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INTRODUCTION
Comets are believed by most scientists to represent
samples of primitive material of the solar system, and
their study may be crucial to our understanding of its
origin and evolution. Stimulated by the development of
new capabilities for spacecraft propulsion and the apparition of Halley's comet in the mid-1980's, NASA's advanced planning now includes the possibility of flight
missions to one or more comets. Comet science also will
be advancing independently of flight missions, stimulated
by the continued rapid development of sensing systems, the
application of laboratory simulation techniques and the
possibility of making observations from a variety of space
platforms that will come into being in the era of the
Space Shuttle.
This workshop brought together about 30 scientists
from different fields interested in comet science and
working in a variety fields to observe, simulate and model
cometary phenomena. These fields range from meteoritics
to astrophysics to organic chemistry. From these discussions it should be possible to identify the outstanding
questions and how their solutions can be approached
through laboratory experiment, theoretical modeling and
new observations made from Earth. The basic understanding
(or lack of understanding) of comets derived from these
types of studies will form the basis for instrument design
for space flight experiments and evaluation of data eventually obtained from those missions.
This volume contains abstracts of talks presented
at the workshop, updated by authors following the meeting.
The attendees were asked to discuss and identify open
issues and promising research problems as one product of
these discussions. A section of this volume lists the topi cs
that were thought by one or more attendees to be worthy of
special attention.
The convener of this workshop was John Oro (University
of Houston), assisted by an organizing committee that
included A. Delsemme (University of Toledo), B. Donn (NASA/
Goddard Space Flight Center), M. Duke (NASA/Johnson Space
Center), S. Kumar (Jet Propulsion Laboratory), and F. Whipple
(Smithsonian Astrophysical Observatory).
Administrative support for this workshop was provided
by P. P. Jones (Administrative Assistant, Lunar and Planetary
Institute). Carolyn Kohring (Technical Assistant, Lunar and
Planetary Institute) provided logistic support and assembled
this volume.
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WORKSHOP ON EXPERIMENTAL APPROACHES TO COMETS
PROGRAM
Monday, September 11, 1978
9:00 am

STRUCTURE, COMPOSITION AND COSMIC RELATIONSHIPS
F. L. Whipple, Chairman

We laome

T. R. McGetchin

Structure of the cometary nucleus

F. L. Whipple

Empirical data on the origin of "new" aomets

A. H. Delsemme

Intermission
Cometary plasma and the solar wind

J. C. Brandt

Microwave spectroscopy of aomets:

L. E. Snyder

An overview

Possible relationships between meteorites and aomets
J. T. Wasson

LUNCH BREAK
2;00 pm

OBSERVATIONAL TECHNIQUES
A. H. Oelsemme, Chairman

Introductory remarks

A. Delsemme

Microwave and millimeter wave observations of aomets
in the radio aontinuum
R. Hobbs, S. Maran and J. Brandt
Infrared studies of silicates

L. A. Rose

Monday, September 11, 1978
(continued)
Radio observation of Comet Meier (1978f) in 18-cm
OH lines
p. T. Giguere, w. F . Huebner and T. M. Bania
Recent observations of radio OH in Comet Meier 19?8f

J.

c.

Webber

Intermission
The physical. structure of the cometary nucleus:
Inferences from monochromatic brightness variations

D. A. Mendis

Ultraviolet spectroscopy of comets using sounding
rockets

P. D. Feldman

Tuesday, September 12, 1978
9:00 am

LABORATORY AND THEORETICAL STUDIES, PART A
R. E. Murphy, Chairman
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R. E. Murphy

Experimental research on cometary processes

B. D. Donn

Comet observations from the Space Shuttle

A. E. Potter and T. Morgan

Intermission
A theoretical. and experimental approach to cometary
photochemistry

W. M. Jackson

On production of co+ and other inner coma constituents

W. F. Huebner and P. T. Giguere

An experiment to recover cometary particles from the
Antarctic ice

E. A. King

Lunch Break
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Tuesday, September 12, 1978
(continued)
1:30pm

LABORATORY AND THEORETICAL STUDIES, PART B
B. D. Donn, Chairman

Introductory remarks

B. D. Donn

Micrometeoroid craters and cometary science

F. Horz

Cometary science in Earth orbit
H. A.

Zook

Solar wind interaction with tenuous atmospheres

P. A. Cloutier

Artificial Comet Nucleus on Shuttle (ACNS)

T. L. Page

Intermission
Organic

cosmochemistry,

J. Oro, G. Holzer and

comets and life

A. Lazcano-Araujo

Organic chemistry of cosmic dust and cometary ices

B. N. Khare and C. Sagan

Wednesday, September 13, 1978
9:00 am

MISSIONS, OBSERVATIONS AND EXPERIMENTAL APPROACHES
TO COMETS
M. B. Duke, Chairman

Introductory remarks

M. B. Duke

Science strategy for Halley flyby/Tempel II rendevous
mission

S. Kumar

Summary of Dust Formation Workshop

B. D. Donn

Comet bibliography
J. Oro and F. B. Waranius
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Wednesday, September 13, 1978
{continued)
Intermission
General Discussion

Discussion Coordinators:

B. D. Donn
Duke

M. D.
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STRUCTURE OF THE COMETARY NUCLEUS
Fred L. Whipple
Harvard-Smithsonian Center for Astrophysics
Cambridge, Massachusetts 02138
A highly condensed version of current knowledge about cometary nuclei follows. Cometary activity occurs by the sublimation
in sunlight of ices on a coherent weak structure, the nucleus,
containing earthy grains. All the observed phenomena result from
the interaction of solar radiation and the solar wind with the
gas and dust, which are lost forever from the nucleus. The major
scattering in dust tails is produced by submicron grains showing
the 10 -~ silicate signature, but larger grains up to meteoroidal
size must be present in most comets. The apparent gas to dust mass
ratio is roughly the order of unity with wide variation observed,
but not correlated with other cometary properties. The true
mass ratio of ices to earthy solids remains unknown for any
comet. The deviations from Newtonian motions in many comets
coupled with measured H and OH losses for a few comets and magnitude observations for many show that water ice is adequate for
sublimation among the oldest short-period comets. Many are
spotty, i.e. partially or mostly covered by large insulating
areas, presumably of meteoroidal debris. Among less aged comets,
activity beyond 3 AU proves that ices more volatile than H20 must
be present and, indeed, a crust of H20 ice can produce an insulating layer for such comets. The light curves of comets show
that a purging of insulating crust occurs near perthelton for all
but new and very old comets. New comets gtve evidence for a thin
super-active layer of ~1 m thick (at density= 1). Amorphous
ices must be present tn newer comets and both the observations
and laboratory data indicate that both H20 ice and amorphous ices
produce surface chemical changes during sublimation. A thin
surface insulating crust appears to form on newer distant comets
on cooling after mild heating. The problem of determining chemical
and physical structure from external observation is complicated
by these chemical and phase changes at and near the surface of
the nucleus.
Comet nuclei range from <1 km to a few greater than 10 km in
diameter. The typical radius is ~1 km. The albedo, or reflecting power which is still a major factor in determining dimensions,
remains illusively uncertain. Splitting without apparent cause is
fairly frequent among all types of comets. The initial separation
occurs at velocities from a few cm/s to 2 m/s, the large separations arising from differential non-gravitational forces, which
are in turn inversely correlated with the lifetimes of the compo~ents (log-log linear scale).
Hence the internal icy character
~f split comets appears to be fairly uniform having an apparently
much greater volatility than the external surfaces. Rotation
periods for a few cometary nuclei range from 4.7 h to 5 d with
the frequency maximum (log scale) more or less l/2 d. Spin-up
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by sublimation forces on rough surfaces may well be the cause of
splitting. The rotation poles of a few comets tend to be aligned
statistically towards the major orbital axis, a result probably
resulting from precession of the pDlar axes induced by sublimation forces on oblate nuclei, an effect tha t acounts qualitatively for the large changes in the non-gravitational motion of
P/Encke. With regard to projected space missions, the period
and sense of rotation are now known for P/Halley (11. 1 h) and the
orientation of the polar axis, sense of rotation and sublimat i on
lag angles for P/Tempel 2. The radii are probably known with an
~ncertainty of about a factor of 2.
The surfaces of cometary nuclei are probably extremely rough
at all scales of distance. A major question of origin centers on
the nature of the Cometesimals that aggregated to form the
nuclei. Did they contain less volat i le earthy cores? and,
indeed, do normal comet nuclei? High resolution imaging will
answer the question of cometesimals which, if present~ should
appear as hummocks on comet nuclei, a vital link in understanding
the physical circumstances of origin.
11

11

The composition of the ices will be discussed by Delsemme.
The earthy material, from meteor spectra and the "Brownlee"
particles, appears to have elemental abundances similar to those
of the Sun, with retention of more volatile elements than the
type-1 carbonaceous chondrjtes. The only measured isotope ratio,
poorly determined, ts l2ctt3c, similar to the solar value. The
meteoriodal residue from comets is porous and highly friable as
evidenced by meteor and fireball studies. The probable identification of the 1908 Tunguska event wtth the impact of a piece
of P/Encke stongly supports the other evidence.
Comets may well be the major source of the volatile elements
that make life possible on the Earth. The writer has made a
speculative model of processes that might provide a substantial
fraction of the Earth•s mass from comets. Clearly the study of
comets is fundamental to an understanding of the origin and
evolution of the Solar System and possibly of life itself.
References:
Comets, Asteroids and Meteori t es. ed. A. H. Delsemme, Univ . Toledo
1977, 1st 169p.
"Comets,e• F. L. Whipple, lst Ch. Cosmic Dust. ed. J.A.M. McDonnell,
John Wiley & Sons, 1978, 74 pp.
"Physical Processes in Comets, .. F . L. Whipple and W. F. Huebner,
Ann. Rev. Astron, Astrophys., 14, 143-172, 1976.
The Study of Comets, NASA SP-393, 1976, 1083 pp.
Reports on Astronomy, Comm. 15, Transactions of the Int. Astr.
Union, XVIA, Part 1, 61-75, 0. Reidel, 1976.
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Rot at i on Peri o d o f Co met Don a t i ,
134-5, 1978.
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F. L. Wh i p p1e • Nature , 2 7 3 ,
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"Fan-Shaped Coma, Orientatio n of Rotation Axis, etc.",
Z. Sekanina, CRA Preprint 96 1, 1979, Icarus, in press.
"Precession of the Pole of the Comet Encke Nucleus," F. L. Whipple
and Z. Sekanina, B. A. A. S., 1978, in press.
"A Speculation about Comets and the Ear th," F. L. Whipple, Mem.
Soc. Roy. d. Sci. D. Liege, 6 Ser. vol. 9, 101-111, 1976.

Comet Koh?utek, 1973 XII from Aerobee rockets by npal,
Carruthe:s, Pnn~ and ~leu•r. Left: ordinary light. Ri!Zht:
of H. C1rcle: d1a. Sun at same distance.
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EMPIRICAL DATA ON THE ORIGIN OF "NEW"

C0~1ETS

A. H. Delsemme
Department of Physics and Astronomy
The University of Toledo
Toledo, Ohio 43606
INTRODUCTION
The different hypotheses proposed so far on the or1g1n of comets
have been reviewed in detail last year (Delsemme 1977). In particular,
I mentioned why the orbital statistics seem to be consistent with only
one hypothesis, namely that comets were accreted at unknown but'moderate
distances (10 to 1000 A.U.) within the protosolar nebula, and ejected
later into a sphere whose radius is some 50,000 A.U., usually called the
Oort's cloud. Safronov (1977) and Cameron (1977) have different scenarios
to do just that. Even with improvements like that of Dermott and Gold
(1978) the choice between these sc~narios will remain impossible until we
have a convincing model describing the gravitational collapse of an interstellar cloud into a planetary system.
The important point is that the primary source of the long- and shortperiod comets is unique and cannot be really doubted very much any more:
It is supplied by those "new" comets coming straight from the Oort's
cloud. In the recent list of original orbits (Marsden et al, 1978), the
accumulation of 80 original values of 1/a below 100 (in-10::0 AU-1 units)
leaves little doubt that most of these comets are new. I would however
avoid to call all and every one of them "new" (as Marsden et ~J do in
their Table IV) because of Oort's definition: new comets are those that
have never been through the solar system before.
This semantic distinction is important here, because it is unavoidable that a small fraction of the 80 very-long period comets (1/a original < 100 means P > 106 years) have already been once or several times
through the solar system before, but have come back almost exactly to
their previous value of 1/a. This is because of the random natt.tre of
the changes in their binding energies introduced by planetary perturbations. Hence these "young" comets cannot be distinguished from the "new"
comets by orbital considerations. However, the mere accumulation of orbits below 1/a = 100 demonstrates that a steady state has not been reached
by orbital diffusion, which implies that comets decay fast. The physical
decay of new comets must be so fast that w~ can hope (although it has
never been done) to separate "new" and "young" comets by using their
gross physical properties.
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PHYSICAL DECAY OF "NEW" COMETS
Oort (1950) had a1ready mentioned that the observed number :-of "new"
comets is approximately five times higher than that which would be expected t'rom the number of other long-period comets. His interpretation
was that "they must have a greater capacity for developing gaseous envelopes." Whatever the mechanism, the point is that they decay considerably
in not much more than one passage, since some 80% of them seem to have
disappeared from the statistics when they should have come back for their
second or third passages.
A mere decay of the vaporization rate of the very volatile constituents may be a partial answer, but is unlikely to totally explain the dimming by 3 to 5 magnitudes that is needed to explain the total effect.
In a study of 13 split comets , Stefanik (1966) has shown that they
were predominantly "new" comets in the Oort's sense, that ten split without
the action of any tidal forces, and that some actually split on their way
to their first perihelion passage (Whipple and Stefanik 1966). ·Repeated
splitting is a low-energy fragmentation process from larger bodies that
yields an exponent -2/3 in the final mass distribution of the splitted
bodies. Most of the grinding processes known in nature also yield this
type of mass distribution for the final grains. In particular, col lision
splitting also yields such a dependence, which is typical of the asteroids.
Hartmann (1972,1975) finds that the exponent grows from -2/3 for smal ler
energies, to -1 for larger fragmentation energies. The existence of a
mass distribution law with the exponent -2/3 could therefore be predicted
i f all comets are derived from "new" comets by a fragmentation process
that uses a low-energy, like splitting. However, this does not imply
that "new" comets should follow the same distribution, because their
size distribution is likely to come from another mechanism, like. accretion
in the protosolar nebula.
It is therefore submitted here that:
a) the size distribution of "new" comets is likely to be very different from the size distribution of old long-period comets.
b) the size of a comet can be assessed statistically by assuming
that its absolute brightness is in proportion to the surface area of the
vaporizing nucleus (this is the basic assumption of the vaporization theory
of comets, Delsemme and Miller 1971}.
We can therefore predict that the distribution of the absolute brightnesses of the quasi-parabolic comets should be bimodal, being the mixture
of some 80% (from Oort's remark) of "ne\·/' comets, vJith some 20% of much
fainter fragments, that we have called "young" comets (Oort's ratio can of
course be considerably biased by the faintness of the "young" comets).
BRIGHTNESS DISTRIBUTION OF "NEVI" COMETS
Using the sample of Marsden et ~ (1978), we exclude first from the
80 orbits those 5 that seem the least reliable (comets 1975 q, 1955 V,
. 1940 III, 1968 VI and 1959 III), because th~ir osculating orbits have
mean errors larger than 100 (in 10-6 AU-1). Among the 75 orbits left, we
exclude those whose perihelion is too far away (q > 4 AU) to extrapolate
an absolute magnitude with any significance (comets 1974 XII, 1975 II,
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TABLE I

