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OPENING ADDRESS

Prof. B. Brinkmann

'Deputy President', University of Miinster

Mr Chairman, Distinguished Colleagues, Ladies and Gentlemen,

It is a great pleasure for me to welcome you here in Munster to this International Workshop. You have chosen
a place right in the centre of this old university town, which illustrates a fact which is significant for Munster,
namely its relation to the University.

We are not a campus university. You will find university-institutions at nearly 200 places all over Munster.
This town depends on the University as the University depends on the town. But I will come back to this a
little later. Your interdisciplinary workshop brings together Chemistry, Physics, Biology and other fields of
science. This event proves a development which has been observed for some years already, namely the trend
away from isolated specialised research to interdisciplinary cooperation. Another feature of this development
is the external cooperation here, for instance with the European Space Agency. Our Institute for Planetology
was established three years ago, but research in this field took place well before. The Institute for Planetology
is the Coordinator of a research project for the German Society of Academic Research. Maybe the next few
days will offer you the chances and opportunities for continued cooperation with our institute and thus to
contribute to our effort to extend our relations with scientists all over the worid. I am personally convinced
that you will make great progress in achieving your great aim.

Let me come back to Munster, especially to its University. The University is indeed more than two hundred
years old, but academic education took place here in Miinster more than four hundred years ago. When the
University was established in 1780, an old demand of the States of this rtgion was finally realised. At the time
of its foundation, this University consisted of three faculties. It was the last university to receive both privileges
of establishment namely that of the Pope, Clemens XIV, and that of the Emperor of the Holy Roman Empire
of German Nation, Joseph II, a son of Empress Maria Theresia.

In the first years after its foundation, 14 professors belonged to the U.iiversity, with the total enrolment between
200 and 300. Since that time, this University has steadily grown. Westfalische Wilhelms-Universitat is now
one of the biggest universities in the Federal Republic. In the present summer semester we had the highest
enrolment of our history, more than 43 000. We have - including the University hospital - over 10 000 people
employed, among them more than 800 professors. The total budget for this year amounts to nearly 700 million
Deutschmarks. With our students spending nearly 450 million Deutschmarks a year for living expenses,
Westfalische Wilhelms-Universitat represents one of the most important economic factors of Miinsterland-
Region.

I hope that your rather full schedule allows you time to take at least a glimpse at the centre of Munster with
the Cathedral and its old buildings in the Prinzipalmarkt area.

I wish you all the best during your stay here in Munster. I hope you will profit from this conference and that
your discussions will contribute to the efforts to improve international cooperation.
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ROSETTA/CNSR, ESA's PLANETARY CORNERSTONE MISSION

G Schwehm

European Space Agency, Nmmlwijk, T7ie Netherlands

1. INTlMDUCTTON

Rosotta - the Ccmet Nucleus Sample Return mission
- is one of the four 'Cornerstone' missions to
which ESA has committed itself In its approved
Long-i an Programme 'Horizon 2000'.
The cctnet-nucleu's samples that it will provide
will allow us to study sane of the most primitive
material in the solar system and the physical and
chemical processes that marked the systen's be-
ginnings 4.6 billion years ago.
The name 'Rosetta1 is derived from the famous
'Rosetta Stone1, an ancient Egyptian tablet whose
deciphering led to the understanding of hierogly-
phics. It is hoped that the Rosetta mission will
shed a comparable amount of light by establishing
the correspondence between interstellar matter,
cometary material and the primitive meteorites we
already have in our collections.

BACKGROUND

Today everything we know about the materials
and objects beyond out solar system and most
of what we know about the solar system itself,
has come from remote observation, through the
medium of electromagnetic radiation over the en-
tire range of wavelengths. A very great deal can
be learned by this means, a premise made abun-
dantly clear from an inspection of astrophysics
books and journals. However, considerably more
can be learned when cosmic materials are brought
into the laboratory for study using the powerful
analytical techniques now available.

A striking example of this was the evolution in
our knowledge of the Moon that occurred when lu-
nar samples were brought back to Earth in 1969-
72.
The discovery that the Moon had an energetic
origin and was extensively melted at the outset
led to a new outlook on the initial state of the
Earth, whereby our planet is now thought to have
had a similar high-temperature beginning.

The cornet-nucleus sample analysis will increase
our understanding of the origin and early evolu-
tion of the solar system and reveal important new
avenues of inquiry. We will learn the nature of
the raw material of the solar systan, which at
present can only be guessed at. The substance of
even the most 'primitive' chondritic meteorites
has been so extensively testiaped by nebular and
planetary processes that its pre-soiar properties
have been almost totally destroyed.

SCTENTlFlC OBJECTIVES

The prime scientific objective of the Roaetta
mission is to return a comet nucleus souple to
Earth whilst preserving such fundamental propor-
tion as:

- the chemical and isotopic composition of the
Individual molecular species of ranaining vo-
latile compounds,

- the chemical, isotopic and structural state
of the individual phases and crystals consti-
tuting higher tanperature condensâtes and ag-
gregates, and

- the preservation of complex hydrocarbon com-
pounds and their aggregates.

Sampling requirements

Cometary matter consists of both volatile and re-
fractory elements and compounds. Its bulk compo-
sition and the physical properties of cometary
material probably vary laterally on the comet's
surface and vertically with depth within the co-
mot. For this reason and in order to obtain opti-
mum information about the ccmetary nucleus, dif-
ferent types of samples should therefore be col-
lected; three types of samples are considered es-
sential:

1. A core sample (approx. 10 kg) is the most corn-
sample, running from the surface of the nucleus
to a depth of at least 1 m, and preferably 3 m.
It should be subdivided and stored in separate
units in order to preserve coarse stratigraphy.

2. A volatile sample (approx. 300 g).

3. A non-volatile sample to be collected from
the nucleus', weighing between 1 and 5 kg. It is
designated for studies of the refractory inorga-
nic and organic compounds.

We expect laboratory analysis of these properly
returned cometary material to provide major con-
tributions to many different fields beyond come-
tary science itself, such as:

in interstellar
- stellar nucleo-synthesis,•

conditions and processes
clouds;
- condensation in the solar nebula;
- composition of planetesimals and formation of
planets;
- pre-biotic chemical evolution.

Proc. of an International Workshop on Physics and Mechanics of Cometary Materials, Miinsler, FRG. 9—11 October 1989 (ESA SP-302, Dec. 1989)



12 G SCHWEHM

Supplementary in-situ conetary science

The sample collection should be accompanied by
adequate in-situ measurements and remote observa-
tion for site selection and sampling documenta-
tion. The prime scientific objective of the Ro-
setta mission is to bring back a sample of the
comet-nucleus that can be studied in Earth-based
laboratories using the most sophisticated analy-
tical techniques. In other words, the real scien-
ce for which the mission is designed will only
start once the samples have been returned to
Earth.

The highest priority in terms of in situ science
will therefore be given to those measurements
needed to select and document the sampling site,
to monitor the cometary environment for space-
craft hazards and contamination, and to support
the near-nucleus navigation during the final ap-
proach and landing phases.

Significant in-situ science is foreseen durirj
four phases:

1. Target Acquisition: characterisation of the
nucleus, provision of high-precision orbit infor-
mation, and definition of the gas and dust emis-
sion patterns.

2. Coma Transit: support navigation through
the active cona, assessment of nucleus activity,
mapping of active areas of dust and gas jets and
evaluation of hazards to the spacecraft, determi-
nation of the rotational state of the nucleus.

3. Site Selection: definition of suitable samp-
ling site(s) and definition of approach strategy.

4. Sample Acquisition: support to near-surface
operations, surface characterisation, sampling-
site documentation and studies related to sample
extraction.
In addition two enhancements to the mission have
been identified. One is a suite of remote-sensing
and in-situ experiments to study the conetary co-
ma, the second is a surface-science package that
could remain active on the nucleus after the de-
parture of the sampling module, using resources
no longer required after the completion of the
sampling procedure. The surface-sciance package
would provide the means to study the variation
of a conetary nucleus during an extended time pe-
riod covering a large fraction of the caret's or-
bit.
An imaging system and a radar sounder are regar-
ded to be essential for supporting spacecraft na-
vigation and landing and for detailed nucleus
mapping. The Thermal Infrared Radiometer should
provide information on nucleus surface-temperatu-
re distribution to support landing site selec-
tion. A Neutral Mass Spectrometer and Dust Moni-
tor are required to monitor the comet's environ-
ment. A major effort wJll go into the development
of instruments to support the sampling: to measu-
re the temperature profile in the drill hole and
the bulk taiiperature of the sample collected.

A stereo vision system which will provide a. high-
resolution optical monitoring of the sampling
process is presently under detailed study.

MISSION DESCRIPTION

The mission scenario

The mission design has been dictated primarily by
the capabilities of available expandable laun-
chers and conventional chemical spacecraft-pro-
pulsion systems.

Without an Earth-gravity assist on the way to
the comet rendeavous, and an aerccapture at Earth
return, the launch mass - namely the spacecraft
dry mass plus all the propellent needed to gene-
rate the requisite flight-path changes - Would by
far exceed the capabilities of a Titan/Centaur
launch into the required escape orbit.

However, with an Earth-gravity assist and aero-
capture, several comets with orbits at low incli-
nations to the ecliptic, a perihelion of less
than 1.5 AU, and an aphelion of up to 6 AU can be
reached. In such a mission, using conventional
chemical propulsion, the rendezvous takes place
close to the comet's aphelion, which is a desira-
ble feature from the spacecraft-safety stand-
point.

The mission has been designed around the follo-
wing three targets:

Comet Churiumov-Gerasimenko: -launch in January
2001
Comet Wirtanen; back-up: -launch in January or
or May 2001
Comet Dutoit-Hartley; back-up: -launch in March
2001
Comet Hartley-2; back-up: -launch in December
2002.

Ml IJIUM GAI fJ
ANl I NNA

RADIOISOIOI3L
HFnMAl G[NI FfAlOR

^^] Y : \— I „„...',.,, \
AMI,IN-, ,^- ' •'•'- "J""

l-'ixtire I: TIw Roactia spiu-e segment: currier, lander and birth
rc-t'ntiy capsule.

Spacecraft Concept

The mission scenario is based on a three module-
spacecraft configuration:

. a carrier, which would be provided by
NASA and based on Mariner Mark II design, will
provide the major resources during cruise phases;
. a lander which would be provided by ESA, car-
ries the sampling facility, the anchoring system,
the landing instrumentation and major payload
elements. This module will be left on the comet;
. an aerocapsule, designed to carry the cometary
samples to Earth and to protect them during Earth
re-entry. Also this element would be provided by
ESA.

An overview of the integrated spacecraft concept
is shown in Fig. 1 .
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Const Approach

The spacecraft will arrive in the vicinity of
the Comet in June 2005. For the expected ccmetary
visual magnitude of around 13 (albedo 0.03), co-
met acquisition is expected to occur between 3
and 1 million km from the target. For about 25
days, the spacecraft will travel at a relative
speed of about 1 km/s, along a biased trajectory,
towards a point about 100,000 km away from the
comet, on its sunlit side. This trajectory is de-
signed to ease comet detection against the star
background, background, and to prepare for ideal
lighting conditions during the subsequent 'Direct
Approach Phase1. The spacecraft will be guided
from the ground, using the images derived from
the on-board tracking camera.
The observation phase will begin when the space-
craft is some 5000 km from the comet's surface to
define the comet's characteristics needed for si-
te selection. The on-board cameras will take a
sequence of images of the comet, which will be
sent to the ground for processing. It will then
be possible to arrive at a preliminary model of
the comet's shape by matching successive con-
tour images, and a kinematic model of the comet
can also be derived (spin rate and phase, spin-
axis orientation).

A detailed map of the comet's surface topography,
an albedo map, and a temperature and spectral-
signature map are being developed and will be us-
ed to identify landing sites that are suitable
both from a safety (flat areas) and from a scien-
tific point of view.

The ground-team's decision on the prime landing
site will conclude the observation phase, and
preparations for descent and landing on the comet
will then corrmence.

Sampling

The most likely composition for the cometary
nucleus is that of a finely grained structure of
amorphous and/or crystalline ice (water ice or
hydrates including CC>2, CD and other gases), in-
cluding micron sized dust particles (carbonaceous
and/or silicous minerals).

The structure is expected to be very porous and
non-uniform, and irregular surface patters are
likely to occur: some loose material such as
dust, pebbles or even boulders could be found
overlying a rough irregular surface, with possib-
le escarpements or areas in which lower layers
are exposed.

STORAGE BAY VOLATILE —
SAMPLER TOOL

CORE SAMPLER
TOOL RACK

~' Schematic of the sampling process.
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Due to the very wee< gravitational field of most-
target comets, resulting from their small dimen-
sions (about 10 km in diameter) and low density
(about 1 g on3), a means of anchoring the space-
craft has to be provided to counteract forces and
torques generated during sampling. Harpoon-like
devices will be ejected from each landing pad and
put under tension by tethers.

Once the spacecraft has been secured to the nuc-
leus, the sampling facility will be deployed
(Fig. 2). A robotic manipulator arm will first
collect surface samples by grasping material
within approximately 1 m radius. TVJO surface-sam-
pling tools, 50 cm long and 10 cm diameter, will
be filled and stored in the aerocapsule. Finally,
the robotic arm will grasp the core sample tools,
which are the same size as the surface-sampling
tools. Between two and six core sa-nples will be
collected at the sane location to increasing
depths using the extending feature of the robotic

Drilling speed will be automatically adjusted to
fit the soil characteristics and a sample cutter
mechanism, mounted at the end of each sampling
tube, will be activated when the drill tool has
reached its maximum depth. A period of 10 days
has been planned for the sampling operations.

Return to Earth

Once sampling has been completed and the samples
have been properly stored in the aerocapsule, the
carrier spacecraft will separate from the lander
platform, which will be abandoned on the caret,
and will take off at a velocity of about 10 m/s.
It will slowly move away frcm the comet for about
10 to 20 d. The Earth-return-manoeuvre sequence
will then be initiated from the ground.

The primary activities during the three-year re-
turn trip will be navigation, tracking and orbit
correction, and temperature control for the sam-
ples. The spacecraft will subsequently approach
the Earth at a velocity of 10.2 knVs in November
2008.

Earth approach and re-entry phase

At the end of its cruise phase back from the co-
met, the spacecraft will arrive on a return tra-
jectory that misses the Earth by about 1000 km.
At approximately one million kilometres from the
Earth (about 24h before re-entry), the space-
craft's Radioisotopic Thermal Generator (RTG) po-
wer source will be ejected. Half an hour later, a
manoeuvre will be executed to redirect the space-
craft onto its re-entry trajectory.

When the spacecraft is still 100 000 km frcm
Earth on this trajectory (2 h before re-entry),
the aerocapsule will be separated from the crui-
ser. While the former continues on towards its
re-entry point, an orbital manoeuvre will deflect
the cruiser onto an Earth-avoidance path.

and by the integrated heat load that can be mana-
ged such that the sample-container temperature
remains acceptable.
The whole mission scenario is summarized in Fig.
3.

The Preparatory Proqramre

Due to the unconventional nature of the Rosetta-
mission scenario, new technologies and techniques
are required for its successful implementation.
To this end, ESA has initiated a special Prepara-
tory Programme, with the scope to define a mis-
sion scenario and a system design for which the
feasibility of the requisite technologies can be
demonstrated. ESA will bear the overall programme
responsibility, especially on the technology si-
de. NASA will provide essential support to the
mission-definition activities by defining those
programme elements that would be nominally provi-
ded by NASA, i.e. the carrier spacecraft, the
launcher and the Deep-Space Network support.

