,

In summary, compared with ballistic flythrough the rendezvous

mission profile offers the following principal advanto.ges:

Flexibility of the mission profile, in terms of the departure
and arrival dates and the shape of the transfer trajectory,

Extended residence time at the comet for hundreds of days,
if desired,

Large excursions for systematic mapping and exploration
of the comet's head and tail.

Ability to search for, rendezvous with, and hover in close
vicinity of the nucleus, for detailed observation of surface
features and measurement of gravity,

Flexibility of exploration strategy with adaptation to unfore-
seeable phenomena,
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1.6 MISSION CONCEPT OPTIONS

Figure 1-3 summarizes alternative mission options and spacecraft

types considered in this study and indicates the preferred concepts

selected by us.

The selection made at each level is shown in heavy out-

line with principal criteria for making each choice ctated on the right.
The following paragraphs briefly describe the selected spacecraft and

mission concept.

through 7.
CHARACTERISTICS

SPACECRAFT
TYPE

CONFIG! RATION

TRANSFER
TRAJECTORY

ARRIVAL TIME

SURATION OF
RENDEZVOUS PHASE

EXPLORATION
MANEUVERS

DEPLOYED MOSES

ENCKE
1984 RENDEZVOUS

BALLISTIC SOLAR ELECTRIC
SPACECRAFT SPACECRAFT
SPINNER 3-AXIS CONTROL
1
SHORT LONG
700~300 DAYS 1050-110C DAYS
BEFORE AT OR AFTER
PERIHELION PERIHELION
al
SHORT LONG
80 DAYS
<30 DAYS PLUS EXTENSION
NONE LIMITED EXTENDED
NUCLEUS SOUAR
LAN MONITOR
DER OR TAIL PROBE

Figure 1-3.
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Mission Concept Options

These will be discussed in greater detail in S~ctions 5
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1.7 SPACECRAFT CONFIGURATION

Figure 1{-4 shows a typical three-axis stabilized spacecraft con-
figuration which may be used for this mission. The same configuration
has been proposed by JPL for several other interplanetary missions in
the 70's and 80's (Reference 1-5). The solar-electric panels, measuring
40 meters tip-to-tip, can be rotated around their comman axis for pro-
tection against excessive heating when cilose to the sun, for unconstrained
thrust pointing, and convenient comet observation. The large gimballed
parabolic antenna provides unconstrained earth pointing at all times for

high-data-rate telemetry at tens of kilobits per second.

VIKING ELECTRONICS BAYS

POWER CONDITIONING PANELS

ELECTRIC THRUSYER ARRAY

ROLLOUT SOLAR ARRAY

Figure 1-4, Solar-Electric Multi-Mission Spacecraft (JPL)
1.8 SUMMARY OF SYSTEM CAPACITY

The system capacity and the proposed operating modes, deploy-
ment and maneuver options, and payload assignments are summarized

as follows.

A large payload capacity (fifty to several hundred kilograms,
depending on selected solar electric power level) is available for
scientific instruments. A portion of the available payload capacity can be
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allocated, if desired, to extend stationkeeping and maneuver capabilities
rather than to scientific instruments. Payload capacity can also be
reduced and propellant loading increased to provide greater flexibility in

the choice of departure and arrival dates. Thus a reduction of the transfer

time by nearly one year (to gain time for evaluation and use of the results
of the earlier Encke flythrough mission) is possible but would reduce the
payload capacity by more than 50 percent.  Arrival prior to perihelion
permits observation of important sun-comet interaction phenomena and
correlation with simultaneous observations from earth. Earlier arrival
implies reduced performance, for example, an arrival 100 days rather

than 50 days prior to perihelion would reduce the payload capacity by
40 to 60 percent.

The large solar-electric power of 10 to 15 kw which becomes
available after arrival at Encke can be used for operation of sophisticated
payloads, and for high-data rate telemetry. The spacecraft is three-
axis stabilized to permit most effective use of solar-electric propulsion.
Body-mounted scientific instruments can be pointed over a wide range of
view angles unconstrained by solar paddle orientation. A two-axis
gimballed scan platform is also provided for convenient pcinting of
selected instrume:uts.
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2. MODEL JF PHYSICAL CHARACTERISTICS OF COMET ENCKE

2.1 PRINCIPAL FEATURES OF ENCKE

Encke has exhibited at one time or another most of the familiar
features of comets, the principal exception being a Type Il (dust) tail. The
comet has appeared as a diffuse object without an obvious nucleus, but a
well-developed, bright condensation has also been noted, and a star-like
appearance has even been ascribed to the comet's brightest feature. On

one occasion (1918) two condensations in the coma were reported.

The tail, when present, has be=n described as wide (1905), narrow
and straight (1914), slightly curved (1914), serpentine (1924), short(1937),
and long (1895). Rapid increases or decreases in brightness have been
observed, indicating transient variations of the comet's activity, but
spectacular dynamic effects common to the comas and tails of larger

comets have not been seen at Encke.

One feature which seems to be typical of Encke is an elongated
coma, sometimes fan-shaped, but repeatedly having the nucleus located
toward the antisolar apex of the eccentric coma. This characteristic
of Encke was apparent in January 1961, as shown in Figure 2-1. The
nucleus has even appeared detached and separate from the coma (1937).
A description of Encke's 1961 apparition given by Roemer (Reference 2-1)
includes most of the features seen separately or in partial combinations
at other times. She wrote: ''Comet Encke was a rather strange look-
ing object during January, as it moved into the evening twilight just
before perihelion passage. The nucleus was a quite sharp, though no
longer stellar, point at the apex of 2 fan-shaped coma extending west-
ward several minutes of arc. Early in January a narrow tail devel-
oped, and this tail increased both in brightness and in length as time

went on. "

The approximate positions of Encke and earth at the time of the
above observation are shown in Figure 2-2. Westward was sunward of

Encke when looking at the comet from ear‘h.

Another consistent characteristic for which Encke is noted is its

faintness and featurelessness after perihelion. Generally, after
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perihelion it is difficult to recover, even though its distance from earth
may not be excessive (see AppendixB), On two occasions, however, in
1921 and 1951, condensations were reported by post-perihelion
observers. On individual passes in which a comparison is possible,

Encke's brightness has been about one magnitude less after perihelion

than before perihelion, for the same heliocentric distance (Reference 2-2).

Since the principal features of Encke are by no means universally
observed, it is important in planning or evaluating a mission to this
comet to assess the prospects for on-site observation of those main
features which give comets their scientific interest. Figure 2-3 displays
the orbit of Encke and the positions along the orbit where the appearance
of a nucleus or central condensation (N), tail (T), or coma (C) was first
reported before perihelion or last reported after perihelion. The
observations cover the interval between 1885 and 1951 (Reference 2-3).
The symbeol 2N indicates the report, in 1918, of two distinct conden-
sations. The target point for the rendezvous of this study, 40 days
before perihelion, is denoted by the small black circle just inside the
1 AU distance.

ELONGATED
Coma, TAlL CENTRAL
EARTH CONDEMSATION
(NUCLEUS)

STELLAR
" APPEARANCE

0.34 AU

Y

T

s

FAINT DIFFUSE

LA
- UCEUY OR COTDESATION
te s

PERIOD
3.3 YEARS

Figure 2-3. Location of First Observation of Encke Features.
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On some passes, of course, certain features were not recorded at
all. The data show, however, that a '"nucleus' was first sighted when
the comet was between 0.9 and 1.8 AU from the sun in every case where
it was reported. Thus, the chances are excellent that this feature will
have been under observation from earth by the time rendezvous is
achieved in 1984. Since recovery in the sequence of favorable passes,
and generally in recent years, has taken place when the comet was
between 1.6 and 3 AU, it seems almost certain that an ionized, gaseous
coma is well developed outside of 1. 5 AU and that both the coma and its
central condensation will be accessible to both earth and spacecraft

measurements 40 days before perihelion.

Initial appearance of Encke's tail has often been reported when the
comet was between 0.4 and ] AU. However, the initial appearance has
occurred just as often between 1 and 1.7 AU. Overall, the appearance
of the tail has been reported less often than appearance of the nucleus.
Thus the probability of having the tail in view from earth at the beginning
of rendezvous is not high. Observation of the tail, or of tail formation,
by the spacecraft while this feature is still invisible from earth may be
a valuable contribution of the mission, but any phase of the mission
directed at recording tail phenomena will have the best prospect of
success if delayed until the comet approaches within, say 0.6 AU of

the sun.

This conclusion is reinforced by examination of the possible effect
of solar activity on visibility of the tail. In Figure 2-4, all observations
of Encke are divided into two classes: those in which a tail was recorded
and those in which no tail was recorded. For each class, the number of
cases in each 20-unit interval of Wolf annual sunspot numbers, R, has
been plotted to form a solid-line histogram (the shading is discussed
in a later paragraph). The almost raw information represented in
Figure 2-4 does not take into account variations in viewing conditions
from pass to pass, but each observational result is associated with the
sunspot number for the year of observation rather than the year of
perihelion. The graph suggests that high levels of solar activity are

more favorable for tail visibility than low levels.
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According to Biermann and Lust (Reference 2-4), statistical
studies have determined that the existence of cornetary tails is independ-
ent of solar activity. This is not surprising, since the magnetized solar
wind blows continuously. The implication of Figure 2-4, then, is that
enhancements in solar activity contribute to raising some property of
Encke's tail above a threslLold separating conditions of visibility from

conditions of invisibility.

This leads to an important conclusion for a 1984 rendezvous, which
would take place about two years before the expected 1986 minimum in
the sunspot cycle. Figure 2-5 shows the mean sunspot curve shifted on
the time axis to represent the next sunspot cycle, with the intervals of
hypothetical 1980 and 1984 rendezvous with Encke indicated on the graph.
From the figure, the average annual sunspot number of 1984 can reason-
ably be set at less than 30. The shaded boxes (dashed outlines) in
Figure 2-4 represent the respective numbers of observations for R < 30.
The number of apparitions of Encke with no tail outweighs the number of
apparitions with a tail 2 to 1 in this range of R. It follows that tail activity
should be at minimal levels during the proposed mission. Visibility of the
tail from earth will therefore be unlikely for any comet position, based on

these data.

The correlation of Encke's features with sunspot numbers was
statistically evaluated by Whipple and Douglas-Hamilton (Reference 2-5).
The results showed that the tail of Encke is observed predominantly when
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Figure 2-5. Occurrence of Prospective 1980 and 1984 Rendezvous
Missions with Respect to the Sunspot Cycle

sunspot numbers are higher than the median and that the '""nucleus' tends
strongly to be recorded when the tail is also recorded. A third correla-
tion showed independently the tendency for the '""nucleus' to be noted at
times of enhanced solar activity., However, the possible effect of

Encke's highly variable visibility (Section 2. 7. 1) on the sunspot correla-
tions was not evaluated by Whipple and Douglas-Hamilton either. The
effect could be significant, and Whipple (conversation 1972) has stated his
belief that the correlation with solar activity is in reality a correlation
with Encke's optical accessibility from earth and that the evidence does
not establish a clear physical connection with sunspot numbers. One
implication is clear if these solar activity correlation studies are valid:
Most recorded apparitions of the nucleus have, in fact, been enhancements
of a central, bright cometary feature made visible by heliogenic processes
affecting the material of Encke's atmosphere and were not images of the
nucleus at all,

An isolated solar event, or series of events, which can occur
during solar minimum, might activate the tail and '""nucleus' during an
extended rendezvous. The earth will have at least the western side of
the disc (from Encke's view) in sight as the comet approaches perihelion.
If the tail, or condensation, does become visible, there is a fair chance
that a preceding solar event will be noted and coordinated measurements
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obtained. The chances of this occurring will improve steadily as Encke
moves in closer than 0.6 AU from the sun. When Encke is at 0.6 AU, the
central meridian from the comet's view will be roughly the east limb
from the earth's view. Of course, locally the comet may be expected

to respond primarily to long term, relatively stable solar wind features,
such as sector boundaries. These features can be monitored with some
confidence at or near earth assuming they have previously corotated past
the comet,

2.2 DIMENSIONS OF ENCXE'S FEATURES

Like those of most comets, the dimensions of Encke are con-
jectural at best. The only values that can be attached to individual
features are 1imits or ranges based on apparent sizes obtained with vary-
ing observational difficulty. Part of the uncertainty stems, of course,
from the intrinsic mutability of the coma and tail. Only the nucleus may

be thought of as having a definite size at all.
2.2.1 Nucleus

The nucleus cannot be resolved as an object of distinct outline by
telescope from earth, but reasonable limits to its dimensions can be
derived from analysis of the way the brightness of its reflected light
varies with solar distance. That portion of the comet's light which is
reflected from the nucleus should be identifiable by its inverse square
rather than inverse fourth power dependence on heliocentric distance r.
Unfortunately, it is difficult to resolve the contribution of the nucleus
to the comet's image, as the preceding discussion indicates. In mea-
suring the brightness of the nucleus, one must distinguish the faint,
stellar-appearing nucleus from the much brighter coma. The distinction
has been attempted in recent years with telescopes of large aperture and
of long focal length. With such instruments, it is possible in some cases
to show that the central star-like condensation iollows an asteroidal
law: brightness on:l/(rZ AZ), where r and & are the heliocentric and
geocentric distances of the comet, respectively. In these cases, it is
plausible to interpret the measurements as referring to a small body of
constant radius (the nucleus). Following this interpretatic the radius
of the nucleus can be calculated, assuming a value for the albedo, and a

plausible phase function. This was done by Mianes, Grudzinska, and
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Stanikowski (Reference 2-6) for P/Encke and P/Giacobini-Zinner, and

later by Roemer (Reference 2-7) for Encke as part of a more general
comet survey.

The actual dependence of magnitude on heliocentric distance for
Encke's '"nucleus' is not, even in the best data, strictly astercidal.
Indeed, some asteroids follow the r"lt brightness law. (Reference 2-8.)
It remains difficult to separate phase and distance effects, and efforts
are still being made to isolate these factors (Roemer, Marsden, private
communications). The magnitude estimates used by Roemer are reason-
ably close to a variation with r'z. certainly far better than the r'3' 3.
r'4 dependence typically ascribed to Encke's magnitudes, and probably
represent an approximation to true data on the nucleus itself, subject
to qualifications treated in Section 2.7,

In computing radii from the mragnitude estimates, Roemer followed
the analysis:

Hy = Hy - 5(log Ry - log r - log &) - 2. 5 [1og A + log ¢(6)].

where the magnitude of the sun, HC = -26.72, and

r = heliocentric distance of the comet (in AU),
A = geocentric distance of the comet (in AU),
RN = radius of the cometary nucleus (in AU),
A = the (geometric) albedo
¢(6) is the phase function, according to Lambert's law.

The result of the calculation is ARIZ\, = 0.24, giving the radius

versus albedo dependence of Figure 2-6. The albedo was assumed to

lie between limits of 0.02 and 0.7. The former value corresponds to
material having the reflectivity of the blackest asteroids (Reference 2-9i,
and may be compared with the value of ~0.03 for some carbonaceous
chondrites, the blackest extraterrestrial material known. The 0.7 value
corresponds to that of HZO solids and to Yenus. Corresponding to these
limits of A, the radius of Encke was found to lie between 0. 6 and 3. 5 km.
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An intermediate value of A = 0.1, roughly the albedo of the moon, gives
a radius of 1.6 kmm. (Reference 2-7.) The probatle range of RN. indi-
cated by shading in Figure 2-6 is based on the concept of Encke's

nucleus as a dying, asteroid-like object of low albedo (see Section 2, 3).
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Figure 2-6. Inferred Size of Nucleus Dependent on Assumed Albedo

Additional photometric work by Roemer for the same range of
albedos on 19 periodic comets and 10 nearly parabolic comets showed
that these values of the radius are typical of periodic comets, although
a few (e.g., Ote.ma) are significantly larger. Nearly parabolic comets
are typically about twice as great in radius; some (e g.. Humason and
Wirtanen) appear to be very large. However, it is possible that these
comets are only apparently very large, their great brightness being at

ieast in part a result of their possessing an unusually high albedo or an
optically thick atmosphere or halo.

2.2.2 Coma

The diameter of the coma is decidedly variable In Vsekhsvyatskii's
*
compilations (Reference 2-3) , therc are thirty-sever instances, from
1848 to 1964, in which the observaiional data on apparent diameter of

Er.cke have been evaluated and normalized to produce an estimated

“See also Appendix J.
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"reduced head diameter D, (corresponding to & = 1 AU) ... averaged
over a certain time inverval'". A is the symbol used for earth-comet
distance; D1 is given in minutes of arc. The interval and the number
of measurements contributing to each determination of D1 are

unspecified.

Figure 2-7 is a histogram of a'l the values of D1 given by
Vsekhsvyatskii, converted to kilometers. In some cases, ranges of
. Dl were given, and the two extremes of each range were counted as
separate items, so there are more than 37 entries (actually 51) contrib-
uting to the histogram. It is obvious that the bulk of observations
(65 percent) has given an observable coma diameter of 25, 000

to 125,000 km. The most probable range of diameters is 75,000

PPN

to 100,000 km. This range is most probable in a special sense for the
rendezvous mission because the apparent size of Encke is dependent on
its solar distance, and it is at rendezvous distance (§1 AU) that the
comet is commonly measured in this range. All but one of the values

above 1.4 x 105 km were observed when the comet was beyond 1 AU.
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Figure 2-7. Histogram of Coma Measurements Give a Probable
Diameter less than 105 km for Encke's Coma.

Encke's well-known dependence of Dl on solar distance r is shown
in Figure 2-8(a), where 2" preperihelian measurements have been plotted
from which Vsekhsvyatskii's compilation gives a date or distance asso-
ciated with the reduced diameter. In some cases, distances or diameters,

or Loth, are seen to have broad ranges. The direct trend with distance is
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apparent, but considerable scatter is present.

doubtedly introduced by the variability of Encke's absolute size.

Much of the scatter is un-

The

strength of the diameter's dependence on distance is more clearly demon-

strated in Figure 2-8 (b), where pairs of distance-diameter combinations

obtained on three individual passes spanning a century are distinguished

from each other,

3
(o]
- = o —
s 2 3
“a b4
= o o )
- (=]
— Q ° =
o L O .
' Y60 © e
%o
o ©
0 1l 1
0 1 2 3
r (AU)
(@)
Figure 2-8,

3
IO
2 B
I’/
L /’//
(4
Yy -2
'| - rd
d 7
L O 1840
a 1905
0 1 1° '9147 i
0 1 2 3
r (AV)
)

Dependence of Coma Size on Heliocentric Distance

The shrinking of the coma with solax approach is consistent with

behavior expected from theoretical considerations.

point of view, the visible diameter of the whole coma is proportional to

According to one

the initial (thermal) expansion velocity of the gases, w, and the photo-

dissociation time T4

then w or:r-l/4

radiation, which increases with diminishing r, so Tq T

If w depends on temperature as T

1/2 and Tocr~

. The dissociation time T4 depends inversely on solar

It follows

that D1 should increase or decrease as r increases or decreases:

Dl oc(w)(Td) ocr

-1/4 2 _

7/4
S

1/2

In Delsemme's picture of coma formation, the inner coma contains

an icy halo from which gases are emitted. (Reference 2-10.) The halo

itself contracts with solar approach because increasing solar radiation

reduces the vaporization time of the icy grains (Reference 2-11).

The observed coma size behavior probably results from a combination of

beth effects.
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2.2.3 Tail

The tail of Encke has been highly erratic in observability. More-
over, the apparent relationship between its visibility from earth and
solar activity implies that dimensions of the visible part of the tail may
have little to do with size of the tail itself. Figure 2-9 is a histogram of
tail lengths. Clearly, the range of measured lengths is extreme, but
most estimates have been below 106 km. The two high values were
obtained when annual sunspot numbers were over 60. If actual tail
length is proportional to visible tail length, the relatively low solar
activity expected in 1984, which may leave the tail unobserved from
earth, suggests that values well under 106, say (1-2) x 105 km, may
be appropriate for that epoch. Maneuvers to carry a spacecraft into the
tail need not provide extreme excursions in the antisolar direction from

the comet.

NUMBER OF CASES
[o o]
T

4 =
o Jd l 1l 1 n i l_l
0 1 2 3 4

OBSERVED TAIL LENGTH, 10° km

Figure 2-9. Histogram of Tail Measurements Giving a Probable
Length Less than 106 km for Encke's Tail.

No comparable measurements of tail diameter have been made.
Theoretical considerations of tail formation, discussed in a later sec-
. . 3 4
tion, suggest that the diameter should be between 10™ and 10" km, at

least near the coma.
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2.3 THE NUCLEUS OF ENCKE'S COMET

Direct, observational data on cometary nuclei consist only of
photometric measurements as a function of distance from the sun (pre-
ceding paragraphs; Reference 2-7), Further information concerning the
nucleus of the comet depends upon inferences based on observations of the
coma and tail, wkich are composed of material emitted from the nucleus,
and from studies of meteoroids derived from cometary nuclei (Refer-
ences 2-12, 2-13. ~nd 2-14). It is possible that some meteoritic material,
certain carbonac . ~i. ~hondrites (C1{ in the classification of Van Schmus
and Wood, Reference 2-13), for example, are derived from the nuclei of
comets (Reference 2-16). It is also possible that some asteroids, notably
Icarus, are dead comets so that further study of them might be directly

applicable to cometary research.

Studies of the comas and tails of comets indicate that not all come-
tary nuclei are identical. It is possible that cometary nuclei represent a
uniform type of object initially, but exhibit different stages of a rapid
evolution (time scale ~100-1000 periods) having been subject to relatively
recent exposure to solar radiations. It is also possible, of course, that
there really are fundamentally different types of comets reflecting differ-
ences in their formational processes, which probably took place
4.5-4.6x 109 years ago, A long-range priority goal of cometary inves-
tigations, both earthbased and from spacecraft, is to obtain data bearing
on these possibilities and thereby increase our understanding of processes

during the formation interval of the solar system.

Inferences based on studies of the coma and tail, and of meteoroids,
place considerable constraints on possible nuclear models of Encke., The
model presented here is eclectic, based on the observations and ideas of '
numerous workers, and the references provided are meant to be helpful >
rather than complete, The obvious uncertainties in the model may pro-
vide some additional incentive to further earthbased study of Comet Encke
prior to the actual planning and payload selection of an Encke mission,

thereby increasing the scientific information obtainable,
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2,3.1 Evolution of a Typical, Periodic Cometary Nucleus

The peculiar changes in periodic comets led to a general model of
their evolution, The following is quoted from Sekanina, Reference 2-17,

but with the appropriate figure number changed to refer to Figure 2-10,

"The evolution of the nucleus of the suggested ''core-mantle' model
is schematically represented in Figure 2-10, Owing to intense
heating of the surface of tihe nucleus during possibly thousands of
approaches to the sun, the icy envelope, originally of considerable
thickness (Figure 2-10(a)), gradually sublimates, the radius of the
nucleus shrinks (Figure 2-10(b)), and after some time the underlying
nonvolatile core becomes exposed to the direct effects of solar rays
(Figure 2-10(c)). In the subsequent development, molecular desorp-
tion from the unprotected core's surface replaces free sublimation
in producing the comet's atmosphere, the transfer of volatiles from
the core's interior to its surface being provided by activated diffu-
sion. The ability of the nucleus to regenerate sufficient icy materi-
als at the surface is gradually weakened with time (Figure 2-10(d)),
and finally the whole reservoir of volatiles is completely exhausted
(Figure 2-10(e)). The model comet becomes a ''dead'’ body.

We believe that Figure 2-10 gives a general idea of the possible
development of the nucleus of a typical short-period comet, though
the above description is extremely simplified. To create a more
realistic model, we should, for instance, assume a nonvolatile
constituent with mass density and tensile strength increasing and
porosity decreasing toward the center of the nucleus, and understand
the surviving deactivated core as only a portion of the original solid
matrix having sufficiert tensile strength to withstand the pressure of
the ejected gases. This and similar refinements, however, do not
change the principal character of the model. "

wlE L
T e » te)

O O

(L] (o)

Figure 2-10, Typical Evolution of Icy Conglomerate Nucleus.
Suggested evolution of the core -mantle model;
dotted areas show the distribution of ices; empty
area within the circle marks the presence of
nonvolatile material only,
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The model sketched above is complex in application. For example,
the secular acceleration is affected by the phase lag of maximum out-
gassing as well as by the amount of outgassing, (Marsden, Refer-
ence 2-18, has deduced that for several comets the phase lag is of the
order of 6 degrees,) The phase lag must in turn be controlled by the rate
of rotation, lack of spherical symmetry, and the structure of the outer
layers of the nucleus, but it is difficult to include the variations of these
quantities with time in any reasonably simple model. Despite such short-
comings, the interpretation of nongravitational forces in terms of the icy
conglomerate model seems to have been successful, In particular, it
provides an explanation for the characteristics of the orbit of Encke with-
out invoking an encounter with one of the inner planets, Sekanina, Refer-
ence 2-19, showed that the aphelion distance of Encke must have decreased
at the rate of 1 AU/104 years as a result of nongravitational forces; hence
it is reasonable that it was originally brought into the inner solar system

as a result of encounters with Jupiter,

2.3.2 Evidence for the Evolution of Encke's Nucleus

2.3.2.1 Decline in Magnitude

The mean absolute magnitude of Encke has declined noticeably since
1786, when it was first observed, Figure 2-11 shows the secular change
in the absolute luminosity of Encke for forty apparitions, in terms of the
residuals during each apparition, for two models of distance dependence:
a) Hlo(l/r4A£) and b) Hlo,(l/r4A). where r and A are the solar and geo-
centric distances in AU, The solid curves through the observed points are
obtained from a simple theory of the secular brightness changes (Refer-
ence 2-5). Figure 2-12, abstracted from a figure of Vsekhsvyatskii and
Il'ichishina (Reference 2-20), shows a second version of the change in
magnitude (decrease in brightness) from m=6 to 10 S m <14 for the entire
185 years, Figure 2-11 suggests that the comet will die (i.e., lose its come-
tary characteristics)during 1990-2000, but as is evident from the figures
the agreement between model and observations is fairly rough. Indeed,
Sekanina, Refurence 2-17, in 2 more careful analysis, deduces that the
''death date' will be 2030, However ''death' is misleading; it might be
argued that we are \;vitnessing the '"birth'" of a minor planet, or Apollo-like

asteroid, and it is perhaps in this respect that Encke is most interesting.

2-15

Wm’.'ew St e 4



COMET ENCKE Hu:(-,'-‘,) COMET ENCKE m.(-}:)
[ 4 r
5 s
[ ] P 0 o
L ]
; e :
3 ° 2 z
y 4 1"y L +} g
3 o
g " * WEIGHT | §
o © WEIGHT 2 DEATH DATE: 199
O WEIGHT 3 wl
Lo DEATH DATE: 2000
p 1 - 1 ol L
2 | 1 1 1 1800 )
1800 1850 1900 1950 2000 80 M}:oo 190 b

DATE
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Figure 2-12, Decline of Encke's Absolute
Magnitude with Time

2.3.2.2 Nongravitational Forces

Encke's was the first comet to show evidence for secular acceler-
ation, and it was suggested by Encke himself that a nongravitational
process might be involved (Reference 2-21), These observations have
been subsequently confirmed by numerous workers, and in fact Encke's

behavior was the inspiration for the general (icy conglomerate) model.
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The nongravitational effect was at first attributed to motion in a resisting
medium, but later work (References 2-22 and 2-23) favored an interpre-
tation in terms of reactive forces, associated with the ejection of come -
tary matter (covered in next heading). Similar effects have been reported
for many other comets, The most complete and recent study is described
in a series of three papers by Marsden, References 2-8, 2-18, and 2-24,
and a fourth by Marsden and Sekanina, Reference 2-25, In the first of
these papers it is definitely established that the nongravitational acceler- g
ation of Encke was 0. 04 day/period for the interval 1947-67. The second
paper contains the results of computations in which nongravitational forces
of assumed form were explicitly included in the equations of motion of
many comets besides Encke, and solutions to the equations were found
whose orbital elements yielded the smallest residuals when fitted to obser-

vational data. A continuous, rather than impulsive, force was assumed,

D7 2.

that increased exponentially with decreasing heliocentric distance and
decreased exponentially with time. The nongravitational force was intro-
duced with its full three components, Fl, FZ’ F3 in a rotating frame, the
first radially outward, the second in the orbital plane normal to the first
and positive in the direction of the comet's velocity vector, and the third
normal to the orbital plane and positive in the right-handed sense with
respect to the other two (northward). For most comets, Fl and F2 are
positive, with Fl/FZ =10, i.e.,, with a net force outward and about six
degrees from the radial and in the forward direction of motion. For
Encke, the best solution for the in-plane forces (smallest residuals) give
negative values for both F, and F,, with FI/FZ = 5/3, This implies a ¥
net nongravitational force pointing toward the sun and opposing the orbital
velocity, 194 degrees to 210 degrees from the outward radial (counter-

clockwise, looking down from north of the orbital plane)., The out-of-

o

plane component was found to have no significant effect on the resiauals,
but inclusion »>f the long-term time dependence of the forces was necessary

to maximize the agreement with observation,

Although the solutions just described gave a good formal fit of the
orbital elements to observed parameters of Encke's trajectory, projection

of the trajectory backward in time gave cumulative, systematic disagree-

Al K55 R S 3 oy L

ments with measuremcnt. The third paper of the series (Reference 2-24)

describes a still more elaborate force functionhaving a double-exponential
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time dependence., Application of this form removed some of the systematic
error, Examination of various sets of solutions for the nongravitational
forces (inboth References 2-18 and 2-24) showed that while the ""transverse"
force FZ’ remained fairly steady from set to set, the radial component Fl
was not so reproducible, even becoming positive in one case. Recent
unpublished work (Marsden, private communication) has shown consider-
able historic variation in the apparent radial component, although the two
solutions of the most recent years, based on the most reliable data avail-
able, have been consistent and have yielded a positive F,. In sum, the
radial component is not well determined, but, very importantly, it is
definitely not outward and ten times the transverse component, as for
other comets, so that the angle of the net force to the radial direction is

probably not as small for Encke as for most comets studied by Marsden.

In the fourth paper of the series (Reference 2-25) some additional
inferences about the composition and nature of the nongravitational forces
are drawn, based on a physical model of forces developed by Sekanina,
Reference 2-17, One important quantity is an isotropy factor \, which is
a measure of the net unidirectional force on the nucleus caused by the
center of most of the escaping gas, Essentially, \ is the fraction of
escaping mass emitted in the direction of escape of the center of mass of
emitted gas, Perfectly isotropic emission would yield no net force and
would correspond by definition to A = 0; perfect anisotropy, i.e,, emis-
sion from a restricted region of the nucleus all in one direction, would
correspond to M = 1, An anisotropy caused by vaporization proportional
to solar insolation* would have N = 0,44. The paper of Marsden and
Sekanina (Reference 2-25) quotes a recent estimate of Sekanina's that, for
Encke, A=0,3, as if 30 percent of the mass emitted from Encke's nucleus
were lost in a single direction, thus providing the thrust responsible for
its nongravitational force, The value A = 0.3 was derived on the assump-
tions of constant emission at 600 m/sec and of a large ratio of transverse
to radial force components. The authors concede that the actual value of

Ais ''very uncertain, "

*
Insolation synonymous with incoming solar radiation flux,
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2.3,2.3 Nonvolatile Component of Encke's Nucleus

Evidence for the presence of nonvolatile compounds in cometary
nuclei is provided by the dust tails often associated with new and long-
period comets (Reference 2-13) and by the presence of reflected solar
continuum in the spectrum of the comas and tails. A spectrum of Encke
showing continuum at 0,76 AU, before perihelion in 1947, appears in the
Atlas of Representative Cometary Spectra, Plate 16, University of Liege
and Astrophysics Institvte (1955), compiled by Swings and Haser, For
this comet, the ratio of the intensity of the 51654 Cz band to the continuum
is >5 at a solar distance of 0. 68 AU, whereas at the same distance the
nearly parabolic comets Arend-Roland and Mrkos had a corresponding
ratio of 2, 0 (Reference 2-26). The dust component of Encke's coma is
thus very weak, However, the Taurid meteors, which are derived from
Encke at some rather uncertain time in the past, are relatively rigid
structures, show practically no fragmentation, but have average mass-
luminosity properties (References 2-27 and 2-28), This represents evi-
dence for the former presence of relatively nonvolatile substances in the
nucleus of this comet, and it is assumed that a residual nonvolatile com-

ponent is still present,

2.3.3 Model of the Nucleus

The evidence discussed above leads to the following tentative model
of the nucleus of this comet, based fundamentally on the icy conglomerate
model of Whipple, Reference 2-23 (1951) and its more recent extension by
Marsden and Sekanina, Reference 2-25, and by Sekanina, References 2-17,
£-29 and 2-30, as quoted earlier. Models of this general kind appear
most suited to explain the diversity of phenomena observed in Encke's
comet as well as others i, e., models of gas loss from icy nuclear com-
ponent., The nucleus is viewed as an icy conglomerate of meteoric, or
lithic, matter mixed with, or containing a mantle of, frozen gases, mostly
water-ice or clathrite components. Whipple, Reference 2-23, showed

that the secular acceleration can be accounted for on the basis of mass loss

from a rotating, icy-conglomerate nucleus. An ittempt to describe the
secular change of the magnitude in terms of the icy conglomerate model of
comets was made subsequently by Whipple and Douglas-Hamilton (Refer-
ence 2-5).
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2.3.3.1 The Residual Core

The weakness of the continuum radiation from Encke suggests that
relatively little solid material is being ejected by the comet, in contrast
to younger comets, as described by Sekanina., The peculiar asymmetric
behavior of the gaseous coma of Encke with respect to its brightness
before and after perihelion passage also appears to be consistent with the
idea that most of the small-sized, loose solid material has long been lost
and that the nucleus now consists of a relatively stable, but porcus, non-
volatile core surrounding or containing an icy-conglomerate component,
There is a fair probability that, in fact, Encke is evolving into an asteroid

very much like Icarus,

Thus, comet Encke is a highly evol:" ¢ _omet of the core-mantle
type which may originally have consisted of a mantle of volatiles and dust
particles overlying a porous core consisting primarily of nonvolatile
meteoric material, possibly similar to type 1 carbonaceous chondrites,
but also containing ices of volatile materials within pores and crevices of
the core. These ices primarily consist of HZO' probably containing other
more volatile materials as clathrates, In the case of Encke, the mantle
has been lost by sublimation due to solar radiation, and the residual
activity of this comet requires the migration of volatile material to the
surface before it can be emitted into the coma. In such a modesl the sur-
face is presumed to be steadily supplied with volatiles which condense fol-
lowing sublimation from the core; the temperature of the surface and its
condensations varies greatly along the orbit, and on approaching the Sun
it becomes sufficiently Ligh for the evaporation rate to be so enhanced as
to exhaust the immediate supply of condensed volatiles. We must be pre-
pared to take thic feature of Encke into account in interpreting observations
obtained from a rendezvous mission in tcrms of general cometary
characteristics,

The model assumes the nucleus to be rotating about an axis normal
to the plane of its orbit, In this orientation, the nucleus is exposed to the
sun's rays equally before and after perihelion, so the only explanation
possible for its unequal magnitude before and after perihelion is depletion
of volatile materials on the surface during the inbound journey, If the
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spin axis were in an arbitrary direction, not necessarily normal to the
orbit plane, the comet's asymmetric behavior with respect to perihelion
might imply an irregular, nonuniform surface which exposes an accumula-
tion of volatiles to the sun inbound, but shadows the pocket outbound.
Attempts to separate inbound and outbound nongravitational forces have

not yielded a positive result, largely because post-perihelion data on Eucke
are of poor quality (Marsden, private communication), This ''orientation'
explanation of Encke's visual behavior would modify, but not necessarily

exclude, the hypothe 's of migrating volatiles,

2,3,3.2 Mass Loss

Sekanina, References 2-17 and 2-19, developed a formula relating
the mass loss AM/M to the nongravitational forces, His careful analysis
indicated that the mass-loss rate for a typical comet must be of the order
of 0,01-1 percent of the total mass per revolution, For Encke, the aver-
age mass-loss rate during the last 40 years is estimated to be 0,03 -

0.7 percent per revoluticn, assuming the gas leaves the surface of the
nucleus with a mean speed in the range 220-500 m/sec'l. Indeed, AM/M
for Encke has been calculated a2 2 function of time (Sekanina, Refer-

e.ce 2-19), with the result that AM/M has decreased from 0. 24 to

0.03 percent per revolution between 1800 and 1967, Marsden ard Sekanina,
Referen:ze 2-25, give AM/M =0, 03 percent for the 1967 pass,

The variation of Encke's ''nongravitational parameter' (k) versus
time is shown in Figure 2-13 (from Reference 2-17) and mean valves of
both « and the mean absolute magnitude (HIO) for short periods are given
in Table 2-1 (Reference 2-19). The curves of Figure 2-13 represent
theoretical formulas for the acceleration {due to mass loss) x appearing
in Sekanina's paper. At the present time the nongravitational effects on
Encke appear to be regular hence predictable, rather than erratic as is

the case for other comets, e.g., Schaumasse,

2-21



e

N LI BRRANLS L L S A SR | T 7 LB L] T AJ L] LI | J
[ ]
- E
so}- -
K} :
20+ -
1o .
o -
[ ]
5 I I I deed I T S W | L N T ) bk L l ﬁ
1800 1900 2000
YEAR
Figure 2-13, Nongravitational Acceleration «

(Seconds per Orbit) Versus Time

Table 2-1. "Dynamical" and ""Photometric' Mass Loss Rates and
Their Effective Ratio (R) for Encke During 1786-1967

Comet g e Apparitions K HlO AMdyn AMphm logR
(AU) (mag) (grams) (grams)
Encke 0.34 0.847 1786-1819 +79.8 8.3 9.3.10'3 1.1.10!! 2.91
1819-1838 +58.0 6.5 6.7.10'3 9.9.10'0 2.83
1819-1848 +58.7 8.6 6.8.10°7 9.2.10'0 2.87
1829-1848 +63.3 8.8 7.4.10°3 7.8.1010 2,97
1819-1858 +60.0 8.7 7.0.10'3 7.9.10!10 2.94
1858-1868 +50.0 8.9 5.8.103 6.6.1010 2.04
1868-1885 +37.3 9.5 4.3.10°3 3.8.1010 3.06
1871-1881 +32.4 9.6 3.8.10°° 3.5.10'0 3,04
1871-1885 +36.5 9.7 4.2.10'3 3.4.10'0 13,09
1868-1895 +42.0 9.5 4.9.10'3 4.0.10'0 3,08
1871-1895 +40.6 9.5 4.7.10'3 3.8.10!10 3.09
1895-1905 +29.5 9.7 3.4.1013 3.2.1919 3.03
1898-1911 +27.2 10,1 3.2.10'3 2.3.10!10 13,15
1905-1914 +22.5 10.2 2.6.10'3 2.0.10'0 3.11
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Table 2-1, '"Dynamical' and '""Photometric' Mass Loss Rates and
Their Effective Ratio (R) for Encke During 1786-1967
(Continued)

Comet (AqU) e Apparitions K HlO AMdyn AMphm

(mag) (grams) (grams)

logR

1924-1934 (+22.8) 11.3 (2.6.10'3) 7.2.10° (3.56)
1931-1937 +15.4 11.1 1.8.10'3 9.1.107 3.29
1931-1947  +16.3 11.3 1.9.10'3 7.9.107 3.38
1937-1951 +12.4 11.1 1.4.10'% 9.1.10° 3.20
1937-1954 +11.9 11.3 1.4.10'% 7.3.107 3.z8
1947-1957 +12.6 11.1 1.5.10'3 8.9.107 3.22
1947-1967 +10.9 11.8 1.3.10'3 4.3.107 3.42

2.3,3,3 Radius, Mass, and Gravity

Marsden and Sekanina have re -evaluated Roemer's (Reference 2-7)
calculation of the radius of Encke by using a phase function more appro-
priate to the unmantled core of meteoric material than Lambert's law, as
assumed by Roemer. Their assumption of a geometric albedo of 0.1
leads to a radius of 1.8 km. Uncertainty in the porosity of the residual
volatile material causes some uncertainty in the density, An assumed
density of 1, 0 leads to a mass of 2 x 1016g Matsen (Reference 2-9), has
reported much lower albedos, in the range of 0,01 to 0,02 for some
asteroids, The surface of these bodies probably consists of carbonaceous
material, If the surface of Encke is s1m11ar and is free of highly reflec-
tive icy material, a similarly low albedo may be appropriate. An albedo
of 0,02 leads to a radiusabout 2,2 times larger, and a mass of about

2 x 1017g.