Hn

Number

Individual Comets

1 . 1 to 2

1

2.1 to 3

0

3. 1 .to 4

5

4. 1 to 5

10

1853 III, 1863 VI, 1886 IX, 1898 VII, 1903 II, 1914 Ill,
1919 V, 1947 VIII, 1955 VI, 1966 V.

5.1 to 6

17

1886 I, 1892 VI, 1895 IV, 1898 VIII, 1899 I, 1902 Ill,
1911 IV, 1922 II, 1925 I, 1925 VII, 1942 IV, 1947 I,
1948 V, 1957 I~I, 1971 V, 1973 XII, 1975 VIII.

6. 1 to 7

12

1897 I, 1903 IV, 1904 II, 1907 I, 1912 II, 1917 Ill,
1921 II, 1941 I, 1946 I, 1948 I, 1954 X, 1975 V.

7 .l to 8

5

8.1 to 9

0

9.1 to 10

8

1 0. 1 to 11

11 . 1 to 12

1914 V.

1889 I, 1890 II, 1905 IV, 1915 II, 1951 I.

1849 II, 1900 I, 1941 VIII, 1944 IV, 1948 II.

1932 VI, 1932 VII, 1952 VI, 1953 II, 1954 XII, 1967 II,
1972 VIII, 1975 XI.
1937 I I.

3

1946 V, 1954 V, 1976 XIII.
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1954 VIII, 1972 IX, 1956 I, 1925 VI, ' 1957 VI and 1936 I). Absotute magnitudes H0 were determined for 62 of the 67 comets left, mainly from observations published i n IAU circulars \'Jhen available. The actual ab-s olute magnitude deduced from the mean light curve reconstructed from observations
when the comet crosses r = 1 A.U. before perihelion was preferred when
possible. When the dependence on distance was not known, for comets with
q > 1 A.U., the approximation known as H1o was used, in particular that
given for the 19th century and early 20th century comets by Vsekhvyatsky
(1964) . When HlO varied during the cometary visibility, the value before
p~rihelion was preferred.
The results appear in Table I.
DISCUSSION

..

The expected bi mo dal distribution is present. However, a first bias
is apparent. It is clear that all comets in group 2 (9. 1 < H0 < 12) were
found telescopically during the la st 45 years, whereas group 1 (1.1 < H0 < 8)
corresponds to a span of 130 years, roughly three times longer. The number
of comets of the second group in an unbiased sample should probably be
larger by a factor of 3. Second, the incompleteness grows fast in magn itudes 10 to 12, and the numbers of objects are too small to make any deduction on the shape of the distribution tail.
The interesting point is of course the gap from 8.1 to 9 already
announced by the steady decline from the fifth to the eighth magnitude.
If the gap were introduced by a systematic error in the absolute magnitudes
of telescopic comets, the shift needed to suppress the bimodal distribution
is about 4.0 magnitude, which seems too large to be possible. However,
the major argument against a systema tic error of that size is that the gap
does not exi st in the statistics for all long-period comets (Vsekhsvyatsky
1964 ). Since our very-long period comets are undistinguishable at dis covery from other long-period comets , it would be difficult to explai n the
gap as an artifact coming from observational selection.
In particular, using Vsekhsvyatsky's incompleteness model, since
12 very-long period comets have been observed since the 1930'ies between
absolute magnitudes 9 and 12, then at least 12 should have been discovered
(instead of zero) between absolute magnitudes 8 and 9; 16 between 7 and 8
(instead of 3); 24 between 6 and 7 (instead of 5). This is a total of 44
missing comets that should have been discovered since the l930'ies between
absolute magnitudes 8 and 9, to fill up the gap with a constant distribution; many more would be needed for a unimodal distribution. The only
alternate explanation is that all magnitudes of telescopic comets are
biased by 3.5 to 4.0 magnitudes, and that not enough comets of t~is type
are included in Vsekhsvyatsky's statistics to shO\oJ the bias. It' seems
easier to believe that the gap is real. We can the refor e tentatively
identify those 50 brighter comets between magnitudes l and 8, as pristine
"new" comets, whereas the 12 fainter comets, bet\oJeen magnitudes 9 and 12 ,
would possibly be the fragments of those comets that have split or dimmed
during their first passages, and whose orbits have come back by chance in
the same energy range as that of "new" comets.
The distribution of the brighter objects seems to be rathe~ narrow,
corresponding to objects with a radius of 3 ± 2 km, (that is with a mass
between 1016 and 1018 grams) The shape of thei r distribution is not known
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with accuracy; however, contrarily to that of the long-period comets,
no stretch of the imagination can fit it in with a constant slope on a
log-log diagram. It must therefore be explained by a formation mechanism
different from a fragmentation process, since in particular it seems to
possess a cutoff near magnitude +8. The distribution of the fainter objects is not known at all. Incompleteness could easily hide a constant
slope for those faint magnitudes, therefore they might indeed result
from the fragmentation of the brighter bodies. It is remarkable that
Goldreich and Ward (1973) predict R = 5 ~2/3 km for the size of the
planetesimals accreted from gravitational instabilities in the solar
nebula (~ is smaller than, but near unity). The present results s~ggest
therefore that new comets could be identified with pristine planetesimals,
and that they decay very fast, probably by splitting when they'come within
the inner solar system. Grants of NSF (AST 78-08038) and NASA (NSG~7301,
planetary atmosphere program) are gratefully acknowledged.
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COMETARY PLASMA AND THE SOLAR WIND
John C. Brandt
Laboratory for Astronomy and Solar Physics
NASA-Goddard Space Flight Center
Greenbelt, Maryland 20771
The basic element of this subject from an observational
viewpoint are the plasma tails of comets. These easily
observed parts of comet~ appear blue in color plates due to
the emission band of CO . Dust tails on the other hand
appear yellow on color plates and are not discussed in this
review. Principal dimensions of the plasma tails are sketched
in Figure 1. Estimates for the totgl dime?sion of solar-wind
flow disruption are in the range 10 to 10 km. The plasma
is composed of+elect+ons ind m~lecuJar i~ns, the+principal
ones being H2 0 , C0 2 , CO , OH , CH , CN and N (atomic
ions are occasionally observed). Observational 2studies of
comets have produced the picture of the cometary/solar wind
interaction as sketched in Figure 2. Features labelled
with a question mark have not been observed.
Basically, a comet is an obstacle in a supersonic and
superalfvenic solar wind. The interaction involves nonconservative flow of the solar wind. When the flow is loaded
with approximately 1% of cometary ions by number, a bow shock
can occur. The ions originate from a gas expanding outward
from a comet's nucleus and there may be an inner shock. The
ions appear to originate from a restricted region on the
Sunward side of the nucleus and enter the tail via the
"folding umbrella" morphology of the rays as illustrated
in Figure 2. Unfortunately, we are not sure of the principal
ionization mechanism. Photon ionization, charge exchange,
electron impact and fast ion-molecule chain reactions have
all been suggested. We are not even sur~, for example, that
the CO molecule is ionized to product CO .
Any good photograph of the plasma tail shows that the
plasma is not homogeneous but is concentrated into streams
or rays. This find structure strongly implies the existence
of a cometary magnetic field. The system of tail rays is
not static and is replete with fine structure. A better
understanding of cometary structure and evolution is obtained
with multiple exposures made into a movie. Fine structure
in the tail typically moves away from the head at speeds
- 10 km/sec near the nucleus arid - 200 km/sec farther down
the tail. The rays near the head turn to the main tail axis
at a rate of roughly 3° per hour.
The plasma tails can be used as probes of the solar wind
using the wind-sock model of the tail. Hoffmeister's 1943
paper on tail orientations was important in Biermann's
discovery papers on the solar wind. A modern approach to
this problem can be used to derive a global long-term model
of the solar wind velocity field. The results from 809
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cometary observations beginning in the 1880's is: wr =
400 + 11 km/sec; w = 6.7 + 1.1 km/sec. In addition a small
meridional flow aw~y from the equator is detected. These
observations do not show the so-called "latitudinal gradients"
expected from the theory of coronal holes and some radio
scintillation observations.
Recently the wind sock theory has been applied to a specific
cometary feature which has been linked to a specific event in
the solar wind. These results, which were reported in the
Astrophysical Journal for May 1, 1978, refer to Comet Kohoutek
on January 20, 1974. Understanding the event studied there
has lead to the discovery of a class of phenomena called
disconnection events or DE's. These are spectacular events
in which the comet literally sheds all or part of the plasma
tail. In a study reported in the Astrophysical Journal for
July 15, 1978, it was found that these events correlate very
well with sector boundaries. A model has been developed in
which the disconnection occurs because of the magnetic reversal at the sector boundary. The DE's provide a framework
for the morphology and temporal evolution of the plasma tails
and also provide a probe of interplanetary magnetic field
sector boundaries well away from the plane of the ecliptic.
Many problems in cometary physics remain unsolved.
of these are:

Some

(1)

What instabilities produce the fine structure in comet
tails?

(2)

Are the features in plasma tails bulk motion or waves?

(3)

Is the magnetic field in comet tails significantly
amplified with respect to the ambient solar wind field?

(4)

Are there cross-field currents and/or discharges through
the ionosphere?

(5)

How do we explain the anomalous comets such as comet
Humason?

Obviously comets show, through their many phenomena associate d
with plasma tails, their potential as a plasma physics laboratory.
This emphasizes the importance of a mission to Halley's Comet
which shows the full range of plasma phenomena.
Much of the material sketched here is presented in detail
in a review article entitled "The Interaction of the Solar
Wi n d wi t h Co met s , " by J . C. Brandt and D. A Mend i s , s c he d u 1 e d
to appear in Solar System Plasma Physics, Eds. C. F. Kennel,
L. J. Lanzerotti and E. N. Parker, North-Holland Publishing
Co., 1978.
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MICROWAVE SPECTROSCOPY OF COMETS:

AN OVERVIEW

L. E. Snyder
University of Illinois
The various microwave searches for cometary molecules
finally came to fruition with the radio detection of several
molecules in Comet Kohoutek (1973f). The molecules found in
Kohoutek (1973f) by radio astronomers were OH, CH, HCN, CH3CN
and several unidentified species. In recent years, most of the
microwave observations of comets have been concentrated on OH.
These observations have been highly successful in that they
are leading toward an understanding of the maser pumping
mechanisms for OH in comets. However, the triatomic and
larger molecules, which are of much more chemical interest
than OH, are not being sought in the radio spectra of current
comets. This is unfortunate because several of the observational parameters derived from radio OH studies may be applied
to search for the microwave spectra of larger molecules, many
of which are not accessible by optical techniques, and the
results would be useful in studying interesting suggestions
about the connection between cometary debris and the origin
of terrestrial life.
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POSSIBLE RELATIONSHIPS BETWEEN METEORITES AND COMETS
John T. Wasson
University of California
Los Angeles, CA 90024
To within about +40% the chondritic meteorites have solar
abundances of non-volatile elements. This but even more so
the compositions of individual mineral assemblages attests
to formation by condensation and accretion processes in a
cooling solar nebula. Comets consist of roughly equal amounts
of highly volatile ices and non-volatile grains. The ices
consist largely of H20; grain compositions estimated from
meteor spectra are largely chondritic. It seems probable
that the comets were also produced by condensation and accretion processes in a cooling solar nebula. There are ten
major groups of chondrites, and at least that many minor
classes. If it could be established that some of these
chondrites originated in comets this would lead to new controls both on models of cometary formation as well as more
general models of solar system evolution.
Unfortunately, the link between these two classes of
materials are tenuous. It seems probable that comets formed
far from the sun - at least >5 AU, probably >15 AU. In contrast, most chondrite groups appear to have formed in the
inner solar system 0.5-3.5 AU from the sun. The chondrites
assigned an origin in the inner solar system are compact,
tough rocks, bearing metallic iron and having 17o;l6o ratios
within about +0.2% of those found on earth. In c9ntrast,
the carbonaceous chondrite groups have little or no metallic
iron and 0-isotopic ratios less similar to terrestrial values.
Two groups of carbonaceous chondrites (CV and CO) are tough
objects having negligible contents of hydrated minerals.
Two other groups (CM and CI) are weaker objects in which
silicates are hydrated. The CI chondrites do not contain
chondrules, mm-sized spheroidal grains. It seems likely that
this indicates that chondrules only formed inside a particular
(but unknown) distance from the sun, and that CI chondrites
formed farther from the sun. The CM and, particularly, the
CI chondrites are the strongest candidates for meteorites of
cometary derivation. In fact, however, we don't know whether
the accretion processes in the solar system region where comets
formed were able to generate rocks tough enough to survive
atmospheric passage. No meteorite is associated with a
cometary meteor stream, but the geocentric velocities of most
meteor showers are too high to allow a rocky meteoroid to
survive atmospheric passage. Photographic data show some
large and reasonably tough meteoroids to be associated with
meteor showers.
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Studi2l by Macdougall and Kothari (1976) and Macdougall
4 Pu fission product tracks indicate that the
(1977) of
compa ction of CM and CI chondritic meteorites occurred >4.3
Gy ago. There appears to be no plausible scenario leading
to the pressure necessary to compact and brecciate these
chondrites at the time the condensation of cometary ices was
occurring. Either the CM or CI chondrites did not come from
comets, or there was a period following the dissipation of
the nebula during which sets of rocky and icy planetesimals
coexisted, following which the interactions of these sets
led to the incorporation of chondritic matter into comets.
In lunar soils the dominant meteoritic material accreted
since the formation of the maria ~3.5 Gy ago closely resembles
CM (hydrated carbonaceous) chondrites (Wasson et al., 1975};
this contrasts with the high abundance ( ~ 80%) of ordinary
chondrites among observed meteorite falls. If CM chondrites
are cometary, most extraterrestrial material accreted to the
earth during the last few Gy has been cometary.
It seems probable that we will only obtain unambiguous
evidence regarding the non-volatile constituents of comets
when a sample is returned to earth by spacecraft.
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MICROWAVE AND MILLIMETER WAVE OBSERVATIONS
OF COMETS IN THE RADIO CONTINUUM
Robert W. Hobbs, Stephen P. Maran, and John C. Brandt
laboratory for Astronomy and Solar Physics
NASA/Goddard Space Flight Center
Greenbelt, MD 20771
Five comets have been observed with modern radio telescopes
and receivers 1n the microwave and mi ll imeter wave continuum.
Two of them were detected with high statistical confidence at
wavelength 3.75 em, namely Comet Kohoutek 1973f (Maran et al.
1975; Hobbs et al. 1975) and Comet West 1975n (Hobbs et al.
1977). In addition, Comet Kohoutek apparently was detected at
1.4 mm (Bruston et al. 1974) and may also have been detected at
4.1 mm (Akabane and Chikada 1975). The current interpretation.
of the 3.75 - cm detections is that the emission arose as thermal
radiation from the icy-grain halo (IGH). The observational
material suggests that the radio source was transient in each
case and this is also required by the interpretation, as
otherwise comets would suffer mass loss at too high a rate. In
the case of Comet West, it appears that the nucleus actually
may have split on the day when the source was detected.
We searched for a corresponding microwave source in three
other comets, namely Kobayashi-Berger-Milan 1975h (Hobbs et al.
1976), P/d'Arrest (Avery et al. 1978), and Bradfield 1978c
(Gibson and Hobbs 1978), but in no case was it detected. The
results for P/d'Arrest are of particular interest because the
comet was observed on fourteen days but no source, transient or
otherwise was found. This included eight days when
observations at 2.8 em were obtained with a sensitivity two
orders of magnitude greater than required to detect the
Kohoutek microwave source, scaled to the position of
P/d'Arrest. Possible implications include that the microwave
source is indeed very rare, as required by the IGH enhancement
interpretation, and that the IGH of a short-period comet
differs from that of a comet like Kohoutek and West in some
significant way. The observations of Comet Bradfield, made
with the VLA, are also of special interest, since the absolute
value of the limiting flux density, 0.6 mJy at wavelength 6 em,
is much less than that of any previous microwave comet search.
The result also was slightly less than the value predicted by
Gibson and Hobbs for a Kohoutek-like source. (The prediction
involved an assumption about the character of the ice grains.)
The reality of the 3.75-cm detections of Comets Kohoutek
and West is supported by the nature of the phase data obtained
with the NRAO interferometer. In each case, the phase data
suggested that a source was present in the envelope beam (which
was tracking the comet according to a predicted ephemeris) but
was drifting in phase. After determining the a ~osteriori
ephemeris of each comet it was found that the o served phase
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drift was consistent with the actual position and motion of the
nucleus at the time of observation. Figure 1 (from Hobbs ~
al. 1975) illustrates this situation for two interferometer
baselines used in the 3.75-measurements of Comet Kohoutek.
Experienced interferometer users will recognize that such a
diagram involves the addition and subtraction of multiples of
360 degrees to phase data. However, the corrections worked
consistently for all three interferometer spacings used in
these observations. The source was present in all ten hours of
observation in the case of Kohoutek, and could be detected with
confidence in an interval of twenty mi~utes. It also
apparently was detected at the 2.5-sigma level in observations
made simultaneously with the 140-foot telescope at NRAO at
wavelength 2.8 em. We believe that there are no serious
grounds for doubting that the Kohoutek and West 3.75-cm sources
were real.
In contrast, the two millimeter-wave detections, both of
Comet Kohoutek, are somewhat less certain. In addition, if
real they must refer to the dust coma rather than to the much
smaller and cooler IGH. Bruston et al. (1974) observed a flux ·
density of 100 Jy at 1.4 mm on December 30, 1973, when the
comet was still close to the sun, and a flux density of 10 Jy
on January 12, 1974. If the uncertainties quoted in their
paper are standard deviations, then these are, respectively
3.3- and 2-sigma detections. However, on December 30, the
comet was only five degrees from the sun. Experience with the
radio telescope used, the 36-foot NRAO antenna at Kitt Peak,
shows that measurements in such close proximity to the sun are
extremely difficult. The elongation of the apparent source in
the solar direction, which was taken as evidence for its
cometary nature, might also be explained by taking solar
radiation in the side lobes into account. Akabane and Chikada
(1975) reported a possible detection at the 2-sigma level,
based on the average of observations made over an interval of
eight days near perihelion. Their result was a flux density of
2.0 Jy at 4.1 mm.
Although the microwave observations have been most useful
from the ground, it appears that mm-wave measurements made
during a rendezvous mission to a comet would be of great
interest. Given the presence of dust in the coma with
temperatures much higher than that of the ice grains or the
nuclear surface, it appears that a mm-wave radiometer would be
a suitable means of provid.ing an assured measurement of the
temperature of the nuclear surface, an important boundary
condition for coma and nuclear interior models. The
measurements might also be capable of discriminating between
the alternate models for the nuclear ices.
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Figure 1. Fringe phase for Comet Kohoutek, ob s erved wit h t he
NRAO interferometer on January 10-11, 1974 at wavelength 3.75
em. This diagram, after Hobbs et al . 1975, shows the data ,
averaged at one-minute intervals obtained when t he comet was
near the meridian. The abscissa is sidereal time at Green
Bank; the ordinate is fringe phase. As shown in the referenced
paper, similar behavior was observed we ll away from the
meridian. The angular diameter of the source was less than 1. 4
arc sec, which corresponds to 850 km at the comet.
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INFRARED STUDIES OF SILICATES
Louis A. Rose *
Laboratory for High Energy Astrophysics
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771
The identification of a 10 ~m emission feature in the energy spectra of
M stars (1) has prompted a large amount of study to understand the compositi-on
and structure of materials that produce this feature. It is believed that
silicate grains are the source of the astrophysical 10 ~m feature because they
have an absorption band near 10 ~m due to Si-0 stretching motions (2).
A great deal of experimental work has been done in studying infrared spectra
of silicates in the forms of powders, polished plates and single grains (3,2,
4,5). Logan and Hunt (6) acquired infrared emission spectra of silicates
under simulated lunar conditions; studies of terrestrial, meteroritic and
synthetic materia ls, aimed specifically at understanding the astrophysical
10 ~m features, have been conducted by Zaikowski et al. (7) and by Day (8).
A number of theoretical studies have been done to-gain information about
silicate dust grains. If the complex refractive index of a mineral as a function
of wavelength is known, Mie theory calculations can be performed for small
grains of these minerals. By comparing calculated spectra to the infrared
spectra of Martian dust, Toon et al. (9) have derived information concerning
particle size distribution andCfust composition.
In this work, which is experimental in nature, optically thin samples of fine
grain silicates were studied in the 7-14 ~m range using intermediate resolution
emission and absorption spectroscopy. Experimental techniques that imitate
telescope observations and whic~ are similar to the methods employed by Hunt
and Logan (5) were used to obtain emission spectra. Samples were prepared by
depositing grains, one layer thick, on low-emissivity substrates. For most
samples the grains were in the size range 0-2 ~m so that the variation of
emissivity with wavelength of individual grains could be seen. The list of
samples includes 9 terrestrial silicates, 1 synthetic sil icate, 6 meteorites
and 2 lunar soils.
A comparison of the results obtained using crystalline and amorphous materials
showsthat amorphous silicates more nearly simulate the smoothness in the 10 ~m
region seen in emission in the spectra of comet Kohoutek (10) and in absorption
in such objects as the Becklin-Neugebauer-Kleinman-Low complex in Orion (11).
This study has shown that the emission spectra of Orgueil and Ivuna (both Cl

* NAS/NRC Research Associate
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INFRARED STUDIES OF SILICATES (Louis A. Rose)
materials) show peaks in the range from 9.6 to 9.8 ~m, in good agreement with
the position of the peak in the Comet Kohoutek spectrum, but their features
are quite narrow compared to the cometary feature. The Allende meteorite, a
C3 material, yields a spectrum in the 10 to 12 ~m region which is a reasonably
good fit to the cometary feature but it departs greatly from the Comet Kohoutek
feature in the 9-10 ~m region due to the absence of hydrous silicates in its
composition. The emission spectrum of Murray, a C2 meteorite which is a combination of hydrous layer lattice silicates and the high temperature materials
olivine and pyroxene is generally a good fit to the emission spectrum of Comet
Kohoutek. The spectrum of a lunar mare basalt also matches the Comet Kohoutek
emission feature fairly well although its absorption spectrum does not match
astrophysical absorption features.
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RADIO OBSERVATION OF COMET MEIER (1978f)
IN 18-CM OH LINES
P. T. Giguere and W. F. Huebner
Theoretica l Division, T-4
Los Alamos Scientific Laboratory
Los Alamos, N. M.
and
T. M. Bania*
Arecibo Observatory, NAIC
Arecibo, P. R.
We have used the 1000-ft. Arecibo antenna to observe the 1667 and 1665
MHz spectral lines of the OH molecule in the coma of comet Meier (1978f).
Detection of 18-cm OH in comet Meier was first reported by Crovisier et al.
(1978, IAUC 3226). They detected the comet on May 30 and 31, 1978, when it
was still about 2.6 AU from the sun (pre-perihelion). Indications were
that comet Meier was intrinsically very productive, and an attractive candidate for OH observation with the Arecibo antenna. This telescope provides
the best available single dish spatial resolution for OH 18-cm observation .
We observed on 27, 28, and 29 July, 1978. Both main OH lines were detected
in emission at the nominal position of the comet (according to the orbital
elements calculated by B. Marsden, given in IAUC 3227), on each of the three
days. No observing time was available for observation at 1612 or 1720 MHz.
Only observation in left circular polarization was possible on 27 and 28
July; data in both left and right circular polarization were obtained on 29
July. The comet's heliocentric distance was about 2.0 AU (preperihelion),
geocentric distance about 2.9 AU, and the heliocentric radial velocity Vh
was -19.5 km/s. The beamwidth of 2!9 (FWHM) corresponded to a linear diameter of 3.7 x 105 km. Sensitivity to an unpolarized point source was about
6.5 K/Jy.
Over the three days we observed, some variation in intensity of the
two lines was measurable (-10-20% per day); but the variations were only
marginally statistically significant. The three-day-average 1667 MHz peak
intensity was 84.5 mJy (equivalent point-source flux). For the 1665 MHz
line, average line height was 51.7 mJy. Average 1667 and 1665 line widths
were 1.8 km/s (FWHM) and 1.9 km/s. Considering all three days' data , and
the signal-to-noise ratios, our results are quite consistent with the optically thin "LTE'' (meaning upper level populations in proportion to their
statistical weights) intensity ratio of 9/5. In general the lines' radial
velocities were not distinguishable from the ephemeris values, with the
likely exception of the 1667 line on 27 July, when it was several 0.1 's of