The ESA Preparatory Programme involves both Euro-
pean industry and the international scientific
corrmunity. The latter is primarily involved with
the definition and characterisation of the inter-
faces between the spacecraft and the comet, in-
cluding caret-material composition and cometary
environments.

Included in the programme are a Sample Acquisi-
tion System Study,which has to provide a reliable
and flexible facility for the collection of the
cometary sample, and for the anchoring of the
spacecraft to the comet surface and the sample-
material characterisation, to produce materials
analogous to cometary matter and measure its
major mechanical properties.

The ESA and NASA Study Teams have agreed to orga-
nize a sequence of special workshops to address
specific topics to support the technical studies.
The Workshop on the 'Physics and Mechanics of Co-
metary Materials' is the second in this series -
after the Milpitas Workshop on the 'Analysis of
Returned Caret Samples' in January 1989 - and ai-
med towards establishing a data base of comet nu-
cleus physical and mechanical parameters. The
presentations at this workshop, covering a wide
field of research and addressing the problem both
fron a scientific and engineering point of view
should provide guidelines for research programmes
to be implemented to cover areas where we still
lack sufficient knowledge to achieve a credible
design of a comet nucleus sample acquisition sys-
tem.

This summary is based on the efforts of the
joint ESA/NASA Rosetta/CNSR Science Team and
the Study Teams in ESA and NASA-JPL.

Braking during the high-velocity re-entry will
be achieved through atmospheric friction below an
aJ itude of about 200 km. The small lift-to-drag
iviio will allow the aerocapsule's trajectory to
be carefully controlled within the narrow re-en-
try corridor. The final aerocapture trajectory
will be constrained by: the maximum accelerations
that can be tolerated by the capsule and the sam-
ples (50 to 100 g); by the maximum heat flux that
the thermal-protection material can withstand;
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PHYSICAL MODELS OF COMETARY NUCLEI: A REVIEW

L Colangeli'0, E Bussoletti'2-3) & G Schwehm'*

'"University of Cassino <2>Istituto Vniversitario Navale, Naples
<3)Osservatorio Astronomico di Capodimonte, Naples, Italy

'"'Space Science Department, ESA/ESTEC, Noordwijk, The Netherlands

AIiSTKA(JT

I'hysical structure .ind chemical composiI ion ol
C1OnK1Is hnw1 been iiilerred (or a long HJBO from
theoret icaI models and ground-based observations.
However, in coincidence willi I.lie I'/Hal ley's passage
in l')8(>, "in .siln" mensuremc>nls have hecn perlornied
lor Hie firs! lime, allowing lor signit leant
progress in eomet nuclei nude rst and in/',. New
élaborai ions have been produced, although a largc
number ol quest ions remains si i I I unsolved. More
work is needed Io prepare a valid scientific
backgroung tor IuIlire ambitious space missions
KIK-II as KoS(1IIiI - which shaJl return Io Karl h
samples »1 cometary materials. In this PaP(1T, we
w i l l locus attention on physical structure ol comets
and we w i l t discuss some ol the t.heorcticnl models
concerning the conl i|>,urat ion and Ihe evolution of .)
comet nucleus in combinat i(JtI wilh recent space
observations and laboratory measurements.

Keywords: comet nuclei, physical models.

I. INTRODUCTION

Our inidersl and ing ol the cornel ary phenomena has
improved in an unprecedented manner due to the
co-ordinated ground-based observation programme (the
Inlernat ional ({alley Wa(ch) and f.ho wealth of data
provided by the space missions to Hal ley's comet. In
the course ol preparing lor Giotto, Vega I and 2
missions, and especially afler the encounters
provided new and often unexpected data, a large
«raiietv of theoretical models has been proposed Io
explain the observations. HoWeV(1T, despite all the.
efforts, Ihe composition, Ihe inner structure and
the evolutionary pr<x esses ol ( omet nuclei are s t i l l
.1 matter ol wide uncertainly and they w i l l remain a
field of scientilie debate until we w i l l have
returned samples ol a cornel to our laboratories.

Hi1IOn1 Ihe close observai ions ol l'/Halley, a
cornel ary nucleus was oil en considered as a dust and
i<c mixture, with a radius of a few kilometers; the
interior was supposed relatively homogeneous and the
surface mainly diflerenliated and non uniform (Réf.
I). However, random inhomogcneiIes are expected in
the- stratigraphy. The recent "in situ" measurements
have coiifirmed thaf the external layers of a nucleus
have experienced a wide variety ot physical and
chemical processes. However, i t seems now rather
reasonable I lia I also II»1 "primitive" inner structure
has heed processed, al least partially. Host of the
"classical" elaborations resulted !inappropriate Io
explain the observed behaviour ol cornel Hal ley, so

thai a "new general ion" ol models has been produced,
arid simpl il Jed assumptions, present in previous
simulations, have been partially removed. However,
at the present slage, !.here exist, mainly qualitative
pictures, such as the "primordial rubble pile" (Kef.
2) 01 Ihe "icy g I UP conglomerate" (Kef. 3) models.

A IutI her point, which has been pointed out as an
important I.-K-Ior at led inp, t.ho physics of comets,
concerns (he processes experienced by the nuclei
belore the re-entry into the planetary system.
Therefore, attention must bn placed Io changes in
the structure of a comet nucleus not only induced by
Ihe Sun irradiation, buf also resulting from Ihe
pieceding hystory (Réf. '«)•

2. THK KARI.Y STAGKS OK COMKTS

One ol I he reasons why comets are object of interest
is that they are presumed to contain material
condensed from the proto-sol.ir nebula and not
largely processed, as it occurred in other bodies of
Ihe Solar System. However, the primitive nature of
comets ran Id have been modified significantly during
both formation and storage in the Oort cloud stages
(Réf. S). This point appears to be very critical,
also because the evolution of a comet orbiting
around the Sun may also depend strongly upon the
structure t Iu1 nucleus has assuned in previous
phases. In particular, the way Ihe energy is
deposited in or liberated from the interior can vary
according to the status of the comet (Réf. G): is it.
compact or f IuI Iy '.'; is it bare or partially (or
totally) mantled ?. To Iind possible answers to such
questions il appears mandatory to develop complete
theoretical models which account properly for the
early stages ol a comet nucleus.

Accord i lift to some ol the commonly accepted formation
scenarios, cornels started to condense at Ihe same
I iuie of Sim and proto-planets, probably in the
Uranus-Neptune zone (at 20 - :iO All from the Sun),
where low lemperalure (< 100 K) allowed formation ot
ices (H2O, CO.,, NH.j, CH3) and clathrale hydrates,

mixed with dust (Ret. 7). However, we have to recall
that: I) local rise in temperature during
gravitational fall towards Ihe accretion disk could
have pioduce.d a partial vaporixat ion ot most
volatile components present in icy particles; 2) Ihe
initial chemical ditterentialion, arising Iron the
radial temperature gradient in the solar nebula,
could have been, al least partially, blurred by
dynamical exchanges between different
proto-planet.ary accretion zones (Réf. (>); .1) the low

(a few km s ) relative velocity of the coael
building blocks produced an initially rather porous
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and imparked structure ot pro-eomolary ai'.p.rcnalos
(KfIs. 8,1I); 4) Iho FOR ion ol comet ac.urep.at ion
coiil<< have extended in it wider accre t ion disk
(KrI. 10), and t.lio proio-comolary oh.jeils could have
experienced d i f fe rent boat iUR processes according, to
the place ot origin.

Once tormed, (-«nipt nurl<>i wore e jec ted towards I ho
/. r

Oort cloud (10 -10' AU 1rora the Sun), whore (hoy
c)

have been stored for about 4.5 x IO years. Various
physical and/or chemical processes can have altered,
partially or siibsLarit (ally, (he original
ronf ifjurat ion ol a nucleus, in this phase.

I) Internal radioactivity
Decay processes of whorl -liverl radioniicl ides
embedded in the interior of I.IIP nuclei are believed
tr> he alile to release energy amounts suflicienl to
vnporixo volatiles and - in some rases - in inell

solids (Ret. II). Actually, traces of 1Al have boon
detected in some carbonaceous chondriles. Il I lie
same concentrations were present in n comet (3 to Ii
km in radius) I he core ol the mu-lucs ion Id h.ive
been melted (Kef. 12). On the other hand, we have to

point out that no anomalous ahunclarice ol Nf, - the

Al decay product - has i>oen observed in come/
!!alley (ReI . 13).

2) Sun's T-Tauri phase
The intense solar winds whirl) are associâti'd w i t h
the T-Tauri phase ol the Sun produced tr levant
e f f ec t s on the surface ol a comet. Sputlorinp, ol
mt>st vo l a t i l e species ami <hcmical modi f icat ions of
t.he hydrocarbon solid component probnhly occurred in
the upper layers ol the nucleus, especial Iv tor
comets formed at shorter heliocentric distances.

3) Col l i s ions
l.nw ve loc i ty col lisions in the lorroat ion ;.one are
expected Io produce compact ion of the <•<111 i<l>ri/;
surfaces and local healing (ReI. 14) , piovidin». .1
further source of structural innomop.pneit ies in I he
noar-surlaoo layers. In the case ol hi ̂ h v e l o c i t y
collision:; (ho bulling bjnclcs t'oiild break apart anil
st ick together several rimes. Al each :-i.ip,c, single
pieces could experience inlensc heal waves a I I cet i up,
their texture and chemical c ompos i t i,'»n. Al I IK* end.
cornels could assume a "rubble-pi Ic" lorm, in
agreement w i t h the structure proposed by We i -isinan
(ReI. 2) (see section f>).

KVPO the statement that dut inc. 'he "stoiap.p" in the
Oort cloud comets remained nearly unprocessed :.ooms
by now iinappropriaf e. in lai ( . l.ihoralory
experiments on cometary mater ia l .111.1 lur.ue--
irradiated by UV radiation (Del. l r>) and oni-rr.ol ii
ions (e.p,. Kets. Hi,17) ha\e provided si f -n i (i> an'
information about the possible f onsoqnoni cs pi odtn ed
on a coiiK't nucleus by exposure to cosmic r.iy ions
and solar protons. l-'o 11 ow i up, Johnson 'I .il. (ReI .
lf>), one ol the most relevant labor.ilory los'iill i;
that exposure to ioni;-,inj; radial ions . i l lois I lie
structure ol p.ases and orp..mit mo I ecu I.ir soli,Is
condensed al lou t enipe ra t u t e. At the OOMIIIC j a v ion
doses (ReI. 18). it --ippears possible Ih.it < nmel
nuclei experienced the fo l lowing professer.: .1'
part ial erosion ol the surlacc by spilt I 01 in>. ; I;)
release ol the more vo la t i le roiiipminds : < ) M-IJMMMJ'
of some volatiles in structural defects or poio*,
with partial chemical a l te ra t ion; d) polymerixal ion
ami/or carbonization of hydrocarbons; e) form»I ion
of a non-volatile "< rust". The lin.îl s t a tus w i l l ho
characterized by an outer non-uniloim mant le . - 100

_2
g CR thick in some areas, able to iiihilni
"locally" further p,as suhl imal ion (KeI. Id).

I'af-saros IK1Ui luminous stars ("O" I ype IH
sii(ieriii.iMls) and supernova explosions could have
produced I In mnlii I i/.at ion »1 molecules such as Ct),
Ar, Ne anil OH, present in I he ox le ina l lnyors. Il

ti.-is been iv.limaled (KeI . I')) tha t durim>, the
permanence in the (lorl c loud there IKIK been a KtO %
chance ol heal ini', to about I*) K, produced by
luminous stars, and Io .itmu! r'<> K, pro.lured by
supernovae. In the lonner case the lottf, «iiiral n>n

(about 't s IO yrs) I her ill.) I wave <an have reaeh«'d up
to 14(1 in ol depth in the nucleus, while in the last

rase I he brief (— IO sec) heal inf pulse is l im i t , ed
to 0.1 - 1 m cl the surface layers.

Final ly, we have Io ment ion coll isions hot h ivif.h
small debris in the Oort i loud (ReI. 20) and w i t h
in te rs te l la r dust (ReI. 21). A c t u a l l y , the balance
belueen surlace erosion and arc1 re I ion prorossos is a
complex mcrhanism, whirh depends also on the surface
densi ty ol I IIP nucleus and the ve loc i t y ol impacts.
Stern (ReI. Ti) has est imated that erosinn should he
the provai I iiifi phenomenon, able to remove ahonl 101)

!• cm ol surt.ice mat or in I on .1 I imo scale ol 4 . r> \
i)

IO yrs. Therelore, on averac.e, the crust prodtn ed
by rosin i I1 r,iy homhardmenl would be lolal ly lost. On
the c o n t r a r y , some experiment s (KeI. 2'i) seem to
«up,p,P»t that in the presence ol a VCM y I InIIy
siirtac' t px lu ie thr reverse s i tuât inn <nnld we l l
occur, w i t h consequent progressive roinpa* t ion and
ilensi i ii .il ion ol the suilace laycis.

'I. THW)KUTI(AI. HOI)IiLS

l-'ur a Ion;1 1 imp (lie commonly ai cepl ed v i e w ,it .1
comet iin< lens was I hi- " icy t oup. ioiirerat o" striiclnre
fFi^ure I), pjupiised bv Whipplc in t be t i f t h i c s
(ReI . 24) . In the course >l years, many .nil hoi s have
improved the r>r iy ina l modi11 , t.ikinj", also inl.i
ai count varifhis ;>.ni(in<l-baso*l ol>.,rrv.'»I ions. Howevi .
most ol the [>hv-,i<.U iimdels ilevct ibinp a > oiiiei
orbit Ui'', .iroiuid the1 Sun assume a rau nur lens Iotm>>d
Ir. a m IxI nre of vnl. i l i 'es, ices .in,I dust - .H ! he
!icsf - but t Jley ilo not .I'totnil al .ill to i the
pievmus bvs tu ry ut tlir- ( omet . l-'in î h<'iim;t e. most »1
i-onipnl .it i tins "ire (M- r lormcd under the voo lie.ivv
liv[i.itln-si', .il in!.'Mill homo',oiioi I v a! one. i lie
I r.IMSVOI s-e i t i recl ioi i . so thai ili l leionli.il beh.ivioni
i - , !,Indiod only .iloiii- i be tad ia l inn Ie. u ii iniens i.in.

etl.t.ll ions

In I ' l ini- iple. the si nu 1111:11 mii'li I i' al ions .incl I IK-
irircrii.il 'Ii 11 erenl IaI ion COUIPI S exporii'iue uhile
d r t i i ! in-- .irniiiid I he Sun ire dtu Io t ht rm.'i i ' . l iesse-,
pivdii'-od by t in si-l.ir radiat ion, llowovi-i , insol.it iuu
|ir,., esses i-.in pi iiii, iilh,-i > ÎHMIII c -ï i iliil/.ii
I he.-roo.lvii imii r -ae l io iu . sin h .is .nnoi (iln-u -, ( <•
i i V-I al I me i i i - i i -nv-rs ion (s - -e se, I mn 4 . ^ 1 . ,nine
l./ is i1 i i)i i. i i iuh- .lie , UIiIiIiUIi lu ni,,-;! u( lin- mi.11. i-..

; i .-UK :. IMC
s.i;-.|'.---.l e i Ir.
m--.-Ii 1 M i ,.ni >•••

tin..!
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a 11 houp.h they are some I imes m o d i f i o d in order In
a l l o w sini |il i t ie-d romput at ions. Hero we recall I lie
p.eneral lorn of some ol I horn.