When the uncertainty in radius is combined with the uncertainty in
the density of comets, the uncertainty range of mass becomes large, In
the case of Encke, the combination of a low density (e.g., 0.1 g/cms,

corresponding to a porous structure) and a high albedo leads to a mass

2-23

B

Pkt ¢ .

A S

RS- X TR PV

el Ll A o £ 10 s b T



of about 1014g. On the other hand, the combination of a high density 3
(e.g., 3 g/cm3, corresponding to silicate rock) with a low albedo leads

to a mass of 5 x 1017g. If we take the mass to be on the order of
1016 17

-107 " gm. the acceleration of gravity at the surface is 6,025 -
0.25cm sec'z. Note that the derived radius scaies as A'l/z, the mass
- -3/
as A 3/2, and the acceleration of gravity as A 3 2.

2.3.3.4 Chemical Composition

Indirect information concerning the chemical composition of the
nucleus may be obtained from emission spectra of the coma and tail, For
2 and C3, with weak lines of CH. NH, OH,
CO+, and N2+ (References 2-31 and 2-32) are observed. These compounds

Encke, strong lines of CN, C

are alraost certainly not constituents of the nucleus but derived by dissoci-
2O, N'H3, CH4,

complex molecules, While it is not possible to infer the abundance, or

ation of compounds such as H COZ’ and possibly more

even the exact nature of these parent molecules from the spectral data,

the spectra indicate that the abundant elements of the C, N, O group plaved

a major role in the condensation and accretionary processes leadiag to )
the formation of the cometary nucleus, Hydrogen is present at least b
insofar as it combined to form compounds such as H,0, NH3, and CH,,

and as indicated by hydrogen Lyman-aemission observed surrounding

Encke (around one tenth the amount surrounding comet Bennett), Itis l
likely that highly volatile compounds such as CH4 are trapped as clathrate

compounds (Reference 2-10), Helium, and the other inert gases were

probably depleted, whereas the lithophilic elements Mg, Fe, Si, Ca. etc,

were probably present in something like their solar abundance relative to

the CNO group, This assumption leads to the conclusion that about

20 percent (by weight) of the cometary nucleus consists of oxidized com-

pounds of these elements,

2.3.4 Relationship of Encke to the Taurid Meteors

It is established that the Taurid meteor shower is associated with ‘
ejecta from Encke., Since volatile materials wculd be quickly lost from
such small bodies well bevond their perihelion distance, the existence of
these bodies is clear evidence that the nucleus of Encke contains a non- 3

volatile component. The atsence of fragmentation in these meteors
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indicates that this nonvolatile material is well bonded., Taurids are
observed not only as relatively small (~1 g) photographic meteors, but
also as bright fireballs photographed by the Smithsonian Astrophysical
Observatory, indicating the presence of bodies up to tens of kilograms in

this meteor stream (Reference 2-33),

Estimates of the age of this stream (Reference 2-34) are in the
range of thousands of years., If correct, these calculations show that
Encke's comet has been a member of the inner solar system for a long
time, and lost a large amount of mass, both in volatile and nonvolatile

form.,

It is difficult to estimate the mass of material in the Taurid stream,
as its dimensions are not known, If it is assumed that the present mass
of Encke is 2 x 1016g (corresponding to a radius of 1.8 km and a density
of 1 g/cm3), and that the average mass loss AM/M per orbital period
over the last century is 0, 2 percent, then the recent rate of loss of mate-
rial from Encke is about 1013g/yr. Although the relatively great age of
E.icke (in terms of time spent in the inner solar system) argues in favor
of its nucleus being enriched in nonvolatile material over its original
value of ~ 20 percent, it is likely that gas loss still predominates over
loss of nonvolatile matter, so a rate of loss of particulate matter of the
order of lOlZg/yr or less is plausible, This must be primarily in the
form of large particles (e.g., ~ 1 cm and larger) to account for the absence
of solar continuum radiation from its coma at the present time,

Monte Carlo calculations {Weth-~rill, unpublished) indicate that approxi-
mately 10 percent of the solid matter in this size range ejected from
Encke will ultimately strike the earth, provided that the particles are
sufficiently strong to resist prior disruption by collision with interplane -
tary matter in the ~107 years for the earth to sweep up this material, If
Encke has been more or less in ite present orbit for 1000 years, the total
ejected solid matter is - lOlsg at the rate assumed above. These calcula-
7 _ 10—8’
giving a total yield of ~107g/yr. The actual impact rate of Taurids is

tions indicate that the fraction swept up per year will be 10%/10
gre:.er, perhaps ~109g/yr, probably in part as a consequence of the

argument of Encke's perihelion having been such that over this period of

time clo.e approaches to the carth have had a greater probability than
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that associated with a random orientation of the argument of perihelion,
In addition, the rate of mass loss was probably greater in the past,

Liller (Reference 2-26) estimates the mass of a ''new'' periodic comet to
be ~ 1018g, therefore containing ~ 2 x lO”g of nonvolatile matter. During
the initial phase of the comet's life, much of the emitted matter would have
been in the form of micron-size particles, subject to nongravitational
forces such as radiation pressure, Poynting-Robertson effect, and solar
wind impact, The survival of five percent of this mass in the form of
large particles would lead to a mass in the Taurid stream of ~1016g.
Although all these calculations contain large uncertainties, estimates of
the rate at which meteors from the Taurid stream strike the earth are

consistent with estimates of the rate of loss from the nucleus of Encke.

It seems most plausible to suppose that the nonvolatile material
from which the meteoroids are derived was detached from the nucleus
near perihelion, being swept along with the escaping gas. However,
Hamid and Whipple (Reference 2-35) have concluded that the dispersion
among the Taurid orbits indicates that ejection took place in the asteroid
belt, resumably because of collisons with asteroidal material. The mass
of material in the Taurid streams is inconsiscent with the yield expected
from a well-bonded body of this size moving through the asteroid belt
(Reference 2-36), It is possible that the sublimation of icy material near
perihelion leaves loosely bonded nonvolatile material on the surface,
which is more readily removed by collision in the asteroid belt, or that
cometary flares in the asteroid belt ejected this material at an earlier,

more active, stage in the history of the comet.
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2.4 THE COMA OF ENCKE'S COMET

2.4.1 General Properties of Cometary Comas Applicable to Encke

2.4.1.1 Gas Emission

The simplest model for the coma of a comet agssumes spherical
symmetry of the nucleus both in terms of its physical properties and its
temperature, and the rotation of the nucleus and all temporal effects
(both transitory and evolutionary) are ignored (Reference 2-37). Since
the cosmic abundance of oxygen is large relative to that of carbon and
nitrogen, it is assumed that the bulk of the gas which escapes from the
nucleus is HZO (References 2-38, 2-39, 2-40, 2-41). It is not obvious
on theoretical grounds that this must be the case, since H,0 is less
easily vaporized than other volatiles (see Figure 2-14). However, since
OH and large quantities of H are observed to be associated with P/Encke,
it seems reasonable to assume that HZO is the dominant molecule. More-
over, the laboratory work of Delsemme and Wenger (Reference 2-10)
suggests the gases more volatile than HZO are incorporated with water
in the structure of clathrate snows, so that independent varorization
rates may have limited meaning in the actual cometary environment.

The predominance of HZO among the volatile components of another
comet (1969¢g) has been argued by _elsemme (1971) (Reference 2-42) on
the basis that an observed, identical heliocentric dependence of both H'
and OH  light flux probably arises from a three-step process in which
vaporization of water is the most plausible first step. Other molecules
can be assumed to be carried along with the HZO gas, but to behave
independently as far as photochemical and plasma interaction processes

are concerned.

It is expected that gas leaves the surface of the nucleus at approxi-
mately the speed of sound corresponding to the temperature of the
surface, and that the Mach number is unity at the surface, correspond-
ing to 400-700 m sec'l for eurface temperatures of 250-750°K. As a
consequence of the spherical divergence of the flow, the Mach number
increases rapidly, as shown in Figure 2-15a for » = 1 AU, and beyond
a distance equal to a few times the radius of the nucleus the bulk speed
is essentially constant and the temperature very small. The numbex
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densities of HZO and other molecules
decreases approximately as the in-
verse square of the distance from
the nucleus out to a distance of the
order of 104 km, where the effects
of photodissociation become im-

portant. Figure 2-15b illustrates

the exchange of dissociation products

(-]
—

for water with increasing distance

from the nucleus.

Z, MOLECULES cM~2 sec™!

-

o
——
~

The radius of the region with-

in which the gas is mostly in the

-

o
"~
(=

form of parent molecules must be

1 10 of the order of T/V, where T is the
HELIOCENTRIC DISTANCE (AU) characteristic time for photodis-

Figure 2-14, Vaporization rate z, sociation by sunlight, and V is the
mol cm-2 sec™*, for various snows
as a function of heliocentric distance,
in AU, computed for the steady state gas. Since for most molecules,
temperature of a rotating cometary T 104 _105 sec at { AU, the charac-

nucleus with an albedoa = 0.1
teristic size of the '""molecular"

expansion speed of the undissociated

FLOW VELOCITY (KM SEC™)
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RADIAL DISTANCE FROM NUCLEUS (KM)

Figure 2-15(a). Velocity Profiles

for the Cometary Atmosphere at

1 AU Figure 2-15(b). Density Profiles for
a H20, OH, H, O Cometary Atmo-
sphere at { AU (According to a
Calculation by Mendis et al,)
(Reference 2-37)

RADIAL DISTANCE FROM NUCLEUS (KM)
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region must be of the order of 4 x 104 - 4x 105 km at 1 AU. The region
must shrink as the comet approaches the sun, since V is a very weak
function of r, whereas 7T oc l/rz. On the other hand the total brightness
of the coma must increase as the comet approaches the sun since this
depends only on the solar photon flux and on the total number of molecules
present, unless the coma is opticallv thick,

The overall distribution of a given species of parent molecule
should be such that the dencity varies as r'2 exp (-V/rr), with the appro-
priate value of T being used for any given species. As indicated in Fig-
ure 2-15b, neutral daughter products should be absent from a small
region around the nucleus, and beyond that their density must decrease
less rapidly than that of the parent mclecules, since the dilution
associated with the spherical expansion of the flow is to some extent
counteracted by continued production, Eventually, however, when the
parent molecules are removed, the density of the daughter products in turn
decreases rapidly as they too are removed by photodissociation, photo-
ionization, or collisions with solar wind particles. In the case of H
atoms, the main loss process is charge exchange with solar wind
protons, but for other species the main loss processes are probably
photodissociation in the case of molecules and radicals, and photo-
ionization in the case of atoms. In order to conserve momentum, any
excess energy (i. e., above that required for dissociation) should be
given mainly to the lightest of the daughter products if it is not absorbed
in electronic, vibrational, or rotational excitation. Thus we must
expect that the atomic hydrogen component of the coma gas may be
strongly heated, and can therefore expand at a considerably higher
speed (i, e., perhaps several kilometers per second), than the
400-700 meters sec'l to be expected tor the parent molecules and
heavier radicals. This higher speed, together with a smaller loss rate,
enables the atomic hydrogen component of the coma to extend to far

greater distances than any other component (i. e., 105-106 km).

These estimates of the expansion velocities and radial scales
for the density variation of the neutral gaseous coma are essentially
independent of the comet concerned, since the stat- ' the nucleus does

not affect any of the arguments substantially. The nu. ' :us must, of
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course, control the net flux of parent molecules so that the number
density at any given distance from the nucleus can be expected to vary
from one comet to another, even if the scales of the spatial variations
must be more or less the same. Some distortion of the atomic hydrogen
coma from & meteorless spherical distribution can be expected since

the radiation pressure of solar Lyman-a is comparable with solar
gravity, and this presumably is the explanation for the slightly

elongated emission contours that are observed for the scattered Lyman-«
(Figure 2-16), This observation of Comet Bennett was made by OGO V.,

An important consequence of an expanding cometary coma is that
it will cause solid material (perhaps coated with ice) eroded away from

the surface of the nucleus as the volatiles evaporate to be blown away

from the nucleus. For a particularly active comet, the nucleus may

be completely enshrouded by radiaily moving grains so that the apparent

magnitude of the nucleus can change significantly. The dynamics of grain

motion has been discussed by Finson and Probstein (Reference 2-44), and

Delsemme et al., (References 2-10, 11, 42, 45). As far as the

grains are concerned the flow is free-molecular, although the expansion
of the coma gas as a wlole is essentially hydrodynamic. The very
smallest grains could, in principle, achieve speeds as large as the
expansion speed of the gas (i. e., several hundred meters sec '1): how -
ever, speeds of the order of 1-10 meters sec”!

snowflake-sized particles,

appear more likely for
The thin, sheet-like structure of Type II
tails is clear evidence that most of the grairs involved have not been

accelerated to very high speeds. The smallest grains are strongly

affected by solar radiation pressure, and all grains which undergo &«
substantial mass loss by evaporation may have their trajectories
affected if the mass loss is not symmetrical.

2.4.1.2 The Icy Grain Model

Delsemme and Miller (Reference 2-45) have pointed out that the

processes of photodissociation and ionization associated with emission

of neutral gas from the nucleus cannot account for all the properties

of tt coma and tail because the solar flux is insufficient over a
10’-104 km cross section of neutral gas at several AU to account for

the amount of excited material needed to supply thes: features. They
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have suggested that gases emitted from the nucleus are already in the
form of radicals or molecules in elevated energy states. Also, the
desorption times of gasee trapped on an icy nucleus are too long to pro-
vide the observed mass of the coma.

Combining these objections with the results of laboratory experi-
ments simulating cometary conditions (Reference 2-10), Delsemme
and Miller propcsed a model of cometary emissions along the {ollowing
lines: The tvpe of environment in which comets find themselves when
far from the sun favors the condensation of water in a snowy, lattice-
4" 6H20). The snowy

substance is a clathrate if it is or partially formed of radical gases. As

like, rather than smooth, icy form (e.g., CH

a cometary nucleus including an exposed clathrate component approcaches
the sun, some of the most volatile absorbed gas or ga -es of the core or
icy mantle (CI-I4 is a good candidate) is desorbed by energy from the
increasing solar flnx and expelled from the surface cf the nucleus. On
being expelled, the gas detaches small icy grains of the snow, an effect
consistent with that observed in the laboratcry, and presumably releases
frozen nonvolatile particles as well. The gas molecules are then accel-
erated and dissociated and ionized. In leaving the nucleus, the escaping
gas blows the smaller detached icy grains and released dust along with
it. The grains in turn contain more ‘rapped, volatile gas which they
release by absorbing solar radiation as they move outward, They also
evaporate to water vapor as they go, and the trapped gas molecules
break them up further as they escape from the grains themselves,
perhaps releasing additional dust as well. Water vapor is, of course,

evaporated directly from ice in the nucleus as well.

The result of the process should be to surround the nucieus with
a halo of icy particles which are accelerated fro.n the nucleus along with
the primary neutral gas. The grains become progressively smaller
with increasing cometocentric distance because of sublimation by solar
energy and pulverization by secondary desorption of additional trapped
gas. The gr-'ns presumably deliver radicals to large:r cometocentric
distanc~s in this way, acting as a surrogate nucleus of enlarged diam-

eter in p.ice of an inner coma of pure neutral gas.
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The icy halo model has implications with respect to cvery cometary
feature, but the model is still too new to have been evaluated thoroughly
in all its ramifications. No attempt at such an evaluation is made here,
but selected attributes of the halo are quoted or deduced where appropriate.

Delsemme and Miller (Reference 2-11), in the tnird of a series of
four papers on the halo, give considerable attention to vaporization rates
of vari- s possible vclatile constituents of cometary ices. Their es.imate
of the number and mass of grains in the halo follows (reproduced from

their paper):

""Two ways are open to assess the possible number of grains
in the halo: the laboratory experin.ents (paper I) and the
cometary observations,

In the laboratory, the production rate observed was only
asgsessed visually. This vives an order of magnitude of
one grain cm-2 sec-l, ‘ine average grain's diameter is
0.6 mm (Fig. 2A, paper I). With an apparent density of
0.44 cm-3, its aver. e mass is about 5 x 10- g, giving a
mass production rate of srains of 5 x 10-5 g cm=¢ sec-1,
as compared with « mass produgtion r?te of water vapor 3
methane of 2:65 x 1018 mol cm~% sec~! = 8 x 1075 gecm”
sec™ ', The ratio of the grain and gas productior. rates is
therefore m = 0:63, whose order of magnitude only should
be mearningful.

The assessment fro.n cometary observations relies on thLe
comparative brightness of the central condensation to the
global brightness of the contintum. In many comets
showing a continuum, and in particular in new quasi-
parabolic comets which usually show a strong continuum
the light distribution is often stronger in the continuum
than in the molecular emissions. (On the other hand.

E. Roemer's determinations (1969) show that in most
cases, the brightness of the head is, on the average,

at least five magnitudes, that is 100 times brighter, than
the central condensation.) Assuming that the albedo of
the grains is the same as the albedo of the nucleus, the
total cross se.tional area of the visible grains is at least
100 times larger than the¢ crose sectional area of the
central condensation, which might still be slightly
prighter than the 'true nucleus'. This conclusion is .nde-
pendent of any phase function, as it would be the same for
the nucleus and the grains. If we assume a spherical
nucleus of 2 km radius, ita cross sectional area is
1011.1 cm2, This means a cross sectional area of at
lezst 1013.1 cm2 for the visiblc grains, The initial mean
diameter of the grain being 0. 6 mm, as the evaporation
proceeds linearly, the average cross-section per grain
is 10-2. "+ cin? and there are 10! gr visible in the coma,
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This result implies that the number density of the grains ‘
is small enough to see almost all of them. Their life-

time bem% 102- 5 sec (Section 9, formula (25), w1th

Z = 1017.2), there is a grain production of 1011.5 gr/gec-1,

or a produ ‘ion rate of 0, 67 g»/cm-2 sec-1. ’I‘heu‘ initial

mass bem% 10-4.3 2 the masa flow rate of the grains is

about 107-2 g sec-1, or a mass flux of m. =10-4.5 ¢

cm-2 sec~!, Therefore m = 0.43.

This could be a lower limit, as it is based on the assumption that
the central condensation brightness is the brightness of the true
nucleus. It could also be an upper limit as the fine dust component
might also contribute a sizable fracticn of the continuum light even
if its mass component remains negligible, because of the small
size of a large number of grains, therefore diminishing the con-
tribution of the large icy grains. The fact that our two assess-
ments point to the same order of magnitude shows that therc is

at least no inconsistency. "

One of the principal effects of the halo phenomenon would be to
alter the relative amounts of constituents of the coma at various dis-
tances from the nucleus. Since some of the water vapor would be pro-
duced by sublimation of the expelled grains rather than the snow or ice
of the nucleus itself, and some radicals would be preformed in the ice,
having been deposited with, and trapped in, the snow, the curves of Q
Figure 2-15b should be modified to account for the necessary redistribu-
tion of densities. No quantitative assessment of the redistributed densi-
ties is available, but radical modification is not anticipated. The relative
grain and gas production rates quoted above suggest that perhaps half the
water in the coma arises from the grains rather than the anucleus, thus
flattening the initial slope of the HZO curve in Figure 2-15b and moving
the remainder of it outward. Adjustment of the other curves would have

to be made accordingly.

The dynamic behavior of icy grains is ireated extensively in the
third paper of Delsemme and Miller. Most grains reach their terminal
velocities of 0.1 to 1 km/sec within 1000 seconds of their departure from

the nucleus. The size of the halo is also estimated in this paper. The

- radius of the halo is not unique but is a function of grain size. Fig-

ure 2-17 and its caption, adapted from Delsemme and Miller (Refer-

ence 2-11), show the dependence of halo radius on certain selected

particle sizes. The unshaded section of the graph defines the range of (’
heliocentric distance, 0.34 to 1 AU, applicable to the 1984 Encke

rendezvous.
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Figure 2-17. Extent in Kilometers of a few Icy Halos Built
Up with Grains of a Single Size, as a Function
of the Heliocentric Distance, AU,

The parameters correspond to grains of clathrate hydrates plus
some free methane (k = 5, AO = 0.9) stripped from a nucleus whose
radius is 2 kmn. Eighty-seven percent of the distribution observed in the
laboratory lies between the two solid lines (ao = 0.1 and 1 mm); the
radius of grains is given for other hypothetical halos in dotted and dashed
lines. The envelope of all halos for different particle sizes is also shown
by a thin solid line near log R, = 4.2 for a nuclear temperature of 200°K,
and log R = 3.9 for a nuclear temperature of 50°K. Observe the sharp

gravitational cutoff near 3.5 AU,

Nearly 90 percent of the particles, as anticipated from laboratory
results, would go no farther than 4000 km from the nucleus at 1 AU, and
the largest would mot survive beyond 16, 000 km. The radius for all but
the largest grains decreases monotonically with decreasing r. The
dependence of the average-halo radius RH on heliocentric distance r for
the average 0.3 mm grains, represented in the figure by the wavy line
segmeant, can be written RH = 32001’1' , with r in AU, RH in kilometers.
Clearly, the balo is expected to occupy much the same region as is gener-
ally conceded to the neutral inner coma in prehalo models of coma forma-

tion (Figure 2-15b).

An impc tant aspect of the halo is its visibility. Figure 2-18, from
Delsemme and Miller (Reference 2-11) illustrates the calculated bright-
ness profile based on their model. The haln is clearly expected to be

substantially brighter in the center than at the circumference.
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Figure 2-18. Brightness Profile of the Continuum,
Reflected by the Icy Halo, as a Function of its
Distance from the Nucleus. To limit the central
peak, a simulated seeing of x = 0,0!{ has been
adopted. This corresponds, for a halo radius of
10 km, to a 0.3 seeing when the comet is at a
geocemtric distance of 0.4 AU,
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At EON OF HALO A 2. 4.2 Specific Properties of Encke's Coma

FRACTION OF HALO RADIUSS

2.4.2.1 Emitted Mass

The nucleus of Encke begins to emit sufficient quantities of volatile
material to produce a visible coma at a distance of about 1.5 AU, The
total emission of gas per perihelion passage .s at present 0. 03 percent of
the mass, according to Marsden and Sekanina (Reference 2-25). Using the
value of the albedo adopted by these authcrs, this corresponds to a mass
loss of 6 x lOlzg per perihelion pz .- .age, or an average loss of
~6 x 105g/sec during the approximately 100-day active phase of the

perihelion passage, prima:il- prior to perihelion.

2.4.2.2 Volatile Compoenent

If we adopt Sekanina's value of 10] 5g per revolution as a first esti-
mate of the present outgassing rate, tne density of HZO molecules in the
coma is approximately a factor 10 jess than indicated in Figure 2-15b and
a factor of 40 to 800 less than the cstirnite of Delsemme and Miller quoted
earlier, which was not for Encke, but f(r another comet. The mass loss
which takes place during the few riuunths arcund perihelion (where the
planned rendezvous will occur) corresponds to an evaporation rate of the

order of 1029 H, O molecules sec"l. A lLetter estimate will be possible

2
when details of recent observations of the Lyman-a emission from tie
coma of Encke become available. Ac:cording to the icy halo model,

roughly half the emission would be .n the form of icy grains.

2.4.2.3 Nonvolatile Comp(;nent

Although the '"'dismantled core' consists p- marily of nonvolatile
material, according to the proposed mode: of the nucleus this material is

now in the form of large aggregates, possibly a single piece, and is not
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readily swept along with the escaping gas. If Encke has a radius of

1.6 km, a mean density of 1.0 gram cm'3. and emits 1029 H, O mole-

2
cules sec'l at a velocity of 500 meters sec’l, then the maximum radius

of grains with density 1.0 gram cm°3 wkich can be blown away from the

comet is ~2. 5 cm, assuming a drag coefficient of unity. The absence of
continuum radiation in the coma of Encke (References 2-25, 2..-32) svggests
that the coma wind is too weak to blow any significant quantity of solid
material away from the nucleus, or the supply of sufficiently small grains
in the surface layers has been exhausted. Although the low continuum
radiation still permits as much as 10 percent of the emitted matter to be
in the form of grains a few millimeters in radius and an even greater
arnount in the form of larger particles with a lower ratio ~f surface to
mass, there is no evidence that such particles are now in the coma, and
it seems plausible that the fraction of volatile material lost is consider-
ably greater than the fraction of nonvolatile material. A figure of

6 x 104g/sec during the active phase can ke used for the rate of emission

of meteoric matter; an uncertainty of ai least an order of magnitude
should be associated with this figure.

2.4.2.4 Asymmetr

The earlier discussion or the nucleus of Encke pointed out the prob- .
able asymmetry of emissions that c.re implied by the existence of a non-
gravitational! acceleration. It may be inferred that the coma densities
share the asymmetry of the emitting surface, thus explaining, at least in
part, the asymmetric coma described in an earlier gection. To a first
approximation, then, it should be anticipated that gases in some parts of
the coma are two or three times as dense as they are elsewhere. The
same statement would apply to icy grains and lithic dust particles in the
absence of any theory or data tc the contrary.

2.4.2.5 Vigible Constituents

Sekanina (Reference 2-19) has compared the total gas ahundance
deduced from dynamical considerations with the observed abundance of
C2 for 23 short-period comets (see Figure 2-19),

There is some evi-
dence that the ratio between the total and C

2 densities might tend to



;‘
R d,‘i'_vu:.,"‘l, ",‘»' . ,".
Bl LSBT Ko ar e e bl

¢ Lo
Sa TV oA

1
P

H
3
4
E

i

3

%

-t A i3
aesTh L

SR BBt LA I D SR B SENE R IR0N BANE ShNS SN M Sen aae
10000000~ ot
’ *n
1000000}
100000}~ ‘/‘/9' .
{® P
R W 5 1%
’
P4 m..’ls ]
10000} A e
Y e '/ 7 et
& S ey
S oo , ﬂ_‘,_,——.—-'f"'x 2”/’
c — 4
.,'u 3 S.
ol 2 100}- 2t =
o
=13
K
;lu ol * R
| S A WO WU O IO VO DU YU W SN T W TNV T Y
1860 1850 1900 1950
Years

increase secularly.

ferent volatiles to escape with differing rates from the nucleus. Despite

Fi-1re 2-19. The ratio of the
te . gas abundance in comets
in units of C2 abundance for
23 short period comets vs
time. The curve labelled one
is drawn through the points
obtained for Encke. The

" comets are identified by

number in Reference 2-19,

This is not surprising, since one would expect dif-

w

the fact that the nongravitational parameter has decreased markedly and

the comet appears to be approaching its death date, Encke still shows

‘evidence for a surprisingly large amount of gas. Ite spectrum is well-

documented, and all the molecular species typical of comets have been

observed.

The spectrum is especiall,y étrong in C2 and C3 and especially

weak in continuum. Furthermore, Encke has recently been observed to

have a large hydrogen cloud associated with it. Accordingly, we might

expect that the physical processes associated with the coma are similar
to those in younger and more spectacular comets, but on a somewhat

reduced scale,

Encke's coma and tail.

Table 2-2 lists the identified molecular constituents of

Presurnably these species are in the coma in

varying proportions beyond 104 km from the nucleus, and they or their
(invisible) parent species (H (ON NH3. CH4, etc ) are in the inner coma

as well,
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Table 2-2, Gas Species Present in Coma of Encke

Molecular Species Emission Wavelengths P/Encke
CN 388 nm S
?Z 474 S

516

564
C, 405 s
CH 428 w
NH 336 w
NH, 630 w
OH ‘ 309 w
cot 400 W

426

455

+
N, 391 w
Continuom - w
S = Strong M = Moderate W = Weak
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2.5 INTERACTION WITH THE SOLAR WIND: THE CONTACT SURFACE
AND THEFE TAIL

L

One major area of interest in cometary research is the nature of
the interaction between the plasma of the solar wind and the gases of the :/ _
coma. The interaction may involve as many as three related processes. u
First, the solar wind flux may contribute to the mechanism by which the L
neutral parent molecules of gases emitted from the nucleus are dissocia- , . oo
ted and ionized. Second, the solar wind, and the interplanetary magnetic B
field embedded in it, must play a dominant role in sweeping the ionized N
constituents of the coma into the Type I (ion) tail and in shaping and main-
taining the tail as it streams away from the coma in the antisolar direc-
vion, Third, the solar wind, being supermagnetosonic and superalfvenic,
must prepare well upst-feam for its encounter with the icnized coma by a
plasma physical process of deceleration, either through a collisionless

shock or a transonic ion exchange sheat.

Encke has shown a Type I (ion) tail, especially during years of
enhanced solar activity., Whether visible from Earth or not, a tail should
be present as long as gases are emitted. Type I comet tails are the 3

direct result of the interaction of the solar wind with the coma. The

" solar wind does not impact directly upon the nucleus of the comet itseli,

except perhaps at very great distances from the Sun where the surface o
temperature is so low that the coma effectively disappears. The cross
sections for the various interactions between neutral atoms, radicals and
molecules in the coma, and ions and electron in the solar wind, yield
such small collision rates that the neutral gas comprising the coma can
expand freely through the interplanetary plasma and magnetic field. On
the other hana the interplanetary magnetic field introduces an effective
coupling between the solar wind and any ions produced from the neutral .
coma gas by charge exchange or photoionization. Thie can have a pro- >
nounced effect on the dynamics of the solar wind, since a transition to
subscnic flow should occur approximately at a point where the solar wind

has doubled its mass flux by picking up new ions of cometary origin. i

Two concepts of a comet's plasma interaction are current. The i
first postulates a process analagous to that sunward of the earth's magnet- ‘
osphere, where a collisionless shock would form upstream from the : \ \i
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comet. This model is still being developed by Bierman, Lust, Schmidt,
and their collaborators. The second concept, developed by Wallis, pro-

poses a ''transonic' process in which no shock forms.

A detailed description of the shock interaction model of the solar
wind and the neutral coma gas is provided by Bierman et al., Refer-
ence 2-46 (see Figure 2-20). The calculations were carried out only along
the line joining the Sun and the nucleus of the comet. Apart from the
effects of the inerplanetary magnetic field, this should be an approximate
axis of syxfmetry for the flow, and there should be a stagnation point
somewhere ahead of the nucleus. The hydromagnetic detached shock
stands somewhere from 106 to 10-7 km upstream, reducing the bulk flow

“velocity from an average of about 400 to 100 km/sec, and heating the

plasma. Behind the shock, the solar wind gradually flows to a few Km/sec

"before a'rriving at the contact surface, where an accumulated flux of

interplanetary field stops or deflects the flow completely.

Unfortunately the calculations of Biermann et al. are not completely
consistent in that the treatment is ' quasi one-dimensional, and the diver-
gence of the flow around the comet is accounted for in an ad hoc manner.
It is found that the stagnation point occurs some 104 -IQS km ahead of
the nucleus, under the conditions assumed. This sfagnation point is
interpreted to lie on a contact surface which separates' plasma of comet-
ary origin (on the inside, in the region conpai.ﬁing the nucleus), from
plasma which is partly of solar origin and partly of cometary origin on
the upstrea.lrn (solar) side, The calculation is consistent only if the
cometary plasma within the contact surface can exert a sufficient pres-
sure to balance the solar wind pressure, which is unlikely at such a large
distance from the nucleus. It is more probable that the contact surface
lies at a distance of 103 --104 km in front of the nucleus, with the smaller
figure probably more appropriate in the case of Encke. It seems there-
fore that Biermann and his colleagues overestimated the effects of flow
divergénce in their first calculations, especially since thlsj’?is the only
parameter controlling the position of the contaét surface if ';the solar wind
parameters, and the parameters determinir,Ag the flow of gas from the

nucleus to the coma, are fixed,

2-41 .

PR

WEE

T

P

P
T2 A

ST e T

A R



ca 3
e

[P AN

y
A

"

:

F]
.
X
L
3

:

L

vy
sy &> R

< g

}
q

,ml:n ;&&WJW%‘ “KV':"

ki
€7 N = 573CM”
£ U = 400 kmAsEC ¢ 10

=l

d

MEAN MOLECULAR
WEIGHT 4

BENSITY N

)
10 PROTON DENSITY N f 0-3
_I \ Y NMACH NUMBER M
M= Ny  =3CMT B -3
o e (Nple = 2.0em™ .

VELOCITY U 10 PRESSURE P Pe = s xil”
DYN Cmé
107! 10-3 ,
DENSITY OF
2 IONIZED COMETARY “
10 PARTICLES N - N 10
) 2
P - 26x167 DV Cm M= C
10-31 L 1 Lo aa 1 ) 10_31 4 i il ‘l!nli-l
5 % 16% KM 2x1bkm 11t kM 54107 kM 5 x 10°KM 22 10°KM T actKke DLk
DISTANCE FROM NUCLEUS ————] fe———— DISTANCE FRON NUCLELS —
SHOCK FRONT CONTACT DISCONTINUITY  SHOCK FRONT CONTACT DISCONTINUITY
Figure 2-20. Dependence of Various Plasma Properties on -?
Cometocentric Distance }

An important process in the deceleration of the solar wind behind
the shock is exchange of charge between the solar wind and the cometary
gases. Some of the solar wind protons are neutralized while some of
the cometary gases are ionized and forceéd to flow downstream with the
1nterp1anetary field. The rela.twely massive local ions added to the flow
result in a net deceleration of the plasma. This process has led Wallis,
in a calculation ignoring divergence of flow altogether, to the conclusion

that charge exchange and photoionization can occur in such a way that the

~solar wind is. gradually and smoothly decelerated from supersonic to

subsonic speed w1thout the generatxon of any shock at all. This result,

which contradijcts earlier suggestxons thata etrong shock should be

'present, is probably close to the truch However, since it does not allow

for any dlvergence from the flow, it doe.s not help us estimate the posi-

tlon of the contact surfa.ce whxch should certainly be present,

The general character of the solar wmd or interaction with thc
coma of Encke at 1 AU is indicated in Figure 2-21. A shock transition 3

occurs on the fringes of the @nteractionl region, but immediately ahead of

-

P 2-12



PR

4

-

(' : INTERPLANETARY - L '
FIELD LINES. . : ' '

N “
:

{

X\
o

¥

3

r4

c

g

G

_ . ' ‘ AN COMETARY
C ,‘ . : . . . A l' ‘ . . PLASMA. &
3 S\ *3 KM/SEC

E .
& g
E R
: ‘3 (,-f Figure 2-21. Principal Reg;ons of Coma and Solar’ Wmd k
g
L § the comet the transition from supersonic to subsonic flow. may be smoath A
:f“? as described by Wallis. This is indicated by the dashed eectmn of the - . 7 .
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.:;‘f shock wave, the plasma is heavily loaded with ions of cometary orxgm,
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and the magnecic field is stronger than it would be in the undisturbed solar " o

wind, The mixed cometary and solar plasma ﬂows around the contact"

A

A surface and the mterplanetary ma.gnetxc fr.eld is compressed agamnt it - -
: with the field strength reaching somethmg like the stagnatxon value of i,
50-100 y. Within the contact surface there can be no solar wind plasma, o

and the plasma that exists must be entirely produced py photoionizat'ion' of .
neut.al coma gas, Collisions between 'the outﬂowi;'xg neutral coma gas and
the coma plasma force the latter against the ingide of the contact surface
in £uch a manner that there is pressure balance across the aur,face, _
Ultimately of course the momenturn flux of the solar wind can be con- ..
sidered as held off. by the friction between the coma plaama and q;e Pow-' )
(ff ‘ ing neutral coma gas. Unfortunately the detaxled behavxom 9£ t,};e CW et
. plasma has not yet been analyzed quanutatively, Qonseg\;?nﬂy m 1
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yet know whether the coma plasma is lost mosily by recombination in the

£

vicinity of the contact surface ur by the flow into the wake of the comet,

thus leading to the formation of a Type I tail.