* Present address: Department of Astronomy, Cornell University, and National
Astronomy and Ionosphere Center; Ithaca, N.Y.
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a km/s more negative. The 29 July observations gave an indication of polarization (only-14%) in the 1667 line, but this is not significant with respect
to the errors.
The comet's vh of -19.5 km/s fell very near the strongest positive inversion peak of the OH ground-state relative populations at -20 km/s, as
calculated by Biraud et al. (1974, Astr. and Ap., 34, 163). Therefore, our
observations of OH in emission lend support to thelJH solar UV pumping theories
of Biraud et al. and Mies (1976, in NASA SP-393). Also, the appearance of the
main lines in about the optically thin LTE intensity ratio is consistent with
Mies' calculation for Vh = ± 41 km/s, which predicted that the hyperfine levels
of a given parity state are populated essentially according to their statistical weights. {For a discussion of OH-line variations in comet Meier, see J.
Webber's paper for this Workshop.)
In addition to observations toward the ephemeris position of the comet,
we made observations at three offset positions. On 28 July emission at 1667
and 1665 MHz was detected from a declination 3'12" north of the "nucleus". On
this date the 1667 "point source" intensity (left circular polarization) was
84 mJy at the central position, and about 40 mJy toward the offset. In similar
fashion, the 1665 line dropped from 4' mJy to about 22 mJy. The sig~al-to
noise ratios at the offset position are not especially good, but the apparent
similarity in behavior of both lines gives credibility to a real two-fold reduction in line strength. (In a complete analysis the contribution of the
strong (-10%) first sidelobe must also be considered.) On 29 July observations
at offsets of+ and -6' in right ascension gave negative results for both lines,
with 3-cr limits of 33 and 36 mJy for 1667, and 36 and 42 mJy for 1665. Central
intensities on 29 July were 92 and 50 mJy. That the OH coma was not a pointlike source on the scale of our beam is further indicated by consideration of
Webberis independent results with a larger (-22'} beam. For days when OH was
detectable with the 22' beam, Webber measured average equivalent point source
fluxes for the two lines several times larger than our results, for a similar
period this summer. There have been no laboratory determinations of the photodestruction lifetime of OH. We plan to model our observations, testing various
values of the OH scale length. These calculations will assume H20 as the immediate parent of the OH, and will consider the possibility that H20 arises in
an extended icy grain halo.
The excitation temperature of the 18-cm transitions must be known to
derive OH column densities from our observations. The population inversion
calculated by Biraud et al. for vh = -19.5 km/s indicates an OH column density
averaged over our central beam of about 5-10 x 1012 cm-2. Determination of a
total OH production rate Q(OH), which also depends on an assumed excitation,
must await the results of our modeling. Certainly Q(OH), assuming the accuracy
of our column density, must be~ several x lo28 s-1, at a heliocentric distance
of 2 AU.
Radio OH observation of comets should ideally be interpreted together with
ultraviolet OH observation of the same comets. Both methods suffer from the
lack of an independent (either laboratory or theoretical.) determination of the
OH photodestruction lifetime.
Work at los Alamos is performed under the auspices of the U.S. Department
of Energy. P. T. G!s research is supported by funds from the Planetary
Atmospheres program of the National Aeronautics and Space Administration.
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RECENT OBSERVATIONS OF RADIO OH IN COMET MEIER 1978f
John C. Webber
University of Illinois
at Urbana-Champaign
Urbana, Illinois 61801
The radio OH emission from Comet Meier 1978f has been
monitored from July to September 1978 at 1612, 1665, and 1667
MHz. The University of Illinois Vermilion River Observatory
120-foot telescope was equipped with a parametric amplifier
and dual-channel autocorrelation spectrometer, permitting
high-resolution observations at 1665 and 1667 MHz simultaneously. No 1612 MHz emission was detected, to a 3-a
limit of 0.13 Jansky. Individual days' data showed
emission features in both 1665 and 1667 lines, varying
from below detectability to a maximum of 0.9 Jansky.
Line widths varied from 0.7 to 3.9 km/sec. Some dates
showed no detectable emission in either line, some
showed only 1665 or 1667 emission, and some showed both.
The averaged line profiles for dates showing emission
had widths of 2.5 km/sec, and intensities of 0.6 Jansky
at 1667 MHz and 0.3 Jansky at 1665 MHz. The line profiles were asymmetrical, with increased emission on the
red-shifted wing; this may be a second-order Swings effect
on the ultraviolet pumping mechanism. At a distance of 1.9
a.u. from 2~e Sun, the average OH production rate was
> 1.9 x 10
molecules/sec.
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THE PHYSICAL STRUCTURE OF THE COMETARY NUCLEUS:
INFERENCES FROM MONOC HROMATIC BRIGHTNESS VARI ATIONS
D. A. Mendis
Dept. of Applied Physics and Information Science
University of California, San Diego
La Jolla, CA 92093
The proposed space missions to comets in the mid 198o•s
including even an eventual 11 landing 11 on the cometary nucleus
make it imperative that we have a reasonable understanding
of the physical structure of the nuclear surface. Such an
understanding is also necessary from the point of view of
making proper cosmogonic inferences from the spectroscopic
observations of the cometary atmosphere.
It now appears that the perihelion brightness asymmetry:
a second order effect associated with the monochromatic brightness variations of comets with heliocentric distance, gives
us a powerful clue to the time evolution of the cometary surface.
Recent theoretical studies (Mendis and Brin 1977, 1978;
Brin and Mendis 1978) indicate that the class of comets that
are fainter after perihelion (e.g. Kohoutek 1973f) are characterized by a dust to volatiles mass ratio in the nucleus
~2. which leads to the development of a dust mantle that
thickens monotonically during perihelion passage. On the
other hand the class of comets that are brighter after perihelion (to which Comets P/Halley seem to belong) are characterized by a dust to volatiles mass ratio ~2, which leads .
to the comet being mantleless for a certain part of the orbit
near perihelion (see Fig. 1).
The very limited number of sets of observations of monochromatic brightness variations of comets that exist are of
uncertain value. Often each set is the composite of severa l
sub sets of observations by different observers using different instruments. Also the instrumental corrections are
not always quoted, although it is well known that the observed
brightness variations are highly dependent on, for examplei
the diaphragm size. Consequently more homogeneous sets of
observations of monochromatic brightness variations of comets
are badly needed for further testing of the proposed model.
In this connection, caution is suggested in the continuing
use of the total brightness variation index of early observations
to draw cosmogonic inferences, such as whether a certain comet
is 11 0ld 11 or 11 new 11 •
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ULTRAVIOLET SPECTROSCOPY OF COMETS USING SOUNDING ROCKETS
Paul D. Feldman, Physics Department,
Johns Hopkins University, Baltimore, Md. 21218
To date, most of our knowledge of the ultraviolet spectrum of
comets below 3000 A comes from a handful of sounding rocket experiments that observed comets Kohoutek (1973 XII) and West (1976 VI).
Sounding rocket experiments will continue to be a significant factor
in cometary research for a variety of reasons: 1) payloads can be
assembled and integrated in a time scale commensurate with the time
from discovery to perihelion of a bright "new" comet; 2) rocket-borne
instruments can observe close to the sun, using the earth's limb as
an occulting disk; and 3) instrumentation can be flown which is
specifically designed for cometary observations.
The first attempts at ultraviolet spectroscopy of comets was
made in 1965 by W. G. Fastie and C. A. Barth. On 11 days notice
they attempted to observe comet Ikeya-Seki, a sun-grazer, at small
solar elongation. The experiment was unsuccessful due to a large
degree of solar scattered light, but the experience provided the
basis for the geometry used in the successful observations of comets
Kohoutek and West nearly a decade later. Observations of comets in
the light of hydrogen Lyman-a radiation were first made by rocket,
of Tago-Sato-Kosaka (1969 IX), and orbiting observatory, of Bennett
(1970 II) and Encke, by OA0-2 and OG0-5. Spectra of comet Kohoutek
obtained in January 1974 led to the discovery of atomic oxygen and
carbon in the coma, the latter in sufficient abundance to indicate
that its parent molecule comprised a significant fraction of the
cometary ice.
The first comprehensive ult~aviolet cometary spectra were
obtained in March 1976 by three rocket observations of comet West
by three groups (Johns Hopkins, University of Colorado and NASA
Goddard Space Flight Center). Not only were the results of the
comet Kohoutek experiment confirmed with much better statistical
accuracy, but c+ and CO, the probable parent of the atomic carbon,
were directly observed, as was the presence of metastable carbon
atoms in the 1 D state. This latter result has led to the development
of a model of carbon photochemistry in a cometary coma.
The gas production rates of the principal cometary species are
determined directly from the observation of ultraviolet fluxes. A
comparison of the Kohoutek and West results suggests tha t the ratio
of carbon to hydrogen is the same in both of these relatively "new"
comets, with the carbon parent about one-fifth as abundant as water.
The sample studied is too small to determine if this ratio is found
in all new comets or if there is any difference in this regard
between "old" and "new" comets. A similar result for an "old"
comet such as p/Encke which has lost most of its volatile matter in
its many pe·rihelion passages should be indicative of a homogeneous
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composition of cometary ice. For "new "comets it is also important
to determine the C/H production rate ratio over a sizeable range of
heliocentric distance to determine if the production of the carbon
parent is controlled by the water evaporation rate of the nucleus.
Cometary ultraviolet spectroscopy also promises many more new
discoveries as instrument sensitivity and resolution are improved.
The presence of other species, for example NO or C0 2 , would be
detectable at higher resolution than that used previously. Sulfur
and CS were tentatively identified in spectra of comet West and
this identification needs to be confirmed. Atomic nitrogen, which
should also be present in the coma since N2+ is abundant in ion tails
can be observed at 1200 A, but is masked by scattered light from the
nearby strong H Lyman-a line. In previous experiments, because of
the possibility of scattered Lyman-a masking the weaker C and CO
features, the response of the spectrometer was attenuated below
1250 A with a CaF 2 filter. In future experiments it is possible to
use instrumentation which suppresses scattered light by several
orders of magnitude so that observations at 1200 A will be possible.
Also, it is possible to use a pointed rocket controlled from
the ground with the aid of an onboard vidicon to provide spatially
resolved spectra which would provide experimental tests of current
photochemistry models of the neutral and ionized coma.
Recently developed rocket instrumentation developed at Johns
Hopkins University will make it possible to observe the ultraviolet
spectrum of p/Encke at its next favorable apparition in November
1980. This comet, with a 3. 3 year period and a perihelion distance
of 0.34 a.u., has been well studied from the ground and is a good
candidate for a future cometary mission (although it is not included
in current planning). In any case, it is probably an excellent
"prototype" of an "old" comet and as such, can provide much information as to the physical environment in the coma of a comet targeted
for such a mission. The 1980 apparition is a particularly good one
for ground-based (and sounding rocket) observations, as Tma 2 is nearly
constant during the whole month of November, and at perihelion
(Dec. 6) the elongation is 20°, making rocket observation possible.
An estimate of the expected perihelion carbon emission rate at 1657A
gives a brightness of % 25 Rayleighs in the central one arc-minute
region of the comet, a relatively large signal for our new rocket
spectrograph to determine if the C/H abundance ratio is the same
in p/Encke as in "new" comets.
It is hoped that sounding rocket observations of comet Encke
will be included, along with ground based visual and radio astronometric observations, in any cometary mission planning activities
to be supported by NASA in the next few years.
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EXPERIMENTAL RESEARCH QN COMETARY PROCESSES
Bertram Donn
Laboratory for Extraterrestrial Physics
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771
Some form of icy materia1 is assumed in nearly all current models of
the cometary nucleus. Many theoretical analyses of the behavior and evolution of comets and numerous interpretations of the luminosity of molecular
species have been based on such models. These calculations use vaporization properties of the pure molecular or clathrate components. Because
we are dealing with complex, heavily irradiated mixtures such data are
approximations to actual properties of nuclear ices.
A laboratory study of 11 Cometary 11 ices has been started at Goddard.
The first part consists of the irradiation of ice mixtures in a thin layer
by a beam of 1 MV protons from a van de Graaf accelerator. The ice layer
was kept at 12K and its infrared spectrum recorded prior to and at intervals during irradiation. Total proton fluxes initially were about lOlOcm-2
and the duratioo of an experiment 1 - 3 hrs. Currently the flux has been
increased to lol3cm-2.
Results so far show an increase of CO and C02 band strengths, the
appearance of NO absorption and some unidentified bands. In recent heavier
irridations a residue was left on the plate after warmup. Mass spectrometer analysis indicates the occurrence of higher organic molecules.
A new arrangement has the helium cryostat simultaneously attached to
the accelerator and the spectrophotometer with continuous access to the
apparatus. This will permit longer irradiation times, more frequent infrared measurements and fewer opportunities for leaks, misalignments and
similar problems.
A second phase of the experiments will measure relevant properties of
ice mixtures. The composition and structure, hence properties, of simulated
11
Cometary 11 ices are expected to depend upon the condition under which they
formed. We will study the effect of composition and pressure of the condensing vapor and temperature of condensation upon the rate and composition
of vaporizing molecules.
Another part of· our program initiated by Dr. Jackson and now run by
Dr. Regina Cody is the investigation of the energy state of photoassociated
fragments. Tunable laser fluorescent spectroscopy of CN from a number of
parent compounds shows that the radical has high rotational energy with the
maximum rotational level greater than 50. Vibrational and electronic excitation occurs in some cases. The superthermal energy of the radical will
affect its reactivity and coma temperature. Calculations indicate that
cbservable effects may be found in the emission spectra of the radical.
These are currently being searched for in high dispersion spectra of Comet
Bennet taken at the Dominion Astrophysical Observatory. A similar investigation of NH2 is now under way.
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In order to provide additional observational data a systematic survey
of spectra of faint comets and of comets at large heliocentric distance
is under way both at Goddard and in collaboration with the S. Larson,
Lunar and Planetary Laboratory, University of Arizona. A spectrum of
Comet Giclas (1978h) p = 6.68 yrs. at mag. 15.6 was obtained in 20 minutes.
At a heliocentrfc distance of 1.8 AU the spectrum was a pure solar
continuum.
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COMET OBSERVATIONS FROM THE SPACE SHUTTLE
A. E. Potter and T. Morgan
NASA/JSC & Houston Baptist Univ.
A unique approach to comet exploration would be provided by
a Shuttle pallet equipped to observe comets. Near-continuous
coverage over a period of days or weeks, observations at very
small angular distances from the sun, and measurements in the
vacuum ultraviolet, far infrared, and microwave spectral regions would be possible. The major disadvantage of su c h a mission is the penalty of observing the comet from great distances.
This may be overcome to some degree by the use of collecting
optics (~meter or larger).
The large carrying capacity of the Shuttle permits the use
of heavy, bulky and/or cryogenic instr~ments that consume large
amounts of power, thus permitting the use of sensitive instrumentation previously used only in ground-based observatories.
Since the pallet would be re-usable, successive missions would
be possible, so that more than one comet could be observed.
Further, the short lead time needed to ready an existing Shuttle
pallet for launch, and the planned frequent launches in the
mid-80's would allow new comet discoveries to be investigated
in a timely manner. The cost of such a comet observat ory would
be modest in comparison with a probe mission to a comet.
Example of the type of instrumentation which should be
considered include:
(1)

Wide-field imaging capab i lity from Ly-a to 1 micron.