The c-ne-tp.y halanc-c equa t ion at t h e ex te rna l su r face

H e" ( '-A,,) cos:- cosv / d,, + O-A,,) l^^.1') +

d--A1 R) , m l <Av)= V : • T * + (U

YV 1 - i ( V' H A l V K < i r ) 7 T l H
Tlie l i r s t member includes inward enerp.y
rout ri tin I inns: 1) the ineominp, solar energy,
at Ie-nuated hy the dust in the coma; 2) the enerfiy
d i f f u s e d i>y m u l t i p l e scat t.erinp, f r o m the dust in the
coma I «wards the sur face ; 3) the energy the rma l ly
e m i t t e d by the dust in the coma and reachina (he
surlace. The outward onerp.y cont ri hut. ions nre
iIK lulled in the second member: I) the thermal
emiss ion hy the siirlace; 2) the energy released
diirinj1 , the subi imal ion of the ices ( the sum is
extended over all (he v o l a t i l e specio.s); ,')) the
eneri'.y t rans le r rcd t o ihe surface hy conduct ion .

If one assumes a "mill I i - layered" s t r u c t u r e (Rets .
2 r > , 2 ( ) ) , an enerp.y balance cond i t ion must be imposed
at each i n t e r - l a v e r sur face :

(2)
LJ1 T ik ) / HA "J

where t h e meaninp, ol t.he terras is s i m i l a r to t h a t
reported ini K q . ( I ) .

Tile set ot C(|s. (1) and (2) can be considered .is I he
iiouncl.'iry i ondi I ions needed Io compute Ihe heal
d i f l i i s i o n throi.pjiout t h e whole nucleus. The the rma l
prof i l i 1 in the i - l h layer is obtained I rom t he
e-e>ns t -va l ion of cn< irp,y:

X(T
i l l r*"dr r i t 2m *-\ ' ' dt

Vihotp ". and C . ;uc I ho ;jvor;if>p m;i.ss d o n s i r y ;ind UK»

specif i < hr-al of ihe i - l h i. 'iyor, respect i v o l y , .ind
I*. is I he sn t» l im.:l ion t omper.'it lire ol I lit» j - t Ii
vo lâ t i Ie i 0[!1[.(Hi(MiI .

1.2 t. 'ril icr t l (KJ r VJIHO f t TS

!'ho so UiI inn ol I q s. I - 'Î is subord inn! od t o t hi1

proj»«*r rim if «* o/ f h«* phys r i .'i I fiar,'iin«»f frs *J/\srr ih i i» ; ;
UK* proprrt i(»s i > E ( l i e mndc'lod mir l rus . Vo r y « M o n ,
soiiip ni thcso <]u:i i i l i t JPS ; t r<> n n i ' o r t ; i i i t .-tin! on ly
: i p p r < > < i i f i . i l o . i i i j i l y l i < - . i 1 express i t > n s nrr f iv j i i I n h l r .

1 ) Tin-nil.»! i onilii. ) i v i l y , K( ' l ' )
' !h is I N I K ' Joo J s t i s n . ' i l l y unknown, ( S [ K M i . i ) 1 \ \vh«Mi ;i
ni i •• i i t r<* ot 11 i l J I - 1 « M i l m i l id IM i nr i ,'i I s *uid vo l â t i Io
i.•(-.s is -ISS1IiUr,! ;<s * - , i i i c ' l . -My in.it «M i.'i I . I n m.'iny

« nni|.iii ;»i i nn«* . i he .UM I v l i r n l I oi uis l i * r f i l l i n r
ri vsl ;i I I inr DI ;irni)rplious .sol id iro .ire USO'I (Ko t .
? t } M'>rc m * j > h i * j f i i v i f r r f <*xpr*%s.si/>iis ;n ronut
s i n n i l l ;ui- '()its I v lor f n i i t H r f . r . i i l i i i l i v o and f<uivoc t ivo
f-oiidiir I iv i i v f Ri» | • . . J8 2'O . I n S.IIIK- ( nscs, I hi1

nu. h-us is assumed to (H- ;i primus i , -y m r d i i m i ;iii<l /i
"i wo ph. i ii-" '.I t n« • I ure f ice f } in rf ^1 ) is s him I .'it «*d l>v
•>piiei e:, of une ph.'ise d i ^>pr-t sr-<1 r/tnHom I y i n <)
• :>n t i IHII I I I I IUtMi j tun n| !he n f h e t (Ket . '!O)

1!) C-is .HM! dust pmdui I inn t . ' t tes
A l ; . f i tor ( îiese ! i:iir t i i>ns v < i r inus 'ipi'i (>;i« hc^. have

been applied. In the "kinetic" «ode-Is the
sublimation of I ro/c>n volatiles is responsible for
the |\as production and the molo.cujes behave as a
perfect Ras. A steady slate equilibrium Ls assumed
at the comet surface and the p,.'is pressure is deduced
Irom the Clans ius-Clapeyron equation. In f.he
"triable sponge" model (Réf. 2G) Ihe dust production
rale is proportional to Ihe momentum tlux of the
oui llowinp, gas.

However, the kinet ir approach has received strong
e-rilicism as the heterogeneous nature of the nucleus
does not allow easily for steady state equi librium
conditions. Alternative models are based on
"hydrodynamic" equilibrium. As an example, in the
"reservoir outflow model" (Ret. 11) it is assumed
lhal:a) a stationary perfect g"S is stored in a
"reservoir" under a solid mantle; u) the.- gas flows
in a stationary state throufsh the mantle; c) at the
surlace, (he gas discharges to (.lie external ir>ediuin
drap.pjnd away dust part icles. Tn this case it
appears critical to determine dust loadinp, and
external gaseous environment effects on Bas and dust
product ion rates.

I'iiinlly, in "dit lusive" models the surface crust is
considered as a coherent solid with pores and
capj I larcs arid the subi imal intj BBS flows throiiBh the
lubc-s in a Kniidsen rep.ime (KeI. 29). We can note
that hydrodynamie and diffusive models are based
essentially on the same on Il low mechanism, since in
both cases the pressure gradient through the mantle
drives out the p.as, and similar results are
obtained.

'O Latent heat ol vaporixal ion, I.(T)
It is evident that an appropriate simulation of
thermal behaviour of nuclei requires a correct
c'omput at ion of all heal inp, and cnolinft
contributions. Therefore, Ihe knowledp.e of the
amount ol enerp.y spent to vapori/.e I roKen volatiles
is an impor f.inf point. Although very often a mass
averap.ed value-, <!.>, has been used, this approach
lias been i-ri I ic i/.ed lor its poor physical meaninp,.
It has been pointed out that the roixrnp. of v;»rioirs
components occurs at a "p.ranular" rather than at a
"molec'iilar" stap.e, and <L> can P.ive an
ove-re-st imat ion (unde-re-sl imat ion) ol the- produrt ion
rates lor le-ss (more) volatile species (c*. }>,. RpI .25).

'i . THF. STRtIt)TI)RI': 01' NUCLEI

We have- to sttess t h a t I ' /Hal ley exploration (KeI .
i2) has provided a w e a l t h ot nc-w i n f o r m a t i o n
i oiici-ri i i i in cornel n u c l e i . Amolli; other unexpected
I ea I U i cs , " in s iMi" measurement s have shown t h a t : a)
!lip 1IUi-I i 1 I iS m a t e r i a l is less dense than previously
h e l r p v e d ( ( I . ! - (> . (> p, cm" ; R e I . m); b) the surface
si rue l u r e is ra ther e-i implex and non homop.encous ; c-)
l w i > k i n d s ol sin tare c-sni be ident i l i e d : a hot , dark
( l o w albedo), i n a c t i v e crust and a f r e s h , s t rongly
a c t i v e source e> l j e t s ( R e I . :t<i).

Tf i i -oref t e'a I ce>tnpuf at ions performed so lar f a i l e d to
s i m u l a t e - I l ie- obse-r vc-il behaviour and s t ructure . Al
I he present st.ip.i* ol cometary exp lo ra t ion and in
préparai ion loi l u t un space missions (such as
R o s e l l a ) , t h e most r r i l i i a l po in t s appear Io I»': a )
I h e - p o s s i b i l i t y ol a s t a b l e crust f o r m a t i o n and i t s

c hem i ! ••! I .mil p h y s i c a l proper I ies; b) t he the rmal
pro! i l l - and Ihe si t a t ip.raphy inside the nucleus.

. 1

Since, it SCM-IHS by now reasonable t h a t a comet
i i i i c - i - l u s is - at leas! p a r t i a l l y - man t led,
r c i r e — niant I e - models (e.p.. R e f s . 2I> , 29 , .15 ) or
m u l l ip le - l . iver s i m u l a t i o n s (ReI . 2.'~>) appear Io lie
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the Bost appropriate to describe real nuclei. As an
example, Figure 2 reports some of the results by
Horanyi et al (Réf. 26). Although obtained under
staple assumptions, the plots evidence the
relationship between the nantie thickness, the
emitted amount of gas and the temperature at the
surface and at the inter-layer boundary. However, we
have to stress that in most cases theoretical models
fail to explain the Presence of a stable mantle on a
comet (for example, in the P/Halley's orbit).

In principle, the thickness of the surface evacuated
layer may vary in time and depends upon the
competition of two processes: 1) sublimation of the
volatiles and 2) erosion of the crust produced by
gas dragging. Gravitational attraction, pressure and
centrifugal forces determine the stability of the
mantle. The model based on the "fluidization of the
nantie" (Réf. 23) assumes that all the evacuated
grains with radius a < a escape, while those with a

Mian the critical siXP a In I Ii is scenario, a

> a are stored in the crust. The criticalc size

is determined both by the competing forces acting on
the surface and by the dust-ice composition of the
mantle. However, according to Prialnik and Bar-Nun
(Réf. 36), also particle» smaller than a can remain

trapped onto the surface, if organic grains stick
together and retain also non-organic particles in
larger networks. Alternatively, in the "mult!layered
structure" (Réf. 25) the mass loss rate at. the
surface is proportional to the momentum flu» of the
outflowing gas by a "drag coefficient", P ., which is

a characteristic of the comet. In low /5 cases, a

small amount of momentum is transferred to the dust
and the mantle thickness tends to increase
monotopically, while volatile and dust production
rates decrese. On the contrary, for medium ft. values

a cyclic behaviour is observed and for large /'. no

outer evacuated crust is produced.

Fanale and Salvail (Refs. 29,35) have investigated
various cases, by varying orbital paremeters,
rotation period, thermal conductivity and grain size
distribution. A permanent crust seems to form only
after a large number (100 - 1000) of passes.
Otherwise, a very thin mantle appears on the
surface; in this case the authors consider more
realistic the scenario in which large grains
scattered on the surface provide a limited coverage,
which does not inhibit free ice sublimation.

According to Kickman and Fernandez (Kef. 37), as the
surface density of residual grains increases, the
grain-grain distance tends to reduce until it is too
small to allow the escape of grains also smaller

Figure 2. The behaviour of the surface temperature,

'O,
the mantle temperature, T

production rate, F, as
thickness (Réf. 26).

I'
a function

and the gas

of the mantle

stable man I 1« i:;ui be formed very qu i ck ly .
Furthermore, :i I mm th ick layer would b<- an
e f f i c i e n t obtarle to i>,as o u t f l o w and the thickness
would not grow over a lew cm. However, when I ' / I la l ley
parameters are usod in the s imulai i n n . also this
model appears unable to guarantee a stubIr muni Ie;
thermal ..-onduttivily of both the mantle and the ice
are cr i t ical for s tab i l i ty Furthermore, I he authors
suggest tliat. the trapping process wuuld 01 cur in
localized areas, expanding uraduiilly i<> cover
possibly - the fu l l surface.

However, a comet nudes can be covered by two
d i f f e r e n t kinds ot mantles ( R e I . 4). In lad , il
irradiation e f fec t s have generated an
"irradiation-driven" m a n t l e ( T D H ) during. Ih'' storage
in the Oort cloud, t h i s crust roultl be at least
p a r t i a l l y mantuined during the r<—eul ry phase in the
solar system. Approach in?, t h e Sun the man I I" ;;rnwth
would be lavoureil, a l though the themial wave could
penet ra te so deeply in the nucleus l-liat new
volatiles may read. Outburst anil local ruptures
produced by the gas pressure could destroy p a r t i a l l y
or m o d i f y t.hi> t ex ture of the IDH, In the areas where
IDM w.is absent or has been removed liy disrupt i v c
processes, ices ran f.ubl imalf ( reply . Therefore ,
I he nucleus can be p a r t i a l l y covered by a new k i i u l
of crusl i the so-called "subl imation-driven" m a n t l e
( S D H ) , ithich evolves on diurnal or annual cycles.
This p i c tu re ol a two-typo mant le could he coherent
with observations ol P / l l a l l e y . Furthermore, se.ison.il
el l e f t s on an obl iquely ro ta t ing nucleus in h i g h l y
eccentric orbit could be ver> relevant (Kefs . 2 , < > ) .
For the s p e c i f i c case ot 1'/HaI ley , as the cornel
("asses through per ihe l ion , the northern lieiuispheie
chaiifces I rora a poor i l l u m i n a t i o n status ( "win t e r " )
to a complete exposure to sun r a d i a t i o n ("summer").
The abrupt the rma l stress can produce cracking ami
break-up on any pre-formed (H)M ?) crust , possibly
créai inïi areas ot strong a c l i v i l y . On the cont rary ,
the southern hemisphere is exposed cons tan t ly In
i r r a d i a t i o n alone, the incoming bound, so that I lie
gradual heal ing may produce ncm-dismpt ive phenomena
and t h e progiessive accumula t ion of evacuated dust
(SDM), re-luciiiE t lie e f f e c t i v e a c t i v e area.

From a general point, of v i ew, the- " two- type m a n t l e - "
s t r u c t u r e nut the last evo lu t iona ry sequence seem to
fit w e l l togethet and can he considered a new way to
approach the study ol comet e v o l u t i o n , in ( \ ene ia l ,
aiul of maul le fo rma t ion , in p a r t i c u l a r .

I, .2 The i n t e r i o r ot t h e n i ic le i

As already mentioned, another relevant point is to
determine I he s t r a t i ' -raphy inside the nucleus. This
problem is s l r i c t ' j related to the thermal p ro f i l e
at dep th .

Squyres i > t a l . ( R r I . '1O) have developed a model
which a l lows Io doserihe in de ta i l the t e m p é r a t u r e
p r o f i l e below the surface (and a maul I e ) lor a
nucleus formed by sol id ice, porous ii-e or porous
F r o s t . The t h e r m a l c o n d u c t i v i t y , K ( T ) , has been
pan-imp f r is tc i l w i t h respect Io nuclear porosi ty, pore
si/e ami compaction degree (see section ' i .2 ) . The
p r o f i l e of lemperalurr versus depth depends s t rongly
upon the thermal conduct i v i l y of the sel,-, ted
mut cr ia 1. For example, when frosts chara* t ori/.ed tiy
K ( T ) e i t h e r weakly or Sl ronp.ly dependent on T are
compared, the near-surface thermal gradient is
shallower near per ihe l ion and sleeper at aphelion in
the second case. The presence i: f a dust oi.liit !< has
(lie e f f e c t ol ilampinj; I he i M i i r n a l t denial c -v , - l e ,
w h i l e I hi annual thermal wave is able to pei ie l ia le
also a thick crust . However, near per ihe l ion the
presence of a crust can produce a sii».ni f icant
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increase O 20 C) o) the temperature ai the
c<, re-man I. Ie interlace, while at. aphelion il is close
Io the surface T.

In general, many returns are required to reach an
equilibrium internal temperature. However, according
to Weissman (ReI. t>), random changes in cometary
orbit cji'i occur on a comparable time scale.
1'herefore, a real equilibrium is actually never
reached and il is possible l.o have a complex
stratification ol wanner and cooler layers.