The temperature of the coma plasma should be maintained almost
rutirely by photoelectron heating, since there is almost no other source,
In any case, the mean thermal energy per electron ion pair cannot be
more than about 1 eV, Consequently to achieve a pressure balance at the
contact surface, it is necessary that the number density of the coma
plasma be of the order of 104-105 ém'3. At such densities the recombi-
nation rate can be expected to be rather high, since most of the ions
concerned will be molecular (e.g., CO+, C02+) and therefore liable tc
dissociative recombination with a recombination lifeti-ne of the order of
102-103 seconds, These lifetimes are less than or of the same order of
the time required for plasma tc low out of tt > coma if the characteristic
speed of the flow is 1 km sec” 1, and hence reccmbination must be an

important process as far as the coma plasm: is concerned,

The contact surface is liable to flute instabilities on its forward oo
side since the interplanetary magnetic field around the outside is curved -
in such a way that it would be likely to contract and enter the region of
coi1a plasma., Friction between the outflowing neutral coma gas and
the coma plasma may exert a stabilizing influence, but it is far from
clear that complete stabilization can be achieved. Indeed just such an
instability is required to mix the coma plasma with the .nterplanetary
field and so produce the rays and other features associated with Type I
tails; hence the above description which implies the existence of a sharp
contact surface should be modified accordin_,ly. The contact surface is
also liable to Helmholtz instabilities wherever there is a substantiz.
shear between the coma plasma and the external flowing plasma. How-
ever, it is not easy to see the effects of such an instability in the presence
of the flute instability, which in a sense allows magnetic fields to diffuse
into and be captured by the coma plasma; thus producing a prote~tive

envelope which could tend to stabilize the contact surface.

Many attempts have been made to correlate tail activity with activity
-

on the sun, Some such correlation might be expected since solar activity

is associated with increased solar wind flux, and an enhancement of the
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solar UV flux. The empirical results of Whipple and Douglas-Hami.iton
{Refereuce Z-5) and Whipple's reccnt amendment of them are described in

an earlier section,
2.6 ENCKE CHARACTERISTICS COMFARED WITH OTHER COMETS

The value of a selected comet mission sould depend heavily on
whether the targeted comet is likely to provide information on comets
as a class. For the forseable fulure, no mission to a nonperiodic comet
can be énticipated, so a target for a comet mission will necessarily be
drawn from the subclass of periodic comets, and it is all the m~re impor-

tant to know that a given comet is a suitable object of study.

Altl.ough all cor;xets are individuals, Euncke is reasonably represen-
tative of others in dimension and composition. Figure 2-22 shows how
certain characteristics of Encke compare with the rang- of these charac-
teristics shared with comets in general. A separate compiiation of the

comparison follows in Table 2-3,

NUCLEUS OTHEF COMETS
— 6.5 5 15 28 KM
® RADIUS ENCKE i1 i
14 7 )
ME 10 10 162° GM
® SS 1 } ! 1 i i L
® C MPOSITION
{VOLATILE/NONVOLATILE) OTHER: VOLATHE [ Joe) NONVOLATILE
ENCKE:
COMA A OTHER COMETS
; 0t 16 1# xm
. RADIUS ENCKE&-—J
12 13 1 3
© DENSITY 10 10 10" MOLECULES,CM
] 10 1
® GAS EXPANSICN VELOCITIES h—ﬂ—u /e
o ¢ 45 COMPOS TION: NUMBER OF T i3
TYPICAL CONSTITUENTS ENC e i kbl L]
© HYDROGEN COMA CBSERVED IN THREE COMETS INCLUDING ENCKE
TARL
® LENGTH 10° W W w0fxm
e N OTHER COMETS:  GAS,DUST OR

PREDOMINANTLY DUST
ENCKE: PREDOMINA® v GAS

Figure 2-22, FEncke Characteristics Compared with Other Comets
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. Table 2-3. Characteristics of Encke Compared with Other Comets i
} Other Tomets i . :
. {From "Atlas ot Cometary Forms'') Encke
) Generai: The <on‘1pasx'tion, aspeciaily the gas/ High gas /dust ratio. ~4€ percent

dust ratio, varies widely among comets
siucleus: bnméter. i to 50 km ' Dameter, J.5 o 3 km
Mass, 10° 0 g0ty Mass, 10" e 00! g
Compesition, solatile molecules Composition, nomolatile ccre “tith eaposed
(parents of obsérived species), \olatile constituzents
Meteoric particles, micron grains
Coma: ~ Observed constituents, 0, CN, C,. Obserted constituents, CN, C,. Cy0 TH, NH,
‘9 —_— S . 2
C,. CH, NH, \H,. OH, cc®, NH,. OH, CO". X;
€0;, N;. CH', OH", dus:
' Diameter. 10% to 10® wm _ _ Diameter, 157 to 4 x 10° km

: : . 3 3
- Gas density, lGH molecul'eslcm3 Gas density, 4 x XO‘Z . 5x 1013 cm -

at nucleus fcr very bright comets

M Velocities, neutral 3pecies and Velocities, ¥ <1 km/sec .
. dust-up to | km/sec expansion
': Hydroge.. coma, postulatzd. . Hydrogen coma,. observed
e observea-in three cases
o Tail: Length, up to 10% km Length, 10° to 4 x 16° km
i Width, up to 16® km ' ) Width, «10° km
- Ion tails are present in about lon taii only

30 percent of comets

2.7 MISSION RELATED PROPERTIES OF ENCKE

.
-k -’

vt

1

2.7.1 Viewing Conditions :}

Coozdination between local measurements by spacecraft instru-

. .-\;" 2
ki

i
nbs}

ments and remote measurements by earth-based observations will

undoubtedly play an important role in a rendezvous mission. The dura-

vt
okt ¥ '”‘
oo

tion and quality of earth-based observations for a given mission will

* hodermhs

depend on the changing relationships of earth, sun, and comet. Since the
: orbits of earth and Encke are asynchronous, these relationships vary
from pass to pass, and arc not all equally advantageous from the stand-

- poi.xit of acquiring correlated observations.

Apparitidns of Encke can be divided into three categories: those in
which the comet is observed only before pcrihelion, only after perihelioﬂ,
or both before and aiter perihelion. A history of Encke acquisitions from
1885 to 1951 is the subject of Appendix B. The implied viewing condi- A

on -

-tions for possible Encke missions are summarized here.

The categories of Encke acquisition are defined by the position of
the earth in its orbit at the time of the comet's perihelion. Figure 2-23
displays three views of the earth's orbit corresponding to the three cate- A

gories designated above, At the left, the heavy arc corresponds to the

D
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ranye of positions of the earth, at times of Encke’s perihelion (small
circles), for which the comet was observed only inbound. In the center,
the heavy arc has the same meaning for acquisitions only outbound, At
the right, the heavy arc represents the range of carth's positions corre-
sponding to acquisition before and after perihelion. The asterisk on the
arc at left indicates the location of eartn at the time of Encke's 1980
perihelion; telescopic observations of the outbound comet in 1980-81 are
extremely unlikely in this case. The asterisk at right shows the earth's
location at the time of the comet's perihelion in 1984: Conditions govern-
ing telescopic observation of Encke both before and after perihelion are

favorable in this case.
ACQUISITIONS BEFORE

ACQUISITION BEFORE
( pamzmkomv . AND AFTER PERIHELION
| 1980

)

"/ ; ——
/ o
L
S SN
\ \ | ENCKE
\ | PRIHELION/
‘\ \\‘,’ //
., ! /
~_N\ .
H
COUN
~ ACQUISITIONS AFTER >N >N
~ PERIHELION ONLY - - Lo

Figure 2-23. Positions of Earth at Encke's Perihelion Times
for Various Viewing Conditions
Figure 2-24 shows an ecliptic plane projection of earth and Encke
orbits in an inertial system. Simultaneous positions of earth and Encke
are shown in the upper half ot the figure for the comet's 1984 approach

to'the sun. Actual positions of observation during the 1951 approach,

~ one of the most completely monitored of all, are shown in the lower half

of the figure. The 1951 experience and the summary of historical condi-
tions in Figure 2-23 suggest that the viewing angles of 1984 should be:
advantagecus to comprehensive telescopic observations of Encke from

earth and correlation with measurements nma de at the comet.

The next duplication of the favorable geometry of the 1984 oppor-
tunity will occur in 1994, The. 1987 pass; with periheﬁon in July, belongs
to a sequence of relatively unfavorable passes. It would be represented

v
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for 1964 and 1959 Apparitions
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by a point in the lower right quadrant a little beyond the end of the heavy
arc in the center of Figure 2-23. During the most recent of these unfav-
orable passes, in 1954, the brightness of Encke was rever reported as
better than.19th apparent magnifude, according tc Vsekhsvyatskii's notes.
The 1980 pass, with éerihelion in December, is part of a rehtivély favor-

able sequence in which good observations have been made before peri-

-heliow, out there were no post-perihelion recoveries in 1937 and 1947,

acearding to Vsekhvsyatskii. The 1980 opportunity should on balance,
be almost as good as the 1984 one, as far as pre-perihelion coordination

with earth-based observations is concerned.

2.7.2 Nonuniformity of the Nucleus

It is not possible. to say anything with much certainty concerning
the details of the structure of either the surface or the interio: of the
nucleus, It is possible, however, to draw some inferences for mission
planning. It seems quite reasconable, for example, that escaping gz.es
have caused the surface of the nucleus to become vesicular, but the gize
of the pores is a completely cpen question, The internal structure of
the nucleus could consist of a single core or of a number of smalier
bodies which will become separated following the final loss of all the
volatile material, Migration of material from the interior reservoir of
volatiles could be either through a single porous structure or through
the interstices of a congloi'nerate of individual accumulations of nonvola-
tile material. The former seems the more likely prospect for this

apparently late slage of Encke's active era,

Regardless of how the material to be emitted finds its way to the

‘su'rfa.ce, wheére pre-perihelion heating removes the bulk of it, ,i.t\'is clear

. that emission itself is not uniform over the surface of the bady. ' An:

asymmetric ,erhis-sion is necessary to account for the imbglance of forces
caugingv the nongravitational acceleration, Moreover ',- f;he w§11~knowﬁ
asymmetry of Encke's egg-shaped coma suggests a hzgher ‘dens,ity of
expe}.led gases oa one side of the comet than on the other, :‘The“p‘:eferred
direct,ior_i‘of efflux seemed to be toward the sun a.nd. in the direction of -
motion of the body along its orbit, with an angle to the Eung z.:omet‘ line
greater.than the six degrees that appnea to a number of other comets. ;

Since the ma#im\im ingolation occurs at.the subsolar poini: of the - .
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surface, the offset in emission is taken as evidence of rotation of the
nucleus with a period some tens of times the elapsed interval between
maximum heating and maximum emission. Some asteroids are highly
irregular or elongated. Examination of light curves for Icarus and
others rnight yield an approximation to Encke's period. It would be of
great interest to determine whether the emitting area is a particular
section which is exposed each time it comes around to the sunlit hemi-
sphere or merely the warmest section of a uniformly coated surface,
In either case, three implications are straight-forward: First, the

apparent dependence of emission on local heating makes certain regions

around the nucleus, e.g., behind it or along the axis of rotxtion, auspi-

cious for observation with the least hazard té a hovering spacecraft;
second, ' if the emission streamers proceed from particular locations

on the surface, the surface should show visible structural detail, and
observation from a position above a pole should afford an opportunity to
measure the spin ra}té, even at considerable distance (where nuclear
features are still u‘nre‘svolvable); third, removal of most of the available
volatiles by the time of perihelion, at-the latest, should reveal an irre-
gular surface with resolvable features, i’naking post-perih'elion measure-
ment of spin rate feasible'\v;th reduced hazard in any position around the

nucleus,

‘Encke does not become gntifely inactive after perihelion. Fig-
ure 2-25 is a scatter diagram of n"qagn';tuldes against heliocentric distance,
where the magnitudes are those compiled‘by Vsekhsvyatskii (Ref-
erence 2-3; see Appendix J) for post-perihelion observation since 1885, .

The dashed lines define the general trend in the magnitude-distance r-

_relation. While the'scatter is too great to define any dependable curve

thrpugﬁ the points, it is immediately apparent that the slope of H with r
is much too high for the i/r2 asteroidal law of .Brightness to apply. The
solid line i‘epreéenlting\anl arbitrary asteroidal de;:end‘enc:e through the -
center of the magniig'dé range,' shows this. I’é may'be é:énélude;:l there-~

fore that Encke's asymmetric behavior with respett to perihelion has

the advantage that many measurements, including those of the momentum

properties of emitted gases, may be made at clqsé range dux;inglthe cut-

bound pass with little risk.
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Flgure 2—25 Scatter Dxa‘gram of Post-Perihelion Magnitudes
-, . v8.Heliocentric Distance, Showing Failure of
L Enght:ness to Follow Asteroidal Law r-2

2.1. 3 Vanatmn of 'I’eriipera,ture of Nuclaus w1th Heliocentric sttance

The thern'ml propertges of the coma both un-mnlzed and ionized
the size of the vcbmq"\ and the dxstnbutxon of varmus gas species within it
depend on the temperature. éf the surface of the nucleus from which the

l‘ps temperature should properly rise with the solar
ra.diatxon rechved by the nucleus as the sun is'approached, A nominal

functional form for the temperature of an astermd is (Reference 2-2)
S 380
. L. N T - .._.72

)

The evaporation of the ice of a 'cometéry nucleus requires modification

of this simple relé.ti.onship, iwhig:h is not applicable to a uniformly
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ice-encrusted comet when it gets close enough to the sun to emit an
appreciable amount of material, Delsemme (Reference 2-12) studied
the effect of the heat of vaporization on the surface temperatures of
comets and concluded that the correct temperature between r = 0.3 and

4 all should vary with an exponent of r equal to 0,06 and 0,12, i.e., the

power of r itself varies with r, but the net effect is to maintain a tempera-

ture with relatively little heliocentric dependence once a minimum of
about 200°K is achieved at r =4 AU.

In the case of Encke, with its probably depleted, nonuniform
nucleus, a nonuniform surface temperature should be anticipated. Large
areas of exposed, nonvolatile surface may follow Levin's asteroidal law,
at least apf:roximétely. Figure 2-26 displayed this possible heliocentric
dependence of temi:erature for the exposed material between peri#lion
and 3 AU.. The temperature of sections of the surface of Encke's nucleus
that emit the ice grains and gases forming the halo and coma may be
expected to deviate significantly from the curve of Figure 2-26, and
remain relatively constant at about 200°K.

00 ‘ The actual distribution of
temperature of the nucleus is
=T dependent on all those unknown
o properties that only a closely
approaching spacecraft can
2 :[ determine.
7
. 2.7.4 Photometric Properties
and Projected Images
s of Encke
10 et
Dy . L 2.7.4.1 Magnitude Laws
’." 1.0 2.0 3.0
e An assessment of the

Figure 2-26. Temperature and Velocity photometric aspects of an Encke
of Emission rendezvous mission begins with
two basic functional forms of the comet's brightness, or light flux density
L. The flux density LN from the nucleus is assumed to follow the
asteroidal law
2, 2

‘2
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where A, »}'% R\ T are as defined in Section 2.2 and AS is the distance
from the s@hcecraft to the comet. Light from any material emitted by the
; fssumed to follow a’hligher power law expressing the increasing
;f“- lﬁrniﬁous m#tevriai with decreasing r (Reference 2-2),

11ted without phase typically by

2
S L

cc ARNZ/ a

. Subscxv'ipt.C in this 'c‘age stands for coma. The .4 dependence is a fair
apprbximation to some theory (Rﬁef.‘erence-2-4-7.)_':'f and has been foxxd by
‘expérience to apply roughly to the. comas of many comets, ihclpding

" Encke's (’Réferenée 2-47, 2-3), Delse‘mr’né (Reference 2-42) has recently

_ presented an argument for an r-6 dep‘endehce éf certain three-stage
spectral emissiéns, notably from H and OH. T,he principal cdmponent of

Encke's observp,blé coma is CZ" Ei:pressions for flux L. are converted
to magnitude H by '
| : A¢RN2
- 2.51lo0g >

: r 4

H=-25logL = H

0

where Ho is a standard magnitude acéount’mg for the required proportiﬁnal-

ity constant, and n is chosen to corfespor{d tothe appropriate source object.

2.7.4.2 Magnitude of fhe Nucleus

One basis for estimating nuclear magnitudes is the same equation
used by Roemer (Reference 2-7), already cited:
A$R. 2

N
H” = -26.72 - 2.5 log .
2l

Roemer found that the product ARNZ = 0, 24 (which}gav‘e RN =3,% km

for an assumed albedo A = 0.02)." Substituting this value (with.Ry in AU)

‘in the above equation yields:
H’N = 13,2 - 2.5 log

bvmee g

rzA Sz

*See also Section 2.2
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Here, HNo £ 13,2 represents the maynitude of Encke's nucleus as it~
would have been seen circa 1960 at 1 AU from both earth and sun, with
phase angle 6 = 0° (&= 1), i.e. , looking at it from the sun when it
crossed the earth's orbit inbound. As will be pointed out, this expression
is not entirely consistent with other estimates and may give a res:.lt a

bit high.

2.7.4.3 Magnitude of the Coma

Evaluation of coma magnitude does not have the fourdation provided
by Poemer for the nucleus. Values of 10,4 and 10,8 were given for the
constant Hcoin 1961 (Reference 2-48), which would make Hcoa little less
than three magnitudes brighter than HN during that pass. 'I'he coma was

also said to have been four magnitides brighter than the nucleus in the

same epoch, but it is not obvious how the various ''nuclei'’ and estimates

are to be harmonized among independent references., For example, the
10.4 and 10. 8 figures for Jf . were linked with an r>* > brightness

Co _
dependence, different from the r 4 usually quoted.

The equation used here for the 1984 apparition is

2

H,. = 12.S+2.510gr4AS s

C
which serves as a compromise among heuristically-determined formulae,
The value of HCo = 12,5 was obtained by taking Heo = 10.5in 1961 and
assuming a two-magnitude loss in brightness of the coma by 1984, a
reasonable extrapolation of the mean trend in Figure 2-12. The r-4
dependence is used in here for simplicity and in deference to tradition,

The comparative results which will be presented would rot be severely

altered by other choices, given the uncertainty of many of these quantities,

2.7.,4.4 Magnitude of the Halo, or Halo-Nucleus Combination

In the icy halo model of corna formation, the nucleus is surrounded

by a region of sublimatin ‘ce partxcles of possxbly very high albedo., The

ins down to micron size, All grain

3
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sizes are presumably present near the nucleus, giving the halo a
comparatively dense, highly reflective center (Figure 2-18). The

brightness of the halo therefore deserves attention becauu, if pr“ent.

part of it would appear in an image of the comet's center, even at close
range, conceivably competing with the nucleus in intensity. Competition :
between halo and mucleus may very well affect the estimates of muclear
magnitude above, The approach adopted here is a combination of - -
empiriciam and theory that rel\xltc in reasonable," althou gh apecuhtive,
values of the range ‘of halc brzghtneu.

According to Delsemme (Reference 2- 42). the production rate of
expelied srow particles should vary with heliocentric diatance as r -2. l,
while the production of gases, depending directly on. solar radiation, should
follow the usual inverse square law. The secondary produchon of neutral
and radical gases trapped in the snowy grains, an essential feature of
Delsemme's model, would then vary as ‘the product r -2. l e
Tertiary production of H or OH from the grain-releaued gases could
add a third r -2 factor, and Delsemme s paper was in fact written to record
the close agreement of some H a.d OH observatlons w:.th anr -6

dependcuce for one comet (1969g).

If the halo's production varies as r'z' 1, and if pu;:léa;' brightness
follows the asteroidal r"2 law, light from nucleus and the center of the
halo should be virtually indistinguishable in high-resolution imagés of
the comet. [his might partially explain the reported failure of Encke's
"nuclear'' magnitnde to follow exactly an inverse square law with heliocen-
tric distance (Section 2,2). Unknown phase, spin axis, and asymmetry
effects would also contribute to the comet's true magnitude vs distance
dependence, Obviously, the reverse also holds: the contribution of the
halo cannot be separated easily from that of the nucleus, The following

calculations allow for the difficulty.

If iight irom the nucleus and part of the halo are indistinguishable,
then so.ne of the light attributed to the nucleus may come from the inner-

most halo. The light from the entire halo should not exceed this by much,
since the center is its brightest part. The nucleus magnitude HN therefore

represents something of au upper limit to the halo's magnitude, if all the
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light attributed to the nmucleus is assigned to the halo, By the same
reasoning, the nucleus is not as bright as the expi-euioh for HN suggests,

The nucleus should not be exptected to exhibit the same secular
decline in magnitude as the emitted material from Encke, now that it is

" largely depleted and not likely to be uniformly zoated with an :cy crust,

The halo, however, should continue to diminish from pass to pass. If
two magnitudes are added (me'_aning brightness is diminished) to account
for secular decline in grain production by 1984, an upper limit is
obtained for the central halo's brightness, The resulting exi:renion can
serve as a crude version of the expected maximal brightnees of the
central halo during the subject mission:

H Z

H. = 15,2 - 2.5 log—i—i?-——
r° AS

The phase ¢ is not necessarily the same function as in the earlier
expression,

2.7.4.5 Magnitude of the Tail

No simple means of estimating the brigbtness of the tail of Encka
is at hand. Its dependence on solar activity via some threshold effect is
not amenable to computatic 1, When the tail has appeared, it has obviously
been bright enough to be recorded along with the coma and, especiuily,
the nucieus, while its density probably approximates anr  or r = law.
Since the tail has tended to appear more often at r < { AU (say, r = 0,75)
than at r > { AU, it seems reasonable to attribute to it an absolute
brightness some two or tahree mr.gnitude fainter than that of the coma.

It should always be remembered that the light whose brightness is
discussed does not have the same spectral content for the nucleus, coma,
and tail.

2.7.4.6 Image Brightness

In addition to the brightress ¢f entire cometary features, it is
desirable to know the relative ''viewing'' or ''surface, ' brightnesses of
these features as they appear in a- ‘rnage of the comet. The relative
brightness of two features can be treated directly in terms of brightness
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per unit area or per picture element. If, at a given distance from the

comet, a feature of magnitude H, occupies a relaiive area A, and a

1 I’
second feature of magnituce HZ occupies Area A2 the r 1o_of r} t%ve
brightness per unit area is given by 81/32 = (AZ/At) 10 2

Typical area ratios for cometary features discussed above are, if

R.. = 1.8km, R__(central halo radius) = 10° km:
N H
A_/A_ = 3,24 x 10'10
N C
7 - 7
AN AH = 3,24 x107"
_ -6
H/AC = 10

Comparative brightness ratios are useful for estimating dynamic ranges
nee~ded by an image system, but it is also important to place expected
brightnesses on 2 common, absolute, scale for all features. The magni-

tude equations of the preceding paragraphs apply to stellar cbjects without

resolved images, or to the total, integrated light from resolvec .mages.
Once a feature has been resolved, its surface brightness follows a different
rule from its total brightness. If we consider only the simplest represen-
tation of a resolved feature, where the feature and its image ire assumed
circular, then the area of the resclved image will vary with the square of
the image's radius, hence with its subtended angle, and finally therefore
with ASZ.
crease with A -2 as a result, the ASZ terms will cancel, and the surface

S
brightness or brightness per unit area of a resolved feature will remain

Meanwhile the whole feature's brightness will continue to in-

independent of AS after it has formed a measurable image. Dependence

on r will, of course, remain unaltered.

2.7.4.7 Comparative Brightness During Approach

The plots of Figure 2-27 display the behavior of the brightness

(magnitudes) of coma and nucleus, or nucleus-halo, vs t‘_s (AS s 1 AU)

L. T 2-57



saouelsig P2ION 1T s24Njead AIRI2WOD SNOtIRA JC ‘2A0QE ‘Ssmd1A TeMdaduon Yitm
‘Yieg 9stnay pasodoa oy) Suole adueISLJ OLIIUIDOIAUIOS BA SaInjeo 8,9oul jo sopnjtulew . z-7 sandig

S¢ ‘¥3LN3D L13IWOD O1 3DNVISIQ 1v¥D3DVdS

WX 01 ot Ol
g0l (nv) -0l _ g0l 2-0! -0t {
t T T T T 1 T T T T T T T T =71 0¢
YWOD ~
S (IOVHIAY 30VWI 8>..o$5\l\uMV\\\J
O] | .
e T (V) oo zren s M
YWOD U3INNI § . H
S¥3LN3 @ (7’9 ,-2/°) 90167 - 2’6t = "H
380d _
- ® - o %
H 3
(JOVHIAY JOVWI QIATOSTH) TH N >
718vAIOS Y S oorss - et - Nu| B
SN3TINN - N =
w8’ - (Q2LV¥OILND "H <
— e o &
(39v¥3AY 39V 03A1053Y) z H\\ = Z
M
-
,Szxo&z: z: I (G3LV4DILNI) “H m
\H \»\‘;\\\ﬁ m
.U...\ u\ > VA0S ~ - o- 2
SNIONN =
[~ WX GS'E
L 3Wvddy o1 M IOVWI AT aaaaiag
1IVINSVIW NOLYLOY @V AJOYLOSINY “310ISIA YH Tv¥iN3D :
| SNIIONN 'TEVAIOSIY 3Z1S - OTvH W¥INID '3791SIA OVH . -NN N8 ‘318VAIOS3Y
SNITINN 4O %01 SIUNiV3J ‘Q3LVINNYL OTvH "~ 'QILYONAEL YWOD ~~———T ATV IYO3HL yWOD 102
‘Q3LVINNYL OIVH TVYINID ‘SNITCNN ¥vT13Ls  “SNA1ONN 3vITaLS ‘SNI1INN WV T3S
@ 1 G

2-58



o B R e, o

.oy

o,
p

RRPR

during the approach of the rendezvous spacecraft to Encke along the pre-
ferred trajectory for the mission. i1he lunar phase function of Figure
2-28 was applied in obtaining the estimates, for both nucleus and halo,
but its contribution was negligible. None of the functions HC’ HH and
HN in Figure 2-27 (upper three

! better than #i to *2 magnitudes, but

1.0
z curves) are likely to be accurate to
]
‘ their relative position should be
!

quite reliable.

Dashed and solid line repre-

PHAE FACTON

sentations o!{ brightness character-
istics are used to distinguish between
the integrated brightness of a resolved
feature (dashed line) and the average
brightness per unit area of its re-

solved image. Therefore below the

| distance AS at which the image sys-

Y

2
o 50 100 150

PHASE ANGUE (DEGREES) tem begins to resolvz the feature
Figure 2-28. The Lunar Phase two line representations are shown.

Function At the left of the graph (45 = 1 AU)
the magnitude H,, of the nucleus is 16.6. Until the period where image

N
resolution begins (AS >0.7 - 104 AU) the magnitude varies in accordance

with r'z. From there the integrated brightness continues to increase,
but the surface, or average, brightness of the resolved irnagé remains
constant. The magnitude of the central halo follows a similar pattern,
but with the surface brighiness becoming constant earlier (AS = 10'2 AU).
The coma, having been already resolvable at distances greater than 1 AU,
has its integrated and averaged magnitudes entirely separate throughout

the figure. The remainder of Figure 2-27 will be described-below.

2.7.4.8 Image System

For the following description, an imaging system is assumed of
3
viewing angle 4 X 5 degrees and resolution 100 microradians. It is on

the basis of this resolution that the points at which surface brightness

*See Appendix F
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becomes important in Figure 2-27 were determined. In the description

below, coma and central hale are treated as though uniform in surface

brightness, which is almost certainly not the case.

The sketches in the upper part of Figure 2-27 are conceptualiza-

tions of Encke's appearance at the times of significant events during the

approach of the spacecraft to the comet. They are described as follows,

numbered as in the figure:

1)

z)

3)

4)

5)

6)
7)
8)

9)

The coma is resolvable but is probably an undiscernible
object of surface magnitude H- = 24 when (g = 1 AU, at
the left edge of the figure. The nucleus, or nucleus-halo,
is a central condensation of stellar appearance. Nucleus,
halo, and integrated coma are some 5-8 magnitudes
brighter than each element of the coma's image, which has
varied little in brightness per unit area from the point of
its resolution, depending only on r and not on bg-

At 0g =2 X 106 km = 10'2 AU, the coma if detected begins
to be truncated by the image system, while its inner region,
made up of parent gases and halo form a discernible

central bright center. The central halo is barely resolv-
able as a 100prad dot. Its resolved image remains constant
in brightness per unit area after this point, with HCH £6.5.

At Lg = 1.6 X 103 AU ~ 2.6 x 10° km, the inner coma, or
halo begins to be truncated. The central halo is a distinct
feature, although probably appearing only as a bright
central condensation around a brighter, but unresolved,
nucleus. Its (uniform) surface brightness 26.5 should
contrast with the still stellar nucleus of magnitude HN 2= 0.

5 km ~ 6.6 x10-4AU.

The probe enters the coma at é’S = 10
At tg =7 X 16% xm = 4.7 x 10°* AU, alarge nucleus of
Ry = 3.5 km should become just resolvable as an element
of Hy = -3.5 much brighter (~10 magnitudes) than its
surroundings. The central halo ought to appear as a dis-
tinctly asymmetric condensation,

Nominal rendezvous occurs at AS =5 X 104 km (see
Section 5.5.4).

A nucleus cf qu = i,8 kn. becomes resolvable at

4§ = 2.4 x10°%°AU, 3.6 x 104 km, with Hy ~ -7
The probe enters th~ inner coma or outermost halo at
f.‘.s = 104 kxm.

At 35 = 7 x 10° km, the central halo should become
truncated while a 3.5 km nucleus should be a distinct,
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brilliant object with image elements much brighter

(10 magnitudes) than those of the halo surrounding it.
Inhom ogeneities 1/10th the diameter of the nucleus should
be barely resolvable, and rotation of the nucleus should
be apparent.

The foregoing synopsis of milestones is indicative, rather than
accurate. The contact surface, for example, has not been included,
although it may turn out to be the most obvious feature in the images of
the comet, while the halo may be negligible. Visibility estimates, based
on present technology, may be conservative for 1984, All objects except
the nucleus should be understood as little more than regions whose out-
lines are defined by steep photometric gracfients, rather than discrete
bouncdaries, Temporal effects caused by possible solar activity, come-
tary bursts, or distinct streamers may be visible on approach to the
comet. Finally, the formulas on which photometric magnitudes of halo
and coma are bafsed might become poor approximations as the comet is
approached because the complicated viewing geometry for a large, close

object is not incorporated in the photometric laws applied here.

To complete an assessment of the mission-reiated photometric
properties of Encke, the variation of surface brightness of the nucleus with
r is shown in Figure 2-29 for various positions from which the spacecraft
might view it as the comet approaches perihelion. The plotted estimates
are for two nucleus radii, 1.8 and 3.5 km, and five phase angles, indi-

cated in the figure.

RY

- Figure 2-29. Surface Brightness
- & of Nucleus from Rendezvous to
___,._-—:;_;ﬁ/ _w Perihelion for Two Sizes of Nu-
e e cleus and Five Viewing Angles
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2.7.4.9 Implications for Encke Rendezvous Mission

No aspect of this evaluation of Encke's properties ar jues more
strongly the value of a rendezvous-type missgion than the above attempt
to assess the brightness of Encke's component parte. The heliocentric
brightness laws of any comet are intimately connected with the physical
processes that produce them. Surely one of the most valuable results of
a1 rendezvous with Encke will be the establishment of the correct depend-
encies of light on r for every contributing feature, especially those such
as nucleus and halo, whose theoretical functional forms have kept them

csrsentially inseperable to the present time.

2.7.5 Interference by the Icy Halo

The snowy conglomerate model of Delsemme, with its pustulated
halo of ice crystals surrounding the nucleus, poses a potential hazard
to the integrity of the equipment, the clarity of optical images, and the
performance of mass-sampling devices on a rendezvous spacecraft. The
discussion which follows suggests that proper instrumentation and explor-

ation strategy should reduce any hazard considerably. (Cf. Sec:’on 6.3.)

As Figure 2-17 shows, the nearly 90 percent of ice crystals that
lie between 100 and 1 mm in radius would be expected to reach no fur-
ther than 1000 to 3200 km from the nucleus over the heliocentric distance
between rendezvous and perihelion. Many would not go beyond 400 km at
' t
the surface of a spherically symmetric nucleus, then the flux of 100y to

1 mm particles is no more than about 10-7 cx'n'zaec.1 at 3200 km, equiva-

perihelion. If the number of grains released at 1 AU is ! cmuzsec'1 a

lent to one particle per <:m2 in 125 days. Smaller particles would not
reach 3200 km, and only aboat five percent of the total, or 5 x 10'9
cm’ sec-1 of larger grains would pass the 3200 km cometocentric dis-
tance. If the average particle (3 mm radius) weighs 5 x IO'E--> gm, the
momentum with which it would strike the spacecraft at 1 km/sec would
be 5 gm-cm/sec, and its energy would be 0,025 joule. These values
represent extreme upper limits: The initial ice grain sizes and masses
used in the estimate are reduced to zero by sublimation by the time

they reach their estimated maximal distance, and few, if any, ever
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acquire a terminal velocity of { km/se~. If the production rate of grains
varies with heliocentric distance as r'z' 1, the estimated fluxes would
increase to only(l1/0. 34)2‘ 1, or 10 times the values above, at perihelion,
But, of course, at perihelion the bulk of the grains would no longer reach

beyond about 1000 km from the nucleus.

The rough calculations suggest that the comet's gas emissions can
be comfortably examined from outside the halo by a mass spectrometer
located between 103 and 104 km cometocentric distance, while most of
the inner halo is observed and nuclear features just barely resolved
optically (Section 2, 7. 4. 8), without a serious hazard to the optical
sensors. The spacecraft can approach the nucleus for better image
resolution as Encke approaches perihelion, with no increased hazard.
After perihelion, there should be no difficulty at all. Unfortunately, the
rate at which an optical particle detector, such as Sisyphus can expect to
count grains is low at 103 km, but it could be improved by moving the
spacecraft closer to the nucleus. It might be desirable to add heating
elements or heated g‘lass windows to expor ed sensors to evaporate the
tiny ice grains occasionally encountered. Indeed, it might be worthwhile
to develop a frost or snow detector that would measure the size and flux
disiributions of icy grains Ly ubserving their effect on a polished surface

or through a glass plate and their response to heating.

The foregoing calculations probably overstate the grain densities
for Encke. The total emission of grains, if the same proportionality is
assumed between grain and gas production, is some 3 x lOsgm/sec, which
for a nucleus of RN = 2 km, gives only 0,03 grains/cmzlsec, or three
percent of the production of "average' grains in the estimate above.
Thus, the grain flux at various distances from Encke's nucleus is sub-
stantially less than that above and if the nonuniformity of production is
translated into an asymmetric flux distribution in the halo, observation
from a spacecraft at the proper angles should be safe at virtually any

distance, even near perihelion,

Comparable arguments apply to the presence of nonvolatile dust in
Encke's coma. The production rate of such dust is believed to be even

lower than that assumed for ice grains,
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3. SCIENTIFIC OBJECTIVES

3.1 SCIENTIFIC PRIORITIES

Most cometary specialists would no doubt agree that acquiring
information abcut the nucleus should be the primary gual of a mission
to rendezvous with a comet. The nucleus, after all, is the comet most
of its lifetime along most of its trajectory and is the source of the more
familiar, secondary features it displays on approaching the sun.
Moreover, it is the nucleus whose substance and structure may offer
clues to the material and dynamics of solar system formation and to the
ﬁltimate formation of an extinct comet. Not all cometary nuclei are
likely to be equally approachable or observable, however, because of
potentially hazardous dust, dense snow, or high momentum of expelled
gas. At the same time, the resources available for cometary missions
are limited, so that even a comet ideally suited to nucleus observations
cannot justify a mission solely for that purpose. A mission to Encke in
1984 should therefore seek a balanced set of measurements tailored to
. this particular comet in that particular year.