( 2 ) Cryogenic infrared FTS spectrometer for survey of
emissions from complex p~rent molecules.
(3) Laser heterodyne spectrometer for study of specific
molecular emissions.
(4) Microwave radiometer for study of specific molecular
emissions.
The highest priority amoung payloads should go to UV
imaging of the comet particularly at Ly-a, with sufficient
time resolution to docu~ent the variations in the coma and
halo. The second priority should go to the cryogenic infrared
FTS spectrometer for this technology allows an order of magnitude gain in sensitivity. Such a gain will be required for
detection of the emission associated with complex parent
molecules.
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"A Theoretical and E~perimental Approach to Cometary Photochemistry~
By William M, Jackson
Department of Chemistry
Howard University
Wash,, D.C.
20059
ABSTRACT
The cometary photochemistry program at Howard University
consists of three parts: theoretical studies to determine how
chemical data may be used to interpret cometary phenomenon;
the development of new laboratory techniques to obtain photochemical methods to be used for in situ detection and identification of cometary parent molecules. The latter part of the
program is ultimately aimed at the development of a flight
instrument to be carried on a cometary probe. All three of
these approaches are essential if we are to achieve our ultimate goal of characterizing the chemical composition of comets
in an effort to understand the origins of our solar system.
The author has analyzed most of the known photochemical
data {1}, {2}, {3}, {4} in an effort to determine how the
data can be used to explain the observed radicals, atoms,
and ions that are present in the atmosphere of a comet. This
analys i s shows that the presence of most of the species can
be explained by the photodissociation of an assumed parent
molecule. There are three exceptions, namely, c2, c 3 , and NH.
These three radicals have to be produced by either an unusual
photochemical mechanism or by some unknown collisional process.
A photochemical mechanism called ''sequential photolysis"
was suggested as a way of explaining the presence of these
cometary radicals. Ammonia, a likely but undetected cometary
parent molecule may be used to illustrate what is meant by
sequential photolysis. When ammonia {4} absorbs a photon
in its first absorption band it dissociates to give NH2. The
theoretical analysis {4} has shown that more than 98% of the
ammonia present in comets will dissociates in this band.
If
all of the ammonia dissociates to give NH2, how then can ammonia be used as a source for the observed NH in comets? The
answer is that the NH 2 that is produced is photochemically
unstable but collisionally stable in the atmosphere of comets.
The photochemical lifetime of NH 2 in a cometary environment is
estimated to be of the order of a few thousand seconds. This
is competitive with collisional loss for the radical. A simi~
lar explanation {4 } can be evoked to explain c 2 and c 3 formation in comets.
Laboratory Photochemistry
In addition to the theoretical studies that have been described above, we have been pursuing laboratory work which is
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directly related to the problem of photochemical formation of
free radicals in comets . A new laboratory instrument has
been recently developed that allows us to measure the wavel eng th dependence of the photochemical c r oss section for the
production of ground state cometary radicals. The details of
this apparatus have already been published {5}. The results
in . Fig. 1 illustrate the type of data that may be obtained with
t h 1s new apparatus .
In this figure, the relative cross section
for . the production of ground state CN radicals from the photolys1s of.HCN ~av7 bee~ plotted as a function of the wavelength
of the d1ssoc1at1ng l1ght. The absorption cross section for
th~s m~lecule is also plotted for the same wavelength region .
Th1s.f1gure shows that the relative quantum yield for the product1on of ground state radicals is constant over the wavelength
regi~n so that it is legitimate to use the absorption cross
sect1on data to estimate the dissociation lifetime.
This new apparatus can also be used to determine i n wh ich
quantum states are the radicals produced . Fig. 2 illustrates
this. With this data, we can now determine how much the excess
available energy goes into translational recoil for the photochemical fragments. Clearly, this is important if one is to
use the monochromatic isophotes that are obtained from cometary
observations {6}.
Development of Flight Instrumentation and Flight
Experiments that relate to Comets
Two types of flight instruments have been under consideration
by the Howard University group. One is the analysis of an
experiment that could be performed on the space shuttle which
would aid in our interpretation of cometary phenomenon.
In this
connection , we have been investigating the possibility of using
the sun as a photochemical light source. Gas could be released
from the space shuttle above the stratosphere. The radicals
that are produced can then be detected by using a tunable dye
laser as the resonance excitation source. This will increase
the surface brightness of the cloud, enhancing the detection
sensitivity.
The second instrument that we have been considering is an
instrument designed to be flown on one of the first cometary
probes. This system consists of several photochemical light
sources and several filtered photomultiplier detectors.
In
Fig. 3, a schematic diagram of an apparatus developed by Kley
and Stone {7 } to measure water by photodissociative excitation
is presented. One could expect that a similar type apparatus
could be used for the detection of parent molecules in comets.
The whole detection scheme ·revolves around the fact that molecules, when they absorb high energy photons, can produce not
only ground state fragments, but electronically excited fragments.
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By measuring the radiation from the electronically excited
states one can directly determine the mixing ratio for the
parent molecules. Even molecules that can produce the same
electronically excited fragment could be distinguished by
choosing the proper lamp or a suitable filter for the detector. Currently, we are vigorously pursuing this work in an
effort to obtain primary photochemical data that can be used
in designing a flight instrument.
In conclusion, we see that the cometary program at Howard
University is multifaceted and consists of both theoretical and
experimental approaches to studying the problem of the chemical
composition of comets and ultimately the chemical composition
of the solar system.
This work was supported by the Planetary Atmospheres program of the National Aeronautics and Space Administration
under Grants NSG-5071 and NSG-7378.
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ON PRODUCTION OF CO+ AND OTHER
INNER COMA CONSTITUENTS*
W. F. Huebner and P. T. Giguere
Theoretical Division. T-4
Los Alamos Scientific Laboratory
Los Alamos. N. M.
We present some new results from our computer model of the chemical
kinetics of the inner coma. The need for such a model . the computational
method. and initial results have been described in some detail by Giguere
and Huebner (1978. "Paper I"), Rate equations derived from over 570 solar
photodestruction reactions and gas phase chemical reactions relevant to an
adopted set of several mother molecules are solved simultaneously at discrete points in an expanding, one-dimensional coma gas. The effects of
the opacity of the mother molecules in the photolytic UV are also calculated. The goal of the calculations is the determination of the nuclear
composition. by comparing the results of the complex coma photochemistry
to coma observations. and adjusting the starting mother molecule composition accordingly. Such a model is useful in interpreting the new vacuum
UV and radio telescope observations of comets. Also. recommendations for
narrow-band radio searches and laboratory rate constant measurements result.
A long-standing problem for comet science is an explanation of the
large co+ production rate required to account for observations of this ion
in the inner coma and tail (cf. Jackson and Donn 1968 1 Ip and Mendis 1977).
Giguere and Huebner (Paper I) considered combinations of the possible
mother molecules H20• C02• NH3• and CH4. We concluded that our purely
photochemical system. starting with C02 (and ignoring the photochemistry of
metastable species and direct co+ production by photodissociative ionization of C02)• does not produce co+ fast enough to account for observations.
This conclusion is even stronger if the co+ is required to originate well
within 104 km from the nucleus (cf. Wurm 1968). We suggested four possible
remedies for this situation. viz: (1) the presence of CO in the nucleus;
(2) solar-wind sweep-out of co+ ions from the inner coma (thus avoiding
chemical destruction of co+); (3) coma ionization sources other than direct
photoionization; and (4) photoionization from metastable triplet states of
CO (not included in the initial computer runs). which could be formed from
photodissociation of C02 or dissociative recombination of electrons with
C02+• Also of interest is the possibility that the phot ochemistry of H2CO

*Work

performed under the auspices of the U. S. Department of Energy, and
supported by the Planetary Atmospheres program of the National Aeronautics
and Space Administration.
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(formaldehyde) and HCOOH (formic acid) contribute significantly to co+ production, as suggested by L. Biermann. H2CO and HCOOH are attractive candidates as mother molecules, and they are extremely sensitive to photodestruction.
Since our initial computer runs reported in Paper I we have improved
our coma model as follows: Photodestruction cross sections have been improved and branching ratios treated in much greater detail; the photodestruction of additional species is now considered, with calculations detailing the complex ~roduct distributions. 'For example, we now calculate direct
production of CO by photodissociative ionization of C02 and H2CO. The
photodestruction of HCN, HCJN, C2H2, and C2H4 are now calculated. The list
of chemical reactions and rate constants has been refined and expanded, with
emphasis given to the chemistry of neutral-neutral reactions of radicals and
atoms. The constant expansion velocity of the coma used in Paper I has been
improved with a velocity field derived from an adiabatic assumption . The
computer program now calculates column densities and total coma abundances
of many species.
We describe here eight new computer runs that are relevant to the problem of co+ production. These runs are also relevant to the more general
problem of production of most of the other observed ions and neutral radicals. Table I shows the six initial mother molecule compositions assumed and
Table II gives some results for the eight runs. The calculations are all
done for 1 AU heliocentric distance. The total gas production in these
models is higher than that of a "typical" comet, and Table II is intended
mainly to indicate relative abundances, which should not be grossly sensitive
to a lower total production.
A run that starts with an initial composition of only HzO and CO, in a
5/1 ratio, fails to reproduce the Hzo+tco+ column density ratio observed by
Wyckoff and Wehinger in comet Kohoutek. In fact, this ratio is inverted in
the pure H20-CO model run. Table II shows that the ratio of co+ to H2o+
total abundances for this composition is the lowest of the eight runs, although not inverted like the column density . We find that photodissociative
ionization can be a significant source of ions. In particular, co+ can be
produced by this process from polyatomic mother molecules containing CO, in
a ratio to H2o+ that is in better agreement with observation . This is true
of runs that contain COz as a mother molecule (with no initial CO). Formaldehyde is of special interest because of its very short photodestruction
lifetime. We calculate six photodestruction branches of HzCO, among which
co+, CHO+, and Hzco+ are produced directly. The total photodestruction rate
= 2.8 x lo-4 s-1 in unattenuated sunlight at 1 AU. Composition 5 is an
attempt to model an H20-poor comet, using only COz and HzCO. The variation
5' uses the same composition, with a simulation of electron collisional ionization included. In this crude approximation all solar photodestruction rates
are doubled, in taking up the excess energy of photoelectrons. Variation 5"
includes this effect, and also an increase of the CO ionization and dissociation rates in an attempt to account for the effects of triplet-State CO; it
most likely is an overestimate of the true effects. While composition 5
produces remarkable amounts of Hzo+, obviously any such HzO-poor composition
must do better in OH production, which can be achieve~ e.g., by substituting
formic acid for COz.
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These calculations show that significant amounts of CN, C2, and C3
can be produced from runs starting with C02 and CH4 (or H2CO) as the only
carbon-containing molecules. Two critical tests which any such proposed
composition must survive are: (1) calculations for heliocentric distance >1 AU, and (2) any proposed CH4 composition will be constrained by
UV observation of H2 abundance.
Additions to be made to the models in the immediate future include
(1) A more detailed treatment of production and destruction of metastables,
such as triplet co and o(lD); (2) the electron and dissociation-product
energy budgets; (3) two-dimensional optical depth calculations. Also,
production rates and chemistry as functions of heliocentric distance and
nucleus parameters (such as dust amounts) will be considered.
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TABLE II
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AN EXPERIMENT TO RECOVER COMETARY PARTICLES FRO M THE ANTARCTIC ICE
Elbert A. King
Department of Geology
University of Houston
Houston, Texas 77004
Many previous workers have investigated possible cosmic
particles from the Antarctic Ice .' However, it is not possible
at the present time to definitely ascribe the origin of any of
these particles to comets. The existence of cores of Antarctic
ice with layers of known ages offers the possibility to identify
populations of particles that owe their origins to dusty short
period comets. Because the stratigraphy of the Antarctic ice
cores is known, we can select layers of ice deposited during
times of maximum dusty comet activity in the inner portion of
the Solar System and statistically study the populations of
particles present. Terrestrial volcanic and eolian particles
offer no particular problems as there is a large literature on
these particles and they are not expected to be similar to
cometary particles. The problem becomes one of handling large
numbers of particles that have been separated from the ice and
attempting to identify a population of particles that may have
originated from comets. If a candidate population is identified, it can be checked from layers of ice deposited during
the previous apparition or period of dusty activity. We also
have the opportunity to establish the background dust contribution of sporadic meteorites by comparisons with layers
deposited during times of minimal cometary activity. In
addition, this experiment has the advantage of being able to
work with the 3~m and less particle size fraction, which
generally is not collected by high altitude impact plates
but which should have a large component of cometary particles.
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MICROMETEOROID CRATERS AND COMETARY SCIENCES. F.