At imperial!) tailor that has been considered only
recently in l.heoref ical models is (he presence til
water ice. either in amorphous (a-ice) or in
crystalline (c-ice) form (ReI. 27). Prialnik and
liar-Nun (KeI. 36) have investigated in detail the
incidence of th** a-ice to c-ice transition on the
thermal evolution ol nuclei, also on Ihe basis of
laboratory experiments (Réf. S8). When a "pure"
a-ice run lens approaches the Sun lor the l i r s t time,
the transition st arts at about '> All in-bound and
penetrates a 10 t.o IT» m thick layer. However, Ibis
process proccedes by steps, separated by several
UiI)IIs (sei> Figure 1 in ReI. 3h). We note that a
progressive thicker layer is converted at later
mnml.,, since the crysta LI i nal ion wave is function
of Iemperalure. However, in mosl cases a chain
reaction convert in/; t tie entire nucleus al once never
occurs. Therefore, we can identify two ili Itèrent
sequences o| thermal changes in a nucleus: a) (lie
"normal" periodic evolution depending on the orbital
motion; b) the long time ("secular") modifications
in which I he actual internal structure and evolution
of tfie uucltMis play the most important role. In
fact , the status transition may provide, in some
cases, amounts of energy sullicicnt Io blow off part
ol t he crust.

Thermal stresses caused by strong temperature
gradients withiii the ice can produce cracking of the
structure and exposure of "fresh" volatiles, w i t h
consequent coilimated emission oi £.as and dust , as
observed in comet. Hal ley. Shallower thermal waves
may produce migration ol volatile molecules both
outward and inward. In inner cooler layers, the
volatile ,ua> oven be trapped as clathrale hydrates.
Therelore, Ihe .lear surface layers w i l l be depleted
iri mosl volatile species; on Ihe contrary, deep
micleus could result enriched in some of them.

The previous discussion indicates clearly (hat it is
not easy to stale a .-let ined stratigraphie structure
lor a f.eneral comet. In fact, even occasional arid
random events may product* significant alteration in
the deep distribution of dust and volatiles.

">. THK NEW CÎKNKRAT10N OF MODKI.S

Re< eftl obscrv.il ions ol valions cornets and Ihe
tentai ive interprétai ion of Ihe Halley data seem to
MifjBfSl that the icy-conglomerate model is by now
unappropriale, and can be considered only as a
"f irst-approximat ion" approach.

WeiSSiOiIIi (ReI. 2) pointed out that various evidences
seem Io support Ihe existence ol large fragments (10
cm - 100 in) broken oil the cometary nucleus, and
they are not explained al all by thai kind ol simple
structure. On the contrary, a "rubble-pile"
si inclure (Figure 3,i) would account more easily -for
example- lor splittinp, phenomena and for meteoroid
streams observed along the orbit of short period
comets. The "icy-glue" model (ReI. .3) is not very
dissimilar from the previous one, and appears
consistent. with some results of !'/Hal ley
explorai ion. In this picture, the nucleus is formed
by rather large (10 cm - 100 m) porous refractory
boulders, containing hydrous silicates and

inclusions ol carbon compounds, cemented together
with a fine ice-dust, grain mixture (Figure 3b).
During the approaching phase, to the Sun the
volailles, covering the largest boulders, evaporate
and expose mainly inactive "dust plates". On the
contrary inter-boulder areas ean constitute
"macropores" trom which jets originate.

In all the previous scenarios the random
acuimulation of ice-dust grains can be siomlated
theoretically by means of fractal models (Ret. 39).
A I racial structure has the intrinsic property of
being sell-similar at all scale lengths, and it is
mainly porous". Small clusters formed in the
interstellar medium may grow randomly t.o form a non
homogeneous nucleus. Two possible sequences appear
viable: I) pristine Iract.al ( lusters contain both
dust and ice corafwnients; 2) ice is incorporated in
solid aggregates ol interstellar grains during
"snowfall" of condeiisiiiB gas in the Solar Sys'em
(ReIs. 39,M». Both these two approaches appear
consistent with the so-called "interstellar dust
model" (Kefs. 9,15), where Ihe formation of comets
is considered one phase in a much more general
scenario ol cosmic dust, evolution. In the first
stages of solar system, large (— 0.15 ̂m) silicate
core - organic refractory mantle interstellar grains
agglomerated in "climps", forming fluffy bodies
which evolved towards cone! nuclei. Recently
Creenberp, (ReI. 9) has tested this model by
comparing the results of Pf flu I ley observations. Many
ol the experimental evidences seem in agreement with
the proposed structure.

l-'igure 3. New generation picvorial views of a
comelary nucleus, according l.o a) the "rubble pile
model (Réf. 2) and b) the "icy-glue" model (Réf. 3).

6. CONCU)STONS

In this paper we have tried t.o review some of the
most relevant physical models proposed so far Io
describe the status and the evolution of a comet
nucleus. In pai'ticular, we have focused the
attention on specific aspects which appear - still
today - very critical and uncertain. For example,
Ihe actual crust formation mechanisms are not
completely clear and the stratigraphie composition
of cornels is largely undetermined.

At the present stage, it appears that each nodel
contains aspects very relevant, for comet nuclei
hystory, although none of the elaborations proposed
so far is completely reliable. Therefore, we believe
(hat a strong effort must be accomplished to build a
self-consistent theoretical structure which accounts
properly lor the suggestions resulting from various
compulations. Of course, a really meaningful
theoretical work requires a continuous comparison
between starting hypotheses and outcoming results
with a) astronomical observations and b) laboratory
data.

If this program will be carried out properly, the
scientific community will he able to provide answers
l.o open questions, which must be solved to achieve a
full success of space missions, such as Rosetta.
Furthermore, we will be ready to receive actual
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cometary samjilos tor laboratory investigations and
we will hav« produced a Root! theoretical network in
which the new results wiJJ be properly lilted.
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PETROGRAPHIC WORKING MODEL OF THE ROSETTA SAMPLING AND MODELLING
SUBGROUP FOR A COMET NUCLEUS

D Stoffler

Institut fier Planetofogie, Westfalische Wilhelms-UniversitUt Munster, FRG

ABSTRACT

The most probable ranges of the interior and surface
properties of a comet nucleus as far as they are
relevant for the planning of a Comet Nucleus Sample
Return Mission (ROSETTA)1 are documented according to
the present status of discussion within the joint
ROSETTA Science Working Group of ESA and NASA, On
the basis of these data a comet nucleus regolith
model has been developed which describes the
properties of the near surface layer of a model
comet nucleus at. the macro- and microscale with
respect to textural, compositional and geological
properties. It consists of a multi-component system
of fine-grained constituents forming a porous
"matrix" (frozen volatiles and dust) and coarser
grained, coherent "inclusions" of solid poly-
crystalline ice(s) and rock-like aggregates. A list
of most probable phases is given. For simulation
experiments and tests of spacecraft systems cometary
analogue materials are proposed which contain H2O,
COp, NHj, C, hydrocarbons such as asphalt or
kerogen, and inorganic minerals like olivine,
pyroxene, montmorillonite and kaolinite.

Comet nucleus,nucleus regolith model,ROSETTA Mission

1. GENERAL

The European Space Agency has committed itself
within the scope of its approved long term programme
"Horizon 2000" to perform four major cornerstone
missions one of which is ROSETTA - the comet nucleus
sample return mission (Réf. 1). The prime goal of
this mission which is conceived as a collaborative
effort between ESA and NASA, is to land on the
surface of a comet nucleus, to sample surface and
subsurface material, and to return the samples to
Earth for sophisticated laboratory analysis. In
order to meet the technological requirements and the
scientific objectives of this mission, the material
properties of the cometary nuclei must be known
within certain limits of confidence. The overall
mission planning as well as the specific design of
the lander, the anchoring system, the sample
acquisition system, and the Sample Receiving
Laboratory on Earth require a best estimate model of
a comet nucleus as a geological body. This implies
that the most probable ranges of physical,
mineralogical, chemical, and geological properties
of a nucleus must be defined in the micro- and
macroscale. It is the purpose of this paper to
summarize the present status of discussion achieved
by the "Sampling and Modelling Subgroup" of the
ROSETTA Science Working Team in the past three years
of mission definition studies.

2. ROSETTA CONCEPT FOR COMET NUCLEUS SAMPLE
ACQUISITION

It is a generally accepted fact that comet nucleus
material consists of both volatile and refractory

constituents and that their relative abundance and
textural setting varies laterally on the surface of
the comet nucleus and vertically with depth inside
the nucleus. For this reason the ROSETTA sampling
plan foresees three types of samples to be collected
from the nucleus:

(D a core sample taken vertically from the
to a depth of at least 1 m, if possible

surface
3 m,

with a sample mass of about 10 kg
(2) a volatile sample of about 100 g collected from

a maximum depth under conditions which prevent
any loss of volatiles, and

(3) a non-volatile sample of about 1 to 5 kg
collectedfrom the nucleus surface and
designated for the study of refractory inorganic
and organic compounds.

Preliminary design concepts for the sample
acquisition tools have been developed by the
European Space Technology Center (ESTEC) through
industry studies. For the core sample a drilling
device in which segments of a core sample will be
acquired in a sequential mode, has been proposed but
other techniques such as drive tube collections are
also considered. In these designs the deepest part
of the core could be taken as the volatile sample.
As a back-up system a harpoon-samplerhasbeen
proposed in case landing and anchoring of the
spacecraft would not be possible or would fail.
Various concepts for the surface sampler with
different collecting modes (catching, scratching,
scooping) are under study. In all cases of proposed
sampling tools the inner diameter of the tools is in
the order of 10 cm or more.

The present design strategy of the sample
acquisition system sets a number of important
constraints for establishing a pétrographie working
model of a comet nucleus. In such a model those
parameters must be emphasized which are critical for
the engineers in designing the landing, anchoring,
and sampling systems. The most important questions
which arise from the engineering aspects are the
following: What is the surface relief of the nucleus
in the >10 cm scale ? What are the mechanical
properties of the surface material ? If non-cohesive
material (fluffy snow, dust or mixtures of both) is
present, what lateral and vertical extension does it
have? Can we expect surface or subsurface regions of
cohesive material (solid ice or rock-like
aggregates) and what are the lateral and vertical
dimensions and the maximum strength of such units?
These questions imply that a working model of the
outer layer of the nucleus to a depth of at least 10
meters is needed. In analogy to other planetary
surface layers we propose to term this layer
"regolith" because its structural state and
composition is most probably not primodial or
pristine but rather determined by secondary
processing of the pristine cometary material.

3. DATA SOURCES AND GUIDELINES FOR THE DEFINITION
OF A ROSETTA COMET NUCLEUS WORKING MODEL

Information which is relevant for deriving a model
nucleus can be obtained from a great variety of
sources some of which are not part of the regular
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research on comets. The following list of research
fields which are potential contributors to a best
estimate model, may not be complete and no attempt
is made to refer to relevant publications in a
comprehensive way. The list gives mainly an
indication of the type of data sources which served
as a basis for the ROSETTA Science Working Group in
defining comet nucleus model parameters. The
research fields in question are:

(1) Telescopic observation and spacecraft-based
remote sensing of comets, meteors,
interplanetary dust and interstellar or
circumstellar dust (Refs. 2, 3, A 1 5, 6, 7)

(2) Laboratory analysis of primitive solar system
materials such as primitive meteorites and
interplanetary dust particles (Refs. 8, 9, 10,
11, 12, 13)

(3) Laboratory simulation of cometary processes and
of grain formation in solar and stellar nebulae
and interstellar clouds (Refs. 5, IA, 15, 16,
17, 18, 19, 20, 21, 22, 23, 2A)

(A) Theoretical modelling of grain formation in
solar and stellar nebulae and interstellar
clouds and theory of the accretion and
evolution of comets and related primitive solar
system material (Refs. 2, 3, 5, 21, 25, 26, 27,
28, 29, 30, 31, 32, 33, 34, 35).

Considering this diversity of data sources it is
quite conceivable that a universally accepted
working model for a comet nucleus defined by a
distinct set of parameters cannot be expected as a
result of a committee discussion. Firstly, it is
almost certain that comets differ from each other
compositionally and structurally. Secondly, the
stochastic nature of the processes that formed and
reprocessed comet nuclei as well as the observation
of comet Halley by the GIOTTO mission (Réf. 4)
point strongly to the existence of lateral and
vertical heretogeneities within any comet nucleus.
Consequently, the desired working model must be
defined by ranges of parameters which cover (1) the
expected variation of properties within a single
nucleus and (2) the most probable variation ot
properties among a large number of comets which are
the potential target comets of the ROSETTA mission.

For the purpose of the ROSETTA mission we have to
derive a working model for the regolith of a comet
nucleus in which the properties of the surface and
subsurface are described at very different scales:
megascopic, macroscopic, and microscopic. This
requirement is mainly imposed by safetyprinciples
during the near-comet approach and landing phases
and by the actual dimensions of the lander, the
anchoring device, and the sampling acquisition
systems.

Megascopic parameters with scale lengths of
decimeters to hectometers concern mainly the nucleus
surface and immediate subsurface. They are required
for global and local landing site selection, surface
roughness determination, and subsurface detection of
layers or regions of material unfavorable for
landing and/or sampling due to extreme mechanical
properties (e.g. thick layers of zero strength or of
unexpected high strength).

Macroscopic parameters with scale lengths of
centimeters to decimeters equalling the dimensions
of lander footpads, anchoring devices, and sampling
tools apply to the size, abundance, and orientation
of "hard inclusions" (e.g. rock-like material, solid
ice) and the nature and strength of a finer grained
"matrix". The necessity of defining parameters at
this scale is dictated by the conditions for safe
anchoring of the spacecraft, for the selection of
the mode of core sampling, surface sampling and for
back-up sampling systems.

Microscopic parameters with scale lengths of less
than a centimeter or a millimeter are required for a
proper assessment of compositional and textural
characteristics of cometary matter. Knowledge of
microscopic parameters which determine such
important properties like compressive strength,
porosity, and hardness variation of the
constituents, is fundametal for the design of
sampling tools, mode of sample handling and storage,
and for the design of a Sample Receiving Laboratory
and its instrumentation.

A , PROPOSED RANGE OF PHYSICAL
PROPERTIES OF COMET NUCLEI

AND COMPOSITIONAL

At the first ESA Workshop devoted to the ROSETTA
mission (Réf. 5) a review of the estimated possible
ranges of physical and compositional parameters of
cometary nuclei has been given by Wood (Réf. 36).
The data proposed in this review had been based on
the results of a Comet Nucleus Modelling Workshop
(Réf. 37) held at the Planetary Institute, Tucson.
Since 1986 these data have been updated by the
ROSETTA Science Working Group. The latest data set
which was discussed at this workshop is given in
Table 1.

As discussed in section 3 the proposed ranges of
properties (Table 1) apply in some cases to a set of
different comets, in other cases not only to
different comets but also to one single cometary
nucleus. The information presented in Table 1 is of
rather general and global nature and does not
specify the properties of nucleus material at those
scale lengths which are critical for the design of
the ROSETTA lander and its instrumenta ".ion. However,
it forms an important basis for establishing a more
detailed "pétrographie" working m"del of a comet
nucleus as discussed in the following section.