3.1.1 Specialized Characteristics of Encke/1984

The three most significant peculiarities of Encke/1984 and their
implications are summarized in Table 3-1. In 1984 Encke will offer a
target whose properties invite a mission with the very priorities a comet
investigation should have. The nucleus will be as nearly depleted of
emissible material as a moribund but still active nucleus can be and will
be exposed to observation by an imaging optical system. Nonethcless,
the activity of the nucleus should produce enough material similar to that
emitted by other comets to allow reliable sampling of the gases respon-
sible for the coma. Also, the processes of interaction between the coma
and the solar wind should be detectable locally even though the tail is
unlikely to be observable from earth. Finally, it should be possible to
approach the nucleus closely, say within 10 to 100 km, after perihelion
if not sooner, to inspect it in detail and measure its mass and surface
properties, The assignment of priorities to measurable features of
Encke is guided here by these special considerations,
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Table 3-1, Special Considerations of Encke Mission

CHARALTERISTICS OF ENCKE PHYSICAL IMPLICATIONS MISSION IMPLIC ATIONS

1. STEADILY DIMINISHING  ABSEMNCE OF RETAINED ICY CRUST; NUCLE 'S SHOULD BE DEFIINABLE,
EM.SSION AND QUT~ MIGRATION OF VOLATILES; OBSERVABLE OBJECT WITH DISTINCT

BOUND INACTIVITY FEATURES;
POROSITY OF SURFACE OF LOW OUTBOUND EMISSIGH
NUCLELS; APPROACHING FAVORABLE TO CLOSE OBéERV»EA-
TION OF RELATIVELY INACTIV
EXTINCTION NUCLEUS AFTER HERIHELION;

SUFFICIENT 7AISSION BEFORE
PERIHELION TU PROVIDE DATA
ON GENERAL COMETARY GASES.

2. VARIABLE OBSERVA- SMALL OBJECT; CLOSE APPROACH NECESSARY,
sty e
DEPENDENT ON SOLAR - N,
SOLAR ACTIITY POSSIBLY
ACTIVITY UNFAVORABLE FOR VISIBILITY

OF TAlL FROM EARTH; EMPHASIS
ON NUCLEUS JUSTIFIED

3. LOW CONTINUUM RELATIVELY LITTLE SOLID RELATIVELY FAVORABLE ENVIRON-
REFLECTION PARTICLE EMISSION MENT FOR CLOSE NUCLEUS OB~
SERVATION BEFORE PFRIHELION,
ESPECIALLY OUT OF ORBIT PLANE

™

3.1.2 Classes of Observable Features and Their Priorities

The feature3 of the comet nucleus may be divided into relatively
superficial, astrometric qualities and physical or chemical qualities
associated with the detailed composition and structure of the nuclear
material. These may in turn be divided according to whether they

rvefer to the lithic, nonvolatile or the icy, volatile components of the

et it ng +

nucleus. The coma is more finely comprised of the neutral inner coma,
including the possible icy halo, the ionized coma, and the vast hydrogen
cloud, or extended coma, that reaches out to a million kilometers from
the nucleus. All these features are grouped into six classes in Table 3-2
from a combined phenomenological and mission-oriented standpoint

that lists their measurable properties and emphasizes the priority with
which they ought to be observed. In this view, the inner coma is regarded
as a source of derivative information about the nucleus rather then

primary information about the origin of the visible coma.

The classes in Table 3-2 do not represent a progressive and
gradual decrease in priority from top to bottom. Rather, the first three 0
classes together represent priorities differing littl: among each other

%
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Tabie 3-2. Classes of Observable Features in Decreasing Order of
Priotity for 1984 Encke Rendezvous

CLAS MEASURASLE FEATURES
1. EXTEPNAL PHYSICAL CHARAL - *  S1Z2¢ ¥ MASS
VERISTICS OF NUCLEUS © ROTATION o SHARE
®  APFEARANCE OF DETARS *  ALBEDO
®  PHASE FUNCTION *  FINE SCALF TEXT'RE
®  TEMPERATLRE
2. STIUCTURE AND COMPOSITION ®  SURFACE MATEPIAL *  SUBSURFACE TEMPERATURE
OF NUCLEUS: NONVOLATRES ABUNDANCE ¢ INIERNAL THERMAL AND
®  SUBSURFACE THERMAL AND ELECTRICAL CO«DUCTIVITY
ELECTRICAL CONDUCTIVITY
*  MAGNETIC PROPEPTIES
®  INTERNAL STRUCTURE ®  SURFACE CHEMICAL
¢ EXPELLED PARTICLE COMPOSITION
COMPOSITION ®  EXPELLED PARTICLE SIZE,
VELCCITY AND SPATIAL
DI TRRUTICN
3. COMPOSITION OF MUCLEUS e FLUX, VELOCITY, COMPOSITION AND DENSITY OF NELTRAL GASES
AND INNER COMA: VOLATRES
o 1CY GRAINS
4. COMA FORMATION e FLUXAND SPATIALGISTRI- e  FLUX AND SPATIAL DISTR!-
BSTION OF RAGICALS BUTICN OF IONS
5. SOLAR WIND INTERACTICN AND & RADICAL AND {ON e  SPATIAL DEPE} DENCE OF
i, . FORMATION SPATIAL DISTRISUTIONS FLUX, VELOCHTY, DENSITY
AND CCMPOSITON OF
° %&”ﬁ,‘,‘%ﬁ%“&gféo’ MCDIFIED SOLAR WIND
FIELD e QCCURRENCE ANZ DISTRI-
BUTION OF PLASMA AND
ELECTROMAG NETIC WAVE
NODES
6. EXTENLED COMA e SIZE AND SHAPE OF HYDROGEN CLCUD

but 2ll considerably higher that that of Class 4. The highest priority

is assigned those characteristics icast known and 'east likely to be
rreasured without 2 rendezvous mission. The listing in Table 3-2 is an
expression of priorities appropriate to a 1984 rendezvous mission to

Frcke strictly from a scientific point of view. An actual mission and an

ac:ual payload must take other considerations inte account. The list,
however, is important as a guide to the selection cf scientific objectives.
Tne selection in this report requires additional discussion of these
cometary features together with the techniques that might be employed in

their ocbservation.
3.2 SELZCTION OF OBJECTIVES

3.2.1 Candiia_te_Measurements

Table 2-3 lists the types cf instruinentation and their special
requirements from which a comet rendezvous mission is expected to

draw for its payload,
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MEASURASLE FEATURES O COMINATIONS OF TYORUOUES SPECIAL SEQUINMENTS
1. EXTERNAL PHYSICAL CHARACTERISTICS OF THE NUCLEUS
sze TV, MSTATIC RADAR RANGING..
1V, RADAR ALTIMETER RANGING
MASS HOVERING FORCE, EMISSION PRESSINE, MSTATIC
N ZADAR, OR RADAR ALTINETER RANGING
: GRAVITY GRADNOMETER, MSTATIC RADAR O VERY CLOSE AMROACH
RADAR ALTIMETER RANGING
) DOPPUER, BISTATIC RADAR OR SADAR ALTIMETER
RANGING
2 ROTATICN v
g SHARE ™
el SPPEARANGE OF DETARS ~
s AlLdeIC PrOTOMETRY
g A Fur CTLON MCTONERY
g FoiE SCAL TEXTURE PHOTOIGLARWME I
= TEMPERATURE & LADIOMETER
© 2. FRICILRE AND COWOSITION OF THE IMJCLEUS, NONVOLATILES
® SURFACE MATERIAL AWNDANGCE  X-RAV SPECTRONETRY MATERIALS ZESTRICTIONS, LANDER OR
o EXTREMELY CLOSE APRRCACK, LONG
— WLy
'g T-AAY SPECTROMETEY SANE AS ABOVE
b NEUTRON ACIIVATION, 7-RAY SPECTROMETRY, LANDER
O X-RAY ACTIVATION ANALYSIS TANDER, HIGH VOUIAGE
a JACK-SCATTERING _ LANDER
. SUBSURFACE TEMPERATURE THERMAL MO LANDE
o SUBSURFACE THERMAL AND THERMAL AND ELECTRICAL PROSES, HEAITERS LANDER
A ELECTRICAL CONDUCTIVITY AND CORS
o MAGNETIC PROPERTIES MAGNETONETER, INDUCTION COML LANOER
2 INTERMAL SHERMAL AND MAGNETOMETSE, THERMAL MRORE LANDER, SOLAR WIND MONITOR
] ELECTUCAL OPERTIES
- INTERNAL STRUCT ®E AND SEISMOMETER LANDER
DVRAMICS SECSMOMETER, 1| KG CHARGE LANDER, CHARGE DELIVERY APPARATUS
SURFAZE CHEMCAL GAS CHROMATOGRAPHY LANDER
COMPOSTION
EXPELLED PARTICLE COMPOSITION  IMPACT IONIZATIONAL ANALYSIS
EXPELLED PASTICLE 28, PHOTOPOUARIMETER
VELOCITY, MASS
SPATIAL DISTRIRUTION TIME-OF-FUGHT SENSOR
MOMENTUM AND TIME-OF FLIGHT SENSOR
THERMOMAGNETIC MAGNTTOMETER CLOSE APPROACH
COMPORTION

34




Table 3-3,

MEASURASLE FEATURES

MEASLREMENT TECHNKNES
Ok COMBINATIONS DOF TECHNIGUES

SPECIAL REQUIREMENTS

FLUX, VELOCITY, DENSITY,
COMPOSITION SPATIAL
DSTRIKITION OF NATURAL
GASES

ELUX, VELOQITY, DENSTTY,
COMPOSITION SPATIAL
JHSTRIBUTION OF ICY GRAINS

3. COMPOSITION OF NUCLEUS: VOLATILES
MASS SPECTROMETRY

™
PHOTOPOLARIMETRY

SCANNING ARILITY

SCANNING ABIUTY

FLUX AND SPATIAL DISTRIBU-
TION OF RADICALS

FudX AND SPATIAL OISTRIB~
7ON OF IONS

ELECTRON DENSITY

4. COMA FIRMATION
SPECTROPHOTOMETRY
SPECTIOMETRY
™
MASS SPEITROMETRY
SPECTRCPROTOMENY
SPECTROMETRY

ELECTRON MROSE

PLASMA WAVE DETECTION

SCANNING A=A UT
SCANNNG CAPALIUTY

SCANNING CafaliliTY
SCAMNNING CAPARLITY
SCANNING CAPARNTY
STANNING CPASLITY, SOtAR
INPUT MONITOR

LOV. WAVE BATKGROUND NOISE

Candidate Mcasu rements (Continued)

RADICAL AND 1ON SPATIAL
DISTRIBSUTION

SPATIAL DEPENDENCE OF FLUX,
HELOCITY, DENSITY, AND
LOMPOSITION COF MODIFIED
SOLAR WIND

ELECTRON OENSITY

SPATIAL MODIFICATION OF
SCULAR WIND MAGNETIC FIELD

O URRENCE ANO DISTRIRU~
TION OF PLASMA, ELECTRIC
AND ELECTROMAGNETIC
WAVEMOOES

5. SGLAR WID INTEPACTION AND TAIL FORMATION
SPECTROPHOTOMETRY SCANRING CAPARILITY

PLASMA ANALYSES
ION MASS SPECTROMETEY

ELECTRCN MOSE
PLASMA WAVE DETECTICN

MAGNETOMETER

MASMA WAVE DETECTION

ELECTROMAGNETIC WAVE DETECTION

SCANNING CAPARIUTY, SCLAR
VIND MONITOR

LOW v.AVT BACKGRTUND NOISE

LCW MAGNETIC INTERFERENCE,
SOUAR WIND MONITOR

LOW WAVE BACKGROUND NCISE,
SOLAR WING MCNITOR

SAME AS ABOVE

SIZE AND SHAPE OF HYDROGEN
Qous

6. EXTENDED COMA
SPECTROPHOTOMETRY, LYMANG

SCANNING CAPANLITY
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Clearly, the entire list is too extensive to be assigned to any 3
single mission. Moreover, certain instruments impose special require-~
ments, e, g., a lander package, that are rather demanding for any
mission. It is also clear that certain instruments can fulfill several
functions. Thus selectivity is essential in defining mission objectives

and payload ins’ uments,

3.2.2 Missiocn Cunst-aints

The scientific objectives of the rendezvous mission developed in

this report have been subjected to three major constraints:

1) The suggested instrument complement is to represent
a "fundamental rendezvous payload' which is
justifiable in the sense that elimination of aav
instrument would make the mission subsatantially
less appealing, scientifically, while addition of any
instrument would burden it unacceptably from an
economic standpoint,

2) In the interest of economy, the simplicity of a
single spacecraft is preferred over the complexity
inherent in the use of separable instrument packages
for landing on the nucleus or monitoring the solar }
wind outside the extended coma.

3) The mission will be unique, or at least likely
to remain so for a long time. That is, it may not
be assumed that the proposed payload will be one
of several, each of which can be specialized to
observe certain features, leaving other features
to be examined by different payloads.
In addition, a fourth, weaker constraint has been considered:
that a separate flyby or ﬂythrougi: mission to Encke or to a similar comet

will take place in the foreseeable future, e.g., as a precursor.

The first coastraint obviously calls for judgments not likely to be
made identically by all cometary researchers, All the constraints
together have been interpreted in the following way in preparing this
assessment: a preferred set of objectives and a payload are to be
selected which depends »~ a single spacecraft, provides substantial
information within the first three classes of measurable features, and
provides some information on all classes thatwould be difficult or impos- ’

sible to obtain without a rendezvous-type mission.
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3.2.3 Considerations in Selecting Measurements

The followir.g paragraphs discuss the considerations involved in
selecting an ingtrument complement saiisfying the constraints of this

mission.

3.2.3.1 Remote Observation of the Nucleus

Characterization of the nucleus remains the principal objective
of the mission, regardless of constraints, Unfortunately, almost the

whole of the Category 2 properties of the nucleus require an extremely

~ close approach or an actual landing on the nucleus. These properties =

must therefore simply be skipped over in developing a 'fundamental"

set of objectives and instruments, Since the nucleus is a completely
unknown and uncharted cbject, a lander package can hardly be justified
as part of a "'minimal’’ payload when even the most elementary propertiss
to be found by the lander are undetermined at the outset. The fate of

the recent Soviet Mars lander uaderscores this.

In contrast, the eiementary, or astrometric, properties of the
nucleus are measurable from a distarce and their observation should be
the primary objective of the mission. The items of Class 1 (Table 3-2)

are vital features, none of which has been directly measured to any

4 Tt -,

accuracy. This objective is made more feasible by the numerous
properties of the nucleus that can be recorded by a relatively few iastru-
ments, especially by a TV imaging system. A system capable of
resolving features of dimension one-tenth the diameter of the nucleus v

would be adequate for the scientific inaging requirements.

Although the material of the nucleus will be essentially inaccessible .
while at rest on the surface, some of it will be expelled and thereby
amenable to measurement at a distance. The most promising avenue is
anal»ysis of neutral gases by means of mass spectrometry in the inner

coma. Such analysis, since it beaxrs on the question of composition of z

R

nuclear constituents is next in impozrtance to remote measurements of

the nucleus itself,

=

Along with the gases emitted by the nucleus there should be solid
particles, both litl:ic nonvolatiles, and icy grains., Provided the space-

craft is not moving too quickly, the impacts from the emissions should
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be of relatively slow speed, and thus not cause much physical damage.
However, this characteristic makes it also difficult to make any direct
measurements of the nature of the solid material since it is necessary

to make one pass through the coma at a relatively high speed (of the order
of 1l km sec°1) if the traditional methods for detecting solid particles

are employed. Whatever compositional data can be obtained on solid
particles will have been acquired by detectors carried by a fast flyby or
flythrough mission and need not be contemplated here. In any case,
careful use of the TV, a photometer, an optical particle detector, and a
polarimeter, allowing the instruments to look in a direction.other than
the nucleus, may be of great help in recording the physical characteristics
of the solid debris. An effort might be made to fly the spacecraft through
the plane of the orbit of the comet several times in order to determine

whether there are any traces of a Type Il.dust tail.

3.2.3.2 The Neutral Coma

The neutral gases emitted by the nucleus are of interest not only
because they represent nuclear matter, as already discussed, but also M
for their own sake as hitherto unobserved parent material of the visible
coma. It is desirable to measure their density distribution, wind speed
and direction, and composition. Some attention should be given to the
possibility of measuring time variations in these quantities, both from
the point of view of sudden brightenings (if any), and the more gradual
changes associated with the motion of the comet towards and away from
perihelion. As far as the atoms and free radicals are concerned, it
will be necessary to make observations of the emission and absorption
of light {IR, visible, UV) by one means or another. The molecules which
are the parents of the atoms and radicals can be examined in more
detail, since a mass spectrometer can be used without any fear that
wall effects will distort the results. A mass spectrometer must
effectively mr easure the flux of a given constituent from a given direction.
In most appliéations this does not create a difficulty as far as measuring
densities are concerned, since it is usually possible to estimate the
relative velocity by some independent means. In the case of a cometary
coma, however, we are dealing with a neutral atmosphere which is d}

expanding radially away from a nucleus at an unknown highly supersonic
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- duce an aberration of the neutral molecules, If the mass spectrometer

speed, In order to measure this speed, and hence convert flux
measurements into density measurements, it seems necessary that some

use should be rmade of the motion of the spacecraft, since this will pro-

scans in a plane defined by the velocity vector of the spacecrait relative
tc the nucleus, and the direction to the nucleus and the aberration angle
can be measured, then from the known speed ot the spacecraft it should
be possible to determine the speed of the expanding coma gas. It is
assumed, of course, that the gas is moving ° -dially away from the
nucleus, It may be more convenient to use « series of separate entrance

L)

ports rather than physically moving the instrumend, . -agulaf
resolution required will be determined by the radial specd of the gas,
and the speed of which the spacecraft moves around the nucleus. The
spacecraft must not move too slowly, since then the aberration will be

too small to measure.

3.2.3.3 The Ionized Coma, Contact Surface, and Tail

Reasons have been given for believing that there should be a
relatively dense 'lonosphere’ surrounding the cometary nucleus,
bounded by a contact surface on the upstream side and flowing away as
a Type I tail on the downstream side. The ions are likely to be mostly
photoions produced from parent molecules (e. g., CO+, COZ+)’ but
there may also be appreciabl; quantities of ions of daughter products ,Aj
especially H' and O'. The electron temperature may be high, since
they are photoelectrons and may not have sufficient time to come into
equilibrium with the rest of the gas, The ion temperature may be only
1000°K or so, but the electron temperature could easily be several
times larger. The plasma may also be flowing into the tail of the comet
at rather high speeds (several km sec-l_). Experiments include multi-
channel photometers, retarding potentiafl analyzers, or Langmuir probes
to measure the electron density and temperature, ion mass spectrom-
eters to measure the coraposition of the plasma, and an orientable
Faraday cup or similar device to measure the flow speed of the plasma.,
The electron content of cometary plasma along the line of sight does not
seem to be large enough to make propagatic 1 experiments worthwhile,

but radio frequency plasma resonance experiments may be 2 useful means

3 "9 ""‘ .;_lz
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of determining the density and composition, In both the neutral and i
ionized components of the coma it should be possible to make use of

techniques which have proved successful in the earth's upper atmosphere

and icnosphere. igure 3-1 shows the spectral range covered by a

combination of one UV and one visible-light spectrophotometer.

o) cQ’
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Figure 3-1. Spectral Range of Principal Constituents

Magnetic fields play a vital role in the interaction of the ionized
coma with the solar wind., The most important measurement to be made
with a magnetometer, apart from supporting the solar wind measure-

ments, 18 to determine the manner in which the interplanetary magnetic

field penetrates the ionosphere of the comet. It is necessary to deter-
mine whether in fact a contact surface exists, and the extent to which

it is stable. Type I tails appear to have their roots in the cometary
ionosphere, and it appears that the magnetic field can be held for a
considerable length of time. It is not out of the question that a neutral
sheet should form in the wake of the comet, and that transient recon-
nections of the field in the tail should occur similar to those which appear

to occur in the tail of the earth's magnetosphere.

3.2.3.4 Solar Wind Measurements

It is important to letermine characteristics of the solar wind flow
around the comet, and in particular to determine (1) the strength and
configuration of the bow shkock, and (2) the ahape and presence of the . .
contact surface, The characteristics of the flow will be somewhat :}

similar to those of the earth's magnetosheath (i. e., low Mach number),
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but it is complicated by the probable presence of substantial quantities
of singly-ionized ions of cometary origin., A Faraday cup, or electro-
static analyser of the usual type should be adequate to measure the
gross features of the plasma flow. Determination of the. composition of
the interaction-influenced solar wind (which is probably the most A
interesting) will necessitate the use of more sophisticated instrumenta-
tion, perhaps a crossed-field spectrometer of the type flown on several

recent IMP spacecraft,

3.2,.3.5 Energetic Particle Measurements

There seems to be no case for measuring energetic particles of
galactic and solar origin as part of a comet rendezvous mission.
However, it would be useful to include in the payload a thin-walled
Geiger tube capable of detecting electrons within energies >20 keV,
and soft X-rays., The X-ray albedo of the nucleus inay in itself be of
some interest, and there is a reasonable case to be made for expecting
that energetic electrons may be produced in some of the more violent
and unstable regions of the whole solar wind cometary environment

(notably at the bow shock, the contact surface, and in the tail).
3.3 SUMMARY OF SELECTED OBJECTIVES

Table 3-4 is a compilation of selected scientific objectives chosen
to be consistent with the priorities and constraints discussed above for

a single spacecraft on a 1984 rendezvous mission to Encke,

Table 3-4, Selected Minimal Objectives of 1984 Encke
Rendezvous

1) Measure external physical characteristics of nucleus
(all of Class 1 in Table 3-2).

2) Measure size, velocity, and spatial distribution of
expelled nonvolatile particles (last item of Class 2
in Table 3-2). .

3) Measure flux, velocity, density, and composition of
expelled neutral gases and icy grains (all of Class 3
in Table 3-2).

4) Measure flux and spatial distribution of ionized coma
gases (second item of Class 4 and first item of Class 5
in Table 3-2).
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Table 3~4., Selected Minimal Objectives of 1984 Encke

Rendezvous (Continued)

o) I

5) \(Ieasure the magnetic and electrical properties in
svlar wind interaction phenomena (second and last
iteme of Class 5 in Table 3-2),

6) Measure modified solar wind in thd coma (item 2
in ‘Class 5 of Table 3-2). : :
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4, SCIENTIFIC PAYLOADS

3

4.1 SELECTION OF INSTRUMENTS

In order to translate the scientific objectives and reasoning of
preceding sections into a payload list to which misaion-plémﬁng factors
can be related, a set of specific instruments has been selected as repre;
sentative payload hardware. It is recognizedl that actual flight payload

assigaments are often difficult, controversial, and occasionally even
arbitrary, The constraint that the selection ma.'« ! re define an essen-
tial, minimal, or fundamental payload makzs the probability very high
that the choice will suffer all three characteristics. A given measure-
ment may be regarded as essential by one scientist, superfluous by a

second, and cause for mission cancellation by a budget planner.

4.1.1 Criteria of Instrument Selection

1) Instruments having multiple application to several ucknown
properties of the comet should take priority over those
with comparatively limited use.

2) Instruments of secondary priority should place corre-
spondingly less demand on the payload, e.g., less mass
allocation.

3) Relatively undemanding instruments aimed at secondary
objectives and very likely to make successful measure-
ments are to be preferred over instruments aimed at
primary oktjectives but which are partially redundant,
demanding, or of doubtful prospect.

4) The choice of instruments and the judgment of whether
they satisfy the other stated criteria should be based on
an examination of the available parameters of ''typical'
existing devices. ®

i
5) An instrument aimed at relatively superficial measurement %
of a secondary property is to be considered fundamental %
and preferable to one aimed at detailed measurement of a S
primary property if inclusion of the former seems likely
to encourage ''broadened' support of the mission in the
scientific community,

3
4
6) In addition to being selected for, or rejected from, a -

"fundamental’ payload, ail instruments considered should 5

be categorized according to the roles they might play in :

- a rendezvous mission and displayed so the selected ones &
may be examined in the context of all those reviewed. ”g

o,

‘N
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7) Tentative provision should at least be made for instruments
that promise to fulfill priority functions in a unique way,
even at the risk that subsequent calculations show that
successful measurements are uncertain,

4.1.2 Categories of Candidate Instruments

Instruments have been grouped in four categories:

Category L. The fundamental payload. Instruments in
this category measure properties inaccessible
from the earth and thosz unpromising for
measurement with a flythrough payload; they
would be relatively simple and tested by
experience,

Category II, Instruments individually omitted from the
fundamental puyload bezause of at least one
significant drawback, but from among which
the payload complement mi-ht be augmented
if weight and financia! considerations were
to permit it, cr from which substitutions
might be made if justified by further study.

Category IlI. Relatively simple instruments making up, and
requiring, a separable lander package. This
is a category of instruments aimed at high-
priority objectives, but eliminated by the
constraint that only a unitary spacecraft be
regarded as fundamental.

Category IV. Instrumentation which would be valuable to a
comprehensive mission in which constraints
on spacecraft size, complexity, and separa-
bility were lifted entirely.

4.2 THE FUNDAMENTAL PAYLOAD

Table 4-1 lists the instrument complement selerted for the finda-
mental payload. At the end of the table the estimatcd mass of this - ~.m-
plement is shown, broken two different ways into subtotals. The subtotals
display the emphasis on measurements of nuclear properties and on opti-
cal means of measurement, The {irst breakdown reflects che preference
demanded by the situation anticipated for Encke in 1984, The seconu
reflects a bias toward mearurements compatible with the remote earth-
based data whose limitations the rendezvous is intended to overcnme, but
on which most future cometary observations will continue to depend., As

4.2
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( 0 Table 4-1. Category I Instruments. Fundan‘ental Scientific Payload
T Complement for 1984 Encke Rendezvous
' PR 2’
L
- ; iastrument Property to Which Apglied
, TV lmage (100 roc Size of rucleus
- resolution) Rotation of nucleus
. i Shape of nucleus
H Apnearcace of details of nucleus
- ! Size of hole
i,.'r."% Shope of halo
R Size f como
A Shope of comg

B Siza of tail {uncertoin)
‘ g Shope of taii {uncertgin)
S = Multichainel White Light Albedo of nucleus
SR Fhotamrier Phasa function of nuclevs
¥ Albedo of hat
t;,_% Phose function of halo
B ightness nrofile of halo
IR Radiometer Tempergture of nucleus -
Pho upo wimeter fine scale texture of rucleus
. Fine scole size distribution of ice grains of hato
ey .
ég s Fine scove size distiibution of noavolatile ponticles of coma
tiiciowsve Altimeter Mass of n cleus
Size of nucleus
Surface composition of nucleus
Radiomete UV wco-«sooﬁ Distribution of jonized goses in coma, coatact suface, and tail
Cov.cal articie Detecto Disrribution, velocity of icy grains of coma
St
(Sisyphus) Distribution, velocity of nonvolatile particles of coma
'3 Mass Spuchometer Flux, velocity, density, spatial distribution of neutral and ionized gases of coma
% Magnetomate: Mogneasization of nucleus
3 z Mognetic fieid conliguratians of contact surface, tail, ond interaction region
. %b Plasma Wave Detector Elactric woves in contact surface, tail, ond interaction region
N Local electron densities i+ ionized ccma
" Langmuir Proke Local electron densities in fonized como
7 Hasme Probe Fliux, density, e .ergy spacirum of salor wind and reducad solar wind in interacticn region
5
Fstimated mass of instrumenis measuring direct pruperties of the nucleus 43.0Kg
,;’ Mass of remaining instrumenit 9.0Kg
. é {ctal mass 52.0Xg
{}’:' Esiimated mass of optical deiectais 33.0Kg
o Estimoted mass of altimeter 6.0Kg3
- § istimated moss of gas and platma propert ; analyzers 13.0 kKq
L 1
}?- g;‘_. ! ) Totgl mass £2.0Kg
LY % i
i .
"’4-.3‘ -
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the table shows, most of the demanding instruments have application to 3

several properties, some to properties of both nucleus and coma.

The list of instruments splits into two groups, those mounted in a
fixed position and orientation, and those requiriag a scanning capability,
The fixed group consists of the optical particle detector, magnetometer,
plasma wave-detector, and Langmuir prcbe., The scanning group is
divided into detectors that will predominantly follow the nucieus: the TV
camera, photometer, IR radiometer, mass spectrometer, and microwave
altimeter- and detectors that wili scan the coma or interaction region as
well, i, e., the UV radiometer, photopolarimeter, mass spectrometer,
and plasma probe. These subgroups should be mouated to have scanning
capabi’ities independent of each other, As will be seen in Section 7, our
spacecraft implementaticn does not reflect the latter requirement, but for
simplicity provides only a single scan platform. This platform is time-
shared in the sense of serving nucleus pointing and coma pointing needs

on a part-time basis,

Obviously there are many details of instrumencation such as mea- «"“2
surement rang2s, power levels, individual masses, sensitivities, look
angles, and data rates that are omittéd from the table and, indeed, from
the report. Eventually, an effort to define these quantities will have to be
attempted, and the capacities of real instruments will have to be matched
to these quantities, Since most of th%’e;principal objectives of a rendezvous
mission involve features of which no direct measurements whatever exist,
it is difficult to assign a desired accufi_écy to a given measurement. Vir-
tually any figures would advance our krowledge. Indeed, it may be that
accuracies or sensitivities with which irdividual mzasurements sh.1ld be
made can best be described in relation l:o each other. A poll of cometary
specialists might reveal just how vrecisely the mass or reflectivity of the
nucleus needs ty be determined to derive information about Encke that
would cifferentiate among thecries of coinetary, or solar systern, origin,

if this is a serious goal of cometary research.

o~

4-4



P T B A

: N
FOT P ICI PN L REIYY
SR LAY SRR SN e S o e

b

. . P, . N LT3 Akt 3 s
AN LRI R a0, AR R T

LAl

T,

One area in which scientific work needs tc be done is in the
theoretical characterization of the nonacqueous and ionized coma. No
theoretical computation like that of Mendis et al, (Reference 2-37; see
Figure 2-15} for the HZO gases has been done for CH4 or for the ions.
The question, therefore, of how much mass flux cf, say, C0+ a mass
spectrometer should expect to encounter at given cometocentric distance,
or how much light flux from, say, NH2 a spectrophotometer should antici-
pate over a given solid view angle at a given distance in a given directicn,
is unanswered, even to a reasonable approximation. A decision whether
particular existing instruments would be suitable to determine such
unestimated fluxes is cleaﬂy not now supportable. It would be misleading
to include data that would suggest that such questions had been answe~ad
in the context of selecting a 'fundamental' payload as defined here. A
consjderable amount of work is still to be done.

4.3 EXPANDED-PAYLOAD COMPLEMENTS

4,3,1 Category II Instruments

Table 4-2 is a list of devices considered for the fundamental pay-
load but omitted because of various drawbacks affecting each individually.
If a payload of capacity larger than that needed for the fundamental com-
plement were available, instruments on this list might be chosen for fur-
ther study and possible addition to the experiment package. The gravity
gradiometer or multicnannel radiometer seems an appropriate first
choice for iaclusion in an enlarged fundamental complement. In addition,
instruments are currently under deveiopment that will be capable of
determining the composition of nonvolatile particles without requiring
nigh-velocity impacte (Wetherill private con munication). These are not
included in the chart, but should they be available by 1980, would cer-
tainly belong in Category II, and probabiy in Category I as defined here.

The argument by which the gravity gradiometer was assigned to
Category 1l instead of Category I is worth recounting, since it illustrates
the way in which the criteria of Paragraph 4 1.1 were applied. Measur-
ing the mass of the nucleus i~ an objéctivc; of the highest priority, one for
which redundancy couid be justified. 'Nc. gravity gradiometer has yet been
flown on a spacecraft, however, and two other meanc of determining the
mas-. are available without the addition <f a separate device.

4-5
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Table 4-2. Category U Instruments. Instrumencs Individually Omitted 3
from Fundamental Payload
‘ Approx .
| Mass
! Instrument {Kg) Property to Which Applied | Reason Excluded frea Fundome tof Paylocd
1
i Scanning Multichannel 8.0Kg  Albedo, rhase function, Massive ond partiatly redundant to
+ Spectroradiometer brightness profiles of white-light photometer )
] nucleus and halo in i
/ selected spectral bonds l
i Gravity Grodiomet(r | 2.5Kg  Gravity grodient of Redundan® to doppler trocking megsure- {
i % nucleus ments available withou! speciol equipment |
! !
i X-Ray Spectrometer and 18.0 kg  Tempasition of surface Subject to interference {background) i
i Y-Ray Spectrometer 1 mcterial of nuclew problers; require very close approach to |
i { i nuclews for utility !
; Visual Range Spectrometer, | 45.0 Kg  Composition of emitting Massive instrumants portiollv redundent t¢ |
. IR Fourier Spectrometer, | goses of Coma earth-based measurements of secondary :
' aad UV Spectrometer i - properties, possibly requiring unacceptably |
! . long integration times :
! ; ‘
f tmpact lonization Sensor ! 6.5Kg Composition of asteroid Expected relative velocities of vehicle and :
i : belr sclid particles particles toc low in come; expected density |
: ; of particles too low during cruise !
L Totl moss | 30.0Kg !
L
First, there is the prospect of hovering at a measurable thrust just i
ba ancing gravitational attraction. Secondly, minute gravity perturbations
of the spacecraft passing the nucleus at close range can be determined by
doppler tracking from earth, provided the relative velocity is only a few
meters per second. (These methods will be discussed in Section 6.6.3.)
The emission of gas from the nucleus would obviously affect the applica-
tion of either method, perhaps drastically. But a device to measure the
outward mass flux is part of the fundamental payload (mass spectrometer).
Thus the proper correction for the wind should be available a posteriori,
Further, nonuniform emission from the nucleus and the reduced cometary
activity after perihelion passage may yield dati at times when a signifi-
cant correction need not even te applied. ST
4.3.2 Category III Instruments
Tz .le 4.3 encompasses a set of what rnight be termed 'fundamental
experiments' of a lander package. The set would provide some detailed
;™
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Table 4-3. Category III Instruments.
Fundamentat Lander
Payload Complement

Landing Instruments

Neutron Activation-Spectrometry
X<Ray Activation Analysis
aBack-Scattering

Thermal Frcbe

Electrical Canductive Probe
Magnetomet;;v - »

Seismometer

Magnetic Induction Meter

Estimated Masse 20 Kg
Lander Vehicle 30 Kg
Total 50 Kg

data on composition and structure of the nucleus, which might have(
implications regarding formation of the comet and possibly of the solar
system as well, This set is of priority interest but has not been examined
carefully for this mission because of the unacceptable complexity entailed

in provision for a separable package.

4.3.3 Category IV Instruments

Table 4-4 presents two sets of experiments that represent what
might be termed "luxury' packages for a 1984 Encke rendezvous. The
first set, which would be stationed in the solar wind in front of the comet
and free of its influence, is of vital importance to real understanding of
the interaction of the solar wind and the coma. This is especially true for

measurements made in the interaction region near perihelion where the
properties of the sclar wind are currently unknown, The properties of the

interaction region, however, constitute a secondary objective of the mis-

sion under study.
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Table 4-4. Category IV Instruments. Comprehersxve
Payload Complements -

Solar Wind Monitoring instruments

Solar Wind Plasma Analyzer

Magnetometer
UV Photometer

Plasma Wave Detector

5 Estimated Mass 7Kg
Detachatle Vehicie 40 Xg
Total 47 Kg

Landing Instruments

Active Seismometer
Gas Chromatograph
Sampling Device:

Estimated Mass 56 Kg

The second set of Table 4-4 would allow sophisticated analysis of
the properties of the surface and interior of the nucleus and could be part
of a fully comprehensive lander package. Such devices on a first rendez-

vous seem improbable, even under relaxed constraints, but would provide

important data. .
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5. MISSION ANALYSIS

5.1 OBJECTIVES AND CONSTRAINTS

Mission characteristics for the 1984 Encke rendezvous were in-
vestigated to determine payload performance as a function of fiight time,
arrival time, and thrust parameters. A representative set of trajectory
data was '+titially furnished by Mr, Carl Sauer of JPL. Additional
trajectory simulations were perforimmed by TRW in the course of the study.