Johnson Space

Center~ Houston~
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Micrometeoroids- i.e., dust particles largely released from
cometary surfaces - collide with natural and artificial surfaces to
fonn hypervelocity impact features tenned "microcraters." Detailed
analysis of these impact features offers characterization of physical
and chemical properties as well as mass-frequency and absolute flux
of cometary dust.

ANALYSIS OF MICROCRATERS ON LUNAR ROCK SURFACES

Physical Properties - Based on comparisons with small scale impact
cratering experiments (1~ 2) the majority of dust particles (l0- 10 to
lo-s g) have densities of 2-4 g/cm ~ compatible with silicates (3~ 4).
However~ densities as small as 1 g/cm 3 cannot be excluded for a small
fraction (<20%); densities of the order of 6-7 g/cm 3 -compatible with
iron meteorites - are, however~ postulated for the majority of craters
<l ~ in diameter corresponding to <10- 12 g projectile masses (2).
The particle shapes - as deduced from the predominantly centrosymmetric
crater outlines - are fairly equant and the longest to shortest axis
ratio is <2; this excludes highly irregular particle shapes such as
whiskers~ rods~ needles, platelets, etc. Highly heterogeneous mass
distributions within individual grains- e.g., highly porous, fluffy
objects - are rarely observed and constitute <1% of the objects >10- 10 g
3

{3, 4).

Chemical Properties -Despite numerous attempts {2, 5, 6), chemical
characterization of projectile residue inside individual craters was
accomplished in rare cases only; however, even these few data are still
subject to interpretative uncertainties and - most importantly - are of
little statistical significance regarding the entire particle population.
The total admixture of meteoritic material in the fine grained lunar
soil (which is in large part ascribed to micrometeoroids) reflects CM
chondrite affinity {7).
Mass Frequency - The relative frequencies of microcraters from
0.1 ~to several mm in diameter were measured on individual rock
surfaces reflecting projectile masses from l0- 15 to lo-s g. This very
large "dynamic" range for mass resolution is a unique feature of the
lunar rock detector. A distinctly bimodal mass distribution is observed
(3, 4).

flux - Precise surface exposure ages for lunar rock surfaces must be
obtained independently in order to convert the observed absolute crater
frequencies into crater production rates (= particle fluxes). As
illustrated by {8), small scale lunar surface processes, however, are not
sufficiently understood to derive better than a factor of ~s estimates;
the upper limit of this est imate appears compatible with present-day flux
values based on satellite and other data (9).
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LONG DURATION EXPOSURE FACILITY

{~:

LDEF is a large, cylindrical, gravity stabilized structure which

will be deployed by shuttle and returned to Earth after a stay time of
6-9 months in an orbit of 235 n.m. altitude, .002 eccentricity and 28°
inclination. Because of its large time/area products (>>m2 /yr) it is
well suited for cosmic dust studies. A total of 4 micrometeoroid
instruments are presently being developed (PI's: D. Humes, NASA-LaRC;
J. A.M. McDonnell, Univ. Canterbur¥, United Kingdom; J. C. Mandeville,
ONERA, France and F. Horz, NASA-JSC}. The LaRC and United Kingdom
instruments are utilizing penetration phenomena of thin metal foils;
the other two instruments use impactor plates for analysis of resulting
microcraters. In the following a brief description of the JSC instrument
is presented;
The main objective of this experiment is to obtain chemical
composition of cosmic dust particles by analyzing the microcraters for
projectile residue via state of the art microanalytical instrumentation
(Electron Microscope, Scanning Electron Microscope, Ion-Probe, AugerSpectroscopy and possibly mass spectrometry). A total of >30 microcraters >20 ~in diameter are expected. As illustrated in Fig. 1, the
instrument eJll)loys a clam shell concept which allows a "stowed" position
of the collector surfaces during all ground handling, launch and retrieval,
thus minimizing contamination by terrestrial, especially man made,
particles. The clam shells will be opened (via a motor and wormgear drives)
some 4-8 days after separation from Shuttle and conversely will be closed
a significant time period prior to retrieval. The prime collector surface
is an Au sheet of 99.99% putity, .5 mm thickness and approximately 1 m2
surface area. A variety of other high purity collector materials will
also be exposed to empirically determine their suitability for micrometeoroid capture and subsequent chemical analysis for possible incorporation
into future LDEF missions of similar or extended (5-10 years) exposure times.
OUTLOOK/FUTURE WORK:
The geochemical and mineralogical-petrographic characterization of
cometary solids remains of utmost significance in cometary science and
associated solar system evolution. Short of cometary rendezvous and landing
missions employing suitable dust collectors and appropriate analytical
capabilities, two major areas of particle research must be pursued:
1. Collection of dust particles in the upper atmosphere as illustrated
by the successful recovery of extraterrestrial particulates by Brownlee and
co-workers utilizing high altitude aircraft. The need to continue these
collection efforts is unquestionable, especially in view of the fact that
more efficient collection techniques are easily implemented. These efforts
are unique and a major breakthrough in cometary science, because virtually
unaltered particles are available for analysis in state of the art terrestrial
laboratories devoted to a wide range of investigations (geochemistry, surface
morphology, mineralogy-petrography, solar wind effects, etc.).
2. Utilization of future LDEF missions to continue chemical analyses
and other studies of microcrater structures on well characterized substrates •
These studies will become especially attractive in the context of an extended
LDEF mission, because it is .feasible to dedicate specific surface areas
(e.g., individual clam shells) to specific meteoroid stream activities
encountered by Earth over a 5-10 year period.
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Even in the case of a successful cometary mission, both of the above
activities offer unique opportunities to address potential variabilities
among comets. Thus they must be considered complementary to an actual
mission with the distinct potential to yield information about variability
of comets, rather than detailed characterization of one individual. A
statistical overview of the cometary particle inventory is paramount in
addressing cometary origin. It is believed that the above activities
provide this overview in a highly cost effective manner.
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Cometary Science in Earth Orbit
by
Herb Zook
NASA Johnson Space Center
Houston, Texas 77058
Many comets - especially the long period ones - are directly observed
to be emitting both gas and dust. In addition, an examination of the
orbital parameters of most of the major earth-crossing meteor streams
shows that these streams are closely associated with one or another of the
known periodic comets [1,2,3]. There is thus little doubt of the parentdaughter relationship between certain comets and the meteoroids in their
associated meteor streams. Therefore, if meteoroids that are identified
as belonging to certain meteor streams are collected in earth orbit and
subjected to detailed chemical, isotopic, and physical analyses, it follows,
indeed, that we would then be analyzing the solid remains of various comets.
Thus we can potentially do very valuable cometary science fn earth orbit.
With the advent of the space shuttle and with cargoes such as LDEF
(Long Duration Exposure Facility), the collection of relatively large
meteoroids appears quite feasible. The flux of l0- 6 g meteoroids, for
example, is about 2 or 3 per square meter per year (4]. LDEF, with an .
exposed surface area in excess of 100 m2 (partly shielded by the earth)
should therefore sample about 150such particles per year. At l0- 7 g, about
10 times as many particles would be received. Although these particles
could, in principle, be mass analyzed in situ by an instrument such as that
used on Helios [5], there is little question that significantly superior
analyses could be done with specimens returned to ground-based laboratories.
This statement derives from the fact that impact phenomena do not ionize
equally well each of the different atomic species of which the meteoroid is
composed. The dependence of this process on the physical make-up of the
meteoroid is not yet known nor is the velocity dependence of ionization well
understood. The problems here are somewhat similar to the problems involved
1n analyzing meteor spectra [6].
In order to interpret the chemistry of an individual meteoroid as the
chemistry of the non-volatile remains of a known comet, however, the parentdaughter relationship between the two must be reliably established. Temporal
meteor streams no longer exist at meteoroid masses smaller than ~lo- 6 {e . g. ,
the Pegasus satellites saw no stream enhancements). This is due, it is
presumed, to the wider dispersion of the smaller particles by the cometary
injection process and their subsequent more rapid evolution under P-R drag.
However, certain meteoroid orbital parameters, such as perihelion distance
and orbital inclination evolve more slowly and should not be strongly dependent
on meteoroid mass. Therefore an accurate measure of the trajectory of small as
well as large meteoroids should permit them to be identified with their parent
bodies (if the ·tatter are observable).
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Berg and co-workers [7] have already measured meteoroid trajectories
with a dust sensor on the Pioneer 8 and 9 spacecraft. These measurements
were accompl i shed by permitting the meteoroid to first penetrate through
a thin fil m and then t o impact on a plate some 10 em behind the film. The
penetration and the impact both generated ionized plasmas. The x-y
coordinates of each plasma pulse was established via ion collecting grids
which, along with a time-of-flight measurement, gave the meteoroid
trajectory. For an experiment that is to be returned to earth, an improvement on this technique that permits obtaining much greater trajectory .
accuracy has been suggested by Dr. Don Brownlee (pers. comm.}. The improvement is to obtain only very course in situ x-y measurements (but maintain
accurate time-of-flight) thus permitting a much larger area to be instrumented at a reasonable cost. Upon return to earth, the hole in the thin
film and the impact on the collecting surface are both located (using the
coarse x-y measurement to locate the event) and the entry geometry is
measured. With good time-of-flight measurements, very precise trajectories
can be obtained in this manner. Auer [8] has proposed measuring meteoroid
tra~ectories by detecting the charge on the meteoroid.
For a particle of
10- g charged by photoionization to about 5 volts, the electrostatic charge
is in excess of l0- ~cb. Such a charge should be quite easy to detect.
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SOLAR WIND INTERACTION WITH TENUOUS ATMOSPHERES
Paul A. Cloutier
Department of Space Physics &Astronomy
Rice University
Houston, Texas 77001
The interaction of the solar wind with tenuous atmospheres not gravitationally bound to a source object is governed by the ordinary conservation
relations for mass, momentum, and energy flow modified by the incl usion of
terms representing mass addition by ion production from the neutral atmosphere, and momentum and energy loss by collisions and charge transfer.
The resulting equations for the flow field contain singularities corresponding to transient flow behavior in the absence of a steady-state
solution. In general, for fixed solar wind conditions there exists a
maximum mass addition rate below which the solar wind smoothly accomodate
the addition of mass without large flow discontinuities (shocks). This
maximum mass addition rate is also a function of the momentum and energy
loss rates. Above the maximum mass addition rate, a shock transition
occurs in front of the source object to deviate the supersonic flow aro und
the obstacle. Solutions to the equations are discussed in the case of
cometary objects and various physical features of the model are discussed.
The comet-like interaction between the Jovian satellite lo and the Jovian
magnetospheric plasma is described as an example. Implications to magnetic
field build-up, multiple shocks, and shock-wave heating are discussed.