Table 1: Expected ranges of physical, compositional,
and geological properties of cometary
nuclei) after Campins (Ref, 37) as
referenced by Wood (Réf. 36) and modified
by the ROSETTA Sampling and Modelling
Subgroup; see Wood (Réf. 36) for detailed
references

Parameter Dimension

Diameter km
Rotation period h
Albedo (geometric) - 2
Surface gravity m/sec
Surface temperature
at 5 AU K
Thermal conductivity W/mK
Specific heat J/kgK
Density of dust mantle g/cm3
Density below dust mantle g/cm3
Porosity of dust mantle 2
Porosity below dust mantle Ï
Compressive strength MPa
Tensile strength MPa
Thickness of dust mantle m
Grain size of composite
dust grains and rock-like
aggregates m
Grain size of monophase
dust grains
(single crystals) m
Size of layers or bodies
of solid ice m
Size of cavities m
Dust to ice mass ratio:
bulk nucleus
local

Refractory inorganic dust
to refractory carbonaceous
dust mass ratio
Volume fraction of total of
volatiles (data for comet
Halley, Réf. AA):
H2O 2
CO 1
CO? 2
NH3 Z
CH,, 2

Range

0.5 - 20
3 - 170

0.01 - 0.2
~ ID'3

100 - 150
0.1 - 10
70 - 2100
0.05 - 2
0.1 - 1.5
20 - 95
10 - 80

10"" - 102

<10~5 - 10
O - >1

10~6 - 1

10" 9 - 10" "

>0.1 (upper limit)
>0.1 (upper limit)

0.01 - 2
O - CO

1 - A (?)

~ 80
10 - 12

1.5
1 - 2
~ 2

5. COMET NUCLEUS REGOLITH MODEL

The concept of a nucleus regolith model for the
ROSETTA mission is based on a fundamental
prerequisite that may be described as the "worst
case heterogeneity scenario". In this scenario it is
assumed that the comet nucleus displays

(1) a fractal structure with texturally and
compositionally differing subunits at all scale
lengths

(2) a layered structure subparallel to the surface

In other words, the nucleus and its regolith will be
considered here as a polygenetic, polymict



ROSETTA SAMPLING AND MODELLING 25

geological body which consists Ot pétrographie
subunits formed under variable conditions at
different locations and times, e.g. prior to
accretion and after accretion. This assumption has
been made in all previous global models of cometary
nuclei (Fig. 1).

\\nr.t,-jI model
(Dunn rVid K;ilii>. 1981)

Fig. I-, Comet nucleus models (from Réf. 31)

5.1 Composition, texture and fabric

As for any geological body best estimates for the
ranges of three classes of bulk properties have to
be developed independently of the scale:

(1) The modal composition, i.e. the nature and
volumetric abundance of the constituents

(2) Tne textural properties, i . e . t h e size,
morphology, and intergrowth characteristics of
the constituents and cavities (pore space)

refractory
—«,

dust mantle

(3) The fabric characteristics, i.e. the spatial
distribution and orientacion of the
constituents and the pore space.

These bulk properties determine the chemical
composition and the physical properties which are
therefore no variables to be defined independently.

The term "constituent" is used according to the
following definition.In a pétrographie sense,
constituents of a cometary sample can be homogeneous
grains of variable composition, heterogeneous grains
(e.g. mantled crystals or coherentmultiphase
particles), and aggregates of homogeneous and/or
heterogeneous grains all of which can be considered
as textural subunits formed as such by one
particular process. At a smaller scale, we expect
three kinds of solid phases as building blocks of
the "constituents": ice (including clathrates),
inorganic minerals including carbon, and hydrocarbon
compouncTs.Therefore, constituents of comet samples
containing these phases are classified as follows:

(1) Single monophase grains (crystalline to
amorphous)

(2) Coherent aggregates of one type or different
types of monophase grains

(3) Porous aggregates of either type (1) or type
(2) particles or composites of both

A formalistic attempt to visualize the composition
and texture of the solid cometary constituents is
represented in Table 2 which also includes
information about the possible nature of the
monophase grains. According to these formalities the
comet nucleus or any comet, nucleus subunit (e.g.
regolith) is defined by a particular volume
proportion of "end member" constituents or
components as described above and in Table 2.
Consequently, the comet nucleus or its subunits arc
characterized by the following parameters:

(1) The relative volume proportion of the end
member constituents which includes the ratio of
refractory to volatile material and of organic
to inorganic material

(2) the grain size distribution of the
constituents, and

(3) the structure and porosity of the bulk sample

Estimated ranges of these parameters are given in
Table 1.

cometesimal

drill core

drill core gas-rich zone
'Fig. 2: Highly schematic model of a comet nucleus regolith; the model reflects'
the potential variation of properties which must not occur in their full
complexity at one particular landing 5ite
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Table 2: Model classification, composition and texture of comet nucleus
constituents (from Ref, 38)

Phases
(main
elements)

Ices and
clathrate
hydrates
(H, C, N,
O, S)

Inorganic
minerals
(Si. Mg, Fe,
Ca, Al, O,
S, C)

Hydrocarbon
compounds
(C, H, O, N)

End member constituents

HonoBbase. grains

(1) single crystals
(2) disordered crystals
(3) amorphous grains

H2O, CO, CO2, CH4,
NH3 etc. and clath-
rates containing
these and other
molecules

Anhydrous si I lea tes
(olivine, pyroxene,
feldspar and other
Ca-Mg-Fe-si I icates)
Hydrated silicates
(serpentine, :,moct ite.
kaohnite, talc.
tremolite etc. )
Oxides (Spinel,
perovskite, magnetite
etc.)
Carbides (SiC,
(Fe-Ni)xC)
Su) fides (FeS,
pentlandite, etc.)
Sulfates, carbonates.
phosphates, and hydro-
xides of Mg. Ca, Fe
Metals (Fe-Ni, noble
metals, Ti etc.)
Carbon (graphite.
amorphous carbon)

simple hydrocarbons
polycyclic hetero-
aromatics etc.

Co-necent aggregates

(1) mantled monophase grains
(2) polycrystalllne grams

(with crystals and
amorphous grains)

polycrystalline
ices and
cJatnrates

XX-MbO

%J£F

polycrystalllne
"rock-1 ike"
part ides
containing
more than
one type of
inorganic
minerals (or
disordered
or amorphous
minerals)

?̂ŜĈ j&&§&
§SH?si/XgS?̂

coatings on
other mono-
phase grains
matrix "cement"
irregular
bodies (?)

M
(̂ feKY/

(a) grains
containing
ices and
Inorganic
minerals

(b) grains
containing
inorganic
minerals
and hydro-
carbons

(c) grains with
a 1 1 types of
volat i Ic and
refractory
phases

J3*TJ_

W

Porous aggregates

(1) aggregates of monophase
or multiphase grains

(2) aggregates of composite
mono- and multiphase grains

fluffy
"snow"

j&èç^W

fluffy
dust
aggregates

Sr̂

fluffy
carbonaceous
aggregates

porous
aggregates
of all
types of
mono-
and
multiphase
grains

ices %p <£3> inorganic minerals CZ> hydrocarbons (+O t̂ ̂J

The model parameters discussed so far which deal
with scale lengths ranging below the submicroscopic
level translate into a macroscopic regolith model
which is depicted in FIg^2. At this scale the
nucleus regolith csm be considered as a mixture of 4
major textural components. These components have a
certain matrix-inclusion-relationship typical of
polymict rocks with finer grained components forming
the matrix and coarser grained components
representing inclusions (Fig. 3).

It is important to note that this model does not
exclude the presence of inclusions and cavities
larger than the dimensions of the samplingand
anchoring tools or of the footpads of the lander
(Fig. 2, Table 1) nor does it exclude the existence

of non-cohesive, fluffy material with lateral and
vertical dimensions larger than those of the
spacecraft or the penetration depth of the anchoring
system. On the other hand, the model also implies
that on a given comet nucleus regions of sufficient
lateral and vertical extent exist where the
compressive and tensile strength parameters and the
size of "hard" inclusions (rock-like bodies and
solid, low porosity ice) are compatible with the
requirements for landing and anchoring. With regard
to the design of drilling, drive tube, or harpoon
sampling devices, it should be pointed out that
rock-like bodies are expected to be of moderate
strength (e.g. like those of primitive carbonaceous
chondrites) and that the presence of igneous or
metamorphic crystalline rocks with very high
compressive strength can be excluded.
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I «inclusions' Table 3: Proposed components of cometary analogue
material for the test programme of ROSETTA
spacecraft and sample acquisition systems

Fig, 3: Main textural components of the comet
nucleus regolith model

5.2 Surface characteristics

As shown in the previous section the exact
composition and mechanical properties of the surface
material on a comet nucleus is unknown. The possible
range of surface properties has been reviewed in
some detail by Wood (Réf. 36). In principle, the
resolution of the remote sensing data of comet
nuclei is insufficient and leaves us with the task
to extrapolate observational data under the
constraints of theoretical models. The arguments for
these extrapolations and the related literature
references have been presented by Wood (Réf. 36) and
by Colangeli et al. (Réf. 39) and shall not be
repeated here. Based on these reviews the ROSETTA
Science Working Group has drawn a number of
conclusions which are relevant for the ROSETTA
mission planning. They can be summarized as follows:

(1) Although the large scale relief is expected to
be in the order of several hundred meters over
a lateral distance of several kilometers (Réf.
40) it appears justified to assume that surface
regions with a local roughness below about
0.25 m exist on a lateral scale of tens of
meters.

(2) Surface areas extended over tens or hundreds of
meters where frozen volatiles are exposed, are
expected to exist. Likewise areas of similar
size where the dust mantle is less than about 1
m thick (sampling depth!) should be present.

(3) Rock-like surface boulders of moderate
strength larger than some tens of centimeters
are not to be excluded.

6. NUCLEUS MODEL SAMPLES FOR TESTS OF THE ROSETTA
SAMPLE ACQUISITION AND ANCHORING SYSTEMS

The credibility of the mission planning demands the
performance of a test programme for several critical
components of the spacecraft lander and the sampling
instrumentation. These components must be tested in
cometary analogue material whose properties cover
the full range of material properties proposed for a
comet nucleus regolith in chapter 5.

The properties of cometary analogue material must be
variable with respect to the following parameters:

(1) phase composition
(2) density and porosity
(3) grain size or constituents
(4) cohesiveness or material strength.

Proposals for analogue materials have been made
(Refs. 16, 17, 38, Al). Sublimation experiments
(Réf. 15) and measurements of the compressive
strength (Réf. 42) have been made in such materials.

It is proposed that test samples should consist of
the following "end-member" - components and of
mixtures of taese:

(1) inorganic minerals (dust)
(2) refractory carbonaceous matter
(3) frozen volatiles (ices)
(4) rock-like mineral aggregates

Specific minerals, compounds, volatiles and rocks as
best representatives of these 4 components are listed

Material class

Inorganic minerals
(silicates)

Refractory carbonaceous
material

Rock material of
moderate strength

Frozen volatiles

Components

Olivine
Pyroxene

Montmorillonite
Kaolinite

Carbon (soot, graphite)
Kerogen
Asphalt

Vitrinite (coal)

Volcanic tuff, consolidated,
SiO2 -poor

H2O
CO2
NH

in Table 3. The basic types of samples suggested for
the test programme are summarized in Table 4. Since
very large quantities of cometary analogue material
are needed for the test programme, materials which
are easily available in large quantities, must be
used. This imposes also restrictions to the grain
size of the inorganic minerals. Grain sizes lower
than those of natural clay minerals are
unreasonable. Also for olivine, dust with a grain
size distinctly below 1 pm is very difficult to
produce in large amounts. Therefore, median grain
sizes in the 4-10 ym size range must be accepted. To
simulate rock inclusions in the nucleus mechanically
aggregated terrestrial rocks of moderate strength

Table 4: Proposed types and compositions of cometary
analogue materials for the test programme
of ROSETTA spacecraft and sample acquisi-
tion systems

Sample type Composition

Natural ice
Natural snow
Natural firn

Artificial snow
Artificial ice

Non-cohesive inorganic
minerals

Volcanic tuff
(moderate strength and
10 - 25Z porosity)

Refactory hydrocarbons

H2O
H*0
H2O

H?0
H2O + CO2

H2O + CO2 + NH3

olivine (dust or sand)

"basaltic"

asphalt
; solid and particulate)

Porous ice-dust-rock
mixtures

olivine + pyroxene +
sheet silicates +

carbon + asphalt +

Non-porous ice-dust mixtures

snow (H2O, H7O + CO2)
+ tuff

as above

such as volcanic tuff (preferably non-acidic and
therefore quartz-free) is proposed. The variation of
the porosity ind density of the test samples can be
easily monitored by changing the mass ratio of dust
or rock to ice, the fluffiness of the ice, and the
degree of compaction in the case of non-cohesive
starting material. The proposed ranges for these
parameters are given in Table 5.
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Table 5s Proposed porosity, densit;- and grain size characteristics of
artificial coraetary analogue material listed in Table 4 and proposed
temperatures for testing

Material

Porous ice-dust-rock-
roixture

Non-porous ice-dust-rock
mixtures

Non-cohesive inorganic
minerals

Porosity
Z

10! 25;
50; 75 (?)

<10

-. 35-AO

Density
(g/cm3)

O. It; 0.6;
0.8; 0.9

0.9 to 2.0

1.9 - 2.1

Grain size of components

inorganic minerals;
<60 pm (median: 5-lfi
tuff fragments; 1-li

Ii m)
cm

as a bo ve

60 - 125 urn

Proposed temperature for testing:

(1) ca. -AO0C (233 K)
(2) ca. - 140 C (133 K) or below if required (>80 K)

The mass production of test materials requires a
cost-effective preparation method which excludes the
use of amorphous ice and the production of ice from
the gas phase. Therefore, the preparation of dust-
water suspensions from which porous, non-cohesive
ice-dust mictures can be obtained by spraying the
suspension into liquid nitrogen (Refs. 16, 41) is an
acceptable method. An improved device of this type
as used at the Institute of Planetology, Munster, is
shown in Fig. 4 (Réf. 43).

REFERENCES

Fig. 4: Apparatus for the production of artificial
snow-dust mixtures as comet nucleus analogue
materials (from Réf. 43)

Finally, the temperature and pressure range at which
the tests of sampling and anchoring systems should
be performed, must be specified. Conventional cold
rooms operate at temperatures as low as 233 K. First
simplified tests should be performed under these
conditions at atmospheric pressure. More
sophisticated tests should be run under "cometary"
conditions in evacuated space simulators at
temperatures in the range of liquid nitrogen (~80 K)
and above, e.g. at 130 K (Table 5).
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DESIGN AND DEVELOPMENT ACTIVITIES ON THE CANDIDATE SAMPLE ACQUISITION
SYSTEM FOR THE ROSETTA MISSION

*C Gerli & **P Vielmo

*Tecnospazio S.p.A. Milan

ABSTRACT

The Rosetta mission foresees the landing and
anchoring uf a spacecraft on the comet nucleus

surface and the collection of three types of

samples by means of a dedicated "Sample Acquisition

System":
- a core sample gathered from surface down to a

depth of 1 to 3 meter

- a volatile sample, collected at the bottom of

core sample hole

- a surface material sample, gathered from one or

more locations on the surface.

The paper illustrates the main results obtained by

Tecnospazio and Tecnomare in the assessment and

design of a flexible concept of SAS to cope with

demanding mission targets.

In particular, the main design features of the

proposed SAS and sampling tool concepts are

described and impact of mission requirements on
system deal with. The guidelines for a development

activity identified.
A development effort (integrated and supported by

extensive simulation and development testing) is

foreseen in the critical areas of:

- robotic structure elements for handling tools
- corer tool and relevant drive devices

- anchoring system.

The program of future activities is briefly

described.

1. MISSION SAMPLING REQUIREMENTS

The scope of the Rosetta (Comet Nucleus Sampling
and Return - CNSR) mission is to bring to Earth a

number of sample materials such as to identify the

chemical, physical and morphologic properties of a,

relatively, "fresh" comet nucleus. The objective is

to give answer to a number of important scientific
questions on the origin and evolution of matter in

the Solar System.