Principal criteria and constraints in the selection of a nominal
trajectory and of spacecraft size and power are: (1) sufficient payload
capacity to carry the basic science instrument complement defined in
Section 4; (2) reasonably fast transfer to the comet; (3) favorable timing
of the rendezvous from the standpoint of most effective comet exploration;
and (4) achievement of these objectives at a reasonably low-power level.
The trad:offs involved in selecting the mission profile-and system charac-

teristics are discussed in this section,

In addition to the characteristics of the transfer phase, operational
modes in the comet's vicinity are of principal interest and are discussed
in this section. Relative excursions, maneuver and stationkeeping re-
quirements, -and other dynamic and kinematic characteristics associated
with exploration close to the nucleus were investigated. Navigational re-
quirements of the comet rendezvous wcre derived on the basis of earlier
work by JPL (Reference 5-1), IITRI (Reference 5-2), and TRW, with
emphasis on the combined nse of onbecard and ground-based navigation.
5.2 ASSUMED ELECTRIC PROPULSION AND LAUNCH VEHICLE

PERFORMANCE DATA

The following engineering characteristics and constraints, con-

sistent with the state of technology of solar electric propulsion, were

assumed:

1) Solay array

e The boom-deployed rollup array of the type
developed by General Electric under JPL
contract has a specific mass of 15 kg/kw.
An increase of panel size to power levels
greater than the 2, 5 kw prototype, as re-
quired for the Encke rendezvous mission,
18 consistent with G, E. 's design apprcach,

5-1



2) Power processors

e Specific mass 5 kg/kw

e

e Efficiency 91 percent

3) Ion thrusters

i

e Mercury electron bombardment thrusters are
assumed here, The maximum burn time on any
single thruster is not to exceed 104 hours
(416 days). (Actually, on the basis of earlier
studies by JPL and TRW, a maximum of only
350 days per ithruster is anticipated for this
mission. )

R

B
1
i

4
b
i

e In our performance calculations we assume a
fixed Ig, of 3000 seconds consistent with
curtrentfy available thruster designs, with a
thruster efficiency of 0,70,

4) Total specific mass

¢ Values of the total specific mass of the solar
array plus electric propulsion hardware was
assumed as 30 kg/kw in trajectory calculations.
This value was subsequently confirmed to be
realistic by taking into account the required
number of spare thrusters and power processors,

5) Propellant tankage

o For preliminary mission analysis, the tankage
mass is assumec to be three percent of the
maximum prope.ant load. -

6) Solar array power output

: ¢ The solar array output power as function of

N solar distance (for distances above 0. 68 AU)

is assumed as shown in Figure 5-1, based on
E JPL data,

e For solar distances beiow 0. 68 AU a constant
power output (1. 40 times reference power at
f AU) can be achieved if the maximum array
temperature is limited to 140°C through array
rotation eway from the sun. Otherwise the
power output would drop sharply as tempera-~
ture increases (see Figure 5-1).

Bocsters of the Titan family, Titan IIID/C.:5 .ur D-{T with five or
seven se ment solid rocket strapong were specifiec .: launch vehicle

candida. ;. Trajec*ory calculations 'immediately e::: lished that the

s,
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- NORMALIZED POWER OUTPUT (P/'PO)

|

n CONSTANT TEMPERATURE (140°C) .
/THROUGH SOLAR ARRAY ROTATION

-
[=]

POWER LOSS DUE TO
EXCESSIVE TEMPERATURE

o
.
-
Sty e | v S sna—

0.01
0 1 2 3 4 ) 5

SOLAR DISTANCE (AL}
Figure 5-1. Normalized Soiar Array Output Power

(Reference: JPL SEMMS Study)
higher performanée seven-segment Titan, is not required since even the
five-segment Titan haé mcre than sufficient injection capability for this
mission. Its nominal performance specified »y JPL is shown in
igure 5-2 assuming a standard 14-foot Viking shroud. For the coptional
10-foot Intelsat shroud considered in this study the injected mass capa-

bility would ke about 100 kg greatecr.
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Figure 5-2.

LAUNCH ENERGY, - Cye (KM’/SEC‘)

(JPL Model)

Injection Performanca of Titan IIID(S)/Céntaur

5.3 TRANSFER 'I‘R@JEC‘TORY CHARACTERIZTICS

5.3.1 General Riscussion

f

Various types of transfer trajectories are available for a 1984

Encke rendezvous as iilustrated schematically in Figure 5-3, The saine

arrival time, 50 days before perihelion pasiage, is assumed in the ex-

; >
. amples shown,

We distinguish between direct (Mode A) trajectories

. with transfe- angles significantly less than 360 degrees and indirect

(Mode B) trajectories with transfer angles apprc :ching or exceeding

360 degrees.

Launch dates for the di

e

rect trajectories occur about one year apart

wher arth is near the longitude of the cornet's perihelion. Typical tri
P yp P

times are 700 and 1050 days, re:apectively.

The smaller or larger

«phelion distances reflect the different trip times.

Subseq1 ent tradeoff studies showed that a later arrival, 40 days before
perihelion, is preferable as will be discusx=d later,

§-4
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Figure 5-3. Basic Characteristics of Transfer Tra‘je':ctory
and Payload Perfcrinance

Launch dates for indirect trajectories are spread over a wide

range of longitudes, complementing the launch dates for direct flights.

Trip times range fiom 800 to 1000 days. A typical feature of indirect

trajectories is the initial passage inside the earth orbit. This is
necessary to ddapt the flight tirie to given departure or arrival drtes
incompatible with direct transfer.

"he graph inserted at the upper left of Figure 5-3 shows the trend
of net spucecraft mass variation with flight time based on optim. '

propulsion powe=r, Actually, only a fraction of the "optimal" power level

3
The term net spacecraft mass is used to designate the mass remaining
after the mass of the solar array, electric propulsion hardware, and
propellant mass is suttracted from the initial BTrOEs mass.
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indicated in this graph is required to deliver an adequate payload. Earlier
studies by JPL, TRW and LITRI have established that power levels of 70 kw
and below are suffic.ent. If the resulting net spacecrzft mase is at least

_ 500 kg, about 100 kg of this mass is availabl- for net scientific (instru-_

“ment) , .yload, allowing abcut 300 kg for spacecraft atructure and'ehgi;;-
neering subsystems, and 100 kg for various weight penalties and con- ;
tingencies. Scaling laws that relate r.et spaiecraft mass to power-level: -

. have been derived and are well documenteq in the above reférenced studies.

These are d;rectl*v applicable here.

eferring aga‘in to the transfer trajectories shown m Fxg;.n-e 5-3,

- an explanatibn of- the tzme-vaﬁn.ng thrust profiles that are used in the
o dn'ect a.nd mdxréct fl:.ght modes is needed. The principal thrust com-

poneni: apphed in the orbi.cl plaiie must initially point i a forward
direction to. mcrease the aphelion radius. Subsequently, as the cpace-
craft approac.hes aphehon the thrust vector must bs pointed in a retro-
grade direction to .Qgprease the perihelicn radivs. To match Eacke's
small periheiioﬁ radius (0. 34 AU) a large total retroimyrulse is required
near apheiion although the solar electric power aviilable hexe is only 10
to 20 percent of its initial level at earth departure. This explains the.
relatively large initial power that is characteristic of the Encke ren-
dezvous mission, After aphélion and during the rendezvous approach the
'thrv,st vector pointa again in pnsigrade direction to further increase the
aphelior of the spacecraft orbit until it matches that of the comet.

An appreciable amouvrt of out-of-plane thrusting is required in
addition to the principal in-plane thrus:, to match the comet's orbit in-
clination (12, 0 degrees) and line of nodes. In the direct transfer trajec-
tories launched near the comet's descending node the out-of-plane thrust
component is needed largely to increase orbit inclination, In the case of

indirect transfers the out-of-plane component is needed for inclination
changes as well as nodal shift.
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5.3.2 Representative Performance Characteristics

*
trajectories for a SEP reference power of 15 kw.

Figure 5-4 shows performance characteristics of representative

The upper portion

presents net spacecraft mass as function of flight time for fast and slow

transfers, with arrival time as a parameter.

The lower portion of the

chart shows the net spacecraft variation with SEP power ranging from
5 to 15 kw for trip times of 800 and 1050 days.

FAST TRIP
700 - T
5 ARRIVAL, DAYS
BEFORE
% 6001 PpERIHELION .
2
2 b
Z 500 -30
2
§ 400”— 40
5
v 300F .50
o
z L
zw 1 1
650 700 750 600
FLIGHT TIME (DAYS)
700 T -T
g
< 00
§ TRIP = 800 DAYS  -30
>3 -4
= 500 0
< -50
(-4
U 400}
J
5
e, 300
4
00 4
2005 5 10 15
POWER, P_ (KW)
Figure 5-4.

(I,

SLOW TRIP
1200 ' T
DATA FROM C. SAUER (JPL)
1000}
P = 15KW
°
800f
600
[ =
400}
200 b
950 1000 1050 1100
FLIGHT TIME (DAYS)
! —T T
DATA FROM C. SAUER (JPL)
lm ot -4
TRIP = 1050 DAYS
mh—
600}
400}
/
200 1 4
0 5 1 15
POWER, Po (Kw)

1984 Encke Rendezvous Performance vs Flight Time and Power
= 3000 sec; & = 30 kg/kw; Titan IIID/Centaur/SEP)

i. e., the input power into the electric propulsion power processor,
referenced to 1 AU solar distance.
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Time of arrival has  significant effect on net spacecraft mass,
with an increment of up to 100 kg obtainable for a 10-day delay in arrival
time in the case of fast missions. An even stronger influence of arrival
time is noted in the case of slow trips (upper right of the chart). A change
of the trend in payload mass variation with flight time and arrival date is
also apparent in this graph, in contrast with the characteristics of fast

missions. (See also Figure 5-6,)

The net spacecraft mass obtainable in fast trips is between 350 and
600 kg: this increases to about 1200 kg in slow trips. The fast trips use
direct transfers for flight times between 700 and 750 days, and indirect
transfers for longer flight times. The slow trips also include direct and
indirect transfers depending on the launch date, the steep portion of the
performance curves corresponding to direct flights, and the shallow

portion to indirect flights.

Figure 5-5 shows the influence of hyperbolic departure \elocity,
Voo’ on payload performance for fast and slow trips, with arrival time
as parameter, The upper portion of the chart shows required thrust time;
the lower portion shows net spacecraft mass. Performance increases with
diminishing departure velocity because more of the total energy is con-
tributed by electric propulsion, as reflected by the increase of total re-
quired thrust time (shown in the upper portion of the chart). The lower

limit of Voo is reached when the thrust time equals the flight time.

Increasing the total thrust time as a way to gain payload capacity is
desirable as long as this does not compromise system reliability. We

have investigated this tradeoff and found that in the case of ""short" 700 to
800-day trips an extension of thrust time is much more important in the

interest of gaining payload capacity but also more acceptatle from a
reliability standpoint than in the case of long trip times. Nevertheless,
it appears desirable to allow for at least some coast time even in a short
flight mode to provide a margin against certain propulsion system con-
tingencies. (As will be discussed below the selected nominal 800-day

mission profile includes a coast period of about 50 days. )
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Figure 5-5. Payload Performance . nd Thrust-On Time
(1984 Rendezvous; P, = 15 kw; Igp = 3000 sec;
o = 30 kg/kw; Titan IIID/Centaur})SEP)

Figure 5-6 shows an overall mission map which summarizes results
of the trajectory and performance analysis for 15 kw of SEP reference
power, Contours of net spacecraft m.ss a..e plotted against launch time
and arrival time. Flight times are indicated by diagonal lines of slope +1,
Payload contours are shown for short and long trip times. The choice of

direct or indirect transfer trajectories is determined by the launch date.

5.3.3 Selection of Preferred Transfer '’rajectory

Regions of favorable and unfavoratle operating conditions, and
criteria for selection of a preferred trarsfer trajectory can be conveniently
delineated in the missior map as shown in Figure 5-7, The following
factors exhibited in this map are relevant to the trajectory selection (not

necessarily in the order of priority):
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a)

b)

d)

e)

f)

ol
ot

Net spacecraft contours delineate regions of
adequate payload performance, indicated by
cross hatching.

The preferred time of arrival, dictated by
scientific observation objectives, is indicated
by a shaded horizontal strip (50 to 30 days
before perihelion),

Diagonal lines are time of flight contours.
Since reliability decreases with flight time,
(and total thrust time) these lines 2an alco
be interpreted as reliability contc «s. Short
flight times are preferred.

The launch date is relevant in dictating the
required procurement schedule and in relating
the 1984 rendezvous to the 1980 flythrough
opportunity. Time elapsed between the post-
ulated earlier Encke flythrough (November 1980)
and launch of the rendezvous spacecraft is shown
in a separate scale at the bottom of the map.

A late launch (e.g., December 1981) is preferable
for most effective utilization of data on Encke
received from the flythrough mission. It also
provides additional lead time for program
development,

The launch date also dictates the use of direct

or indirect flight modes with April 1981 and

1982 being in the center of direct flight oppor-
tunities. Indirect transfers that initially approach
very close to the sun (e.g., with launch dates in
the fall of 1980 and 1981) should be avoided, as
they may lead to potentially severe early solar
array degradation,

Navigation is constrained by timing of the
spacecraft arrival at the comet: for ground

based navigation the time of comet recovery and
for onboard navigation the time of earliest onboard
acquisition (indicated at the left) is relevant,
Terminal navigation is facilitated by arrival timing
50 days before perihelion or later consistent with
scientific objectives.

Spacecraft design criteria and environmental con-
ditions favor arrival timing no earlier than about

50 days before perihelion and no later than about

30 days before perihelion consistent with science

constraints.
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Some of these criteria require further discussion.

Payload performance (criterion a) must be reinterpreted if an SEP
power different from 15 kw is selected. Direct scaling is appropriate;
e.g., if the power is scaled down to 10 kw a net spacecraft mass of 500 kg
would correspond to an equivalent value of 750 kg on the map. For 12 kw

the equivalent net spacecraft mass is 625 kg.

Time of arrival (criterion b) is partly dictated by the comet explora-
tion strategy (see Section 6). Our study shows that with arrival 40 days
before perihelion adequate time is available for coma/tail exploration
maneuvers when the comet is most active, while arrival at the nucleus

is still possible before perihelion.

Other criteria for time of arrival selection are imposed by space-
craft design, spacecraft environmental protection and electric propulsion
constraints. For example, late arrival with the .erminal thrust phase
occurring close to perihelion makes the mission more critically dependent
on the solar array, increases the thermal load on the thrusters and

demands addition of standby thrusters.

The preferred operating region is delineated by the brackets of
favorable arrival times (30 to 50 days before perihelion), short flight
times 750 to 850 days and the lower limit of ne* spacecraft mass, 500 kg.
The dates of the selected nominal trajectory (Option 1) are:

¢ Flight time 800 days, arrival on 16 February 1984
40 days before perihelion
) Launch date 8 December 1981

The net spacecraft mass is 527 kg at 15 kw, or 422 kg at 12 kw of
nominal SEP power. If a small increase in payload capacity is needed we

may use one of the following options:

ISR

® Increase flight time to 830 days: AMl = 25 kg
¢ Change arrival date to Tp - 35: AM2 = 32 kg
. Change SEP power to 13 kw: AM3 = 35 kg
¢ Combination of all three options: ZAM,. = 92 kg

[

We conclude that sufficient incremental payload capacity

the immediate vicinity of the nominal operating point.

5-12

is available in



FETEaN,

PP
o

AN .
Y

i- ORI o -
e e o« T utER

TR

A R

e e

e, -

WSS IR A ot o 0

@

An alternate operating point that is available if increased payload
capacity is absolutely required is shown in the mission map as Option 2:
e Flight time 1075 days; arrival on 16 February 1984
40 days after perihelion
¢ Launch date 8 March 1981

The net spacecraft mass is 1100 kg at 15 kw or 880 kg at 12 kw, This
trajectory option would permit a reduction in SEP power level to 5. 8 kw

to yield the same payload as Option 1,

Figure 5-8 shows the ecliptic plane projection of the selected
nominal trajectory (Option 1). Note that this is an indirect trajectory
which passes to within 0.74 AU of the sun 65 days after launch. Fig-

ures 5-9 (a) through 5-9 (c) show time histories of heliocentric longitude

210° 180° 150°

240° ~r . o — 120°
LAUNCH: 8 DEC 1981 1T~/ 7 % s
ARRIVAL: 16 FEB 1984 (T, - 40 DAYS) | | SN - -
TRIP TIME: 800 DAYS L P X . \¢
DEPARTURE HYPERBOLIC EXCESS VELOCITY: 8 KM/SEC  ~ -
[~ TITAN Il D/CENTAUR/15 KW SEP N\ .
\\ \7\ . Ny l\,/\‘, EARTH/ N
~ S \ | />4’ RENDEZVOUS
s W1, %S
——
270° - - -
) % CAUNCH
ul 800 DAYS ~
RENDEZVOUS
\
P
L ]
30 ENCKE
DAYS
COMET AT
LAUNCH
TIME IN'32 DAY INTERV \
320 DAYS !
\
330° 0 30°

Figure 5-8. Nominal 1984 Encke Rendezvous Trajectory
(Projected into Ecliptic)
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and latitude, radius, power profile, thrust acceleration, thrust cone and
clock angle* and relative geometry characteristics with respect to earth,
sun and comet. A :oast period of 49 days is included starting 130 days
after launch. (A payload increase of about 30 kg is achievable by ex-
cluding this coast period, i.e., increasing the total thrust time to

800 days, and using a departure hyperbolic velocity of 7.5 rather than

8 km/sec.)

Figure 5-10 shows the relative trajectory with respect to the comet
for the last 100 days of the transfer, pzojected into the comet orbit plane,
The graph at the bottom of Figure 5-10 shows thrust vector cone and clock
angles as well as line-of-sight angles to the comet in spherical coordin-
ates for the last 100 days before rendezvous, During the time interval
critical for onboard terminal navigation the thrust vector orientations are
almost diametrally opposite to the line-of-sight orientations. It follows
that the optical navigation sensor must look in the general direction of the
thrust beam, subject to field-of-view obstruction by the spacecraft body.
This may require reorientation of the spacecra™ long enough to permit an
unobstructed view of the target by the TV sensor, possibly accompanied

by thrust interruption.

5.3.4 Non-Optimal Thrust Pointing

A study of payload reduction that would result from non-optimal
thrust pointing was performed to determine whether a rotatable solar
array is essential to the mission. As shown by the time history of optimal
thrust vector cone angles for the nominal 800-day mission (Figure 5-9(b)),
the largest derarture from the average, (about 90 degrees from the sun-
line) is +80 degrees. Constraining the cone angle tc a fixed value in the
70 to 90 degree range reduces the net spacecraft mass by about 20 percent
(104 kg), i.e., more than the total projected net payload capacity for
science instruments. A 3.1 kw increase in pcwer would be required to
offset this effect. In the case cf a slow transfer (1050 days) the net space-

craft capacity is decreased by about the same amount (100 kg). In view of

“Cone and clock angles are defined in accordance with conventional JPL
usage, (see also Section 6.7. 2).
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the much larger payload capacity provided by this mission mode this loss

5% S ¢ .
A5 O L s { e

is only 10 percent and therefore more acceptable.

The possibility of rotating the entire spacecraft by a limited angle
(iZO degrees) from the average fixed oriertation, was also considered as
an alternative to using solar array rotation. This resulted in a payload
loss of about 50 kg, or 10 percent, in the fast mission mode, It would

still have to be compensated by an equivalent power increase of 1.6 kw,

5-18
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The we.ght .ncrement required for adding a solar array rotation
drive and electronics is estimated to be 16 kg based on an earlier design
study. The decisive factors which make a rotational solar array drive
preferable are not only the improved payload performance, but also the
important functional advantages of unconstrained thrust pointing for
guidance and comet exploration maneuvers, and greater convenience in
rotating the solar array away from full sun orientation for thermal
protection at solar distances below 0, 68 AU, as will be discussed in

Section 7.

5.4 RELATIVE MOTION

5.4.1 Relative Trajectories Through Coma and Tail

Coast trajectories of the spacecraft relative to the comet center
were calculated to permit:

° Investigation of alternate coma and tail
exploration modes

o Selection of a preferred excursion pattern

. Evaluation of time and maneuver require-
ments during this mission phase.

Figure 5-11 shows typical coast arcs in cometocentric coordinates
with the sunline pointing to the left and the comet's velocity pointing up-
ward as indicated by arrows. The trajectories originate at the comet
center, running toward or away from the sun. To illustrate the influence
of the comet's orbital position we assumed twn starting times,

To = TP - 50 days (Figure 5-11(a)) and To = Tp (Figure 5-11(b)). The
curves are for different departure angles 6 defined as the orientation of
the initial velocity AVI relative to the vertical coordinate axis, positive in
clockwise direction. The elapsed time is indicated parametrically by

dashed curves,

To simplify the computation the effect of the infinitesimal nucleus
gravity was neglected and the initial velocity was assumed to be the
result of an impulse maneuver, although electric propulsion is preferred
over chemical propulsion to conserve propellant mass. The impulsive

thrust approximation is quite adequate because the low-thrust system

5-19



I3jua) 33w 03 3193dsay YItm UOTION 2ATIR[dY

(Wi no: JONVYY ¥3IA0SSOUD TVIQVY

00t 0s 0
T T o

0s1

G.mm\é_ I\

[}
)

(r)

wwoe = Law 05

(wx ...o: NOIS¥NOX4 Tviavy

wx COI) NOIS¥NDX I IVEILYT WAWIXYW

ﬂ,

(32330 1e1ITUT ON])
*11-6 pandtyg

(WX (01) 3IDNVY ¥IAOSSO¥D Tviavy

0s1 0S 0

001
T

74
(O3s/W) Lo

-0¢

0s

(W con NOISINDXI IV¥ILYI WAWIX YW

5-20

0s-

swoe = 'av c
-
(W no: NOIS¥NIX3 vIQvy z
2>
m
/ 3
001 1 0S m
v
0
Z
°l1v %
SAva ot aw Y NOILOW z
1IWOD =

0%+
SAv@os-91 = 1

(v)

[



having a AV capability of 40 to 50 m/sec per day would be used only

during a very short initial segment of each arc. The curved characteristics

reflect the effect of solar d.fferential gravity and Coriolis acceleration
in the rotating frame of reference. Figures 5-11(c) and 5-11(d) show

the maximum lateral excursion and the crossover range achievable with
initial velocity increment AV1 as parameter. For example, with

av, = 30 m/sec applied at T, = TP a distance of about 50, 000 km can be
reached in 20 days.

Figure 5-12 shows corresponding trajectories for AV = 20 and
30 m/sec obtained with an initial offset of 50, 000 km on the sunward side
starting at To = TP - 50 days and running toward the comet center.
Identical coast arcs 'would be obtained for a symmetrical offset point on
the other side of the comet center simply by rot.ting the graph 180 de-
grees around the origin, as can also be seen in Figure 5-11. This is
explained by the symmetry of the dynamic effects governing the relative

motions.

In addition to coast arcs that are the result of an initial velocity,
Figure 5-12 also shows the drift, or control-free path, that would occur
if no AV were applied, as the result of the solar differential gravity that
exists at the offset point. The rate of drift increases linearly with the
radial offset distance. Continuous or intermittent thrust is necessary

to cancel the drift rate if stationkeeping is desired.

Since the relative motions considered here are very small orbit
perturbations relative to the comet, maximum excursions being at least
three orders of magnitude smaller than the solar distance, the velocities
and resulting excursions can be scaled pLroportionally, With this tech-
nique composite pattern of excursions and their velocity requirements

can be readily synthesized from che data provided above.

Figure 5-13 shows two tvpes o1 comet exploration maneuvers thus
obtained. The first type has been analyzed by IITRI (Reference 5-2). It
provides excursions of +20, 000 km from the nucleus for about 60 days
including a stationkeeping period of ten days. The AV requirement is
about 160 m/sec.
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Figure 5-13, Comet Exploration Maneuvers

The second type starts at a 50,000 km offset on the sunward side
rather than at the nucleus and includes an excursion toward or into the
tail to 50,000 km. The time requirement is 30 days, and the total AV is
about 240 m/sec. The depth of tail exploration can be adapted in accord-
ance with observations from earth, as determined by the presence or
absence of a prominent tail during the 1984 encounter. This exploration >
mode appears preferable, since it permits systematic mapping of the
coma and tail during the most active phase of the comet while avoiding
the more hazardous nucleus environment during that time. This will be

further discussed under exploration strategy (Section 6).

-
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An important consideration in defining preferable exploration 3
patterns is that of effective protection against the severe thermal en-
vironment during closest solar approach, i.e., the 60-day perivd centered
at perihelion. We note that in the second comet exploration pattern
shown above the final nucleus rendezvous phase occurs almost at perihelion
and thrust modes that require pointing the ion engines directly at the sun

must be avoided to prevent excessive heating. x

f

It should be noted that the -
excursion pattern discussed in
this section is confined es- !
sentially to the orbital plane of
the comet. Excursions out-of-

plane should be minimized be-

cause, in contrast with relative
motions in the plane, the veloc-
ity that would be required to

return to the nucleus increases

rapidly with distance. Out-of-

TO SUN

plane relative trajectories are

shown in Figure 5-14, where x Figure 5-14., Relative Trajectories
with Out-of-Plane
Components

comet's meridian plane with x pointing radially away from the sun, and

and z are coordinates of the

the z axis pointing south.

5. 4.2 Perturbing Forces and Stationkeeping Requirements

The principal perturbing influences acting on the spacecraft that

are of interest from a standpoint of stationkeeping requirements are these:

1) Solar differential gravity
2) Solar pressure
3) Gas flow pressure

4) Nucleus gravity

Solar differential gravity is only an apparent perturbation effect which is
introduced by our adopting the rotating cometocentric coordinate system
as a reference frame. However, it is by far the dominant effect that

must be compensated if stationkeeping at a fixed relative position, more '
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than a few hundred km from the nucleus, is desired. It may be expressed

in first order approximation by the following linearized equations:

Aar= -E-%(3+s1n v.)
o

Aa_ = -E%sinZY
Zro

where

Aa.r = relative acceleration along the solar radius,
positive inward

Aa_ = relative acceleration perpendicular to the
P solar radius, positive in the direction of
the comet's motion

p = radial component of relative distance of
the spacecraft from the comet center,
positive in antisolar direction

r = solar radius
p = gravitational constant

Yo = orientation of comet velocity vector with
respect to circumferential direction in
heliocentric coordinates, positive when
pointing inward.

The component Aa_ is much smaller than Aa.r, and vanishes at
perihelion (yo = 0). Because of the factor 1/rg the differential gravity
effect is about 25 times larger at perihelion than at 1 AU, i.e., at the
time of arrival. For an offset of 20,000 km at perihelion the acceleration
is about 6 micro-g. Thus for a 1000-kg spacecraft a compensating thrust
force of about 0. 06 Newtons (13 millipounds) would be required for
stationkeeping, i.e., more than ten percent of the typical SEP thrust
capability (100 millipounds) available. A duty cycle of 1:8 would be
required if full thrust were used intermittently for stationkeeping at this
distance. This corresponds to a 4V of 5.1 m/sec, and a propellant ex-

penditure of 0. 166 kg per day of stationkeeping.
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Figure 5-15 shows the different perturbing forces acting on a 1000 kg
spacecraft having a 100 m2 solar array, as function of distance p from
the nucleus. The solar distance is 0, 34 AU (perihelion). Forces due to
gravity and gas flow pressure, decreasing with the inverse square of the
distance p tend to cancel if the solar array is fully deployed. A model of
maximum gas flow pressure was derived from the estimated mass flow
rate from the nucleus of 6 x 105 grams/second, or 1013 g/year (see
Section 6). Note that this mass flow model has an uncertainty range of
an order of magnitude. The resulting maximum gas flow pressure is
about 60 millipounds at the surface of the nucleus, but only one milli-
pound at a distance of 10 km. Partial retraction of the solar array would
reduce the gas flow pressure effect, but at the same time makes the net

difference between gravity and flow pressure forces larger.

PROPELLANT LOW-THRUST

o2 EXPENDITURE  DUTY CYCLE
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Figure 5-15, Perturbation Forces and Thrust Requirements
in Center of Comet

Gravity acceleration at the surface of the nucleus (radius = 1.8 km),

3 m/secz. Thus the

based on an assumed mass of 2 x 10° g is 0.41 x 10~
gravity force that would be acting on a spacecraft hovering near the

surface is 90 millipounds. The nucleus gravity and solar differential
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gravity effects are equal at a distance of 30 to 40 km as shown in the
graph,
Solar pressure at perihelion was determined for a fully deployed

solar array and a feathered array, i.e., an array turned away from the

sun for thermal protection. It ranges from 0.1 to about 1 millipounds.

We observe that the combined effects of the various perturbing
forces are smallest at distances ranging from 20 km to several hundred
km. This local dip in the perturbing forces is of interest, if the space-
craft should be required to maintain station for an extended period (20 to
30 days) in the penumbra of the nucleus for purposes of thermal protection,

as discussed in the following paragraph,

5.4.3 Thermal Protection of Spacecraft Behind Nucleus

The possibility of placing the spacecraft behind the nucleus for some
period uf time to provide thermal protection during close solar approach
has been suggested in the literature. Preliminary analysis of this con-
cept leads to the results shown in Figure 5-16 (a) through (d). If, for
example, the spacecraft hovers in the penumbra at about 196 km distance
from the nucleus in partial solar eclipse of 50 percent, the maximum
attainable at this distance, if the sun subtends an angle of 1,58 degrees
(0. 34 AU), a corresponding reduction of the thermal factor Q (Q = ratio
of local solar flux to flux at 1 AU) by 50 percent can be achieved, The
maximum thermal factor reached at perihelion, Qmax = 8.65, is thus
reduced to 4. 33 which corresponds to an equivalent solar distance of
0.48 AU. Figures 16(c) and (d) show the shielding effectiveness of staying
in partial eclipse as a function of time. For example, the thermal factor
is reduced to 5 if the probe remains in partial eclipse for 23 days
centered at perihelion. The required dwell time for 60 percent shielding
is 33 days. These cases correspond to an equivalent closest solar ap-

proach of 0.45 and 0.54 AU, respectively.

The radial distance from the nucleus must be varied with time as
shown in Figure 5-16(d) to maintain a specified effective thermal factor
Q" which is Q times the eclipse fraction. The dependence of the eclipse

fraction upon radial distance and lateral offset is shown in Figure 5-16(b).
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Figure 5-16. Thermal Protection of Spacecraft Behind Nucleus

As previously mentioned, the stationkeeping requirements to
compensate for solar differential gravity are modest at distances of 100 to
about 1000 km, Intermittent thrust at duty cycles of the order of one
percent, even with a partially retracted solar array, would be adequate
to maintain the desired position in the penumbra. The spacecraf: will tend
to drift in a retrograde direction and must be pushed back toward the
penumbra's leading edge by intermittent thrust action. In addition, low
thrust will be required to change the relative position with respect to the
nucleus from 200 to about 500 or 1000 km in accordance with changing

solar distance as shown in Figure 5-16(d).

The advantage of thermal protection must be weighed against the
constraint on spacecraft position during an important part of the mission,
hence a possible reduction of scientific data yield, and against the
stationkeeping maneuver requirements. We recommend this thermal

protection approach only as an emergency measure to cover unforeseen
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contingencies and to save a mission that would otherwise fa1l due to ex-

cessive heating.

5.4.4 Chemical Propulsion Requirements

In addition to performing the primary propulsion tasks of the earth-
to-comet transfer, including the necessary guidance maneuvers, the SEP
csystem can also serve to perform most of the auxiliary thrust firactions
required during the comet exploration phase. Thus, a full-fledged,
auxiliary chemical propulsion system is avo.ded and the propellant mass
expended during this phase of the mission is drastically reduced. Maneu-
ver requirements that cannot be met by low-thrust propulsion can be
handled by the hydrazine attitude control thrusters. Use of these thrusters
in a dual mode for velocity coatrol ard attitude control is flight proven,
simple and economical. The low impulsive thrust ol 0,005 g's also
minimizes dynamic loading of the solar array and other flexible appendages

(e. g., experiment booms).

The question of how much hydrazine propellant 1 .ust be provided
for auxiliary thrust pruposes is '‘mportant because of the stringent limita-
tions on payload capacity imposed by the selected transfer trajectory and
power level. A generalized parametric approach is used here to
delineate propulsion tasks that should be performed by the auxiliary
chemical thrusters. This approach takes the time constraints of SEP
maneuvers and the mass penalties of chemical propulsion maneuvers in-

to account,

Figure 5-17 shows regimes of typical low-thrust and high-thrust
operations in a force versus velocity diagram with thrust time a¢ para-
meter. Propellant mass for chemical versus electric propulsion is also

shown on the abscissa axis, assuming a grouss spacecraft mass of 1090 kg.

The propulsion requirements for guidance corrections, stationkeeping,
coma, tail and nucleus exploration maneuvers can be handled adequately by
low thrust with times of operation ranging from several hours to several
days. Thip is delineated by the shaded area at the lower rignt. A large

saving of propellant mass compared to chemical propulsion can thus be
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Figure 5-17, Regimes of SEP and Chemical Propulsion Use
(1000 kg Spacecraft)

achieved. However, small rapid maneuvers in the vicinity oi the nucleus
such as terminal approach maneuvers, collision avoidance maneuvers, and
circumnavigation, delineated by the shaded region in the upper left, require

chemical propulsion because of time constraints.

This is further explained by Figure 5-18 in terms of the range of

maximum excursions achievable by the low-thrust system as a function of

time, compared to what is needed in various comet exploration phases.
The solid line designated SP shows the maximum transverse maneuver
achieved by full thrust application (see diagram inserted at the upper left).
The dashed lines S show the forward motion of the spacecraft during the
same time interval at typical velocities for coma/tail exploration,
terminal nucleus approach and near-nucleus maneuvers, 50, 5 and 0.5
m/sec, respectively, Intersections of the dashed lines and the solid line
relate 'vorst-case maneuver durations with required excursions. It is

apparent that the long-duration maneuvers in coma and tail and during the
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50 micro-g)

nucleus approach with excursions of the order of 10, 000 and 100 km can
be met adequately by electric propulsion whereas the close-range
maneuvers of 1 to 10 km would require too much time, and therefore
demand addition of the chemical propulsion capability. The time delay of
10 to 3U minutes that elapse between transmission of a ground command
signal and the return of a TV image from the spacecraft must be taken
into account in setting time limits for maneuver execution. An estimate
of the total maneuver requirements for which the use of the hydrazine
propulsion is essential (i,e. 10 to 20 maneuvers*) is 40 to 50 m/sec
which corresponds to about 20 kg of hydrazine propellant. This figure
takes into account the 2:1 savings in AV expenditure that is achieved by
impulsive thrusting compared to SEP operation with 100 percent thrust

time.

“See also Section 6. 6. 2 for AV requirements.
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5.5 NAVIGATION

5.5.1 Navigation Concept

Previous studies (References R-1 through 5-4) have established
the feasibility of accurate low-thrust navigation using ground-based
precision doppler tracking and orbit determination. For a comet rendez-
vous mission an onboard terminal navigation sensor is required in addition
to determine the vehicle's relative position with respect to the comet.
This is necessary since the uncertainty of the comet's trajectory charac-

teristics dominates all other error sources.

As shown in Figure 5-19, taken from a recent comet rendezvous
study by IITRI (Reference 5-2), the ground station receives the results
of the optical fixes made by the spacecraft sensor, performs orbit
determination based on these data as well as on doppler tracking data
and telescopic observations of the comet, and transmits terminal guidance
commands to the spacecraft. Thus, in spite of the complexity of the
overall navigation task the spacecraft onboard system can be kept reason-

ably simple.

SUN, CANOPUS
REFERENCE
COMET COMPUTER SPACECR/;FT l;mnuoi
N
—_— TRACKER AND TRUST VECTOR SPACECRAFT
COF:\"EQREE&AR (VIDICON} o SEGUENCER CONTROL MOTION
SPACECRAFT CONMANDS SPACECRAF
——— e = e e e e o s . [ e s e —
<
! SENSOR
: POINTING
EARTH-8ASED { ? - OSN DOPPLER
| TELESCOPES | 4 LAt TRACKING
COMET/STELLAR
REFERENCE l
GUIDANCE
MANEUVERS

COMPUTATIONAL FUNCTIINS

Figure 5-19, Rendezvous Navigation Functional Diagram
(From IITRI Study)

5-32



Several factors inherent in the trajectory characteristics of a low-

thrust mission to Encke are helpful in simplifying the navigation problem:

1)

2)

3)

Low-thrust operation permits substantial

guidance corrections at negligible extra propellant
cost. This includes major terminal guidance
maneuvers after ground-based recovery and onboard
acquisition of the comet.

The low closing rate permits successive terminal
navigation measurements and trajectory corrections
without critical time constraints.

Encke's ephemeris can be predicted with higher
accuracy for a given mission year than that of

other comets because of its short orbital period,
frequent observations in the past and the highty
developed theory of its non-gravitational perturbations.

Results obtained by IITRI (Reference 5-2) for a 1980 Encke rendez-

vous mission are directly applicable to the 1984 mission because at least

the second half of the transfer trajectory is comparable with similar

arrival dates relative to Encke's perihelion passage.

In this study we have adopted IITRI's midcourse navigation data

but modified the terminal phase by introducing a simpler mechanization.

Instead of requiring a high accuracy for arrival at the nominal target

point, i.e., the comet's nucleus in the case of IITRI's mission concept,

we are proposing rendezvous in two stages.

1)

2)

3)

The nominal first target point is at a large
offset distance, typically 50,000 km from the
nucleus on the sunward side. Accuracy at this
stage is not critical for accomplishing the
mission.

The final rendezvous target is the nucleus whick
is reached after initially performing a sweep
through the coma/tail region and removing
residual navigation errors at the same time.