\
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ARTIFICIAL COMET NUCLEUS ON SHUTTLE (ACNS)
Thornton Page
NASA Johnson Space Center, Code SN
Houston, TX 77058
Although spectrographic observations of comets have revealed that the coma contains some 14 atoms, radicals, and
ions (H, OH, 0, C, c+, CN, CN+, C2, c 3 , co+, CH, CS, Si, NH),
no one is sure what the "parent molecules" in the nucleus
may be. It is generally agreed that cometary nuclei condensed
from the Solar Nebula early in the history of the Solar System
and therefore represent the composition of interstellar
clouds, where radio astronomers have detected some 40 atoms,
radicals, ions and molecules. These include (omitting the
radicals and ions):
HCN
H2 CNH
cs
HCONH 2
HC 3 N
CH 3 NH 2
(CH 3 ) 2 0 SiO
CH 3 0H
CH 3 C2 H CH 3 CH 20H
NH 2CN
ocs
so2
HCOOH
CH 3 CHO
CH 3 CH 2CN
HC 5 N
SiS
It was proposed to condense mixtures of these gases, primarily the first 10, with fine silicate dust, on a 25-cm cooled
metal sphere mounted on a pallet on Shuttle, then expose the
condensate to sunlight in high orbit (above 600 km). Filtered
imagery and spectra taken from the cabin and from the pallet
base would record the development of an artificial coma, as
shown in Fig. 1. Several gas mixtures would be tried in an
effort to match the spectra of real comets. This corresponds
to the computer-theoretical approach taken by W. Huebner and
P. Guigere reported to this Workshop.
Such a simulation of a comet nucleus was recognized to have
several defects: (1) the residual terrestrial atmosphere at
Shuttle altitude, (2) Shuttle contamination, and (3) gecoronal
absorption of Lyman-alpha. In the Workshop discussion, A.
Delsemme ang W. Jackson pointed out that the scale factor
(about 1:10) eliminates the collision region near the nucleus
where boiled-off parent molecules spend 1000 sec or more as
they escape from a real comet nucleus. This means that the
proposed ACNS experiment would not work, and the proposal has
been withdrawn.
It might be possible to release large amounts of gas-dust
mixture in a narrow jet from a sub-satellite carrying spectrometers above the geocorona. At such an altitude (over
100,000 km), spectrometer observations might achieve the goals
of the ACNS proposal.
For the record, it can be noted that the ACNS flight
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hardware would have included about 700 kg mass and 12.7
cubic meters on the Shuttle pallet plus 66 kg and 60,000
cubic em in the cabin. Suitable spectrometers, spectrograph,
and camera are already developed and have been used in space
flight. The flight hardware was to be tested in the large
Vacuum Chamber A at JSC, where data on gas condensates would
have been obtained.
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ORGANIC COSMOCHEMISTRY, COMETS AND LIFE
J . 0 r6

and G. Ho 1 z e r
Departments of Biophysical Sciences and Chemistry
University of Houston
Houston, Texas 77004
A. Lazcano-Araujo
Instituto de Astronomia
Universidad Nacional Aut6noma de M~xico
Cd. Universitaria, M~xico 20, D.F.
There is a strong tradition that links comets with the
appearance of life in our planet; it is said that Newton was
firmly convinced that plants could be generated spontaneously
from the emanations from comet's tails {Oparin 1938), and in
more recent times, Oparin pointed in his classical 1924 book
that the presence of hydrocarbons in cometary spectra was an
additional evidence of the reducing character of the prebiotic
Earth environment.
The first modern suggestion that cometary material could
play a direct role in prebiological evolution came from Oro
(1961), who from Urey (1957) collision probability estimate
suggested that during the first 4 2 x 1o 918 years of its history
the Earth captured from 2 x 10
to 10
grams of cometary
material that could become precursors of molecules preceding
the appearance of life in the primitive Earth.
More recently, a number of authors have proposed that
comets could have played a role in prebiological evolution
(Or6 1972, 1976; Ponnamperuma 1965, 1972; Buhl and Ponnamperuma 1971; Fesenkov 1970, 1971; Buhl 1973; Whipple and
Huebner 1976).
We would like to report a recent reassessment of John
original 1961 paper; on basis of Everhart's (1969)
paper "Close Encounters of Comets an§ Planets", that
considers the interaction between 10 hypothetical random parabolic comets and the Solar System, we have
estimaged that the 2 ~arth captured during its first
2 x 10 years rv 10
grams of cometary material, on the
assumption that all comets follow the absolute magnitudemass relation given by Allen (1973)
Or~s

log 10 (M in gr)

~

21 - 0.4 m

0

However, due to the higher density of colliding material
in the early stages of the Solar System, we suggest from
Weth~~ill (1975) collisional probability tables a value of
"- 10
grams of cometary material as a more reasonable figure.
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Since carbon is supposed to be at least 3 times more
abundant in comets than in carbonaceous meteorit2~ (Delsemme
1977), it can therefore be deduced that~ 1 x 10
grams of
carbon were added by comets to the surface of the prebiotic
Earth.
This addition of carbon of cometary origin is of the
same order of magnitude as the value of the organic carbon
buried within the Earth sedimentary shell, but approxim~~ely
one order of magnitude lower than the value of ~ 7 x 10
grams that corresponds of the Earth's surface total amount
of carbon (Garrel & Lerman 1977).
Furthermore, according to our results, cometary collisions
with the primitive Earth could also account for a significant
fracl4on of the Earth's present amount of oceanic water (~1.35
x 10
grams).
Our estimate of cometary matte2 trapped by the Earth is
higher than the value of (3-4) x 10 1 grams derived by Sill
and Wilkening (1978), who have proposed that cometary
clathatres can account for the Earth's present abundances
of Ne, H 0, C and N, and have used Wetherill's (1975)
collisio~ probability tables only for the late-accr~tion
phase that took place in the Solar System ~3.9 x 10 years
ago (Tera et al. 197~6; our estimate is also higher than
the figure of 4 x 10
grams derived from Lewis (1974)
estimate of~ 2 x 10 11 grams/year for Venus, but on making
this calculation we have assumed ·a constant infall rate and
have not considered the early impact history of Venus,
which must be very similar to the Earth's. Finally, we
would like to 2gte that our results are well below the
figure of~ 10
grams of cometary material accreted by
the Sun during its whole main-sequence age derived by
Joss (1974).
We have not taken into account in our calculations the
capture by the Earth of interplanetary dust
cometary
origin; however, from the present flux of 10
grams of
extraterrestrial material falling annually to the t~rth
(Wetherill 1974), we can assume that at least~ 10
grams
of cometary debris were captured by the Earth during its
early history.
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Though it has been suggested that the infall of extraterrestrial organic compounds to the Earth is a reassessment
of the theory of panspermia (Breger et al. 1972) an extreme
point of view in this sense being the one proposed by Hoyle
recently that life-or viruses-can originate in comets, we
would like to point out that the ultimate cometary origin
of biochemical compounds should be considered as playing
a complementary role in the chemical evolution processes
that according to the Oparin-Haldane theory preceded the
origin of life in the Earth.
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Although it is possible that some of the cometary compounds
falling on the Earth survived, most of them were probably decomposed by the heat and shock waves of the cometary collision.
As a matter of fact, it is likely that this form of free-energy
could have played a role in prebiptic synthesis of compounds
necessary for the appearance of life.
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Nuclei Diameter

Nuclei Density

Chemical Species
(nuclei and tail)

1 - 10 km.

0 . 01 - 0 .05 gr cm- 3

CN, CH, CH 2 , C2 , C3,
Nil NH
OH CH •,co• ,
'
2'
'
N + CO +
2

Collisional
Probability

Cometary matter
trapped by the Earth
during its first 2 10 yr.

'

2

Prebiological Significance

Collisions with comets accumulated in the primitive
Earth significant amounts
of precursors of:
- amino-acids, polypeptides
- purines, pyrimides,
imidazoles
- ribose, deoxiribose
Reference :
- Oro, J . 1961, Nature 190, 390
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Amount of Cometary
matter trapped (grams)

Reference

Earth
"'10 25 to 1o2 6
(3-4) X 1 o2I
"'1023
Venus *
4 X 1020
Sun
"'1 0 26

Whipple 1976
Sill &Wilkening 1978
(this paper)

Lewis 1974

t

Jos s 1974

*from an influx of cometary naterial on Venus of 2x10 8 kg yr- 1
(Lewi s , J.S. 1974. Earth and Planet Sci. Lett. ~, 239)

t during the Sun main-sequence age.
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Dominant form
of carbon
Bioslhere
(liv ng matter)

Mass of Carbon
--rln grams)

Reference

biomass
biomass

'\..1018
8.3x10 17

Garrels &MacKenzie 1972
Abelson 1978

Sedimentary Shell
(total mass)

severa 1 forms

2.4xl0 2 .,

Garrels &Lerman 1977

Sedimentary Organic

organic carbon
organic carbon

1.2xl0 22
1.9x10 22

Schidlo\'1ski 1978
Hunt 1972, 1977

Crust

Carbon added to Earth
by cometary collisions

'\olx10 22

(this paper)

lUNGJSKA'S miET

reference
energy of the main explosion
(at a height of 8.5 km) .
1

5 ± 1

absolute visual magnitude
.geocentric velocity

lT'.ass
· (estinated from the geocentric
velocity given by Levin 1954)

10 23 erg

X

+ 26.0

to SO Jan seg- 1
47
km seg-1
28

5

X

10

diameter

40m

collisional probability

1/2000

10

g

Ben-Menahem 1975
Brown and Hughes 1977
Krinov 1966
Levin 1954
Brmm and Hughes 19i7
Brmm and Hughes 1977

}T

Brm·.n and Hughes 1977
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ORGANIC CHEMISTRY OF COSMIC DUST AND COMETARY ICES
B. N. Khare and Carl Sagan
Laboratory for Planetary Studies
Cornell University
[thaca, New York 14853
A complex array of organic solids was probably produced in the prlmltive solar nebula and contributed to the present composition of carbonaceoys chondrites and comets, as well as to the interstellar grains and
gas. 1,2 We have produced3,4 a dark reddish-brown high molecular weight
material by long wavelength ultraviolet irradiation or electrical discharges through various mixtures of the cosmically abundant gases CH4,
C2H6• NH3, H20, H2S and HCHO.
In a typical experiment (Figurel), the inner walls of the reaction
vessel are characteristically coated with a brownish solid, after a few
hours of irradiation through a gaseous mixture made of approximately
equimolar amounts of CH4, C2H6, NH3, H20, and H2s3,4 at a total pressure
of one bar. The brown solid results from the cnain reactions initiated by
hydrogen atoms, available from the photodissociation of H2S, which are
several electron volts superthermal. The brown solid after extraction
with benzene is 84 percent sulfur largely Sa. The remaining 16 percent,
called "tholins," was pyrolyzed and then examined by gas chromatographymass spectrometry. Pyrolysis at 450°C yields the rich array of compounds
shown in Table 1. The atomic composition apart from S of the U.V. tholins
are 38, 37, 11 and 48 percents for H, C, N, and 0 respectively. It is
50% thermally dissociated at about 300°C.
In another experiment (Figure 2), similar dark brown polymeric material is produced5 by electric discharge through a mixture of CH4, NH3, and
H20 (vapor) at approximately 51.5~3.0, 45.9~3.6, and 2.6+0.8 percent volume
mixing ratios respectively, at a total pressure of one bar. Figure 3 is
a color photograph of the spark tholin. Typical pyrolyzates of spark tholins
at 600°C include alkanes, alkenes, abundant nitriles, aromatic hydrocarbons,
alkylbenzenes, indenes, indanes, pyrroles, pyridine, and pyrazines and
exhibit a 50 percent thermal dissociation temperature of about 900°C.
Spark tholins are highly insulating; their measured resistivity is found
to be 71.4 x 108 ohms-em and does not change up to a pressure of 105 bars.
Cometary nitriles and aldehydes are plausibly derived as spallation products
of cometary tholins, comparable to the origin we propose for organic molecules uncovered by microwave line spectroscopy of the interstellar gas.l,6
In addition, we have ultraviolet irradiated sequential frost deposits?
(Figure 4) of HCHO, H20, NH3, and C2H6 on a silicate matrix in high vacuum
at 77K. Products include methanol, ethanol, acetaldehyde, acetonitrile,
acetone, methy l formate, and possibly formic acid. Such molecules and
the tholin pyrolyzates are important objectives for remote spectroscopy and
for in situ analysis in a cometary fly-through spacecraft mission.
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Fi gure 3.

Color photograph of spark tholin in
a teflon tray on a sheet of red ve l vet.
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the scale is a Kodak standard grey card
for comparison having 18% reflectivity
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Table I. Polymer components from the ultraviolet synthesis experiments (the initial mixture
consisted of CH 4 • C 2 H 8 , NH 3 , H,S. and H2 0).
Compounds
identified
Hydrogen sulfide
Carbon dioxide
Carbony1·sulfide
Hydrogen cyanide
Ammonia
Carbon disulfide
Ethane
Propane
Butane
Ethene
Propene
Butene
Pentene
Hexene
Heptenes
Butadiene
Methyl cy<:lopentene
Hexadiene
Hexyne
Butadiyne
Benzene
Toluene
Xylene
c,-alkylbenzene
Styrene
Thiophene

Relative
a bundance•

Molecular
weight

Compounds
identified

M
M
M
M
M
M
M
M
m
M
M
M
M
m
m
M

34
44
60
27
17
7fo
30
44

2-Methylthiophene
3-Meth ylthiophene
Ethylthiophenes
Dimethylthiophenes
c,-alkylthiophenes
c.-alkylthiophenes
Methylmercaptan
Ethyl mercaptan
Propyl mercaptan
CH 3 -S-S-CH 3
c.-alkyl( -s-s- )t
C 4-a1kyi(-S-S- )t
C,-alkyi(-S-S - > st
C6 -alkyi(-S-S- )t
CH 3 - N=C=S (methyl
isothiocyanate)
CH 3 CH 2 -N = C = S
C 3 -alkyi-N=C= S s
c.-alkyi-N=C= S
C,-alkyi-N=C • S
CH 2 ., CHCH 2 - N=C=S
C H,CN
CH: = CH-CN
CH 3 -CH=CH - CN
Benzonitrile