The expected comet nucleus structure and

composition, together with the information to be
acquired, identify the typology and requirements

**Tecnomare S.p.A. Venice, Italy

for the samples to be achieved and brought back to

Earth for analysis.

The model of comet nucleus material assumed as base
line for the design of the Sample Acquisition

System is mode of an aggregation of siliceous

and/or calcareous dust with ices (mainly water

ice). Such material, because of solar irradiation
during perielion orbital phases, is assumed to have

sustained a differentiation process because of

possible chemical reactions and of sublimation and

diffusion of volatile chemical species both inward,

into comet nucleus, and outward, in surrounding

space. Such process bringing to a layering of

nucleus material properties and characteristics in

a region close to the surface. Upper layers close

to surface are expected to be poor in the chemical

volatile species while under laying materials are
expected to be composed of the nucleus pristine

material, possibly enriched by condensed volatile

phases coming from previous process.

Porosity is assumed to be high and mechanical
properties are expected to vary in a very wide

range of values; the possibility of having not

cohesive (loose) material is included, together

with the possibility of having inclusions of

"harder" materials, in the form of layers or
irregular masses of various sizes ("pebble" or

"boulder" like), in a generally uniform matrix. The

correlation of the possible physical and

mechanical properties of nucleus upper layers has

been identified on the base of possible cometary

evolution models; the scenario conditions depicted
in Fig. 1 as related to minimum, average and

maximum mechanical properties and layering

thickness have been derived and assumed as base

cases for SAS design.
The morphology of comet surface is potentially very

complex: escarpments, cracks, loose materials of

various sizes (from dust to large boulder) may be

expected, giving cospicuous problems of interaction

with S/C and SAS.

The scientific targets of the mission foresee the

acquisition of samples being representative of both

the material having been subject to modification

process and, in particular, of the materials and
cht-mical species in regions, below nucleus surface.

Proc. of an International Workshop on Physics and Mechanics of Cometary Materials, Miinster, FRG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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which have not been subject to any (if possible)

modification from the very formation into comet

nucleus body. The samples tu be acquired have

therefore been defined in three types:

• A surface sample. To be gathered (or scratched)

from nucleus surface at a small depth below

surface, representative of material resulting from

irradiation related process.

A core sample. To be gathered, as much as
possible, in a nut disturbed condition and at a

minimum depth of 1 m (goal target is 3 m). Such

sample is to be made of more sections with lenght

in compliance with limitations due to space

available in the Return Capsule (typically 0.75 m),

. A volatile sample. To be gathered on the bottom

of the hole made for collecting core samples; loss

of achieved volatile materials has to be avoided

during sampling process.

In Fig. 2 a table summarizing the minimum-maximum

required characteristics of samples is given.

Among the requirements for sample acquisition the

following, having heavy impact on SAS design, are
high Lighted:

Core samples have to be achieved preserving

information on the =^ratigraphy of layers with

depth.

Core samples must not be polluted with

eterogeneous chemical species or with materials

coming from different layers of the same comet

nuc leus.

. Core and volatile samples must not be subject to

substantial heating in order not to change material

physical structure or cause volatile species Loss

(a max temperature increase of 5° k is allowed

during sampling).

. Core samples must preserve, at least in inner

part, the original physical structure, therefore
must not be subject to mechanical stresses such as

to destroy it.

The possibility of satisfying such requirement may

rely only in a main mission operational mode which

foresees the landing of the S/C on comet nucleus

surface and the deployment and activation of SAS

from a fixed location.

Moreover mission general and special requirements

(related to S/C limitations) pose further

constraints on SAS design; the most important are:

The microgravity environment, which requires

means for assuring the landing position keeping

during the sampling phases. On the other way

techniques and procedures for reducing reaction

forces due to sample cutting process must be

exploited.

Mass, size and power consumption limitations

given by overall mission relevant budget.

. The operating temperatures giving limitation to

materials employable and posing problems for

mechanism design.

2. SAS DESIGN PREMISES

The study and conceptual design of a SAS capable of

satisfying the upper boundary of sample

characteristics and mission targets has been made.

Taking into account the uncertainties in the comet

nucleus characteristics and morphology, and on the

base of a trade-off between a number of possible

system concepts the following guidelines and design

premises have been identified and assumed:

- Core samples

. A rotary drilling technique is foreseen for core

cutting, because of intrinsic simplicity and

suitability to manage all kinds of materials and

material structures without major perturbations

into core sample.

. Core samples are not retrieved from the sampling

tool in which they have been gathered, and are

stored in Return Capsule into the same.

. Individual tools are foreseen for gathering core

samples of the required section lenght: each core

sample tool is, therefore, provided with a device

for cutting the bottom of the sample after the

cutting of its sides.

Such device has to close as much as possible the

tool bottom end, not to loose material, and must be

such as to minimize the loss of information on

nucleus stratigraphy,

. Means for confining/sustaining the sides of the

hole being cut (guide tubes) are to be provided in

the case of core sampling to the maximum target

depth (3 m); the purpose is to preserve a "clean"

hole for entering of the subsequent corer tools

(and volatile sample tool) without having mixing of

materials of different layers, in case of not

cohesive (loose) material or because of possible

hole wall instability caused by sampling action, by

stresses induced by anchoring devices or landing

pads. In such case a mechanical connection between

SAS-S/C and top of said guide tube set-up must be

provided in order to assure the proper

geometrical/mechanical reference between S/C and

sampling hole also in presence of possible

displacements of S/C itself with respect to comet

nucleus surface; such mechanical connection may

have also the scope of avoiding the pulling-in/off

of guide tubes while driving or retrieving the

sampling tools (e.g. because of the effect of

friction and poor anchoring of guide tube itself

into comet nucleus material).

. The minimum number of active functions must be

provided in SAS in order not to compromise

unnecessarily the achievable system realiability:

the basic selected approach foresees that most of

the active functions provided for sample gathering

be used also for sample handling and positioning

into storage depot in Return Capsule.

. The sample temperature, during cutting process,

has to be monitored, as well as the proper

achievement of sample lenght (level of filling of

sampling tool).

- Volatile sample

Volatile sample is to be sealed, after being
gathered, in a pressure tight housing capable of

avoiding significative loss of the volatile species

in the gathered material at least for the time, and

during the operations, needed for storing the
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sample (with its sealing housing) into a dedicated,

pressure tight compartment in Return Capsule.

- Surface sample

Surface sample tool/s have to gather both

cohesive and loose materials of various sizes; two

different tool concepts for carrying out the

different type of operations are foreseen (to be
selected accordingly to the real, identified,

operating scenario).

3. SAS SYSTEM ARCHITECTURE

The selected SAS architecture, aimed at achieving

the goal (maximum) mission targets, is based on a
properly designed Robotic Arm which, having a

special tool handling device at its end and by

means of its kinematic arrangement, may grasp all

the types of sampling tools, position the same in

the sampling area, may operate them and may,

successively, retrieve and store them in the Return
Capsule. The tool handling device, at the end of

the Arm, is capable of extending the tools up to

the required depth into comet nucleus by means of a

telescopic boom and to operate them by means of a

dedicated interface mechanism. A description of the

system is given in Fig. 3 where the main subsystems
are identified; these are:

. Robotic Arm (RA): is a tubular torsionally and

flexurally stiff articulated structure having four

actively and accurately controller joints. The RA
is connected with the Boom by means of a passive

compliance joint.
. Extendable Boom (EB): is a device capable of

extending axially for a maximum of about 3.6 m the

tool interface mechanism; it is based on a suitable

modification of the Extendable and Retractable Mast
(ERM) concept. A design having three telescopic

sections is preliminarly proposed.

. Tool Drive Mechanisms (TDM): is composed of a

rotating head, driven through a reduction gear by a

brushless DC motor, integrated with a latching
mechanism capable of connect ing/activating/re-

leasing the tool components in the required

sequence. It is fixed at the end of the EB by means

of a strain gauge compact unit capable of

monitoring force moments (torsional and flexural)
at the Tool/TDM interface.

. Stiffner Arm (SA); is a simple two degrees of

freedom arm with passive articulated joints; it may

move in an horizontal plane, having a simplified

kinematic arrangement similar to RA, by which it
may be grasped and displaced. SA joints are

provided with brakes to constrain its geometry

as/when needed. Accurate angular sensors monitor

its position. At the end of the arm a fork grabber

device is provided to engage with the top of guide
tube set-up.

. Tool Depot (TD): all the sampling tools are

stored in a dedicated depot where are properly

positioned to be easily grasped by the TDM, which
can be displaced by the EB and RA arrangement.

Tools are individually kept in position by

latching mechanisms which assure tool fastening

during mission phases requiring it.

4. SAMPLING TOOL DESIGN

All sampling tools are provided with a standard

interface to be grasped by the TDM.

- Corer tools. Four units 0.75 m long are provided

(plus a spare unit). Each unit (see Fig. 4) is

composed of an outer Guide Tube (GT) of a Torque

Tube (TT), bearing the cutting bits at its tip, and
of an inner rube for housing the sample (Sample
Housing Tube: SHT). The TT supports the bearings of

the Shutter Device (SD) which is made of two

opposite sets of emispherical hinged shutters

having a dented lower edge for cutting action (see

Fig. 5); such shutters may be activated to close by
a locking and drive mechanism which connect the

same to the SHT by means of a linkage: axial

(upward) displacement of the SHT may, sequentially,

release the shutters and drive the same in a
"close" position with a controlled force/displace-

ment; the cutting action during shutter closing is

given by the TT rotation.

The GT and the SHT during sampling phases are not

put in rotation in order not to waste power because

of friction of outer tube against the hole walls
and not to disturb the sample respectively (with

inner side of SHT).

The corer tool sections have outer overall

diameters which are slighly progressively
decreasing from one unit to the other, in order to

allow the entering of a tool section in the hole

provided by the GT of the previously driven units.

The cutter bit arrangement is made of three

separate light weight units bolted at the TT lower

conical inlet.

Two types of bit design have been considered (Fig.

6):

. a conventional design with radial cutter wedge

(design typical for ice corers)
. a bit design with helicoidal cutter wedges. Such

design is considered capable of developing a

downward reaction on tool, reducing the maximum

load on anchoring system.
. The TDM interface foresees the following

funct ions :

- Independent latching of the various parts (tubes)

of the tool

- Rotation of TT for ths drilling/cutting process

- Axial displacement od SHT for activation of

bottom shutter

- Sequential release of the tube latching

- Connection with tool instrumentation.

- Shovelling tools. Because of the uncertainties on

comet nucleus characteristics and morphology two

different types of shovelling tools are to be
provided.

. A grabber type unit (Fig. T). Having a grabber at
its lower end, which may be activated by the main

functions provided in the TDM; the rotary function
of this mechanism is used to drive, through a

coupling gear and an screw-nut arrangement, the

grabber mechanism. The grabber mechanism may, by

means of its kinematic arrangement, push the

gathered sample material into a cylindrical storage

housing integral with the tool.

Such tool type is considered suitable for gathering

loose material such as dust, refractory material
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and ice tumps, pebble size crust material or to

scratch scarcely cohesive surface materials.

. A corer type tool. Provided for surface sample

cutting in case of cohesive materials of medium to

high strenght (in the range of foreseen figures).

Such tool is based on the rotary cutting concept

and has hinged cutting blades such as to scatch

comet crust and to convey the gathered material to

a storage housing tube, where the same is packed

because of the action of the hinged cutters (see

Fig. 8).

- Volatile sample tool. The same concept proposed

for core sample gathering is considered (Fig. 9);

the tool, having a smaller diameter, is operated in

a similar way and by the same basic functions by

the TDM. A single bottom shutter device is provided

in order to allow a pressure tight closure of SHT:

a raetal-to-metal sealing is provided, having an

actively driven forcing of the sharp edge of SHT

against a ductile material coating on inward face

of bottom shutter. The sealing is required to

operate, as already mentioned, only for the time

lag in which the tool (with sample) is lifted from

hole bottom and positioned into the dedicated

canister in Return Capsule. Because of vacum

environment and antipicated porosity of nucleus

materials the only expected phenomena such as to

cause volatile species sublimation are related to

specimen overheating; detailed procedures for

minimizing tool (and sample) heating will be

foreseen (e.g. volatile sample recovery and storage

during cometary "night").

5. ANCHORING SYSTEM

The possibility of keeping the S/C landing position

even in presence of forces acting on and directed

toward the S/C (due to SAS and comet nucleus
interaction) is assured by means of an actively

controlled Anchoring System (AS). Such system is

based on tethered pênetrators which are fired into

comet nucleus and which may deploy, when at full

depth, holding surfaces such as to mobilize the

comet nucleus material mechanical resistance.

Since the characteristics of comet nucleus are not

adequately defined and its is not possible to

design a single holding tool (anchor) which may

properly operate in the extreme possible ranges of

mechanical properties, two different anchoring

devices are foreseen (Fig. 10):

an "harpoon" like unit: intended for use in

medium/high compression strenght materials;

. a hollow tube unit: for use in "soft" to "very

soft" materials.

The possibility of integrating the two units in a

single device is to be analyzed in detail.

The basic layout for anchoring system foresees

three units placed at the S/C landing pads. An

alternative layout solution, to be investigated,

foresees a single (redundant) system placed in a

baricentric S/C location: the latter solution

assuring a better' overall anchoring operation

reliability.

The anchoring devices may be driven, when S/C is

onto the landing site or over ing closely above it,

by means of pyrotechnical units operating with the

principle of the reaction mass.

The recovery and tensioning of the anchor tether

allow the exploitation of due constraint forces.

Proper dowels or skirt/fence arrangements at

landing pads are proposed to cenerate the required

constraint shear forces.

6. SAS ARCHITECTURE FOR SIMPLIFIED

MISSION REQUIREMENTS

The SAS Design complexity required for achieving

the mission maximum target, is such as to require

development of new type of mechanisms and to

involve very high development costs.

It has been decided, therefore, to analyze the

impact on SAS design and development program, of a

reduction of mission requirements (still meeting

minimum targets), mainly for what concerns the

depth of core sampling and the relevant degreee of

disturbance of samples.

In Fig. 11 a comparison between three main possible

core sampling scenarios is proposed ranging from

maximum, to minimum required depth.

In such case the system simplifications are related

to the following main downgraded requirements:

. achievement of only one or two core samples up to

a max depth of 1.00-1.5 m

possibility of accepting the risk of a

partial/major pollution of second core sample with

debris from upper nucleus layers

. possibility of mixing refractory materials from

upper layers in volatile sample.

The above requirements allow for the avoidance of
the need of GT to be left in sampling hole and,

therefore, of the SA and of the related interface

and latching devices in TDM.

A possible simplified architecture for a SAS
capable of performing reduced depth sampling is

given as an example in Fig. 12.

Such system, preliminary identified, is therefore

made of a robotic arm which, as in previous case,
may handle a TDM. This may be supported at the end

of a fixed tubular extension provided to reach the

required depth into hole. The extensible boom may

not be required because of small sampling depth and

because of the possibility of generating proper

linear tool trajectoris by correlated actuation of

various arm joints.

The purpose of the presently ongoing activity is to

define the candidate SAS configuration and

conceptual design on the base of accepted detailed

requirements for sampling process.

7. FUTURE DEVELOPMENT ACTIVITIES

In order to acquire a good level of confidence in

the selected design, a development and testing

activity is mandatory.
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On (his purpose, the most critical components will

have tu be manufactured and Lasted at functional

level in order to verify the design and gain

confidence on the most uncertain processes. In
particular} the most critical design requirements

are the following:

- capability to cope with a large range of comet

soil characteristics;
- necessity to guarantee the minimum degradation of
the collected material during sampling;

- necessity to cope with microgravity conditions

and low opérâtional teroepratures.