Thus, an accurate final rendezvous can be
achieved without demanding early target
acquisition or high-resolution accuracy by
the spacecraft optical navigation sensor,

This modified terminal navigation concept will be discussed below in

greater detail.
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5.5.2 Representative Navigation Characteristics of a Single-Stage
Rendezvous Mission

o

Navigational characteristics of the transfer phase obtained in the
IITRI study are summarized in Table 5-1. The results reflect the
uncertainty in measuring position and velocity by doppler tracking due to
the ""process noise' of random thrust magnitude and pointing angle errors.
Coast periods which occur initially and toward the end of the transfer
phase improve tracking accuracy and thus keep position and velocity

uncertainties at a low level,

Table 5-1., Midcourse Navigation Characteristics of
1980 Encke Rendezvous (From IITRI Study,
Reference 5-2),

General
Trip time to rendezvous 950 days
Rendezvous date TP - 50 days
L
Unguided terminal position deviation 1.7 x lOb km
Unguided terminal velocity deviation 205 m/sec
Orbit Determination .)
Maximum position uncertainty in midcourse ~4000 km h
Maximum velocity uncertainty in midcourse 0.25 m/sec
Termanal position uncertainty 750 km
B%
Terminal velocity uncertainty 0.4 m/sec
Guidance
3
Maximum position deviation in midcourse 245 x 10 km
Maximum velocity deviation in midcourse ti m/sec
%
Terminal position deviation 1000 km
e
Terminal velocity deviation 0.5 m/sec

.
All accuracy figures represent 1o

" :
Assumes earth-based reference; does not reflect errors relative to comet.

Current studies performed by JPL show that DSIF tracking accuracy
can be improved even without such coast periods by using the new quasi-
long-baseline interferometry technique and by refined filtering. In any
case,.the comet position uncertainty assumed to be 3,000 km (1¢) at the
rendezvous point is generally several times larger than the resid- al error
of ground-based orbit determination of the spacecraft toward the end of the
transfer phase. Hence, the requirement for terminal navigation by means ’

of an onboard optical sensor,
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( 3 Table 5-2 summarizes the characteristics of terminal navigation in
the single-stage rendezvous investigated by IITRI. The optical sensor is

assumed to have a 0.1 milliradian (20 arc sec) angle tracking error, in

CaRe T

accordance with the specified angular observation accuracy of the high-
resolution TV image system of Mariner 1969 and 1971 which was con-
firmed experimentally during Mars encounter (References 5-5 and 5-6),

IITRI's study assumes that the comet can be acquired by the optical

L]
Ve

Table 5-2. Terminal Navigation Characteristics of
1980 Encke Rendezvous (From IITRI Study,
Reference 5-2)

i

o

i General
.3 Observation interval One day
5 Observation error 20 arc sec
Vidiccon detection threshold 9th magnitude
Onboard recovery 60 days before
& rendezvous
’ Nominal aim point offset 1000 km

Approach Orbit Determination

s

Y 3% %

Initial range * uncertainty before earth-based recovery 29, 00¢ km
after earth-based recovery 24,000 km

after onboard recovery 10,000 km

Terminal range uncertainty 10 km
o
Initial miss  uncertainty before earth-based recovery 18, 000 km

after earth-based recovery ~3,500 km
after onboard recovery 400 km

Terminal miss uncertainty 10 km

*
All accuracy figures represent lo.

L
Range rneasured along approach velocity
Miss orthogonal to approach velocity.

navigation sensor as an object of 9th magnitude at a range of about

6
4 x 107 km, 60 days before rendezvous. At this time the miss uncertainty
decreases sharply by about an order of magnitude to 490 km; after 50 days

of continuous tracking it will be reduced to 10 km. Range uncertainty

<

C) decreases only much later, but reaches values below 100 km four days
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before rendezvous. These values were obtained with initial miss and
range uncertainties of 20,000 to 30,000 km that reflect comet ephemeris

uncertainty before recovery of the comet at earth, as listed in Table 5-2.

5.5.3 Comet Ephemeris Uncertainty

The positional uncertaint: of Encke prior to recovery at earth, in a
given mission year, in estimated as 30,000 km (1) and the uncertainty of
the time of perihelion passage as 0. 005 to 0. 01 days. After earth recovery,
which typically;—bccu‘rs—a.t 150 days before perihelion, the comet ephemeris
can be rapidly updated, and position uncertainties reduced by about an
order of magnitude. These uncertainty levels are reflected in the IITRI
study. Additional information received from B. G. Marsden, of the
Smithsonian Astrophysical Observatory* indicates that the time uncertainty
of perihelion passage can be reduced to 10-4 days under favorable circum-
stances. Residuals of angular position for Encke are akout 2 arc sec. A
time uncertainty of 10-4 days at perihelion projects to 10_3 days at the
time of rendezvous which is consistent with a positional uncertainty of
3,000 km at that time. Residual velocity uncertainties at perihelion are
estimated to be of the order of 20 to 30 m/sec. This projects into an
uncertainty about six times smaller at 1 AU, typically 3 to 5 m/sec.

These estimates play an important role in the proposed simplified ter-

minal navigation approach.

5.5.4 Simplified Terminal Navigation in a Two-Stage Rendezvous

The two-stage rendezvous concept simplifies terminal navigation
and reduces the accuracy requirement of optical navigation fixes. Two

options are of interest:

a) Incomplete terminal navigation prior to the nominal
rendezvous as a result of late comet acquisition.

b) Deferment of terminal navigation until after the
nominal rendezvous.

In the first case the navigation error at the nominal aim point is about

1,000 km. In the second case the error is about 3,000 km (1¢), since the

“Personal communication. (See also Appendix D, )
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spacecraft trajectory has not been updated with respect to the comet. This

error therefore reflects all of the comet's position uncertainty.

The large position error that remains at the start of the coma
exploration phase is of no serious concern since enough time is left for
precise terminal navigation while passing through the coma. The small
terminal guidance corrections of 5 to 10 m/sec can be readily performed
by the electric propulsion system during turnaround maneuvers. Spacecraft
orientations required for these maneuvers are compatible with thermal

control capabilities (see Section 7).
This approach has the following advantages.

1) The TV system resolution that is required
for navigation purposes can be reduced so as
not to exceed that required for scientific
observation purposes (i.e., 0.5 milliradians).

2) Onboard target acquisition may be delayed at
least until ten days before the nominal first
rendezvous when the range is less than 10
km and target brightness has increased to
4th magnitude, This permits a reduction of
the TV optical system size and sensitivity
and eliminates ambiguity in target identifica-
tion.

3) A wider field of view (5 by 5 degrees) is
provided. This increases the number of
bright reference stars available for navigational
fixes by a factor of 20 on the average.

In summary, compared to terminal navigation in the single-stage
rendezvous concept, navigationél fixes carried out during the 30-day
transverse of the coma are simpler, faster and more accurate because
of larger line-of-sight rotation rate, smaller target range, smaller
relative velocity, and greater target brightness. The system becomes
less costly, not only because of simpler optics but also because cof reduced

calibration and pointing accuracy requirements,

Terminal guidance accuracy can be determined in first approxima-
tion based on the geometry of target observation illustrated in Figure 5-20.
The sketch at the left shows the influence of angle errors on the triangula-
tion scheme where T, and T2 are two consecutive relative positions of the

t
target as viewed from the spacecraft. The subtended angle ¢ is found by
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Figure 5-20. Effect of §¢ and 8V on Terminal Navigation
Accuracy (Simplified Geometrical Model)
repeated observation of the target with respect to nearby refererce stars.
The angle error §¢ of the navigational sensor determines the dimensions
a¢, be of the error ellipse for a given baseline S and subtended angle €.
This navigation erroz is plotted in Figure 5-21 as a function of range with

subtended angle € as a parameter.

Referring again to Figure 5-20, the influence of a velocity error
4V on the triangulation accuracy is shown on the right. In the presence
of a velocity error the baseline becomes S + §S = (V + ¢W)TM where TM
is the time interval between observations. The error distance §S
determines the dimensions of the error ellipse for a given nominal base-
line and subtended angle. The resulting navigation error is plotted in
Figure 5-22 as a function of range with §V/V and §V Ty 25 2 parameter.

An improvement of the relative velocity error §V/V is to be
expected as a result of continued orbit determination. Thus, the naviga-
tion error ag can be assumed to be reduced in the manner shown by

dashed arrows,

The geometry diagram shows that an increase in the line-of-sight
rate reduces the error due to ¢ but also, indirectly the error due to 4V

since the observation time interval TM can be shortened, and 4S is
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proportional to T, . Although the illustration does not show the out-of-
plane error components, it is easily sern that they are of the same size
as the semi-minor axis of the respective error ellipses shown in
Figure 5-20,

Table 5-3 summarizes representative navigation accuracies
obtainable at two phases of the final rendezvous approach. The errors
due to ¢ and §V are assumed as statistically independent and combined
in an RSS sense in the last columns of the semi-major and semi-minor

axes.

A large reduction of navigation error due to the decreased range at
the second nucleus passage as shown in the table is typical for this
navigation technique. We note that with a reduction of velocity uncertainty
4V during the time between the two passes (not reflected in the results

shown) the a., and bV components should be further decreased. These

v
results are based on a sensor accuracy §g of 0.5 milliradians. The
proposed sensor design (see next section and Appendix F) with an accuracy
of 0. 25 milliradians would further reduce the navigation errors in terms

of the direct dg contribution and reduced observation time TM‘

Table 5-3. Terminal Navigation Errors in Two-Stage Rendezvous

Sensor Accuracy 0.5 millirad
Velocity Error { m/sec
Relative Velocity 60 m/sec

Location and Time of Observation Navigation Errors {(km)
Measurement Interval Semi-Major Axis Semi-Minor Axis
1. First nucleus passage s, a, apss be bv b .
r
r = 25,000 km One day 43 147 153 4.5 30.4 ] 30.8
Tl + 10 days Two days 21 147 148 4.5 60.8 ] 6r.s

2. Second nucleus passage

r = 1000 km One hour 1.6 3.5 3.8 0.2 1.3 1.3

T, + 30 days Two hours 0.8 3.5 3.6 0.2 2.5 2.5
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Figure 5-23 shows the stepwise reduction of gross navigation error

levele during the final approach phase based on the foregoing discus-
sioa. Additional analysis of the orbit determination procedure and guidance
maneuver characteristics is required to define the navigation accuracy

achievable by this approach in greater detail, and to optimize the sequence

of operations.

5.5.5 Navigation Sensor

Characteristics of the TV image system required for terininal
navigat.on and scientific observation of the nucleus are presented in

Appendix F. A sum-

&
10 T -
T e~ G5 M aDIAN mary of the charac
EARTH-BASED COMET RECO VERY 8:._ ;o“;,sgf. teristics that are
b o5 }—ANO EPHEMERIS UPDATE SR
- | | needed to implement
2 ! " th igati
X FIRST PASS' ’ € navigation concept
Z 10t NAVIGATICN FIX T —— .
¥ discussed above are
S l
% ! summarized here.
£ 10° SECOND PASS —e oo e
& NAVIGATION f 1>
Z We have sel~ctex
g 102 o e - an optical system with
9 .
3 TERMINAL APFRCACH 125-mm focal length
z ‘ TO NUCLEUS
PUNDHID S N — * i
10 S OVINAL o and {/2 aperture ratio.
RENDEZVC I3 .
> | The total field cover-
!
"o ™ 0 ] age is 4.4 x 5. 6 de-

TIME FROM FINAL NUCLEUS RENDSZVCUS 1D 7) .
grees, The instru-

Figure 5-23. Gross Terminal Navigation Error ment sensor is the
Levels same slow-scan
vidicon employed in the Mariner 1969 and 1971 cameras., Each pixel -e-

presents an angular resolution element of 0, 12 mrad,

Pre-encounter calibration of the instruraent should allow measure-
ment of the nucleus line-of-sight direction relative to surrounding reference
stars to an accuracy of 0.25 mrad (30). To detect reference stars of
magnitude ¢.5 the image system requires an exposure time oi 33 se~onds.
Thus, a very low drift rate of about 2 x 1074 degree/second (4 prad/sec)
must be maintained to hold image smear below one pixel per frame. This

is near the limit of present spacecrait attitude control capabilities, Drift
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g_;. rates about an order of magnitude larger would be allowable if a higher
‘F sensitivity silicon vidicon, e.g.. the Viking type, were used in the TV
f image system, requiring an exposure time of about 3 seconds for a
sensitivity threshold of magnitude 6. 5 (Reference 5-7).
i The signal processing design uses a peak detection scheme to
narrow the coma/nucleus image size for improved angular definition of
t the comet center with respect to available reference stars. In the
* ; 24,6 degree2 field of view the average number of availatle stars of
%: magnitude 6.5 or brighter is between 10 and 11 at the galactic equator and
;% 2 to 3 at the galactic pole. The viewing geometry during the final phase of

the transfer trajectory is such that the comet appears at about 50°s

30 days from rendezvous, and at 32°S at rendezvous. Thus, a sufficient
number of reference stars (three to four on the average) should be
available for navigation fixes, with conditions improving gradually toward

rendezvous.
5.6 LAUNCH PHASE CHARACTERISTICS

5.6.1 Launch Period

Launch pe-iod constraints can be deduced from the net spacecraft
mass contours that were shown in Figure 5-6 with respect to launch and
arrival dates. The fast and slow trip options differ greatly in their
sensitivity of net mass to variation of the launch date in the operating
regimes of interest: the fast trip option shows a small payload loss of
about 2 kg per day of launch delay if the arrival date is held fixed. The
payload loss in the slow trip region of interest (Option 2) is much larger
ranging from > to 20 kg per day. However, a larger payload margin is
available in this case, so that the mass penalty for a typical 15-day
launch period could be more readily accepted than in the case of fast
trips. In the preferred operating mode (Option 1) we propose to avoid
launch delay penalties by allowing the arrival date to vary slightly with
launch date. The constant payload cortours show that one day of arrival
delay would be req»‘red for every four days of launch delay. The launch
period could thus ve extended to 30 days without apparent detriment to the

mission.
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5. 6.2 Launch Phase Geometry

Only a rudimentary analysis of the launch phase geometry was
carried out to determine whether significant constraints on launch aziruth
and parking orbit coast period are imposed by the mission. For the
nominal trajectory, with launch on or about 8 December 1981, the declina-
tion of the departure asymptote is akout 20°S. This permits a direct
ascent trajectory, or indirect injection with less than 25 minutes coast
arc which is consistent with current Centaur stage operational constraints,
both options permitting due east launch from Cape Kennedy. Under these
very favorable launch geometry conditions we have a daily launch window
of several hours within the available azimuth angle range at Cape Kennedy

and where azimuth weight penalties are minor.

The departure angles will change greatly when a launch nearer the
longitude of Encke's descending node is selected, e.g., slow trips with
launch in February/March 1981. In these cases a large southern declina-
tion (50 to 60 degrees) of the departure asymptote would be required for
optimal out-of-plane departure, and a more detailed analysis of launch

geometry constraints must be performed.
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EXPLORATION STRATEGY AND MISSION PROFILE

6.1 SELECTION CRITERIA

To formulate a preferred strategy of comet exploration and define

the mission profile we adopted the following criteria and guidelines:

1)

2)

3)

4)

5)

6)

Define a mission sequence which achieves the scientific
objectives effectively in terms of timing, exposure
duration, areas covered, viewing options provided, etc.

.2.ke pest use of available spacecraft resources such as
payload capacity, mounting space, power and maneuvera-
bility

Adapt the exploration strategy to environmental conditions
so as to minimize hazards to spacecraft survival

Select operating modes that are consistent with the goals
of simplicity and cost economy

Provide mission profile flexibility, permitting changes as
conditions warrant

Select an exploration strategy tha  effectively comple-
ments the capability of an earlier flythrough mission.

These guidelines emphasize the capabilities inherent in a rendez-

.vous mission as distinct from a flythrough mission with the goal of making

most effective use of the long residence time and flexible maneuver modes

available in rendezvous. The exploration strategy also should be designed

to exploit the unique advantages offered by electric propulsion in per-

forming this mission thus enhancing the scientific yield. These include

the extended maneuvering capacity, operational flexibility and abundant

power available during coast phases to operate scientific payload instru-

ments and to support high data rate telemetry,

6.2 EFFECT OF ENVIRONMENT ON STRATEGY

To meet environmental constraints and to survive the hazards

inherent in a comet mission the spacecraft and its payload must be de-

signed with the proper protective features. This includes thermal pro-

tection, meteoroid damage protection of critical components by

shielding against particles streaming from the nucleus, etc.
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Spacecraft design features as well as the mission profile must
be compatible with the environmental constraints. Operating modes
that demand excessive spacecraft protection against the environment
and, conversely, constraints on operational freedom dictated by lack of
protective spacecraft design are to be avoided. Consider, for example,
the extreme thermal environment encountered by the spacecraft at or
near the perihelion passage. Clearly, an inactive spacecraft that is
allowed to remain at a fixed attitude relative to the sun can be thermally
protected more readily than one that must reorient frequently for pro-
pulsion maneuvers. However, such a spacecraft would have only very
restricted exploration capabilities. Our approach permits spacecraft
reorientation over a relatively wide angular range providing flexibility in
maneuvering and payload pointing without imposing extreme thermal
control problems. However, to achieve certain required thrust orienta-
tions the spacecraft must rotate 180 degrees around the sun line in
order to maintain effective thermal control. Thus, an exposure of the
thermallv sensitive rear area to direct sun illumination can be avoided

as will be discussed later in this section.

The best exploration strategy is one that minimizes the exposure
and accepts risks only to the extent that they are inevitable in achieving
the fundamental scientific objectives, Thus, we cannot avoid the po-
tentially hazardous exposure to the efflux of the nucleus, but we can
design the mission to minimize the risk. For example, we propose a
late approach to the nucleus after initially exploring the coma/tail
region, because the nucleus will be less active by the time the comet
approaches perihelion, and hence less hazardous for a close approach.
A close approach to about 10 km or less is necessary to be able to mea-
sure gravity with reasonable accuracy (see below). We can also adopt a
flexible approach by continuing the coma exploration phase until in situ
measurements reveal that the nucleus activity is beginning to subside,

and a close approach to the nucleus is likely to be less hazardous.

Figure 6-1 illustrates, in a general way, the relation between
scientific value gained and the attendant risk to survival of the space-

craft. The merit of late arrival at the nucleus is expressed by a function
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Figure 6-1.

which is the product of "scientific data yield" times probability of sur-

vival. Scientific data yield V is expressed in normalized form where

1.0 represents the ideal data return of the completed mission.

Proba-

bility of survival R declines less rapidly in the coma than near the

nucleus, particularly when taking into account the initial most active

phase of the nucleus.

Thus the product M = R-V shows a distinct ad-

vantage (0.76 versus 0.6) of early coma exploration as compared to

early nucleus exploration.
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Table 6-1 gives further examples of the effect of environmental

factors on the choice of mission strategy. Some aspects of thermal

s e e 3

protection and meteoroid/particle flux protection have already been
discussed above. In addition, the table lists such influences as solar
pressure, solar differential gravity, solar flare activity, the observa-
bility of a prominent cometary tail, and the effect of the earth-comet

geometry on the choice of mission modes.

PPN

R PR A

Table 6-1,

Environmental Effects on Mission Strategy

Environmental and
Physical Factors

Affected
Mission Objective

Available Mission Strategy
Options and/or Preferences

Dust particle flux
from nucleus

Close approach to nucleus .::sual
observation, gravity measurement}

Extended hovering at nucleus

Gravity measurement

Ti>fer nucleus approach until flux
decreases

Thermal environ-
ment at and near
perihzlion

Survival through perihelion

Feasibility of some propulsion
maneuvers and payload pointing
maneuvers

Limit orientation angles when
closest to sun (accept cornstrained
maneuver modes)

Restrict coma exploration

1
. n
§ Operations near nucleus (hover maneuvers
. and circumnavigation) Restrict hover position, 1.e., to
) nucleusz terminator
’i: Seek shelter in penumbra in
] emergency
f Observability of Depth of tail exploration Change coma/tail exploration path
¥ tail from earth as warranted
g1
L]
H Occurrence of Observation modes of solar wind Change excursion path as
4; major solar flare interactions warranted
-3 during c9met Exit and reenter comet envelope
s exploration
N
3 . .
. i Solar pressure Hover stability near nucleus and Thrust intermittently
3 and differential distant irom nucleus Partially retrac: solar array

&

gravity

Small nucleus
gravity

Gravity measurement
Gravity orbit feasibility

Appruach close to nucleus

Defer gravity orbit until large
solar distance 1s reached

Large earth
distance (long com-
munications delay!

TV commar.d control feasibility

High data rate T

Defer close approach to rucleus
uritil communication distance is
near minimum

Earth-sun-comet
position

Communication blackout near
perihelion

Avoid critical mission sequences
during this period (~2 days)




6.3 MODEL OF PARTICLE FLUX AND IMPACT RATE NEAR NUCLEUS

A model of the flux of non-volatile material from the nucleus was
derived as a quantitative basis for estimating the environmental hazard

in close nucleus vicinity.

Based on the estimated maximum flux rate of particulate matter
(see Section 2) i.e., 6 x 104 grams/sec, about 10 percent of the total
flux consisting of volatiles and particles,and using a flux density model
of cometary matter defined in NASA SP-8038 (October 1970),

log,, S = -18.73 - 1.213 log, o m

(s & particles/meter3)

a particle flux is obtained as a function of particle size m and distance r

from the nucleus as follows (Ro = nucleus radius):
log g F = -5.237 - 1.213 log, g m - log, r/R

(F 2 particles per mz-sec)

The assumed rela‘ive velocity is 10 m/sec. This flux rate model is un-
certain by at least +1 order of magnitude. Figure 6-2 shows the resulting
flux density and impact rates of particles of one gram and one milligram
size on a spacecraft and solar array of typical dimensions, assuming

the array to be fully deployed and oriented at right angles to the flow

vector,

The large impact rates, i.e., 104 to 105 milligram size particles
per day in the immediate vicinity of the nucleus present a potential
hazard in spite of the low impact velocity because they may impair
delicate instruments and degrade the effectiveness of thermal protection
blankets. There is little experimental or theoretical knowledge to date
on qualitative degradation effects of a large flux of small particles at
low velocities. However, we believe that the main concern is fouling of
delicate instruments and equipment (sensors, ion engines, moving

parts) and degradation of the solar array and of thermal properties of
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Figure 6-2. Particle Flux and Impact Rate Near Nucleus

insulation blankets, if a significant perceantage of the exposed area is

covered by particles that stick to the surface. The probability of

particles adhering to spacecraft surfaces increases inversely with impact

velocity. Small particle deposition may be of concern if they cover a

significant area during long exposure.
potential hazard presented to the spacecraft we are making the following

Low emission velocity (~3 m/sec average) assumed

Velocity up to 100 m/sec in sporadic outbursts and

Low-density particles (0,1 - 1.0 g/cm3) of fluffy
structure unlikely to cause impact damage at

assumptions:

°

°
due to solar pressure

® Spacecraft relative velocities not exceeding
10-30 m/sec

°
these velocities

® Only larger particles (10~

1 -2
to 10 © cm) may cause
some denting or chipping of glass surfaces.

As a worst case example, we have assumed a flux of 10'6 gram

particles at the nucleus surface estimated as 106 particles/mz sec.

For an assumed density of 0.5 g/(:m3 the particle diameter is about

4

6x10 " cm.

With the further assumption of a sticking fraction of one

6-6
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percent of the incomipg particles we obtain an arrival rate that would
cause an area of about 0,03 mz per square meter or three percent of the
exposed surface to be covered per day. Clearly, this condition would
jeopardize survival of the vehicle, or at least unimpaired functioning of
critical elements, for any reasonable time required for nucleus observa-
tion. It is therefore advisable to postpone a close approach until such
time when the flux has subsided.

6.4 FUNCTIONAL CONSTRAINTS ON EXPLORATION SEQUENCE

In addition to the environmental factors discussed before there are
functional constraints dictated by the spacecraft design, propulsion capa-
bilities, sensor characteristics, etc., that influence the choice of mis-
sion modes. Although spacecraft design features were not covered in
detail in this study these constraints and their influence on the mission

strategy can be discussed in general terms.

Principal constraints of this type are summarized in Table 6-2.
The problem of thermal protection of the spacecraft under the extreme
environment that exists during the perihelion passage has been previously
noted. The design approach addressed to this problem will be discussed
in Section 7. The spacecraft will be protected against direct solar heating
by a multilayer aluminized Kapton thermal blanket on all exterior surfaces
except the louvered radiating surfaces needed for waste heat rejection
on the rear side of the equipment and propulsion modules. Exposed de-
sign elements and appendages will be protected by low-absorptivity high-
emissivity coating. Thus thermal control can be achieved even under
the extreme solar flux at perihelion provided the spacecraft attitude is
maintained so as to protect the sensitive rear areafromdirect illumination.
Limited angular excursions from the nominal orientation (with the center
body normal to the sun) are therefore allowed for propulsion and payload
pointing purposes.

Other spacecraft functional constraints listed in Table 6-2 include
the primary (electric) propulsion pointing mode, the navigation sensor
location and field of view limitation, scan pla‘form mounting provisions
and field of view, and solar array orientation requirements, all covered

in Section 7.
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Table 6-2,

Functionai Constraints on Mission Sequence

Functional Constraint

Affected Mission Phase
or Operating Mode

Available Mission Profile
Options and/or Preferences

Thermal control
constraint

See entry in Table 6-1

Thrust vector pointing
requirement

Restricted sensor pointing
angles during thrust phases

Point as required for optimal
thrust, or

Point off-optimally and accept
weight penalty

Accept pointing constraints dur-
ing short thrust periods

Solar array orienta-
tion and retraction
requirements

Constraint on spacecraft roll
orientation restricts sensor
peointing

Field-of-view restriction ~f
payload instruments if sc..:
array is "feathered"

Thrust power limitz.ion if
solar array is partly retracted
near nucleus

Accept constraint in sensor
operation and field of view

Avoid major maneuvers at times
when solar array is retracted

Navigation sensor
ficid of view con-
straint (target ob-
scuration by space-
craft body)

Approach navigation phase
hampered bv target ovscuration

Reorient spacecraft as required
for navigational fixes

Revise navigational techniques
(two-phase rendezvous)

Fayload sensor field
of view constraints

Limitation on scan capability

Reorient spacecraft during ccast
to circumvent field of view re-
striction

Place sensor platform on ex-
tended deployment arm

High-gain antenna
pointing requirements

Earth lock required during all
mission phases and pointing
modes

Use two-axis gimballed antenna
mount and three-position deploy-
ment arm to meet earth poirting
requirements

Accept occasional restriction of
pavlioad sensor ficld of view

Radar altimeter
pointing restriction

Relative positions of earth,
sun and nuclecus during nucleus
observation requirc front area
[coverage by antenna

Plan nucleus gravity measure-
ment in accordance with space-
craft and antenna pointing
capabilities

The intermittent use of electric propulsion during the comet ex-

ploration phase does not basically interfere with scientific measurements

of electric and magnetic fields if proper attention is paid to compensa-

g

tion of stray magnetic fields and to electrostatic cleanliness (see

g
¥

Appendix G). However, the presence of ion beam exhaust products in

g

the vicinity of the spacecraft may affect mass spectrometer readings

and optical/photometric observations. Thus the mission strategy should
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be designed around the minimum number of thrust periods necessary to

achieve the desired exploration paths.

As mentioned before, an exploration sequence starting with coma/
tail exploration and approaching the nucleus subsequently appears
preferable, under the functional constraints imposed by rendezvous
propulsion and navigation taska. These factors are summarized as

follows:

1) Termir=] navigation is simplilied since large miss un-
certain 28 are permitted at the first (nominal) rendez-
vous ta.get point,

2) Terminal navigation fixes with respect to the nucleus
can be performed effectively and rapidly during the
coma exploration phase.

3) Exploration of the coma before the nucleus saves pro-
pulsive effort because the residual approach velocity
can be utilized for coma exploration. This not only
conserves propellant but eliminates potential propul-
sion/payload interactions at a time when. measurements
of particles and fields phenomena are importan?’, e.g. ,in
the bow shock and transition zone being traversed dur-
ing the last 5 to 10 days before nominal rendezvous.

4) During final approach to, and operation near the nucleus
we desire high telen.etry data rates and short communi-
cation time delays to facilitate close control of the
vehicle by ground command and TV feedback. Arrival at
the nucleus around perihelion time decreases the com-
munication range to 0.6 AU from the initial 1.4 AU at
rendezvous. This means that the data rate can be in-
creased by a factor of six, while the radio signal round-
trip delay is decreased from 22 minutes to about
10 minutes.

5) Accuracy of nucleus gravity measurements is enhanced
by the above sequence. If the passive, doppler measure-~
ment technique is to be used vhich hinges on the detec-
tion of very small velocity increments (of the order of
1 mm/sec), the signal-to-noise ratio of the measure-
ments is of critical importance. A range reduction in
the ratio of 2.5:1 availab.2 at closes® approach to earth,
i.e.. near perihelion, would provide a signiricant
advantage.

Secondly, if the gas flow from the nucleus has subsided,
there will be less of a distorting influence on gravity
measurement whether by passive doppler technique or
by an active thrust-while-hover detection of radial
forces (see below).
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6.5 MISSION TIMING AND DURATION

Among the alternate mission profiles those with short trip times
are preferabie because (1) reliability problems, especially those of the
SEP system, are lessened and (2) raore effective use can be made of
results that would be obtained from a 1980 Encke flythrough which under
the ground rules of our study is being assumed as a possibility {see
Section 1). In addition, the fast mission with its later launch date pro-

vides greater procurement flexibility.

The selected nominal mission with a trip time of 800 days (Option 1
ac defined in Section 5) would be launched eight tc nine months later than
a typical long trip time mission (Option 2). The time difference may be
a significant advantage if the spacecraft under development for the 1984
mission must be modified as a result of data returned from Encke during
the postulated 1980 flythrough, considering the extremely short "turn-
around time'' available. Practical questions regarding the feasibility of
such modifications and their impact on the spacecraft development and

test program are discussed in Appendix H.

Figure £-3 summarizes several opticrs in rendezvous timing and
mission duration and indicates the preferred options (in heavy outline).
The criteria for this selection are listed on the right. The preferred
timing of arrival at the comet 30 to 50 days before perihelion passage
nas al.eady been discussed. This ch:ice is dictated by the s-ientific
cb)2ci.ve of observing the comet during its most active phase, as much
as possible, before perihelion without the weight penalty that would be
prohinitive for an earlier arrival. The severe thermal environment at
0.34 AU should be planned for since amissionwithout extended staytime at
the comet would not gain the full advantage inherent in the rendezvous

moae.

The payload advantage of late arrival, amounting to 5 to 10 kg per
day for a if-kw system as discussed before, cannot be matched in the
case of early arrival unless a longer t+ip time is used, or the power
level is incrcased. However, even with this penalty we selected 40 days
befcre perihelion as a nominal arrival date .ecause of the broader

scientific coverage achieved by this option.
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Regarding the total length of the comet exploration phase we are
selecting as a primary goal a duration of 80 days, starting 40 days be-
fore and ending 40 days after perihelion. This has the advantage of per-
mitting a comparison of cometary phenomena that occur at symmetrical
points of the incoming and outgoing comet trajectory, especially detec-
tion of the causes of Encke's pronounced asymmetri~al behavior before

and after perihelion,

As a secondary goal we extend the duration of the encounter phase
as far as possible toward aphelion. If it is assumed that the spacecraft
must be designed to survive the perihelion passage and continue opera-
tion for 40 days there is every reason to expect it to survive for an
extended time during the outbound phase. Observation during dormancy
(which is the state of the comet during 90 percent of the orbital period)

has interesting scientific objectives as stated before.

Tracking a spacecraft traveling with the comet during the extended
outbound mission phase could also serve the important scientific objec-
tive of accurate determination of long-term comet trajectory perturba-
tions. This is intended to confirm current theories of Encke's non-
gravitational accelerations (Section 2). Asymmetry of these perturbations
with respect to perihelion and the directionality of the gas flow can thus
be reconstructed with higher accuracy than during the relatively brief

comet visibility phase.

A possible simplification of continued stationkeeping requirements
during this extended mission phase may be achieved by placing the space-
craft in a tight thrust-free orbit around the nucleus after the sphere of
influence has increased to 75-100 km, at solar distance greater than
3 AU. However, this scheme is only conceptual and requires further

analysis.
6.6 COMET OBSERVATION AND MAPPING STRATEGY

6.6.1 Gross Coverage of Cometary Features and Coma Exploration

Figure 6-4 illustrates regions of special interest in and around the
comet that should be visited with some priority. These include the area

of the postulated shock front, transition zone, cuter and inner coma
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Figure 6-4. Excursions through Principal Comet
Features (Not to Scale)

and contact discontinuity, the region where tail phenomena begin to form,
and the nucleus ard its halo. A mapping path of the type previously dis-
cussed (Section 5) is shown which passes all of the points of interest.
After mapping the coma/tail regions (30 days) and performing close-up
observations of the nucleus (20 days) the 80-day primary exploration
time still permits 30 days of further exploration. Most of this time may
be spent in exploring the coma/tail region, possibly leaving and reentering
the comet envelope to explore the contact surface. Three-dimensional
coma exploration may also be perfornied during this time. Thus, we can
take advantage of the two principal characteristics offered by a low-

thrust rendezvous: ample time and ample maneuvering capability.

By comparison a ballistic flythrough mission can cover only a few
of the points of interest and in too little time for systematic napping.

The .elative trajectory is nearly a straight line parallel to the voo vector
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and is dictated by mission dates and launch energy. (For selected en- -
counter dates this path can at least be chosen to run roughly parallel )

to the comet's axis, moving in a radially outward direction.)

An interesting option available to the low-thrust vehicle is varia-
tion of the depth of penetration of the coma and tail region. E.g., if
ground observation should find that Encke is developing a pronounced
tail as the spacecraft approaches rendezvous, a simple change of the
exploration path further into the tail region can be made at an acceptable
extra propellant and time expenditure as shown by the dashed path in

Figure 6-4.

The 1984 mission year offers a nearly optimal relative geometry

for viewing the tail, if visible in that year,as shown in Figure 6-5.

-100 ~a

DAYS FROM
PERIHELION

& DEC 1980

——~—@SUN

s

27 MAR 1984

10 2 APRIL 1984
20

27 APRIL 1974 19 AUG 1977

60

\ LOCUS OF REFERENCE
EARTH POSITIONS AT
COMET APPARITIONS

Figure 6-5. Viewing Conditions of Encke's Tail from Earth
(Encke's Relative Trajectery in Bipolar
Coordinates Projected into Ecliptic Plane)
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(This "bipolar" plot has many useful applications in the analysis of
mission characteristics as will be discussed in Appendix A.) Since the
tail extends radially away from the sun, it can be seen broadside during
almost the entire encounter except during 10-15 days of the comet's

closest solar proximity when the tail is pointing in the direction of earth.

Since the comet has a nearly rotationally symmetric structure it
would appear that mapping in the orbital plane is adequate to infer from
it the corresponding characteristics out of plane. This would conserve
propellant expenditure and time. However, any asymmetry in the third
dimension that carn be observed by the spacecraft would provide important
additional scientific data on the nature of the comet. Such out-of-plane
excursions might be performed after the basic in-plane coma/tail

mapping and the nucleus exploration is completed.

There is no clear-cut requirement for stopping the coma traverse
in any particular area to keep the spacecraft in a stationary hover mode.
As discussed in Section 5 hovering at large distances from the comet
center requires an appreciable amount of intermittent thrusting which
complicates the mission sequence and potentially interferes with delicate
particles and fields measurements. Since the coast velocity relative to
the comet is only about 30-60 m/sec observations are actually made
under quasi-stationary cor ..iions, This facilitates the differentiation
of spatial variations and temporal variations of cometary phenomena

with fair accuracy.

6.6.2 Nucleus Exploration

Exploration of the nucleus can be performed in the hover or cir-
cumnavigation mode. The hover mode permi*s continuous observation
of surface features from a favorable vantage point such as the vicinity
of the terminator. E.r~,, from this position it is convenient to measure
thermal transients on the surface associated with sunrise or sunset.
Hovering over the pole has advantages of observing the rotating body
from a more revealing perspective and measuring the surface tempera-
tures under extended uniform heating conditions assuming that the pole

does not happen to be precisely on the texminator., The position of the
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pole can be readily deduced from a sequence of TV images that show
successive positions of moving features with respect to the terminator.
Hovering over a nonpolar region permits mapping the elevation of the
rotating terrain by means of an altimeter radar. At very close distance
a gravity gradiometer could be used to deduct mass concentrations in
addition to measuring the total mass of the nucleus. However, the
gradiometer is not included in the fundamental payload because other
techniques are available to perform gravity measurements without extra
instrumentation, and because it would require a very close approach

distance (see helow).

These operations are carried out more conventially and syste-
matically in the hover mode than during circumnavigation, and at a fixed
spacecraft attitude., Continuous or intermittent stationkeeping maneuvers
are required. However, with a surface gravity of only 40 ug, hovering at
a reasonably small stand-off distance requires only a fraction of the
available SEP thrust capability (50 pg). Thus, at a distance of two
nucleus radii a duty cycle of 1:5, with thrust periods of 24 minutes
every two hours, is sufficient to maintain altitude within #250 meters.