I

M
M
m
m
m
M

S8

28
42
56
70
84
98
54
R2
82
82

so

78

92

106
120
104
R4

Relative
a bundance•

Molecular
weight

M
M
M
M
m
m
M
M
M
M
M
M
M
M
M

98
98
112
112
126
140
48
62
76
94
108
122
136
150
73

M
M
M
m
m
M
M
m
m

87
101
115
129
99
41
53
67
103

•M . m~or component: m, monor component. 1. tentative identification.
•These compounds are alkyl
disultides (dithooalkanes): C,·alkyl(-S - S - ). ·for example. is either CH,CH,CH, - S - S - CH, or
C H,CH,-S-S - CH,CH, . A lowercases after a compound indicates that two or more isomers are present.
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Science Strategy for Halley Flyby/Tempel-2
Rendezvous Mission
S. Kumar, Jet Propulsion Laboratory, Pasadena, CA 91103
The upcoming 1985-86 apparition of the famous comet Halley has sparked a
renewed interest in cometary exploration. The Comet Halley Science Working Group
formed by NASA in 1977 (CHSWG'T7) proposed a rendezvous mission to comet Halley by
using solar electric propulsion (Belton et al, 1977). While NASA's programmatic
and fiscal constraints prevented the feasibility of this mission, this study demonstrated strong scientific potential and technical capability of a comet rendezvous mission. Subsequently, the cometary science working group in 1978
(CSWG'78) proposed a rendezvous with comet Tempel-2 in 1988 withenroute flyby
(with probe option) of comet Halley (Belton et al 1978). The trajectory characteristics for this mission are shown in Figure 1. This is a unique opportunity
to explore two comets of distinctly different classes; Tempel-2 is mode~ately
active and relatively older short period (5.3 yrs) comet whereas Halley is the
most active and youngest comet with known orbit and has relatively long period
(76 yrs). A comparison of their spectra is shown in Figure 2 (Bobrovnikoff 1927,
1931). The features of C2, D3, CN, and CO+
were identified by Delsemme
(1978). The presence of a continuum in the spectrum of Tempel-2 indicates that it
is a dusty comet. In addition the photographs of Tempel-2 exhibit a fan-shaped
coma.
Following objectives of cometary exploration were identified by CHSWG'77
and were subsequently endorsed by CSWG'78: (1) To determine the chemical nature
and physical structure of the nucleus, (2) To characterize the physical evolution
of the nucleus during its passage by the sun, (3) Characterize the evolving
chemical and physical nature of the atmosphere, ionosphere, and dust envelope,
and (4) Characterize the interaction of the comet with the interplanetary plasma
and det~rmine the origin and physical nature of comet tails. A fulfillment of
these objectives requires a rendezvous mission which is characterized by low
velocity of -1 m/s relative to the comet and provides maneuvering capability for
extended periods of time (many months) to sample different parts of the cometary
coma. The proposed rendezvous with Tempel-2 will address all of these objectives
to an extent with the capability of (a) in situ measurements in the inner coma
(to within 50 km from the nucleus) as well as by remote sensing of the nucleus at
high spatial resolution. The candidate instruments/experiments for the rendezvous
spacecraft are neutral mass spectrometer, ion mass spectrometer, solar wind/electron
analyzer, magnetometer, imaging, collected dust analyzer, dust counter, radiometer,
X-Ray/Gamma Ray Spectrometer, ranging radar, radio nucleus sounder, infrared
spectrometer, optical or UV spectrometer, and radio occultation experiment. A
docking with the nucleus could be attempted at the end of the mission. At
Halleyencounter, a probe released from the mother spececraft and aimed at the
nucleus will characterize atmospheric and plasma environment down to 1000 km
from the nucleus. Candidate instru~nts for the Halley probe are neutral mass
$pectrometers, ion mass spectrometer, proton/electron energy analyzer, magnetometer, plasma wave analyzer and dust impact counter and analyzer. Remote sensing
of both Halley and Tempel-2 comae will provide important data for a direct com~arison of the two comets.
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FUTURE RESEARCH NEEDS
The attendees at the workshop were invited to submit
topics they felt were particularly important for future
research activities. They identified the theoretical,
laboratory measurement, observational, and mission experiment problems shown below. The workshop attendees did not
discuss nor did they agree to any prioritization of these
needs. for that reason, the recommendations are listed
below as submitted:
J. Brandt
1. Theoretically, we need much more work on fast ion molecular reactions and on the plasma physics associated with the
fine structure in the tail.
2. Observationally, we require extensive observations of
comets which include photographs, photometry and spectroscopy.
Large scale photographs are particularly important for the
study of plasma tails.
3. Experimentally, we require some ~situ measurements of
parameters in the plasma tail. The required measurements
include magnetic field, plasma density, composition, electric
field and currents along with solar wind conditions in the
vicinity of the comet at the same time. Obviously, this would
require a probe sent through the plasma tail of a comet.
B. Donn
Three areas for which data is greatly needed have been
pointed out in the description of the GSFC Program, namely,
experimental work on ice mixtures, energy distribution of
molecular fragments from photon or electron impact and
systematic spectroscopic observations of faint comets. The
evolution of spectra during an orbit is the best indication
of the evolution of the nucleus during that interval. Regular
observations of spectra of bright comets need to be continued
and expanded. This holds for the ultraviolet spectral region
also and such observations would best be carried out using
the Space Shuttle.
Photochemistry under solar equivalent fluxes is needed
to study two photon processes. The identification of H2o+
which quickly followed the laboratory detection and analysis
of its spectra shows the continued need for classical ion
and radical spectroscopy in the laboratory. Another significant study of comet chemistry is continued measurements of
reaction cross-sections or rates under conditions similar to
those in the coma.

.
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R. Hobbs, S. Maran and J. Brandt
Physical state of the surface of the cometary nucleus:
temperature, composition, mechanical properties, and
"geography."
Origin, radiation mechanism and frequency of occurrence of
cometary microwave sources.
and physical properties of the oridinary and enhanced
icy-grain halo.

Orig1~

W. Huebner and P. Giguere
The case for considering gas-phase chemical reactions is
clear and overwhelming. Of immediate interest to us is the
chemistry of species containing combinations of H, C, N, and
0; sulphur chemistry will be included later. Our calculations
can be improved by increased accuracy (either experimental
or theoretical) in many of the rate constants or cross sections,
and their branching ratios, including:
rate constants for ion-molecule reactions; also: in some
cases overall rates are known, but not the product distributions.
dissociative recombination branching ratios.
rates for neutral-neutral reactions.
association rates for complex species.
photodissociation and ionization cross sections (including
predissociation and autoionization), with as much information
as possible on their wavelength dependence and their detailed
product distributions (branching ratios); of particular
interest are wavelength regions leading to dissociative
ionization.
a determination of the photoddestruction cross sections
of OH, and their wavelength dependence, deserves special
attention.
We need as many observational constraints as possible, including:
column densities given as a function of projected distance
from the nucleus; column densities averaged over stated regions
of the coma are also useful.
total abundances within stated radii from the nucleus,
ideally for standard radii such as 104, 105, or 106 km.
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abundance information that covers as wide a range of
heliocentric distance as possible.
abundance information on the H2 molecule is of particular
importance.
W. Jackson
1.

2.

Atmospheric Modeling to determine:
a.

Relative importance of Photon Processes vs. Collisional
Processes for the production of atoms, radicals and,
or ions.

b.

Determine a) as a function of gas composition.

c.

Identify which rates are critical in determining coma
composition.

Observational Studies
a.

Determine the relative abundances of the Observable
fragments ..... Visible, Ultraviolet, Infrared and Radio
regions.

b.

Repeat the above measurements as a function of Heliocentric and cometarycentric distance.

B. N. Khare and C. Sagan
Since tholins are proposed constituents of comets,
determination of the real and imaginary parts of their refractive index for several classes of tholins for the entire
wavelength region from 200 ~m to 50 ~m is desirable. Programs
to prepare tholins by vacuum ultraviolet, long wavelength
ultraviolet, and electric spark, from different composition
and relative quantities of gases, in the form suitable for
quantitative transmission and reflection measurements are
underway in our laboratory. The determination of the refractive index will allow us to perform Mie scattering calculations giving the intensity of scattered light as a function
of wavelength as the comet approaches the sun. These refractive index calculations could also be applied to an understanding of the dynamics of circumstellar dust clouds.
Some ultraviolet and X-ray irradiation of a mixture of
different ices on a silicate substrate have been studied;
however, no experiments are known where tholins are used as
substrate for ices in addition to silicates. We propose to
perform irradiation of ices with tholins as substrate over
silicate grains. Further characterization of tholin pyrolyzates by analytic chemistry is a useful precursor for remote
and ~situ spectroscopic studies of the chemistry of cometary
tails and comas.

D. Mendis
This is a brief, and necessarily incomplete, summary with
stress on the desired observations and the required laboratory back-up.
Component
Nucleus
Nucleus
Atmosphere

Atmosphere
Atmosphere/
ionosphere

Ionsphere
Plasma tail
Plasma tail/
ionosphere

Desired Observation/Laboratory
Measurement
Homogeneous sets of monochromatic brightness variations,
before and after penetration
Direct infrared measurements
of thermal radiation, e.g.
constrast radiometry
Complement optical and radio
observation by high resolution
IR spectroscopy (e.g. high
altitude balloons)
Photo-dissociation cross
section of OH
Partition of energy and cross
sections: dissociation, ionization, and excitation by
energetic electrons (10 1000 eV}
Laboratory studies of molecular-ion spectra, e.g. H3o+
Doppler shifts of faint
features far down the tail
Zeeman splitting (e.g. 18 em
line of OH splitting ~ 3 kHz/
milligauss)

Expected Inference
Structural evolution of the
nuclear surface
Temperature of nucleus
Molecular species

Required for model atmosphere calculations
Required for model atmospheres/ionospheres

Identification in comets/
test ionospheric models
Wave motion vs bulk motion
{magnetic field strength}
Magnetic field strength

T. Page
1. For the theoretical-computer simulations like those of
W. Huebner and P. Giguere, laboratory measurements and/or
quantum-mechanical calculations are needed to determine the
photon and electron excitation and dissociation probabilities
for all of the ions, radicals, and molecules that have been
detected in comets and .in interstellar space. Because this
will require several decades, priorities should by established
by a group of experts including B. Donn, W. Huebner, and
W. Jackson.
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2. For the Halley-flyby Tempel-2 rendezvous, the past observations of Comet Halley 1910 shoudl be reduced in the best way
possible to predict the comet's spectrum and luminosity at
1.53 A.U. from the Sun. Spectra and monochrQmatic imagery
(OH 3090A, CN 3890~, and dust continuum 4500A) of P/Comet
Tempel-2 should be obtained from ground-based observatories
and Spacelab (extra-atmospheric) during its apparition in 1983.
The ground-based observations should be organized by the !AU
Commission 15. The extra-atmospheric observations may require
a special instrument on Shuttle for pointing close to the Sun.
In any case, a proposal under AO-OSS-2-78 for Shuttle should
be prepared now.
F. Whipple
Re:

Space Mission Experiments and the Nucleus

All the experiments and observations concerning the composition, properties and quantity of the gases, ices and solid
particles emitted from a comet nucleus will, of course, give
vital information about the nucleus, which is the comet. From
these observations it is to be hoped that parent molecules may
be identified and a better understandino obtained of the chemical structure of the nucleus. Velocity histories of atoms,
molecules, ions and solid particles are of basic importance.
Direct ima~ing of the nucleus with low resolving power
t o 1. 0 km) wi1 1 a ns we r ge ne r a 1 q ue s t i o ns o f d i me ns i o ns
and albedo, and possibly tell something about variations in
surface structure and shape. High resolving power ("-0.1 to
1.0 m) will add enormously, answering vital questions about
the building blocks of comets and, if globs or mounds are
seen, about the mode of formation of the "cometesimals" that
may have agglomerated. Knowledge of the active areas and their
albedos relative to the insulating areas is vital in understanding both the origin and the activity of comets.
( "-0 . 1

A radar depth probe could give an extraordinary insight
as to the internal structure of the nucleus, particularly
answering the basic question of an earthy core to the nucleus
or to the cometesimals.
Mean density determinations from mass-gravity measures
are of extreme importance, whether or not a landing or impact
experiment is used to determine the strenght and density of
the surface layers. Impact experiments can also lead to
measurements of subsurface icy volatility. In situ or removedsample analysis is, of course, a wishful desideratum.

In the rendezvous mode, observation of sequential activity
as a function of the rotating nucleus relative to the Sun will
provide a new and basic understanding of the surface structure
and sublimation properties of the nucleus. This will lead to a
quantitative theory of comets and great insight as to their
mode of origin.
Increased and improved ground-based and space-based
observations of comets are essential, not only to increase
our basic knowledge of comets, but also to increase enormously
the accuracy of planning space missi~ns and their scientific
return when executed.
Laboratory experiments with simulated cometary materials
are only in the primary stages to date. Many more are obvious
and are of extreme importance to cometary studies. They, like
comet observations, can lead us to an improved understanding
of comets and to much more effective cometary· missions.
H. Zook
Major Questions
What is the chemical and isotopic compositon of cometary
non-volatile solids (as determined from meteoroids in associated
streams)?
2. How do these compositions vary from comet to comet (or
meteoroid stream to meteoroid stream)?
3. How does the composition of the non-volatile solids compare
with the earth-based telescopically determined volatile composition for particular comets?
4. How do meteoroid analyses correlate with ground-based
meteorite studies?
5. What is the evolutionary history of both the large and
small meteoroids in meteor streams? How old are various meteor
streams? How old are various comets?
1.

Recommendation
As part of a broad program of cometary science, NASA
should significantly increases its support for meteoroid studies
carried out in earth orbit. Such studies will provide us, at
relatively low cost, with the non-volatile elemental and
isotopic
of a statistically significant number of
known comets. A comet sample return would provide nground
truth .. for these studies. Experimental techniques need further
development in the following two main areas: (1) Meteoroid
trajectory analyses and (2) meteoroid chemical and isotopic
analyses. Under item (1) the Auer technique (which also
determines the electrostatic charge on a meteoroid) needs the
most additional work. Under item (2), meteoroid capture cells
that.retain nearly all of the impacting meteoroid appear
feas1ble and should be tested in space.
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