The SAS main components to be considered for this
verification, and therefore to be manufactured and

tested are presently considered the following:

- the corer tool (including tubes, chip removal

devices, drill bit, bottom cutter and closure

machanism);

- the (corer) Tool Drive Mechanism;

- the anchoring mechanism (at least the anchor tip

that has to penetrate the comet soil and to

guarantee the anchoring action);

- the harpoon (without the launching devices);

- the shovelling tool/s;

active elements of Robotic Arm as required to

demonstrate tool handling process.

Therefore, in the next development activity, two
phases are foreseen:

PHASE 1 (8 months) that will include the

completion of the SAS system design, the test plan

definition and design of the test equipment;

. PHASE 2 (16 months) that will be devoted to test

equipment manufacturing, SAS components manu-

facturing, test and verification.
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COMETS - DIRTY SNOWBALLS OR ICY DIRTBALLS ?

H U Keller

MPI, Katlenburg-Lindau, FRG

ABSTRACT

The observations of comet Halley show that the non-
volatile (dust) component of the cometary nucleus has
become more dominant if compared to the perception
based on the icy conglomerate nucleus. The in situ
observations on the Giotto spacecraft revealed an
excess of large dust particles that dominate the mass
distribution. Even larger particles were derived from
the attitude changes of the spacecraft bridging the gap
to the cloud of particles observed by radar techniques.
A dust to gas ratio larger than one was derived for
comet Halley. The importance of dust for the structure
of the nucleus is corroborated by the amount of
particles and their lifetime in meteor streams. Fire-
balls show that large (metre size) objects separate
from the nucleus and are stable enough to survive
hundreds of orbital periods. From the various line" of
evidence it is concluded that the structure of cometary
nuclei is determined by the non-volatile component
rather than by ice or snow. Laboratory models based
on icy agglomerations do not seem realistic as nucleus
analogues.

Key words: Comets, cometary nuclei, models of comet-
ary nuclei, laboratory simulation, dust to gas ratio

1. INTRODUCTION

The ease with which the dust component could be
observed in comets led to detailed investigation and
modelling before gas molecules in the coma had been
even detected (Réf. 1). It seemed natural to suppose
that dust was the major component of comets and the
sandbank model (Réf. 2) described comets as an
agglomeration of dust particles. Analyses of spectra
showed that observed gas radicals could not be stored
but required comparatively stable parent molecules
(Réf. 3) as precursors. However, it was not possible to
store the large required quantities of parent molecules
by adsorption on the surface of the dust particles that
were derived from quantitative analyses of cometary
dust tails (Réf. 4) and by the detection of hydrogen as
dissociation product of the major molecule, H2O (Réf.
5).

The model of a solid nucleus described by Whipple
(Réf. 6, 7) could explain the observed non-gravitational
forces. A large or even major portion of the nucleus
had to be made from ice to yield enough "fuel" for the
jet action. The modeJ of the dirty snowball was

created. Snow (ices) of volatiles (H2O) and highly
volatile compounds (CO, CH4) were sprinkled with
impurities of dust grains as witnessed by the observed
meteoritic material ranging from micron sizes to
boulders. Silicates were the dominant chemical compo-
nent of the dust.

The picture of a small cometary nucleus of almost
uniform activity from èin icy (H2O) surface was widely
used (take for example the assumption of a fast
rotator with a constant average surface temperature
(Réf. 8)). This appeared realistic for active (in particu-
lar new) comets, although it was recognized that old
short period comets would have nuclei that were
partly covered by remnant dust particles (Réf. 9). A
crust on the surface was discussed in connection of
enhanced activity of new incoming comets that could
be covered by an outer layer saturated with volatiles
created by the bombardment of cosmic rays (Réf. 10).

This description of the nucleus outlined above led to
estimates of the size of the nucleus of comet Halley.
A radius of 3 km and a dust to gas ratio by mass of
0.3 were anticipated (lief. 11). The observations of
comet Halley have changed our picture of cometary
nuclei. We now describe some consequences of these
observations.

2. THE DUST TO GAS MASS RATIO

Dust particles in the size range 0.1 - 100 p.m scatter
visible radiation effectively and are readily observable
remotely. While the small grains do not substantially
contribute to the total mass of dust, grains larger than
100 ]um could dominate if the distribution of sizes to
the larger end was not cut off sharply. In some
exceptional cases (anomalous tail) it was possible to
collect information on larger particles up to the size of
millimetres (Réf. 12, 13). The derived estimates of the
total mass of dust were somewhat uncertain before
1986 because the scattering properties of the dust
grains were not well known. Combining the visible
observations with the observed infrared emission from
the dust gives a handle on the dust size distribution,
its scattering properties and its total mass (Réf. 14,
15). But most estimates of the total amount of dust
still yielded mass ratios for the dust to gas of < 0.3.

The in situ observations during the fly-bys of comet
Halley did not yield straightforward determinations of
the dust to gas ratio either. Integrating all the small
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dust particles observed by the PIA and DID experi-
ments on board Giotto with a mass < 10'" kg and
assuming a uniform emission over the sunward
hemisphere yields a dust to gas ratio of only 1 : 60
(Réf. 16). Only a few percent of the total mass of dust
was comprised by the small particles for which good
measurements with appropriate statistics were achiev-
ed. The cumulative mass index, a, seemed to vary
with the dust mass intervals considered (and with
location). For relatively small grains (m > 4-10'13 kg)
a is close to the predicted value of 0.9 (Réf. 11,
corrected from surface to in situ density distribution).
Larger grains and dust not connected to jets showed
an index around 0.7. The total dust fluence was
derived by the Giotto radio experiment measuring the
deceleration of the spacecraft. The total mass encoun-
tered was initially found to be ~ 1.5 g (Réf. 17).
However, the applied downward correction assuming
an enhancement factor of 5, which describes the
sputtering and the mechanics of the impacts and
reduces the amount of dust required to yield the same
deceleration, is erroneous. For the big particles that
penetrated the Giotto dust shield, this enhancement
can only be a little larger than 1.

Recent evaluation of the spacecraft attitude changes
measured by the Halley Multicolour Camera (HMC)
(Réf. 18) showed that these changes were caused by
discrete impacts of relatively large dust particles
(m > 10'B kg). Circumstantial arguments were given
that most of the spacecraft deceleration and the
massive change of attitude during the "blackout" time
around closest approach ware also caused by individual
impacts rather than by a cloud (jet) of small particles.
The total mass of 1.5 g derived from the radio experi-
ment does not ?eem to be unrealistic. The HMC
measurements confirmed that the cumulative mass
index decreased for large particle masses (m > 10" kg,
see Fig. 1) and therefore the large dust grains domi-
nate the total mass of non-volatiles released from the
nucleus. Integrating and extrapolating to decimetre
(kilogramme) size particles yields amounts of dust
that are comparable or larger than the gas production
(Réf. 18, 19). By including particles up to 105 kg a
dust to gas mass ratio of 1.3 can be derived and
further extrapolation to the "lift off" limit (as might be
inferred from HMC observations) indicates a ratio of
3 (Réf. 20). The observations on board the Vega
spacecraft (Réf. 21, 22) were limited to particles with
m < 10"13 kg and showed within this range general
agreement with the measurements discussed above.

The existence of large dust particles in the vicinity of
the nucleus of comet Halley was also inferred from
radar observations (Réf. 23) and so further supporting
the extrapolation to decimetre sized particles. A dust
to gas ratio greater than 1 is very probable.

There is more circumstantial evidence to support this
conclusion.

3. METEOROIDS

Schiaparelli first described thr connection between
meteor showers and comets more than 100 years ago.
Estimates of the mass of the dust particles distributed
in the orbital planes of comets often reveal high
figures. In the case of comet Halley the mass in the
corresponding meteor streams was estimated to about
5 times the present mass of the nucleus (Réf. 24). The
lifetime of the streams and therefore of the particles
as derived from their orbital dispersion is 2000 to

cumulative dust, Jn tne Hailey coma

I
a

a

-10
-20 -15 -10 -5

log mass f kg ]

Figure 1, Dust cumulative flux (number of particles of mass
> m impacting the spacecraft per m2 per second) measured
in the coma of comet If alley by PIA and DID during the
last 2 minutes before closest approach Réf. 19. Note that the
detection responses of both experiments have recently been
revised. These in situ measurements are depicted by the
solid line and extrapolated to larger masses. Both of the
derived HMC data points confirm the extrapolation to higher
masses over two orders of magnitude. The dotted line repre-
sents a pre-encounter model without the observed excess of
large masses (Réf. 11). The figure is taken from Réf. 18.

3000 periods. This demonstrates that the non-volatile
component constitutes a major part of the nuclei. Solid
particles were released already in the early stages of
the cometary evolution in large quantities. Observa-
tions of new near parabolic comets often reveal strong
dust comae and long dust tails (e.g. comets Kohoutek
and West).

3.1 Fireballs

Meteorites can be big but still have rather low density
(0.2 - 0.6 Mgm") and tensile strength (= 102 Pa).
These fireballs range from lO'4 to 1 Mg in mass (Réf.
25) and their orbits are related to those of comets. The
existence of the fireballs demonstrates that large
chunks of cometary nuclei can survive many orbits
around the sun. These objects have repeatedly been
heated during their perihelion passages. Their diam-
eters of up to metre size are comparable to or smaller
than the thermal skin depth relevant for their secular
heating averaged over their orbits (Réf. 26). They can
no longer contain major quantities of volatiles such as
water. They probably represent pieces of cometary
nuclei depleted from volatiles and demonstrate that
the nuclear structure is based on the non-volatile
material rather than on the ice. Cometary nuclei do
not simply dissolve into small dust grains when they
are heated up and the (water) ice sublimes.

As far as the chemical composition of these fireballs
can be derived from spectroscopy they show similar-
ities to carbonaceous chondritic material. The observed
CN radical orobably comes from relatively non-volatile
organic material as it is also postulated as compound
of the cometary dust in the coma in order to explain
the observed jet like structures of the CN in the coma
(Réf. 27).
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4. OBSERVATIONS OF THE NUCLEUS
4.1 Activity

The direct observations of the nucleus of comet Halley
(Réf. 28, 29) revealed immediately that this nucleus
did not look like a snowball subliming in sunshine.
One of the most striking features of the images was
the restricted activity of the comet. The inner dust
coma was structured into broad and fine jets (fila-
ments) of less than 1 km in width (Réf. 30). The
strongest activity did not point directly towards the
sun (Fig. 2) although the subsolar point was active.
The immediate conclusion was that the nucleus is
covered by a crust or mantle that is not volatile even
at temperatures of 400 K and more (at perihelion).
The activity was restricted to about 20% of the
illuminated surface during the Giotto fly-by. The
surface had to be much larger than previous estimates
predicted that were essentially based on the minimum
surface size required to produce the observed dust and
gas coma. The restriction of activity to areas of a few
kilometres in diameter (and thus small compared to
the size of the nucleus) provides a simple explanation
of the short lived but still strong variability of comet-
ary activity often observed. The shutdown or breakup
of a major source can change the production of gas
and dust by a factor of two within hours.

Figure 2. 7 images taken by the Halley Multicolour Camera
during the encounter of the ESA Giotto spacecraft on 13
March 1986 were combined. The sun was 29° above the
horizontal on the left and 12° below the image plane. The
strongest somewhat diffuse activity was emitted into the
direction about 60" south of the sun-comet line.

Other short period comets usually show significantly
less activity than comet Halley at similar heliocentric
distances. The derived sizes of the nuclei of comets
such as P/Neujmin 1 (Réf. 31) and P/Arend-Rigaux
(Réf. 32), indicate similar dimensions to comet Halley,
but their activity levels are only a small fraction of
comet Halley's, forcing one to conclude that the areas
of activity are restricted in a similar ratio to < 1% of
the total nucleus surface. A better nomenclature would
be to talk about active spots rather than areas.

One might expect that new comets will also be active
only on parts of their surfaces. Assuming an albedo
similar to that observed for comet Halley (< 4%) and
other comets the size of new comets could be esti-
mated by combining their "nuclear" magnitude at large
heliocentric distances (although this seems to be
difficult to establish because many and in particular
new comets appear to be weakly active even at great
heliocentric distances) with their production rate at
small heliocentric distances. Such a method was
suggested by Réf. 33 but it failed to yield the correct
sizes and albedos of cometary nuclei when applied
without considering tho restriction of activity.

4.2 Surface morphology and topography

The active parts on the surface of the nucleus of
comet Halley could not be discerned from their sur-
roundings by morphology, at least not within the
restrictions of the observations during the fly-bys.
Although the observational geometry with large phase
angle changes down to about 20° was favourable in
the case of the Vega fly-bys no strong variations of the
reflectivity on the surface of the nucleus were ob-
served. Changes of the very low reflectivity (< 0.005
at a phase angle of 107°) in the range of ± 50%
observed by HMC could not be attributed uniquely to
differing activity levels. Most of these small scale
variations (down to less than 1 km) are probably
attributable to topographic variations. A somewhat
brighter region near the limb at the "central depress-
ion" (see, e.g., Réf. 34) seemed to be connected to some
activity. The large phase angle of 107° and the lack of
its variation are of course not favourable for more
definite and detailed conclusions.

An important inference of the direct observations of
the nucleus morphology is that the active areas do not
appear to be different from the rest of the surface.
The spots of activity cannot be covered by the crust or
mantle (layer of regolith-like left over dust particles)
since even thin layers of dust would already inhibit
the activity (Réf. 35). Therefore the active areas are
also very dark like the crust. There is no pure ice
visible. The volatile-depleted crust is composed of the
same matrix material (substrate) as the active areas
except that the active arpas contain more volatiles.
Therefore, as a further inference, the interior of the
nucleus does not differ in appearance from its surface.

The size and shape of the nucleus of comet Halley also
yield information on its physical properties. It has
been mentioned that the size of the nucleus is con-
siderably larger than would be derived from the
minimum value of the nucleus surface required to
support the observed production of gas and dust.
Considering the many cycles of heating and cooling
and the substantial mass loss over its lifetime one can
conclude that large parts of the near surface material
is inactive and depleted from the volatile (water)
component. This conclusion is also supported by the
irregular elongated shape of the nucleus. A snowball
would tend to stay spherical or to become spherical by
subliming more material at its temporary extremities.
This is even the case if non-uniform sublimation
caused by rotation is considered. The direction of the
rotation axis is not well defined within the body
coordinate system during transition from an oblate to
a prolate rotator and will readjust to the minimum
energy level.
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The overall shape derived from the visible cross-section
in combination with the information from the Vega
fly-bys can be approximated by an almost rotationally
symmetric ellipsoid with axes of 7.2 x 7.4 x 15 kma

(Fig. 3). There are at least two major deviations from
this regular shape, visible on the HMC images. The
feature called the "mountain", located almost in the
centre of the visible cross-section (Réf. 36) protrudes
about 500 to 1000 m above the shape of the best fit
ellipsoid so that its peak is illuminated by the sun.
The second major deviation from the ellipsoidal shape
is the so-called "duck tail" at the southwest corner on
the night side of the nucleus. Here the outline of the
nucleus is difficult to discern against the low level
background. This part of the nucleus protrudes about
1500 m above the ellipse in projection (see Fig. 4).
This protrusion may be also visible on the best Vega
2 image (Réf. 37) and is not far away from the
equator if the orientation of the spin axis (Réf. 37, 38)
is correct. The enhanced heating of this exposed
protrusion will have depleted the dust substrate.