A simple onboard radio altimeter can be used for automatic control of
this slow altitude limit cycle. As mentioned before, the pressure of out-
flowing gas actually will tend to counteract the small gravity force and
reduce the propulsion requirements even more. Since the solar array
will be in a "feathered" orientation, nearly 90 degrees from the sunline,
it is apparent that the outflowing gas will produe a greater lifting effect
at positions near the terminators where flow velocity is normal to the

solar paddles, than elsewhere,

The mission sequence also must include circumnavigation maneuvers
for unccnstrained observation from all sides. Because of the almost
negligible gravity field of the nucleus a conventional orbit governed by
gravitational forces is impractical. This can be seen readily when con-
sidering the sphere of influence of the nucleus relative to solar gravity.
Assuming a mass of 2 X 1016 grams, which is 17 orders of magnitude
less than the sun's, the spher: of influence is only 8.5 ki at the comet's
perihelion, and 23.8 km at 1 AU. Uncertainty »f the actual mass of the

nucleus, and the presence of perturbations other than solar gravity make
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a gravity orbit around the nucleus even more problematic. Adequate
velocity control would be extremely difficult from a practical standpoint:
a tight orbit at a radial distance of three nucleus radii would have a
circular velocity of only about 0.5 m/sec. If this velocity were inad-
vertently increased by 40 percent (0.20 m/sec) the spacecraft would
escape the nucleus gravity field, whereas a loss of 30 percent (0.15 m/

sec) would cause it to hit the surface.

A more feasible alternative is circumnavigation with the aid of
periodic maneuvers as illustrated in Figure 6-6, The "orbit" is a
triangular, quadrangular or other pattern, not necessarily symmetrical,
with turn maneuvers about every twc hours. For the dimensions shown
the relative velocity is 2 m/sec and each turn maneuver requires a AV
of about 3 to 4 m/sec adding up to about 12 m/sec for a complete orbit.
The maneuver requirements are compatible with the available SEP thrust
capability of 2 m/sec per hour. Low-thrust maneuvers would of course
mean rounded corners, not shown in the figure. The schematic diagram
also ignores the effect of gravity which would make the sides of the
polygon pattern bulge out (less than 100 meters for the assumed path

velocity and dimensions).

Disadvantages of using SEP thrust for these maneuvers are the
frequent reorientations of the spacecraft and the undesirably long thrust
duration per orbit. This suggests a reduction in path velocity or an in-
crease in orbit size. The preferred alternative is to use chemical
(hydrazine) propulsion since no reorientation is required to perform the
hydrazine thrust maneuvers if multiple thrusters are used as illustrated
in Figure 6-6 for the quadrilateral orbit. Although a greater amount of
propellant would be expended per orbital pass, this will be acceptable
because the vehicle, rather than circumnavigating continuously, wiil

probably spend most of the time in the hover mode using SEP thrust.

A preferred mode of operation for purposes of low-thrust propulsion

would be to rotate the spacecraft continuously at the small constant rate
of one revolution per orbit. This provides the desired thrust angle

variation without discrete attitude reorientation r~neuvers. The spin
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Figure 6-6. Nucleus Circumnavigation Maneuvers at Close Distance

vector does not have to point exactly at the sun since solar array re-
orientation away from the sun is required for thermal protection any-
way. Alignment with the sun implies an orbital plane that coircides

with the terminator.

This operating mode has the additional advantages of pointing the
payload end of the spacecraft continuocusly at the nucleus, and of main-
taining a constant, or nearly constant, solar aspect angle alleviating
thermal control problems. Incidental to the choice of orbital plane at

or near the terminator is the avoidance of solar eclipses.

6.6.3 Nucleus Gravity Measurement

For a small body such as the nucleus of Encke, assumed to have
a radius of only a few kilometers (our model uses R = 1.8 km) and a
mass of 2 X 1016 g, any gravit - measurements short of landing on the
surface require a very close approach distance. Three types of mea-

surements have been considered:

1) Doppler velocity measurements from the ground
with a sensitivity of 0.5 mm/sec

2) Gravity gradiometry

3) Measurement of thrust expendaed for hovering at
low altitude.

6-18



-

The various techniques of gravity measurement are illustrated in

O
P

Figure 6-7., The various measurements actually are not identical in

: scientific data yield, but can be used if necessary for backup purposes.

The doppler technique requires not only a close approach but a
low flyby velocity to produce a perceptible velocity change. We assume
closest approaches of a few km and velocities in the range of 2 to
10 m/sec. To maximize the doppler frequency the flyby trajectory
should be traversing the nucleus at right angles to the earth line-of-
sight. Figure 6-8 shows the altitude required to measure the gravity of
a 3.3 g/cm3 body within one percent as a function of its radius with fly-

by velocity as parameter, based on a recent paper by J. D. Anderson

B

(Reference 6-1), Also shown is a curve for gradiometer measurement,
based on a 30-second integration time and a noise threshold of
0.3 Eotvos Units, based on a paper by R. L, Forward of Hughes Re-

search Laboratories (Reference 6-2). With less conservative assump-

S AT e A ey 1

tions on noise threshold and a longer integraticn time the altitude can
probably be increased by an order of magnitude. A closest approach of
o less than 10 km will still be required to perform an accurate gravity

measurement.

The gradiometer technique has the advantage of being insensitive
to nongravitational forces acting on the spacecraft. Both the doppler
technique and the thrust-while-hover gravity measurement would be
affected by any appreciable gas flow pressure on the vehicle which in
the worst case is of the same order of magnitude as the local gravity.

In the hover mode this effect can be easily isolated by a series of mea-

L M .- i 5 . -.kv g ‘
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surements with the solar array fully or partially exposed ("featnered")
with respect to the radiul flow direction. As a by-product this would
also yield the 4dynamic flow pressure, from which the {low rate and

density of the emitted gas can be inferred.

In all cases, an accurate range mea.urement is required for which
a simple low-powered radio altimeter is proposed with a range of the
order of 50 km (see Appendix E), The altimeter also permits an indirect

determination of relative velocity based on line-of-sight rotation. Fur-

,
p
N

i

}

thermore, the dimensions of the nucleus can be derived from the distance
measurement and the subtended angle. Mass and dimensions yield the

nucleus density.
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( i 6.7 SPACECRAFT AND INSTRUMENT POINTING MODES

6.7.1 Constraints and ixequirements

r  erraat RO P ABEER

To show the feasibility of the various mission phases .iscussed thus
far a more detailed examination of typical spacecraft orientation and
instrun.cat pointing modes is required. The objective iz ¢~ show that the
spacecraft with its body-mounted and ~rticulated appendages, including the

. v.vo-gimballed scan platform, the two-axis steerable high-gain antenna,

and the one-axis rotatable solar array, can meet the basic pointing re-

- - -

quirements of the mission. The maj¢s pointing constraints and require-

ments are as follows:

R e

1) The thrust vector must be pointed over a wide
range of cone and clcck angles™ relative to a
sun oriented reference system to maximize the
payload. This requires rotation of the center
body relative to the solar array and/or rotation
of the entire spacecrait around the sunline.

v

[ T T N

2) The gole~ asray must be oriented away trom the
sun, up to 80 degrees from the nomina'! orientation,
(. “ for thermal protection,

3) The canter kody orientation relative to the sun is
constrained hy thermal control requirements.

4) The high-gain antenna must be capable of pointing
at earth under all attitudes of the vehicle with
earth view angles (ccne angles) up to 180 uegrees
from the sunline,

B P

PN
.'.’ gl
L e

FY-NRR Y S

5) In any spacecraft attitude the one-axis rotatable

o atiitude referen:.e star sensor must be a2ble to lock

. on a bright reference star that is not obacured by

the solar arrays, without stray sunlight inter{erence.

6) The gimballed payload scan platform must be capable
of pointing the instruments at all comet phencirnena of
interest prior to and during the entire exploration
phase. In particular, the TV image system used as
terminal navigation sensor, must be able to view the
central coma and/or nucleus befor- and after en-
counter through a wide range of body orientations.

to point at the nucleus during close approach and
G hover maneuvers.

*
These angles to be defined in the next subsec.ion.

;
. i 7) Finally, the onc-axis altimeter »adar must be able
§ 6-2.
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These requirements and constraints were analyzed in sufficient
depth to permit definition of preliminary spacecraft design concepts and
operating modes. Typical results are presented below. We have
attempted to reduce the complexity of the articulation system and pointing
seque nces as much as possible, but feel that further simplification is
desirable. To define a mission profile with a minimum number of space-
craft reorientations more detailed analysis beyond the scope of this study
is required to cover alternative pointing options and perform functional
tradeoffs. A survey of available reference stars should also be performed

to select preferred acquisition and tracking modes for attitude control.

6.7.2 Coordinate Systems Used

Two spacecraft-centered coordinate systems ‘vere adopted to

facilitate analysis of time-varying pointing requirements.

Sun-Oriented System. The first is a sun-oriented system Xgr Vg
and z, as shown in Figure 6-9(a), with z pointing to the sun; Y orthog-

onal to z ina plane normal to the ecliptic and containing the spacecraft;

—— -

(a) SUN-ORIENTED {b) SODY-FIXED
(SUN) z
Z CONt ANGLE
$ CO-~ELEVATION

X

Figure 6-9, Sun-Oriented and Body-Fixed Coordinates
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and X normal to Vo and z_. In the nominal attitude the vehicle is aligned

with these coordinates such that the solar array is normal to Zg, and the
thrust exhaust beam is in the direction of X Pointing angles in this
system are denoted as cone and clock angles (see Figure 6-9(a)), in

agreement with conventional usage at JPL.

Body-Fixed System. The alternate coordinate system x, y, and z,
shown in Figure 6-9(b), adopted from JPL's SEMMS study, is body-fixed,

with the x-axis in the direction of the exhaust beam; the z-axis normal to

1

this and to the undeflected solar array; the y-axis being orthogonal to x
and y extends along the solar array length axis. Pointing angles in this

system are denoted as co-elevation and azimuth in correspondence with

P e . I

the cone and clock angles of the Xy Yg» 2g SyStem. Azimuth is measured
in the x-y plane from the exhaust beam axis, x. The positive sense is
clockwise when looking along the z-axis. Figure 6-10 shows the angular

transformation between the two systems, as projected onto a unit sphere.

In this section we shall describe orientation and pointing requirements
in one or the other coordinate systems as appropriate: generally, the

relative motion of a target object is first defined in the sun-oriented

LELIRE T VS S O R oS

reference system in terms of cone and clock angles, then interpreted

in body-fixed coordinates, in terms of azimuth and co-elevation as will

be illustrated by several examples in the following paragraphs,

i 6.7.3 Pointing Requirements during the Transfer Phase

The optimal thrust pointing profile during the transfer phase was

presented in Section 5 in tezms of thrust vector cone and clock angle time

o yaro b ‘%-5; e

histories (see Figure 5-9b). From these characteristics and the rela-
tive positions of spacecraft, sun and earth we can derive orientation re-
quirements of the spacecraft center body in sun-oriented coordinates,
and solar array and antenna pointing requirements in body-fixed coordi-
nates. These steps are necessary to establish compatibility of the
optimal thrust pointing profile with thermal control constraints and with
pointing limitations of the solar array, the high-gain antenna and the

star seeker,
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Figures 6-11a and b show three-dimensional loci of the space-
craft -x axis (thrust vector) and +z axis in sun-oriented coordinates,
Xgr Vgr Zg plotted on a unit sphere., The coordinate grid inscribed on
the sphere consists of circles of constant cone and clock angles. Time
from launch is marked along the vector loci. The apparent motion of the
earth line-of~sight in this coordinate system is confined (approximately)
to the X =2 plane and is indicated by time marks around the periphery
(Figure 6-11a). We note that the thrust vector describes a loop that
follows roughly a circular arc, starting on the reverse side of the
sphere as indicated by the dashed portion of the curve. However, during
the major part of the transfer phase the thrust vector points toward the
visible northern half of the sphere, as indicated by the solid part of
the curve. Since the Xg=Yg plane approximately coincides with the
ecliptic plane this thrust profile produces the change in orbit inclination

and line-of-nodes that is required to match those of Encke.

The z axis locus shown in Figure 6-11b follows a "figure-eight"
pattern around the sun line. To exhibit this pattern more clearly the
aspect of the spherical projection has been changed from that used in
Figure 6-11a. The y axis orientation can be readily derived from the

x axis and z axis loci as function of time.

As a result of the prescribed thrust axis motion and the restriction
that the solar array centerline (y axis} be always located in the X Vg
plane, we obtain a nearly monotonic and uniform slow rotation of the
spacecraft around the sun line, completing roughly one revolution during
the transfer phase. This rotation requires that the star reference sensor

be rotatable over a wide range of azimuth angles.

By inspection of the z axis locus in Figure 6-11b we can establish
whether the rear surface of the spacecraft is exposed to solar illumina-
tion at any time during the transfer phase. In our example the positive
z axis always stays within the hemisphere centered on the sun line. Thus
the spacecraft rear surface is never exposed. (The cone angle margin
always exceeds 10 degrees). If the locus had crossed the x5 -V plane at
any time, a 180-degree spacecraft pitch maneuver around the x axis
would be required to return the positive z axis to the sun centered hemi-

sphere while leaving the thrust orientation unchanged.

’
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%
i fixed coordinates (x, y, z) derived by transformation from the sun-
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i oriented coordinates used in Figure 6-11, The dashed portion of this
: locus corresponds
again to points on the 7 ///‘,”’\\ N
1IN >
reverse side of the 15¢° L / SOF
unit sphere. Time CO-ELEvatiON / S0
- . /4R - ) s
marks show ti.e time o o A : ) 3,
. o/ n
elapsed since launch. / / i /~ T
The apparent motion /gOQ / [ /\ ~ i L A7 h
of the sun line in this ( ; \.{,\)L ‘ 4L -t DAV From
oo | AZIMUTH Y
coordinate system is Ko 1 =\.J : —px -
2 ‘ﬂ£\7\50 _8 L
i l

indicated by time 750,& " R {' B
marks around the C :\* 1
periphery. We note \ o Ny * et |
that during two 20-day 7:2,\

intervals, first about

\ \ _OPPOSITE  ~
. HEMI\SPHER

160 days, and again ;
about 750 days after 00

00 Gy 300 SUN TRACK

(DAYS FROM LAUNCH)

launch, the earth and z -
sun lines fall within a
zone of 80 + 10 de~-

Figure 6-12, Sun and Earth Track in
grees of co-elavation Body-Fixed Coordinates

and within the same quadrants of azimuth., Thus the solar paddles,
deflected nearly 90 degrees from the x-y-plane at those times as dictated

by the sun's position, could potentially obstruct the high-gain antenna's
view of earth. Such a contingency can occur only in one or the other, not
both, of these instances depending on antenna placement, configuration
and size of its deployment arm, and solar array dimensions (see

Section 7. 1),

If the anterna is placed at the spacecraft end designated by the
-x-axis, opposite the ion thruster package, the earth view obstruction by

the solar array is avoided during the critical rendezvous approach (i.e.,

% .
This plot was obtained by graphical analysis and is accurate only within
about 13 degrees, which is sufficient for purposes of this discussion.
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740-760 days after launch). Furthermore, by using the nominal mission
profile with a coast period from 135 to 185 days after launch, the earlier
instance of earth view obstruction can also be avoided since the spacecraft
orientation program reflected in Figure 6-12 can be temporarily changed
to circumvent this condition.

The figure also indicates the times at which the earth and sun lines
coincide, or nearly coincide, viz. about 240, 450 and 650 days after
launch. Among these three syzygies, the superior conjunction occurring

450 days after launch may cause a temporary communications blackout,

6.7.4 Sensor Pointing Requirements During Coma/Tail Exploration

Figure 6-13 shows a preferred mode of pointing the spacecraft
and payload sensors during a typical coma mapping path, and delineates
phases during which the various sensors are turned on. The gimballed
instrument platform can be scanned over a range of three-dimensional
viewing angles that nearly cover 3w steradians. To have an unobstructed
view of the nucleus during the first and second legs of the traverse both
for scientific observations and navigational fixes, the spacecraft is
reoriented so that the payload module points toward the nucleus. Thermai
control requirements constrain the center body orientation but within
rather wide limits., Reorientation is required during the brief thrust
phases that control the coma exploration trajectory and terminal
guidance.

<y
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(':.? Figure 6-13, Coma Exploration Phases and Orientation Requirements

Figure 6-14 shows the orientation sequences of the scan platform
and the high-gain antenna in terms of sun-oriented and body-fixed co-
ordinates; the plots differ by a 45-degree offset during the first and by
135 degrees during the second leg of the exploration path. The motion of
the spacecraft, the comet and earth can be assumed as being coplanar
for purposes of this analysis, hence only two-dimensional tracks are
shown in this diagram. A 180-degree roll maneuvar is required between
the two cruise phases to avoid sun illumination of the rear surface of the
spacecraft,

The short one to two-day thrust phases at the beginning and the end
of each leg of the exploration path require additional reorientations (not
shown in the diagram) that can be deduced from the indicated thrust
vector orientations Tl' 'I'z and '1'3.
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Figure 6-14. Pointing Requirements During Coma Exploration

6.7.5 Pointing Requirements During Nucleus Circumnavigation

As a first option we considered circumnavigation in fixed-body
orientation (Figure 6-15) to minimize thermal control problems and
frequent attitude maneuvers. The circumnavigation orbit is shown here
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Figure 6-15, Nucleus Observation with Fixed-Body
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schematically as a circle; actually it would be in the shape of a polygon,
as previously discussed (Figure 6-6), Orbiting in a fixed-body attitude
is compatible with the use of hydrazine thrust at the "corner points."
The use of SEP thrust would require radial pointing of the vehicle at
each turn in the orbital pattern.

This operating mode limits observation by scan platform-mounted
sensors as shown in the diagram. A cone angle range of about 270 de-
grees is desired for acceptable nucleus viewing during 3/4 of the "orbit."
The body-mounted Sisyphus particle detector is oriented at a 135-degree
co-elevation and O-degree azimuth and can operate over about 2/3 of

each orbit without interference of stray light from the nucleus.

As an alternate option we also considered a continuous slow revo-
lution of the spacecraft about the z axis vwhich would allow intermittent
radial thrusting at the corner points of the orbit without discrete reorienta-
tion maneuvers (see Section 6.6.2). In this mode the scan platform can
point at the nucleus either continucusly or intermittently in a time-shared

mode as desired. Since the earth line-of-sight describes a cone relative
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to the body coordinates, i.e., around the axis of re}folﬁtion z, this ")
nucleus viewing mode requires continuous i-e‘orie‘nta?:i,on of the antenna

if the z uxis is oriented to the sun, Earth cone angles of 50 and 150 de-

grees correspond to nucleus circumnavigation dates 30 days before and

10 Jays after perihelion, respectively. As an alternative, the spin axis

can be pointed at earth to avoid continuous antenna reorientation. This

means that the sun line would move in a conical pattern which is accept-

able as long as the cone angle does not exceed 60 or 70 degrees, i.e. -

until about 15 days before perihelion passage.

6.8 OTHER SCIENTIFIC EXPLORATION OBJECTIVES AND OPTIONS

6.8.1 Cruise Phase Science

During the transfer phase the spacecraft penetrates the asteroid
belt entering at a heliocentric latitude of 1.5 degrees and emerging
477 days later at a latitude of 7.9 degrees. The spacecraft traveraes
the asteroid belt at distances between 0.05 AU and 0.28 AU from the
ecliptic plane. Some observers have placed the astercid dust beit within
a distance of 0.1 AU on both sides of the ecliptic. This would corres- ""
pond to #2 degrees of heliocentric latitude at the radius of greatest
asteroid density, 2.8 AU from the sun. The Encke spac~~-~aft, being
the first vehicle to traverse the asteroid belt substantially off the eclip-
tic plane, can be used advantageously to map meteoroid distribution as
a function of radial as well as out-of-ecliptic distance. The long ex-
posure (447 days between entry and exit at 2 AU) provides enough time
for statistically significant sampling in the different zones.

Figure 6-16 schematically illustr-ies the three-dimensional
transfer trajectory and its penetration of .he astervid belt. During the
initial passage the spacecraft crosses the asteroid belt "above" the
ecliptic plane, i.e., at rorthern latitudes, During the extended mission
phase the spacecraft follows Encke toward aphelion and crysses the
asteroid belt for a second time, this time below the ecliptic plane,

An interesting objective of meteoroid detection and classification
would be a sampling of different Taurid meteoroid streams. Since the
Taurids are presumed to have originated from comet Encke this would ?
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Figure 6-16, Asteroid Belt Penetration During Mission

give the possibility of gathering data on the flux density and orbit
parameters of this material as well as its chemical composition, At
the high expected encounter velocities (15-30 km/sec) an impact mass
spectrometer could operate effectively while it would be useless at the

low velocities prevailing during the comet rendezvous.

Appendix C discusses meteoroid detection during the cruise nhase
and concludes that, considering the small size of practical impact
sensors, the frequency of encounter is quite low (low enough to eliminate
serious concern about survival). From these data it appe=rs not suf-
ficiently justified to include impact sensors such as TRW's cosmic dust
analyzer (impact ionization mass spectrometer) or NASA-GSFC's

momentum and velocity sensor in the fundamental payload.

The optical meteoroid sensor (Sisyphus) with its large effective
cross-sectional area (250,000 m2 at a range of { km) has dual applica-
bility during transit and encounter and is therefore included in the basic
payload complement. Pointing requirements for this body-fixed instru-
ment were obtained based on predicted encounter angles of asteroidal

and cometary particles. A compromise orientation of zero degree
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aziruuth and 135 degrees co-elevation was adopted that would be effective
during a large fraction of the total mission time.

Figure 6-17 shows an orbital plot of seven regularly observed
Taurid streams and of comet Encke, projected into the ecliptic plane.

240° 220°  X0° 180° 160° 140° 120°
- SPACECRAFT
20° 100°
280° 80°
300° 80
320° 40°
Y
— 1
0

Figure 6-17. Taurid Streams Encountered by Spacecraft

on Way to Encke Rendezvous (Projected

into Ecliptic)
The Taurids have orbit inclinations between two and eight degrees,
aphelion distances from 3.1 to 4.8 AU and their orbital axes vary in
orientation by about 40 degrees, with the longitudes of perihelion
generally smaller than Encke's. It may be argued that the Taurid
streams exhibit orbit characteristics of earlier phases of Encke's

¢
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evolution, since major perturbations of the comet do not affect an entire
stream of small particles in the same manner. Thus a detection of
Taurid orbital characteristics during transit encounters (especially of
streams that cannot be observed from earth) will be of potentially great
scientific interest. The Sisyphus detector is designed to differentiate

orbit parameters sufficiently well to serve this objective.

Figure 6-17 shows that the Encke spacecraft is likely to cross out-
bound trajectories of Taurids early in the mission and inbound trajec-
tories after passing aphelion and on approaching the rendezvous point.
Since the out-of-plane aspects of the trajectories shown were ignored,
this prediction is only qualitative. More detailed analysis would be re-

quired to substantiate this point,

6.8.2 Asteroid Flyby Options

The long tour through the asteroid belt offers the interesting possi-
bility of visiting one or several known asteroids as a secondary mission
objective. The payload designed for comet nucleus observation is suit-
able for asteroid observations, particularly if the flyby is at close range.
Such options are being considered with growing interest by the scientific
community and have been recently investigated by R. Bourke and D. Bender
of JPL (Reference 6-3) and by D. Brooks of NASA/Langley.* The ex-
tended dwell time in the asteroid belt, the flexible choice of transfer tra-
jectories, and the modest propulsion effort required for large excursions
from a given nominal trajectory make the multiple target mission concept
feasible without appreciable propellant penalty, e.g., only five percent
extra propellant in a typical case investigated by Bourke and Bender.

A compurer search for conveniently located flyby targets was per-
formed. Table 6-3 lists several asteroids that are within less than
30 x 106 km of the nominal 800-day 1984 Encke rendezvous trajectory.
Massalia is among the 20 largest asteroids with an absolute magnitude

of 7.38.

“Unpublished notes

6~35



T.

n
e

A s i eesa o <

\..
v ey

Voo v i A o JP I+«

Table 6-3. Closest Approach of Nominal 800-Day
Trajectory to Some Known Asteroids

Asteroid Time Miss 7]
No. Name (Days) (10° km)
20 Massalia 450 26
111 Ate 690 18
123 Brunhild 520 14
352 Gisela 320 16

6.8.3 Deployable Lander and Solar Wind Monitor Probes

The concept of carrying a2 deployable nucleus lander probe or a
solar wind monitor has cowusiderable appeal from a standpoint of en-
hancing the scientific yield of a comet rendezvous mission. However,
as mentioned before the overriding goals of simplicity and cost economy
rule out any plan for carrying such a probe at present. We therefore
lin.1t the discussion to pointing out some implementation and delivery

concepts.

The lander probe can be deposited from low altitude and would
impact the nu~leus at small velocity (1.2 m/sec = velocity of escape) if
allowed to descent by free fall. This reduces the tendency to bounce off
and makes "hard landing" a practical possibility. A key to feasibility
is the provisiofx of an anchoring mechanism that can operate reliably in

a wide variety of soils.

The probe would undoubtedly use the parent spacecraft as a com-
munications relay. Hovering at an altitude of 5 to 10 km would serve
this objective better than circumnavigation because contact periods are
more frequently repeated in the former case depending on the expected

length of survival cf the probe after touchdown,

The second deployable probe concept is keyed to the objective of
determining the correlation between solar wind "input" phenomena and
events in the coma and tail that respond to these inputs. A reasonably
simple spin-stabilized particles and fields probe such as the small P
and F iunar orbiter (35 kg) carried by Apollo, or a Pioneer 6-9 type
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vehicle of larger size would meet the scientific objectives of solar wind
sensing. Ejected from the parent vehicle either on approach to rendez-
vous or after entering the coma, the monitor probe would travel radially
inward, gaining a forward circumferential component in time due the
Coriolis effect and solar differential gravity. At a separation velocity
of only 10 m/sec the probe will cover a distance of the order of 106 km
in about 100 days, sufficiently large to sample the solar wind phenomena
unaffected by interaction with the coma, but not so large as to miss the

correlation effect in a given sector of the solar wind.

Communication to earth via relay link can be readily achieved by
a rotational fan beam like Pioneer's. This beam would be aligned with
the common orbital plane of the probe and the parent spacecraft to avoid

probe reorientation requirements.

Our SEP spacecraft design does not include a provision for carrying
a daughter probe. However, it has sufficient mounting space and enough
payload capacity if flown at a long trip time to accommodate a 50 kg or
even 100 kg deployable probe. This option is available in case mission

plans should be broadened to include such a probe.
6.9 MISSION PROFILE SUMMARY

The preierred nominal mission sequence is summarized in

Table 6-4. Figure 6-18 illustrates this mission prufile and shows the
positions and times of key events. These results are to be interpreted
as tentative based on the tradeoffs performed in this and the preceding
section and on the scientific rationale developed in Sections 2 and 3.
Formulation of a more detailed mission profile will be governed by the
definition of the system and subsystem design and detailed operational
modes of attitude control, navigation, electric propulsion, command and
telemetry, ground system operations and by the design and operational

constraints of the payload instruments.

The nominal sequence includes the preferred short transfer
(800 days), arrival at the comet 40 days before perihelion, a nominal
exploration phase of 80 days, plus an extended exploration phase of

several hundred days with maneuvers in and out of the comet envelope.
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Table 6-4. Summary of Flight Sequence

Event

Time
(Days except as noted)

1. Launch

2. Deploy solar array and appendages
3. Acquire sun and star references
4, Initiate SEP thrust phase

5. Intermittent coast periods to refine
navigation accuracy

6. Reduce housekeeping power drain
near aphelion

7. Resume normal housekeeping and
telemetry operations

8. Comet recovery at earth

9. Update targeting based on new comet
tracking data

10, Acquire comet by onboard optical
system

11, Correct terminal approach trajectory
as required

12. Arrive at comet with 50,000 km offset,
on aun side

13. Hold position and observe comet at
offset point

14, Start coma/tail excursion on earth
command

15. Arrive near nucleus
16. Circumnavigate nucleus or hover
17. Extended survey

18. End nominal mission, start extended
mission

19. Stationkeeping and excursions on
earth command

L
L + 2 hours
L + 3 hours

L 4+ 12 hours

L + 450

L + 550

L +700 %30
L +710 =30

L+ 790

L+ 795

R=L+800:P-40

RtoR+ 1

R+1toR +30

About P +30 =P ~ 10
R + 30 to 50

R + 50 to 80

R + 80

R + 80 to 200-300

L = Launch; R = Rendesvous; P = Perihelion
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Since the spacecraft must be designed to survive perihelion passage as
well as solar distances above 2 AU in any case the extended mission life

of several hundred days places no major design constraint on the space~

craft. This provides a significant additional yield of scientific data yet

requires only modest extra propellant expenditures, typically 5 to 10 kg.

Table 6~5 lists various mission profile alternatives and/or de-

partures from the nominal mission concept that have been studied in the

R

Table 6-5. Summary of Misgsion Profile Alternatives

Legend: P — positive (desirable); N — negative (undesirable) jmplication

of change
CHANGE FROM NOMINAL EFFECT ON SCIENTIFIC £FFECT ON COST, COMMENTS AND
MISSION PROFILE OBJECTIVES OR YIELD COMPLEXITY AND PLANNING |  RECOMMENDATIONS
LATE ARRIVAL AT COMETY P [MORE PAYLOAD CAPACITY UNNDESIRABLE BECAUSE OF
{20 YO 30 DAYS) N [OBSERVATION TIME LOSS LOWER SCIENTIFIC YIELD
LONGER ELIGHT TIME P |MORE PAYLOAD CAPACITY | P {SAVES SEP POWER UNDESIRABLE (N SPITE OF
{200 TO 300 DAYS) N REDUCED RELIABILITY PERFORMANCE ADVANTAGES
N [DIFFICULT TO ADAPY N |oirricuLY 1O USE
PAYLOAD AS RESULT OF 1980 MISSION DATA
1980 MISSION
'N&‘ﬁb gmoezvous AT 7 |INCREASED ost;voué’mlw N |GREATER HAZARD NOT RECOMMENDED BECAUSE
' N FOR NUCLEUS/HAL OF POTENTIAL HAZARD
; OBSERVATIONS N IFFICULT NAVIGATION
: N {LOSS OF SOME COVER~ TASK ‘
AGE 1IN ACTIVE PHASE H
v o ————— 4
MINIMUM MANEUVERING N JREDUCED SCIENTIFIC P JALLEVIATES THERMAL UNCONSTRAINED EXPLORA~
WHEN CLOSE TO PERIHELION COVERAGE CONTROL PROBLEM TION meregai%.o Ec:;:
ACCEPY THIS M
(20 TO 40 DAYS) yeriy
USE THERMAL PROTECTION BY  |N |SHARPLY REDUCED P {GREATLY REDUCED USE AS EMERGENCY MODE
NUCLEUS PENUMBRA SCIENTIFIC COVERAGE THERMAL LOAD ONLY
{20 TO 40 DAYS® N [REQUIRES COMPLEX
STATIONKEEPING
OUT~OF -PLANE MANEUVERS P {MAY DETECT ASYMME- N |COSTUER MANEUVERS IF MAY BE INCLUDED AS
ADDED TO COMA/TAN TRY OF PHENOMENA FULL BENEFRIT IN SCi- SECONDARY GOAL AFTER
SURVEY ENTIFIC COVERAGE 1S TO | INITIAL COMA AND NUCLEUS
8E GAINED COVERAGE
1 EXTENDED DEPTH OF TAIL P |POTENTIALLY MAJOR N IMAJOR INCREASE IN PRO- | KEEP MISSION PLANS
- PENETRATION INCREASE IN SCIENTIEIC | [PELLANT CONSUMPTION | ELEXIBLE; EXECUTE AS CONDI~|
‘ (10° KM OR MORE) YIELD (IF TAIL 1S 1F TIME MUST BE TIONS WARRANT
ACTIVE) CONSERVED
N [REDUCES TIME FOR
. Imut: LEUS OBSERVATION
REPEATED COMET EXIT AND P JCOVERS PHENOMENA N |ADDITIONAL PROPELLANT | MAY 8 INCLUDED AS
REENTRY 1N TRANSITION ZONE AND TIME EXPENDITURE sececomm:;r é“éif{,?,“ GOAL;
EXECUTE {ONS
N [MAY REDUCE NUCLEUS
. OBSERVATION TIME WARRANT
g ASTEROID FLYBY(S) DURING P (GREATLY INCREASED N JADDED LAUNCH CON- RECOMMENDED AS
; TRANSFER PHASE SCIENTIFIC YIELD OF STRAINY SECONDAGRV MISSION GOAL
MISSION N JADDED MANEUVER IF MAIN GOAL NOT
REQUIREMENTS JEOPARDIZED BY 1Y
N [MORE COMPLEX
MISSION SEQUENCE
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foregoing analysis. Desirable and undesirable aspects of these changcs
are summarized and comments and recommendations are given in the
last column. The outstanding characteristic of this rendezvous mission
is its adaptability to late program plan entries and to desired changes
in the mission profile and exploration sequence as warranted by the un-
foreseeable conditions that the spacecraft will find at the comet. This
is largely due to the maneuver flexibility of the electric propulsion sys-
tem, and the noncritical encounter conditions inherent in the rendez-

vous mode.
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7. SPACECRAFT DESIGN CONCEPT

7.1 TYPICAL SPACECRAFT CONFIGURATION

A representative spacecraft configuration with design features
required for the Encke rendezvous mission was adapted from scveral
earlier solar-electric spacecraft studies. These sources include JPL's
SEMMS Study (Reference 7-1), TRW's muiti-mission spacecraft studies
(References 7-2 and 7-3), and similar studies by North American
Rockwell (Reference 7-4). The selection was guided by criteria such as
efficient thrust operation during all mission phases, convenient payload
instrument pointing modes for comet exploration, simplicity and cost

economy.

Figure 7-1 shows the spacecraft in the cruise configuration. Fag-
ure 7-2 shows additional design detail, with the spacecraft in stowed
configuration mounted on the Cencaur upper stage. The 3.05-m (10 feet)
Intelsat nose fairing with an extended cylindrical section provides ample

stowage volume.

The vehicle consists of a flat oblong center body and two boom-
deployed solar arrays. The center body is separated into two modules:
the electric propulsion module with an articulated array of six mercury
ion thrusters, power processors, propellant storage and feed system;
and tne equipment/payload module mountecd below the propulsion module
on the spacecraft adapter. The two modules are separated by a field
joint for ease of assembly, handling and testing. The entire structure
consists of open trusswork which for the large overal' dimensions of the
center body (about 4 X2 X 1 meters) offers weight advantages compared
to a semi-monocoque box structure. Four longerons carry the main
structural load to mounting points on the adapter. A 1,82-meter (6-foot)
diameter high-gain antenna is mounted on a deployment arm that is
hinged to the bottom of the equipment module. This biaxially rotatable
anienna is stowed against the vehicle hody during launch., After deploy-
ment it can be pointed in 2ll directions in front and rear of the center

body for an unobstructed view of earth,
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Figure 7-1. Spacecraft in Cruise Configuration

The vehicle is three-axis stabilized using the sun and a selected
reference star as celestial references. Three-axis stabilization is
the most effective means of providing thrust vector, solar array, h gh-
gain antenna, and payload instrument pointing in all mission phases.
Attitude control functions are performed during thrust periods by the
articulated ion engines and during coast periods by hydrazine thrusters.
The hydrazine thrusters are also used during the electric thrust phase
(a) to control large attitude excursions and (b) to provide third-axis

control capability when only one ion thruster is operating.

For small but rapid trajectory control maneuvers thai are required
when operating close to the comet nucleus (see Section 5.4.4), the
vehicle's electric thrust capability is augmented by attitude control
thrusters which at a nominal 2-pound (9-Newton) thrust level are ade-
quate for this purpose. Use of the hydrazine system in the dual mode of
attitude control and trajectory control saves the cost and weight of an

additional chemical propulsion system.,
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The two solar arrays use the rollout deployment principle developed
by General Electric under JPL contract. A single boom serves as deploy-
ment actuator and support structure for each panel. Partial solar array
retraction is desirable during the comet exploration phase. The General
Electric solar array was designed for such a requirement. As an
alternative to the rollout array configuration an accordion-folded array
concept developed by TRW and Lockheed was also considered which would
have the advantage of lower specific mass, simpler mechanization and
greater panel stiffness. However, because of the more extensive develop-
ment and test experience of the rollout array model accumulated to date,
including a successful flight demonstration performed in 1971 with a
similar model built by Hughes Aircraft, we have selected this design for

our conceptual spacecraft configuration,

The solar arrays with a deployed length of 20. 5 m by 4. 2 m width
for each panel have a total cell mounting area of 163 m2 and generate
17.5-kw of gross power at earth departure. This includes an initial
margin of 4, 5-kw for solar array degradation and housekeeping power.
The nominal net propulsion power at the power processor input terminals
is 13 kw.

The solar array panels can be rotated up to +90 degrees from an
orientation parallel to the center body to permit optimal thrust vector
pointing relative to the sun line; unconstrained terminal guidance and
other maneuvers in the vicinity of the target, and controlled sun ex-
posure at solar distances below 0.68 AU, Out-of-plane thrust vector
pointing is achieved by rotating the entire vehicle around the sun line.
Such roll maneuvers are facilitated by the one-axis rotatable star seeker
mounted on the rear side of the vehicle. Rotation of the star seeker also
permits selection and tracking of reference stars that are not obstructed

by the solar panels,

The equipment and payload module houses the engineering sub-
systems, the scientific payload instruments and associated electronics.
Several body-mounted, booin-deployed and articulated sensors are
shown in the configuration drawing mainly to illustrate probable place-

ment and field of view allocations. Not all of these, e.g., the impact
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ionization cosmic dust analyzer and the impact velocity and momentum
sensor, are included in the basic payload complement discussed in
Section 4. The Sisyphus optical micrometeoroid sensor is mounted

at an oblique angle, nominally pointing 45 degrees frorn the anti-solar
line, as a best compromise for dust particle detection during the

transit and comet exploration phases.

A double-gimballed scan platform attached to one corner of the
payloadi module carries the TV image system and other optical sensors
and spectrometers. This platform can be scanned over a wide range
of azimuths and co-elevations without field-of-view obstruction, as
illustrated schematically in Figure 7-3. Nearly all of the vehicle's
rear hemisphere and half of
its front hemisphere can thus
be scanned readily by the
platform sensors., This is

facilitated by the choice of Z-AXIS

attachment point location and
gimbal arrangement. Re-
orientation of the center body
by a 45-degree cone angle
from its nominal attitude
normal to the sun, has the
advantage of allowing the scan

platform to cover its full 3«

steradian scan capability with
inimum str nlight inter-

mint ay sunfight inter Figure 7-3., Scan Platform Articulation

ference as was illustrated in

Figure 6-13. The cone angles scanned by the sensors range from 45

to 180 degrees in this spacecraft pointing mode.

A one-axis gimballed altimeter radar antenna of 2-ft diameter,
required to support nucleus gravity measurements is shown on the front
gside of the spacecraft body. This location is selected because of the
relative positions of earth, spacecraft and nucleus at the preferred time
of close approach to the nucleus. This antenna can also serve as an
auxiliary medium-gain backup antenna in the event of a main antenna

gimbal malfunction.
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7.2 PROPULSION AND POWER SUBSYSTEM

7.2,1 Power Subsystem

The required propulsion power of 13 kw at | AU (see Section 3)
dictates the size of the solar array. In addition a sufficient power
margin is needed initially to compensate for solar array degradation
and harness losses, and for housekeeping power. Table 7-1 gives a
summary of estimated power allocations which shows that under rea-
sonably conservative assumptions a total installed solar array power

of 17.5 kw at 1 AU is required for this mission.

Table 7-1. Summary of Estimated Power Allocations (kw)

Gross solar array power at 1| AU 17.5
Solar array degradation and losses, 19 percent 3.3
Housekeeping power reserve (provides minimum of

200 W at 2.8 AU aphelion distance) 1.2
SEP power processor input 13.0
SEP thruster input power at 1 AU (0.91 x 13.0) 11.8
Input power to each of four thrusters (11,8/4) 2.96
Thruster maximum power rating (reached at 0,92 AU

during initial inbound passage) 3.3
Maximum power input to five thrusters at 0.74 AU

(1.34 x 11,8 kw) 15.8
Maximum power rating of five thrusters (5 x 3. 3) 16.5

(Percentage of maximum power of five thrusters
reached at 0,74 AU, 100 x 15,.8/16.5) (96%)

The solar array must operate over a large range of temperatures
varying typically from 50°C at earth departure to -100°C during the
outbound phase of the mission to +140°C at solar distances of 0.68 AU
and less during the inbound phase. This upper temperature limit is
maintained when close to the sun by a programmed rotation away from
full sun exposure starting at 0,68 AU solar distance. The required
array offset angle increases to 75 degrees at perihelion (0.34 AU).
With the solar array in "feathered" orientation the radiation pressure
effect at close solar distance is greatly reduced. Partial solar array

retraction is desirable during the comet exploration phase to further
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reduce solar pressure and to minimize field-of-view obstruction of the

platform-mounted sensors, as illustrated in Figure 7-4.

Y
120° ," - -~ 80°
N \
/
90° FULLY CO-ELEVATION
/ DEPLOYED \ ANGLE
. ARRAY
150 / 30°
&9 > \
/// // ;
PARTIALLY
. RETRACTED
30 SOLAR ARRAY
25985 IN FEATHERED .
N X | ORIENTATION o
AZIMUTH %
180° | 0 L% o 0
71 [X | SPACECRAFT CENTER BODY = >
G SY it
~30¢ Y4 ~sODY MOUNTED
SENSORS Z
’ - \ /",
7 /'/, //,//
%0,
150 2 30°
\ / ;
-90° \ /;
/‘: /
Ar
4
; N HEMISP&;EDRE
> 7 Z CENTER
120 Z y 60° ON THRUST
Z/ BEAM AXIS (X)
%0° LOOKING
*INSIDE-OUT"

Figure 7-4. Scan Platform Field of View.

The large solar array temperature and voltage variations of this

mission introduce problems in the electrical design of the propulsion

power processor subsystems.

0.34 AU to 2.8 AU the array voltage varies over a ratio of 3:1 which

With solar distances ranging from

exceeds the present state of technology of high-efficiency power

processors. Two alternative approaches were considered: (1) opera-

tion over the stated solar array voltage range; thie requires additional
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power processor development and causes weight and efficiency penal-
ties totaling 10 to 20 percent; (2) reduction of output voltage variation
by in-flight switching of solar array module interconnections. The

first, more conservative approach was selected in our design concept.

The solar array is divided into {2 modules which are inter-
connected with a grounded center tap so that one output terminal is
positive and the other negative with respect to vehicle ground. This
arrangement doubles the input voltage to the power processor and
permits an appreciable weight saving while reducing the risk of electron
drainage currents flowing between the solar array and the ambient

plasma.

7.2.2 Propulsion Subsystem

The power profile of the nominal 800-day transfer trajectory is

shown in Figure 7-5. A tradeoff between the number of thrusters, re-
liability, and weight was performed based on results of an earlier study
(Reference 7-3). By selecting a total of six thrusters, each rated at a
nominal input power level of 3.3 kw, we obtain a thruster switching
sequence that uses four thrusters initially as shown in the diagram.
The number of thrusters operating during the 751-day total thrust period
varies between five and one. The sixth thruster is available as a spare.
This operating profile does not require any thruster to operate for more
than 350 days and the resulting overall thrust system reliability is

0.95 based on a nominal thruster design life of 550 days.

The assumed thruster characteristics (3.3 kw at a 3000-second
specific impulse and 70 percent efficiency, providing a maximal thrust
of 35 millipounds) are consistent with the projected performance range
of the 30-cm thrusters currently under development by JPL and NASA
Lewis Research Center. Since the maximum thruster throttling ratio
of 2:1 is not exceeded at any time during this mission, as shown in

Figure 7-5, a high level of thruster efficiency can be maintained.

The thrusters are mounted in a hexagonal array on a two-axis
translation platform based on the thrust vector control system design

developed by JPL (Reference 7-5). This platform aligns the total thrust
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Figure 7-5. Propulsion Power and Thruster Switching Profile

vector with the spacecraft center of mass regardless of how many
thrusters are in operation at any given time and automatically com-
pensates for lateral shifts of the spacecraft center of mass which may
be caused, e.g., by solar array deflections. In addition to the thrust
vector alignment function, the TVC articulation system also performs
continucus attitude control functions during the thrust phase. To add a

third axis attitude control capability, each thruster is mounted on a
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one~axis gimbal so that it can be deflected by a small angle around an
axis extending to the center of the hexagonal array. Individual gimbal
actuators are envisioned but one centrally located actuator could be used

instead to drive all six gimbals,

The dimensions of the propulsion module (2.45 x 1.58 X 0.9 meters)
are dictated primarily by the panel area of the power processor units
that must radiate a maximum of 1.5 kw of dissipated heat based on a
91 percent power processor efficiency when the solar distance decreases
to 0.75 AU during the initial inbound main thrust phase. For most effec-
tive waste heat rejection the power processors are mounted in the rear

area of the propulsion module,
7.3 ENGINEERING SUBSYSTEMS

7.3.1 Attitude Control

The attitude control subsystem performs the following functions:

° Initial celestial reference acquisition after separa-
tion from the booster and reacquisition at any time
during the operating life of the system

¢ Three-axis stabilization of the vehicle attitude
within 0.5 degree and thrust vector orientation
by rotation of the spacecraft about the yaw and
roll axes

¢ Antenna pointing at the earth with an accuracy of
0.5 degree

e Experiment pointing with £0.5 degree accuracy
¢ Solar array rotation through +90 degrees

¢ Computational support to the propulsion and power
subsystems on a noncyclic basis.
The attitude control system includes coarse and fine sun sensors;
a one-axis rotatable star reference sensor; two redundant rate inte-
grating gyros; the reaction control system; and a control electronics
assembly which provides interconnection and switching ~f subassemblies

and establishes interfaces with other subsystems.

A control processor assembly consisting of two redundant digital
computers provides logical control and computation functions within the
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attitude control subsystem and supports other subsystems on a priority
interrupt basis, The large number and diversity of attitude cont:-ol
operating modes and switching requirements can be significantly sirapli-

fied by the use of this computer, with an increase in system reliability.

The spacecraft attitude is controlled within a relatively wide dead-
band (0.5 to 1 degree) such that limit cycle oscillations have a low fre-
quency, about 0.01 cps. This is required to save attitude control propel-
lant as well as to minimize dynamic interaction with the flexible solar
array structure. Of principal interest in this connection is the frequency
of the first asymmetrical bending mode of the spacecraft/solar array
combinaiion. This frequency is about one order of magnitude greater
than the attitude control limit cycle frequency. Hence the two oscilla-

tion modes are effectively decoupled.

In addition to the nominal cruise control mode the attitude control
system also provides a precision pointing mode with a drift rate smal;
enough (2 x 10'4 deg/sec) to allow accurate navigation fixes by means of
the TV image system with a maximum exposure time of about 30 seconds

(see Section 5).

7.3.2 Communication and Data Handlin&

The design of these subsystems is keyed to the objective of limiting
the required mission suppcrt by the Deep Space Network considering the
prospect that the Encke rendezvous mission may be in progress con-
currently with other interplanetary misgions of long duration. Reasonably
large telemetry data rates will be maintained by the spacecraft even at
maximum communication range, with the uplink and downlink charac-
teristics designed to rely primarily on the 85-foot rather than the
210-foot DSIF antennas.

Since electric power is abundant we selected a 25-watt transmitter
for the baseline configuration operating at S-band. The size ard payload
capacity of the vehicle permits the use of a six-ioot (1. 82 m) high-gain
antenna. Thus, even at a communication r2age of 3.8 AU, occurring at
aphelion, a telemetry bit rate of 258 bps will be available using an

85-foot DSIF antenna. During rendezvous the data rate increases to
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2048 bps at the initial encounter and to 16,3 kbps at the time of earth-
comet opposition when nucleus expicration is in progress and a larger
number of TV frames is to be transmitted. With the use of the 21v-foot
DSIF antenna these data rates would be increased to 16.3 kbps and

131 kbps, respectively.

7.3.3 Thermal Control

The thermal design must provide adequate temperature control to
the vehicle, all its subsystems and appendages over the wide range of
propulsion power and solar heat flux conditions that characterize the
mission. The basic thermal control concep*’ orovides the spacecraft with
an insulated body so as to minimize heat leaks into and out of the interior.
Multilayer thermal insulation blankets consisting of aluminized Kapton
sheets are used for effective passive control. Bimetallically actuated
louvers are used to control the temperature of high-heat rejection com-
ponents such as the power processors in the propulsion module, and
TWT's and their power supplies in the equipment module. The .wo
modules are also thermally decoupled since each is optimally operating
at different temperature levels, and thermal transients occurring in the
propulsion module would unnecessarily complicate thermal control of the
more uniformly operating equipment module. Heaters are used to keep
the propulsion module equipment above minimum temperatures of -55°¢C

during coast phases,

External equipment is protected against excessive solar heating
by low-absorptivity, high emissivity coating (Z-93 thermal white paint)
and by multilayer Kapton insulation sheets where required to minimize
heat leaks into and out of the equipment. The high-gain antenna dish
uses stainless steel wire mesh coated with Teflon to withstand the ex-

treme heating at close solar distances without serious deformation.

The ion engines are arranged in a hexagonal array, with up to five
engines operating simultaneously. Under worst-case heating conditions
local high temperatures may reach 295 to 320°C at 0.4 AU solar distance.
Use of permanent magnets rather than electromagnets make this condi-
tion acceptable. These results are conservative since operavion of ad-

jacent engines is unnecessary during the comet exploration phase.
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The solar array panels are protected against excessive solar-
thermal radiation by rotation away from full exposure, as solar distance
decreases below 0.68 AU, thus maintaining a maximum temperature of
140°C. Degradation due to overheating may become a problem if the
solar array blankets do not remain ideally flat under extreme heat flux,
but exhibit curling along the edges while held in the feathered orientation.
The angle of solar incidence along the edges can thus become sufficiently
large to cause permanent damage in this portion of the array. Actually,
a large thermal degradation of the solar array can be accepted after
rendezvous is achieved, nominally at 0,96 AU since much less than the
full thrust power is needed to perform subsequent comet exploration
maneuvers. However, for greatci flexibility in mission planning, we
must include the option of arriving at a later date, closer to perihelion.
A promising design approach for controlling edge curl is shown in Fig-
ure 7-6. Solar array panels are stiffened by collapsible beryllium
copper tubes installed along the edges and across the substrate, sub-
dividing the array into rectangular modules. The stiffeners can be rolled
up and deployed from the storage drums without difficulty. The estimated
weight of this modification (8 to 12 kg for a 17.5-kw solar array) in-
creases the to.al array weight by only four percent. Further study, engi-
neering development, and test of this concept as a modification of the

existing roliup array model is recommended.

A principal operating constraint of the spacecraft, particularly
during closest solar approach, is to avoid exposure of the rear surface
of the center body with its louvered radiating panels to direct sun illumi-
nation. As previously discussed in Section 6 all maneuver sequences
can be adapted to this constraint. However, at times this requires 2 roll

reorientation of the spacecraft by 180 degrees.
7.4 WEIGHT ESTIMATES

Although no detailed design of the selected spacecraft concept and
its subsystems was performed durirg this study, preliminary weight
breakdown estim:.2s can be derived by extrapolation from the earlier
designs on which our configuration is based (References 7-1 through 7-4).
T>ble 7-2 shows the weight estimates for electric propulsion and power

according to data derived in Section 5, and gives upper and lower weight
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Table 7-2. Estimated Weight Breakdown (kg)

Nominal 800-day mission; total thrust time: 751 days
Gross solar array power 17.5 kw, SEP input power 13 kw (at 1 AU)
Titan IID/Centaur (five segments), offloaded {4 percent
* .
Gross injected mass at V_ = 8 km/sec 1380 Launch penalties covered by
® 14 percent unused booster capacity
Solar electric propulsion dry mass 417 Based on a = 30 kg/kw plus 27 kg
to accommodate initial power
increase

Propellant mass (mercury) 536
Net spacecraft mass 427
Solar array degradation and housekeeping power 67 4.5 kw at 15 kg/kw
Structure and engineering subsystems 310 £ 20

Structure 100-110 Weight clements adapted from

Thermal control 30- 35 previous SEP spacecraft studies

Power 30~ 35 by TRW and JPL (Reference 7-1

Attitude control 30~ 35 and 7-2)

Electrical integration 25~ 30

Communications and 50~ 55

data handling
Hydrazine and tankage 25~ 30
290-330
Y
Net payload capacity (science) 50 + 20
*Extenaion of thrust time by 49 days to 800 days would increase gross injected mass to 1460 kg
and net payload capacity to 76 + 20 kg (hyperbolic departure velocity decreased to 7.5 km/sec).

brackets for spacecraft structure and engineering subsystems. Comments
that explain some of these estimates are added in the last column of the
table. The resulting net weight capacity for payload instruments is

50 + 20 kg. Since the lower estirnate shows only a marginal payload
capacity it is apparent that a more detailed design study is required to
narrow the uncertainty range of subsystem weight assumptions. Areas
that provide a significant weight reserve are: (1) reduction of mercury
propellant mass through optimum use of the total launch vehicle injection
capability and by reducing the 49-day coast period included in the nominal
transfer trajectory; (2) savings in the amount of power margin allocated
to solar array degradation and housekeeping; and (3) reduction of hydra-
zine propellant mass by better definition of emergency maneuvers that
would require hydrazine rather than low-thrust propulsion capabilities.
Preliminary analysis indicates that a net payload increase of up to 70 kg

should be achievable if necessary by combining all of these steps. A
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shift in arrival date by 10 days would yield an additional margin of 30 kg.

Thus the desired scientific instrument complement of 50 kg can be readily

accommodated with a substantial weight margin.
7.5 ADAPTATION TO LAUNCH BY THE EARTH ORBITAL SHUTTLE

The possibility of using the Earth Orbital Shuttle augmented by a
chemical upper stage to launch interplanetary missions has important

implications in connection with a 1984 Encke rendezvous mission., A

‘

E « ~eliminary investigation of the compatibility of our spacecraft with the
: ; Shutile launch mode was conducted and the following potential advantages

£

3 of this mode were identified:

"% ¢ Substantial cost savings compared to the Titan IIID/

& Centaur booster
i ®  Ability to deploy the solar array and conduct a pre-
N flight orbital checkout, especially of the electric
. § propulsion eystem

£

2 e  Ability to detect and correct malfunctions, thus

? increasing the probability of mission success com-

f C\? pared to the conventional automatic launch mode

® Salvaging the spacecraft if major repair is required
that is not feasible onboard the Shuttle.

A PYnY
'3

FTRR "-,;:"\ . 4
e S I Bl e S R

The possibility of adding this mission to the list of subscribers to the
Shuttle program, along with other SEP missions now being contemplated

for the 1980's should be a matter of interest to Shuttle program planners.

Figure 7-7 shows estimated performance characteristics” of the
Shuttle with Centaur and Agena upper stages (solid lines) compared to the
current Titan IIID/Centaur performance (dashed lines). The performance
requirement for a nominal 800-day SEP Encke mission is seen to be well
within the capability of the projected large-tenk Agena upper stage. The
Centaur upper stage would have sufficient performance to inject two

vehicles of the Encke spacecraft class, although such a dual launch is not

envisioned at this time.

Figure 7-8 illustrates the concept of orbital checkout of the electric

spacecraft mounted on top of the Centaur stage. The stage is still attached

©

“Source: NASA/MSFC, 1971
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Figure 7-8. Spacecraft Deployed for Preflight Checkout
in Shuttle Launch Concept

to the Shuttle by means of a deployed strongback, so that it could be re-
tracted for servicing if necessary. The solar array is deployed and the
electric thrusters on top of the vehicle are then turned on for a full

thrust check run. A complete power and propulsion checkout is not feasible
in ground test facilities of practical size. Some of the engineering systems

and science payload checkout tasks are summarized below.
a) Engineering systems

[ Deployment, retraction and rotation of solar array
under zero g condition

® Thruster decaging, articulation and switching

@ Full-power active thruster test

¢ Automatic thruster throttling and cutoff sequence
under simulated solar intensity variation (array
rotation); maximum power tracking by power
processors

® Command sequences, data handling and telemetry

® Thermal control cycles in day and night phases.
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b) Science payload

] Measurement of earth-orbit observables and sensor
calibration (i.e., plasma probe, magnetometers,
E-field meter, IR and UV sensors)

¢ SEP-interaction levels
L] TV system checkout against known targets on surface
¢ Payload platform uncaging and articulation test

¢ Checkout of instrument command sequences, data
handling, and telemetry.

We note that the launc® ~onfiguration of the electric spacecraft
designed for Titan IIID/Ceni.ur lauiich, especially the placement of the
propulsion module on top, is compatit' - «.th the Shuttle orbital checkout
concept and no significant modification between the Titan launch and
Shuttle launch appears to be required. * Further study of Shuttle launch
implications to substantiate these preliminary conclusions is required
and should be performed along with other feasibility and implementation

studies projected for the Encke mission.
7.6 ALTERNATE SPACECRAFT CONCEPTS

A critical look at the large and relatively complex, three-axis con-
trolled 17.5 kw spacecraft configuration that has resulted from this study
inevitably leads to the question whether a simpler and less costly space-
craft concept could not be devised to provide a minimum Encke rendezvous
mission capability. Is it possible to achieve a less sophisticated but ade-
quate mission by giving up some design feattures that complicate the se-
lecied spacecraft concept following the same precepts that led to the defi-
nition of a minimum but essential science payload complement ? In our
search for a simpler spacecrafi implementation we have explored these

avenues:
1) Reduction in propulsion power

2) Simplification of design features

“This aspect is relevant to possible multiple -mission uses of the SEP
spacecraft, -
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3) Use of spin-stabilization rather than three-axis
stabilization

4) Use of a ballistic three~-impulse trajectory to achieve

rendezvous without electric propulsion.

The first approach is feasible but would necessitate adoption of a
longer flight time, typically 1050 days, as discussed in Section 5. In this
case the propulsion power can be reduced to 7 kw and the gross (installed)
power to about 10 kw. However the shorter flight time that necessitates
13 kw of propulsion power (17.5 kw of gross power) provides greater
flexibility of mission planning, improves the probability of success, and
provides a more adequate time interval to make use of data obtained from
the 1980 Encke flyby. In addition, with 13 kw of propulsion power we gain
mission growth potential, e.g., the capability of carrying a lander probe
in a later mission that would use essentially the same spacecraft configu-
ration. The adopted power level makes the spacecraft compatible \ ith a
number of other mission objectives as identified in JPL's SEMMS study,
so that the development cost may be shared by different users. We con-
clude that the limited cost reduction achievable through a 7 kw (40 per-
cent) power reduction imposes too many significant disadvantages in the

framework of overall program considerations.

The second approach, simplification of design features, concerns
such elements as the rotatable solar array, the antenna size, and the two-
axis gimballed scan platform. The rotatable array is essential because of
the high sensitivity of payload mass to optimal thrust pointing, As shown
in Section 5, a 20 percent lower net spacecraft mass would result from
thrusting along a nonoptimum fixed-cone angle. This would reduce the net
(instrument) payload capacity to a marginal level, at best. Solar array
rotation is essential for several other functional reasons as well, as

previously discussed.

Antenna size is not critical to mission performance, but reduction
from the selected 6-foot diameter would complicate data transmission
during important events of the mission without offering a significant cost
or weight saving. The gimballed scan platform is an essential feature of
a three-axis stabilized spacecraft for effective comet exploration and

cannot be eliminated.
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The third approach, use of a simple spin-stabilized electric propul-
sion vehicle (Reference 7-6) was found to be incompatible with the propul-
sion requirements of an Encke rendezvous mission, owing to the thrust
vector and solar array pointing constraints inherent in that design. For
example, at 15 kw of propulsion power only 150 kg of net spacecraft mass
would be delivered by the spinner, and even at 24 kw only 250 kg. (These
data apply to a 950-day mission in 1980.) The possibility of performing
a ballistic Encke rendezvous mission using major impulsive maneuvers
at aphelion (3600 m/sec) and at the comet encounter (250 m/sec) has been
investigated by IITRI, Reference 7-7. (These data are for a 1300-day
mission in 1980,) For such a mission a simple spinner such as Pioneer,
or a three-axis spacecraft such as Mariner, with an added chemical pro-
pulsion stage could be employed, the former within the launch performance
envelope of a Titan IIID/Centaur/TE364-4. Further analysis, outside the
scope of this study, is required to establish the feasibility of prolonged
comet exploration by these ballistic vehicles and to compare their payload

performance with that of the SEP spacecraft.
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8., COST CONSIDERATIONS

Determination of a cost estimate for the Encke rendezvous mission
exceeds the scope of this study. To obtain reasonably valid cost figures
at this time would require a spacecraft deasign study in a much greater
depth. However, since cost economy was specified as a principal con-
straint in our selection of the mission concept and payload composition
it is relevant to compare this mission with other types of comet expiora-
tion missions on a relative cost and complexity scale. In addition. we
have evaluated the relationship of payload size to cost in a qualitative
way and arrived at trends on cost-effectiveness that can be stated inde-

pendent of detailed system «:.. acteristics.

Figure 8-1 summarizes principal features of four comet mission

types, starting with flythrough as the simplest and lowest cost entry to

RELATIVE
Tvee PRINCIPAL ADVANTAGES PRINCIPAL DISADVANTAGES cost A
FLYTHROUGH | o  SWWPLE o SHOAT EXPOSURE TINE LOWEST
o SHORT TRIP TIME . INFLEXWLE
»  NUCLEUS ORSERVATION UNCERTAIN
o  NAVIGATION DIFICWAT
RENDEZVOUS | o  LONG RESIDENCE TIME o LONG FLIGHT TIME INTERMEDIATE
o SYSTEMATIC MAPPING . | o MORE COMPLEX SYSTEM (SEP)
o CLOSE NUCLEUS sc;lﬁzn. AND FLIG HT SEQUENCES
APPROACH
o FLEXMLE
o SIMPLER NAVIGATION
RENODEZVOUS  |o  WIGHER SCNTIICYRID o HIGHRISK MISSION HI3H
WiTH NUCLEUS (COMET ORIGIN AND EVOLUTION) | | 505 ADVANCED TECHNOLOGY
(SURFACE ANCHROING , AUTO-~
MATIC SURFACE DILERVATIONS)
»  NEEDS SEPARLILE LANDER MODULE
SAMPLE RETURN | o HIGHER SCIENTIFIC YIELD o MIGHRISK MISSION VERY HIGH
{COMET GRIGIN AND EVOLUTION) | |\ eroc sT1L MORE ABVANCED
TECHNOLOGY (TELE-OPERATORS,
RETLRN AND ENTRY G UDANCE)
o VERY LUNG FLIGHT TIME
FIVE TO SIX YEARS) |

Figure 8-1. Comet Missior. Types

the extremely complex and costly class of a rendezvous and sample
return. A rendezvous mission such as the mission studied here ranks
second in terms of cost and complexity relative to the other mission
types. However, the advantage of greater scientific data return through
flexible and systematic comet exploration compared to a fast or even a
slow flythrough that has been proposed, would warrant the additional

complexity and cost.
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Actually, the payload instruments required for a flythrough mis-
sion must be more sophisticated in response characteristics and resolu-
tion than those required in a rendezvous missicn, and hence perhaps
costlier to develop, in order to provide a reasonable scientific yield., At
typical flythrough velocities of 15-20 km/sec the spacecraft would pass
through the inner con a in less than 20 minutes and provide best viewing
conditions for nucleus imaging at a range of less than 1(,700 km for even
a shorter period. The TV system resolution would have to be * : least an
o1 r of magnitude higher than the 0.1 milliradian assumed for the
rendezvous image system and exceeding that of the Mariner 1971 high-

resolution camera.,

Missions with nucleus contact or sample return to earth are much
more complex and costly. The additional scientific value of data obtain-
akle by these advanced missions relatze particularly to the origin, evolu-

tion, and age of the comet.

Figure 8-2 shows brackets of total cost of some recent ballistic

missions and of estimated cost of solar-electric missions that would use

1000
5
E 100+~ - —— -
5 e
= o >~° |
k] -~ -
Ve 10 I PROJECTED
2 l SEP MISSIONS
e ACTUAL BALLISTIC
MISSIONS
] 1 1 1
50 100

SCIENCE PAYLOAD MASS, KG
Figure 8-2., Cost Brackets of Representative Missions

spacecraft of a size and complexity comparable to the spacecraft cuncept
described in Section 7 and capable of performing the Encke rendezvous
(References 8-1 through 8-3), Figure 8-3 supports the above cost cate-
gories with an estimated cost breakdown fr¢m the recent TRW design
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Note: This payload estimate for three flights, i.e., $7.3 million per
mission, is less than the minimum anticipated for the Encke rendezvous.

Figure 8-3. Program Elements and Cost Estimates
from a Recent 17-kw SFP Vehicle Design
Study (Reference 8-2)
study of a multi-mission SEF upper stage (Reference 8-2). More detailed

cost figures cannot be presented in this context without additional study.

Kough estimates of payload cost categories in the above quoted
examples anticipate a range of $15 to 25 million for instrument design,
development, test, integration and scientific data support, i.e., typically
15 to 30 percent of the total project cost. With these cost brackets in
mind it is apparent that ) ayload cost alone is not a decisive factor in
cost-effectiveness evaluation. It also follows that payload economy while
important must not be overemphasized since the scientific value of the
mission is strongly dependent on payload capabilities while the overall

cost of the mission is a much weaker function of this variable.
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These trends can be illustrated in a general way by the cost
characteristics and scientific returns of a typical mission in the $50 to

100 million class, expressed in normalized form as shown in Figure &-4.
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Figure 8-4, Cost Effectiveness Trends

The normalized cost and sciertific value are shown as functions of pay-
load weight. From these curves a cost-effectiveness figure (scientific
value per unit cost) is derived. Upper and lower bracknts of the sci~
entific value function reflect in a variation of the cost effectiveness by
about 30 percent. The trend of these curves shows that the optimurn
occurs in the middle range of payload weights considered, i.e., at about

85 kg of payload weight, Characteristics of the Encke mission cost
tradeoff are reflected by this trend.
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9. RECOMMENDATIONS FOR FUTURE ACTIVITIES
AND REQUIRED TECHNOLOGY DEVELOPMENT

In planning a rendezvous mission to Encke in 1984 (or any other
year), many spacecraft design and mission analysis tasks are yet to be
done, and even to be identified. However, there are also many scientific
tasks still to be accomplished, and it should not be assumed that the
scientific objectives of a mission to Encke rest entirely on the results of
measurements by the rendezvous vehicle, and measurements to be con-
fined to the actual time of rendezvous. The list below includes selected
activities that should be regarded as integral parts of a mission to Encke,
or to any other comet for that matter,

9.1 DESIRED FUTURE ACTIVITIES PREPARATORY
TO THE SPACECRAFT MISSION

9.1.1 Development of Existing Data

There already exists on photographic plate and in data files a store
of observations and measurements of, and inferences about, comets in
general and Encke in particular that have not been fully exploited or
pubicly exposed. It would be valuable to form a '"Task Force Encke' to
assemble and catalogue the best and most reliable data on this comet,
especially from recent passes, and to compile and document the inferences
that have or can be made from these data. For example, it would be help-
ful to have the heliocentric dependence of ''nuclear' brightness, r 7,
documented graphically and the best value of n displayed explicitly.
Similar documentation would be appropriate for brightness and diameter
of any feature or layer of the comet that might be consistently identifiable,

such as inner coma, coma, or tail.

9.1.2 Telescopic Observation

Substantial beneiit v.ill probably be derived from an improved pro-
gram of ccmetary observation from earth in the next few years. In
particular, there will be opportunities to examine Encke in 1974 (sunspot
minimum, poor visibility), 1977 (low but rising sunspot numbers, poor
visibility), and 1980 (high sunspot numbers, good visibility)., Two of

these opportunities, in 1974 and 1977, would produce recovery only after
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perihelion, according to historical precedent. It would be appropriate
therefore to plan on use of the best modern equipment, including, with

emphasis, telescopes in southern hemisphere stations.

9.1,3 Theoretical Models

Computational approaches ‘o cometary atmospheres, of the type
developed by Mendis, et al (Reference 2-31), should be improved and
extended. Allowance for Delsemme's icy grain sources of neutral gases
and radicals should be made and the radial distribution of ionized products
should be encompassed. Also, the calculations should be specialized to
Encke, perhaps even including the probable nonuniformity of Encke's

emissions.

9.1.4 Instrument Definition

Once an improved theoretical model has been established, the ve-
sults should be applied to determine, or at least set limits on, the various
parameters that spacecraft instruments will be expected to measure.
Detailed definition of payload instrumentation and selection of specific

detectors will then follow.

9.1.5 Sclar Activity Correlation

A careful reevaluation and multifactor analysis of the historical
presence and absence of Encke's tail and nucleus should be carried out
and published at an early opportunity. The results can be tested during
the 1974, 1977, and 1980 apparitions, which will span a wide range of

sunspot numbers from minimum to maximum.,

9.1,6 Solid-Particle Composition

Instrumentation for determining the composition of nonvolatile dust
grains without requiring their ionization by impact should be developed
and tested for inclusion in a rendezvous payload. An instrument of this
type is under development at NASA, Ames Research Center, but no data
on its characteristics have been published to date.

9.1.7 Laboratory Simulation

The experimental work of Delsemme and Wenger (Reference 2-11)

has been an important recent contribution to the physics and chemistry
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of comets. This type of simulation of cometary conditions should be
continued and serious consideration should be given to repeating and ex-
tending such experimentation in an extraterrestrial laboratory such as

might be available on the Shuttle,

9.1.8 Combination of Asteroid Flyby with Comet Misgsion

Opportunities of achieving one or several asteroid flyby's by small
excursions from the nominal trajectory to Encke (Section 6) should be
further evaluated, and if possible, included among the secondary objec-
tives of the mission. NASA's Small Bodies Mission Panel has started
deliberations on possible options of this type, their feasibility and rela-
tive priority in 1971 and is currently issuing its recommendations. ¥
Further analysis and tradeoff between scientific value of multitarget flyby
and possible increases in cost, complexity and the risk to the primary ob-

jective should be performed.
9.2 ADVANCED TECHNOLOGY REQUIREMENTS

Results of system analysis and design studies indicate that the im-
plementation of the electric stage program depends strongly on technology
development not only in the field of solar-electric propulsion but other
critical areas as well, e.g., attitude control of large flexible structures;
guidance and na..gation with respect to targets having a poorly defined
ephemeris and being hard to detect, such as asteroids and comets; thermal
control under extreme conditions; communication and data handling with

wide variations of mission characteristics and constraints.

9.2.1 Solar Electric Propulsion Technelogy

This technology has been greatly advanced in recent years, and its
performance test by the SERT 2 mission in 1970 has been highly suc-
cessful, Io» thrusters of the type and size envisioned for this mission
(Section 7) are under advanced development and test by NASA and JPL.
Advanced power processors are also being developed. However, a
realistic all-up technology evaluation flight is being considered a necessity
to provide sufficient confidence before undertaking a demanding and costly

mission such as Encke rendezvous, with thrust times of the order of

“Private communication by R. Newburn of JPL, a participant,
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700 days. However, the 1984 Encke mission with seven years of lead
time remaining to date, and three years before system development
would have to get started, could provide the ultimate incentive for
undertaking the first-generation SEP flight program in the second half

of this decade.

9.2.2 Thermal Protection

Advanced thermal control technology will be incorporated in the
1974 Mariner Venus-Mercury spacecraft and the Helios 0.25 to 0.3 AU
solar probes, to be launched in 1974/1975. However, the Encke mission
which includes outbound (2.8 AU) and inbound phases (0.34 AU) with a
thermal flux variation of about 100:1 poses new and even more extreme
thermal control problems. Among the problem areas to be addressed
are flexible orientation modes and ion thruster operability under the
maximum solar flux at 0.34 AU. The possible degradation of the solar
array under these extreme conditions and the damage that may be caused
by thermal warping of the solar cell blankets must be further investigated
and techniques for its control should be developed and tested, including

the panel stiffener concept proposed in Section 7.

9.2.3 Protection Against Cometary Dust, Ice Grains, etc.

The inevitable dust impact hazard in the inner coma and near the
nucleus must be further investigated and techniques for protection of
sensitive surfaces, optical apertures, etc., developed. The mission
profile can be adapted so as to minimize the exposure but a quantitative
evaluation of system degradation should be performed. One of the most
sensgitive parts of the spacecraft may be the ion thruster that would be
contaminated and subject to short circuiting by even minute amounts of
dust entering the discharge chamber and inter-electrode space. Since
the thrusters are largely dormant during most of the comet exploration
phase, the concept of providing a protective cover that can be folded back

during intermittent short thrust periods appears promising.

9.2.% Terminal Navigation

More analysis of the novel concept of two-stage rendezvous is re-

quired to evaluate its use and accuracy in apprcaching the nucleus. The
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g prospect of adding asteroid flyby to the mission objectives would in-

’ crease the complexity and accuracy requirements of terminal navigation.
However, the onboard optical sensor already provided for nucleus termi-
nal navigation fixes provides asteroid detection capabilities to sixth
magnitude consistent with requirements currently being established in

parallel studies of asteroid rendezvous.

9.2.5 Remote Spacecraft Operation under Control by TV Command Link

During critical mission phases, particularly in close approach to
the nucleus, the long round-trip communications time delay of 10 to
30 minutes is a severe impediment for effective use of the TV command
link to control the spacecraft remotely. There will be a requirement of
autonomous maneuvering and sensor pointing under onboard command
sequencing and feedback control. This technology is needed for inter-
planetary missions of various types and has been under development for
some time, e.g., by a study team at JPL. * It is recommended that
conceptual and practical problems of autonomous and remote control be
. studied jointly by a team of spacecraft/mission designers and remote
C control specialists, with an initial review of available approaches,
priorities, complexity levels, etc., to be followed by mission-oriented

research,

Z

“Private communication by L. Fried::\n of JPL.,
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Figure 2-3, legend at lower right reads

C = Coma
N = Nucleus or Condensation
T = Tail

Figure 2-22, right hanéi column, third scale from top:
19° km should read 10~ km

Figure 2-25, solid line should also be labeled '"Asteroidal
Brightness Law"

Figure 2-26, replace caption by:
Temperature of cometary material vs. heliocentric distance

Figure 6-2, in abscissa and ordinate legend of graph at left,
delete the word LOG