NUCLEUS OUTLINE

\

BEST FIT ELLIPSE (MINIMUM Y*)

Figure 3. The limb of the nucleus as seen from HMC is
compared to a best fit ellipse. The long axis is foreshortened,
its actual length being 15 to 16 km (as derived from Vega
images). The error in the limb position at any point is
determined by the resolution of the last images showing that
point and varies from 300 m at the southern (anti-sunward)
corner (the "duck tail") to 60 m at the northern active
region.

The high resolution images give indications that there
is small scale structure in the order of 500 m to 1 km.
Whether this is a remnant from the formation of the
nucleus out of smaller (500-1000 m) subnuclei remains
a subject of speculation. The strongest contrast in the
images is between the "mountain" and its surround-
ings. Variations on the illuminated part of the surface
(about 25% of the visible cross-section) are less pro-
nounced and do not exceed ± 50%. Sharp ridges
greater than 100 m in dimension which provide
surfaces with high inclinations towards the sun (and
shadows on the other side) do not seem to be present.
Even the "crater", a feature extending over a diameter
of 2000 m is less than 200 m deep (Réf. 39). The
nucleus surface seems to be covered by shallow hills
rather than being carved by canons and dotted by
mesas.

Figure 4. The anti-sunward limb of the nucleus comprises
a 10 km long, almost straight, edge which ends at the
sharp, 90°, corner referred to as the "duck tail". The radius
of curvature of the corner is close to the resolution limit
(~ 300 m).

Perhaps one should expect this. If the comet has
orbited the sun several thousand times, as inferred
from the meteor streams (Réf. 40, 41), the present
surface used to be a part of the interior, hundreds or
even thousands of metres below the original surface.
Some of the original surface could have survived if the
present nucleus had formed from a piece of the
original nucleus that was located at the surface from
the very beginning. A rather improbable scenario. The
present crust and the observed organic compounds are
not connected to the primordial crust that supposedly
formed by high energy irradiation during the storage
of the comets in the Oort cloud. Corresponding labora-
tory simulations (c.f., e.g. Réf. 42) are of no relevance
for evolved cometary nuclei such as that of comet
Halley. The relatively smooth appearance indicates
that the cometary interior is homogenous to first order
(in activity and appearance) down to the resolution
limit. This does, of course, not exclude inhomogeneities
in the density of the cometary material such as
regions of compression between two adjacent subnuclei
or gaps in between them.

5. DISCUSSION AND CONCLUSIONS

The more recent interpretations and results (particu-
larly of the Giotto in situ observations) support strong
dust production rates. The mass of the dust is con-
tained in relatively few large dust particles that are
difficult to detect and essentially invisible from ground
with exception of the particles in the very vicinity of
the nucleus. The production rate of these particles
visible to the radar observations is difficult to assess
since some of the particles may be on bound orbits
around the nucleus (Réf. 43). Nevertheless an "excess"
of large dust particles in the production of comet
Halley seems to be established. The interpretations of
the radio and of the in situ dust particle detection
experiments converge and are directly supported by
the measurements of the Halley Multicolour Camera.
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The argument that the presently observed dust to gas
mass ratio may not be representative over the lifetime
of the nucleus and for its interior because there may
be additional dust gathered on the surface is counter-
balanced by the following: the relatively small active
areas cannot be covered by dust or they would not
produce the observed amount of dust and gas. The
dust to gas ratio at the active areas is certainly
smaller than at the inactive areas, the majority of the
nucleus surface.

Indirect arguments based on the chemical composition
of the cometary dust and gas and comparison with the
expected cosmic abundance of some elements argue
for a dust to gas ratio around 1 (Réf. 44).

When compared to the concept prevalent before the
comet Halley investigations it is clear that the import-
ance of the cometary dust component has increased
relative to the gas component.

However, not only the dust to gas ratio needs new
assessment but also tho nomenclature itself. Previously
dust was considered to consist mainly of silicates and
related compounds that are highly refractory. The
detection of a large amount of organic material within
the dust particles by the dust Particulate Impact
Analyzers (Réf. 45, 46) demonstrates that the bound-
ary between gas and dust is no longer pronounced or
even defined. The detection of an extended source for
the CO by the gas mass spectrometer (Réf. 47) and of
jet-like structures in the CN and C2 emissions of the
coma (Réf. 48) show that these organic materials
sublimate in parts once the dust particles are heated
after they havp left the nucleus. This depletion of the
semi-volatile material continues over longer timescales
(in part due to sputtering in the interplanetary
environment) before some of the cometary dust par-
ticles can be collected in the upper atmosphere (Réf.
49). There is a smooth transition from volatile to non-
volatile material. The present comparison between gas
and dust refers to volatiles such as water and more
volatile compounds on one side and non-volatiles
containing semi-volatile materials (less volatile than
water) on the other hand. A substantial quantity of
the light elements is contained in the non-volatile
(organic) compounds rather than in the gas com-
pounds. Even so the dust to gas ratio seems to be
large the amount of light elements is still very high
and cometary material conies close to the abundance
of elements found in the sun (with exceptions of H
and He) (Réf. 50, 51, 52).

The shift to more non-volatile material (compared to
sublimation controlled by water) also requires that the
structure of the nucleus does not consist of snow or
ice but rather of this non-volatile (dust) material. The
observations of comet Halley's nucleus do not support
the concept of a snowball in which dust particles are
imbedded (Réf. 6, 7). The framework (the matrix) of
the nucleus is more likely to be composed of dust (the
non-volatiles). In such a concept, the cavities of the
very fluffy structure are filled with volatiles (water
ice).

In areas with a smaller content of volatiles (and or
less activity) this framework is not broken into pieces
to be carried away by the gas stream. This leads to
the formation of protrusions such as the "duck tail".
How these are then removed from the surface is
difficult to say. The more drastic and stochastic events
may require some build up of energy such as bubbles
filled with volatile gas. The diurnal temperature

variations introduce stress in the depleted crust where
the temperature fluctuations are not buffered by
sublimation. The complex rotation of the nucleus with
a large free precession also causes internal stresses
(Réf. 53). The permanent cyclic forces could lead to a
softening of weak connections within the nucleus and
to enhanced activity and finally to breaking away of
larger parts of the nucleus. All these processes should
be also closely connected to the question of how the
activity of the nucleus can be maintained over so
many periods. The modelling of sublimation from an
icy surface shows that a thin layer of 100 times the
typical grain size suffices to choke the activity (Réf.
35, 54, 55). These models do not nearly explain the
observations of comet Halley's nucleus.

The amorphous phase of water ice at temperatures
below ~ 140 K cannot exist near the surface of evolved
comets such as comet Halley, even if low heat conduc-
tivity for the porous material is assumed (Réf. 56). A
suggested runaway effect in cometary nuclei in regions
where the temperature has been raised on a secular
limescale is much less probable than previously
suggested if the large dust to gas ratio and the non-
volatile matrix structure of the nucleus are taken into
account.

The support of limited activity on a steady level (over
at least the last 30 apparitions in the case of comet
Halley) is not yet understood at all. Short period
comets with their lower levels of activity, are even
more difficult to envisage.

I consider the explanation and understanding of the
physical processes that maintain the activity of the
comets on a secular timescale as a new challenge and
as a crucial question for our understanding of the
nature of comets. Looking for analogues by comparing
cometary nuclei to ices or snows of some sorts in the
laboratory could be misleading. The mechanical
properties of the nucleus are determined more by the
non-volatile material. The semi-volatile component
(glue?) that could change its properties already at
temperatures below the sublimation temperature of
water may also play a role. If the hints derived from
the recent observations of comet Halley are taken
seriously a much more complex substrate of non-
volatiles filled with ice has to be considered for
laboratory simulations. The formation of dust particles
and their coatings in the gas phase cannot be repro-
duced in the laboratory in large quantities of material.
This coagulation process leads to the matrix structure
(substrate) of low density non-volatile material. The
mechanical properties of this material are difficult to
assess but it is of low tensile strength and probably
brittle. The sublimation and erosion of such material
with a large proportion of dust cannot be realistically
investigated under the influence of gravity. Medium
size particles are not removed from the surface due to
gravity (Réf. 57) and choke the sublimation process
immediately. Laboratory investigations will have to
concentrate on the investigations of material constants
and carefully singled out physical processes and their
dependence on the composition and structure of the
material.
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A TEST OF THE INTERSTELLAR DUST MODEL OF COMETS

J M Greenberg & J I Hage

Astrophysics Laboratory, University of Leiden, The Netherlands

ABSTRACT

The interstellar dust model of comets is used as a basis to simultane-
ously satisfy various observational constraints and to derive the porosity
of comet dust. The observational constraints arc : (1) the strengths of
the 3.1 /Am and 9.7 /im emission bands ; (2) I lie shape of the 9.7 /jm band;
(3) the relative amount of silicates to organic materials ; (4) the mass
distribution of (he dust. The method used involves precise calculation
of the temperatures and emission characteristics of porous aggregates of
interstellar dust as a function of their mass, porosity and distance to the
sun and the wavelength. The results indicate a high porosity of comet
dust.

Keywords : coma dust, infrared spectra, interstellar grains.

1 INTRODUCTION

The basic idea of the interstellar dust model of comets by Greenberg
(1982, 1985) is that in the regions of the protosolar nebula where comets
were born the temperature was so low that all components of the dust
were preserved during aggregation into a comet. It has been proposed
by Greenberg (1986) that during the formation of comets, aggregates of
interstellar dust particles are made as illustrated schematically in figure
1. The individual interstellar dust grains contain a core of interstellar
silicate and a mantle of organic refractory material. The aggregates
are expected to have a packing lactor ol KI U.2 (this corresponds to
80% vacuum, or porosity P = 0.8). The tangled structure of these
aggregates, like a bird's nest, is suggested as a possible way to provide
them with rigidity. The aggregates, in turn, coalesce to form much
larger bodies and ultimately comets. When a comet comes close to the
sun, the particles in the coma, which have been lifted from the comet
surface, must initially consist of such fluffy aggregates of various sizes,
with a porosity of about 0.8. The outer icy mantles (predominantly HjO)
evaporate quickly (close enough to the sun) once an individual aggregate
is lifted from the comet and is fully exposed to the solar radiation. After
evaporation of these volatile ices the aggregates consist of sub-micron
particles (m sa 6 x 10" 14j) composed of organic refractory material
and interstellar silicates. The predicted porosity of the coma dust is
P « 0.95.

In this paper we use the interstellar dust model as a basis to quan-
titatively explain ground based infrared observations of the inner coma
of comet Halley around A = 3.4/jm and A = 9.7/jm in terms of the parti-
cle size distributions measured in situ by the Giotto and Vega missions.
At the same time we satisfy the relative amounts of organic and sili-
cate material required by Giotto mass spectroscopy observations (Kissel
and Kruegcr, [1987]). When an earlier attempt was made (Grecnbcrg,
et. al., 1989), it was found that the amount of small particles required
to explain the infrared observations was between one and two orders of
magnitude higher than then believed to exist (McDonnell et. al., 1987).
The present paper uses the results of the improved calibration of the
PIA and DIDSY instruments (McDonnell et. al., Jl989|), VEGA mass
spectrometer data (Mazcts et. al. 1987) and rigorou; calculations of
the temperatures and spectral properties of porous aggregates of inter-
stellar dust to derive infoniiation about the porosity of the coma dust.
The organisation of this paper is as follows. In section 2a formulae are
derived which show the relation between the observed size spectra in
the coma and observations of the thermal emission. Section 21> lists our
choice of observational results. In section 3 and 4 we derive the emission
properties and temperatures of porous aggregates of interstellar dust as
a function of their size, porosity and composition. In section 5 the re-
sults of sections 2, 3 and 4 are used to derive the porosity of the dust
in the coma of comet Halley. Section 6 contains a discussion and our
conclusions.

COMfl

Figure 1. Top: Schematic of an interstellar dust grain, which con-
tains a core of silicates and a mantle of organic refractory material.
Middle: An interstellar grain as it would appear in the prcsolar dust
cloud after accretion of gases on its surface. These grains make up
a comet. Bottom: Schematic of a coma grain as it would appear
according to the interstellar dust model. It would have a porosity
of about 95%.

2 METHOD.

2a Theory

For the purpose of our discussion, we consider the coma of comet
Halley to be a spherically symmetric cloud of gas and dust, in which the
particle density decreases as the inverse square of the distance to the
comet nucleus. We shall assume that the outward flow of dust particles
is directed radially from the nucleus and that the p.irticle mass spectrum
docs not depend on the distance to the nucleus in the inner coma. Let
the Qux (per unit wavelength) observed at earth from the coma, seen
within an aperture defined by a radius Rn at the comet, be denoted
by F(A). Then the total power, IV0 emitted in all directions from the
central spherical region within the aperture is

W" = ;4*A2F(A)
3 (i)

where A is the distance from the Earth to the comet at the time of
observation. The factor 2/3 takes into account to a good approximation
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that the emission as seen from Earth comes from a cylindrical volume
rather than from a sphere.

We define the mass absorption coefficient of a particle, K(A), as

«(A) = (2)

where Cn),, U the cross section for absorption of the particle and M its
mass. The emitted power by a spherical particle at a temperature, T1 is
then given by the product 4irMie(A)B(A, T), where B(A, T) is the Planck
function. In terms of the particles in the observed central spherical part
of the coma, assuming that particles with the same mass are identical,
the total emitted power per unit wavelength, W", is

) f°
Jo

K(A)B(A, 7") Mn(MJdA/ (3)

where n(M)dM is the number of particles of mass M per unit volume
at a distance Rn from the comet, in the mass rang
fit of the observed spectrum must therefore satisfy

ige dM. A theoretical

4srB* = JA2F(A)

for all wavelengths where the thermal emission dominates the reflected
solar radiation.

Basic to this work is the consideration of the emission bands at 3.4
fim and 9,7 fan, which appear clearly above the continuum radiation
from the coma. For either of these bands we define the excess emission
above the continuum, F"", as

F-(A) = F(A) - ) + F ( A 2 ) - f ( A l ) (A - A1)]
A 2 - A i J (5)

Here AI and Aj are the lower and upper wavelenglits of the bands, re-
spectively. If we also define the effective mass absorption coefficient for
a particle and for these bands, KrH, as

C , t\\
absl/) -

M

then, if there is a well defined emission band between ,
(4) becomes, to a good approximation :

(6)

I and Aj, equation

, T)Mn(MJdM = jA2F'x(A,,) = W'
3

/tx,

for AI < A,, < Aj. Here Ap denotes the wavelength of the band peak.
This approximation breaks down in case the Planck function has a
sharper peak than K"*, which is, however, not the case we are inter-
ested in. Equation (7) shows how the relation between two observed
quantities, F""(A) aid n(M), depends on the properties of the emitting
dust, through the quantities KfH and T.

In this paper we shall assume that the coma dust has a certain
porosity which is unknown, and which must therefore be taken as a free
parameter in the calculations of the coma dust emission. The goal of
this work is to calculate the left hand side of conation (7) as a function
of porosity of the coma dust and then, by equating left and right hand
aides, using equation (7) to determine the porosity of the coma dust.
In particular, we shall satisfy equation (7) for the 3.4 fim and 9.7 fim
bands. We shall calculate the quantities K,''" and T of the coma dust
particles exactly, based on the composition and structure of coma dust
as derived from the interstellar dust model. The dependence of xre and
T on particle size (or mass M), particle porosity (P), wavelength (A) and
distance to the sun (r) will be taken fully in'o account. Furthermore, we
use for n(M) the dust mass spectra as measured in situ by the spacecraft
missions to comet Halley, thus implicitly satisfying one observational
constraint. The mean size of the individual interstellar grains in the
coma particles follows from the interstellar dust model and is fixed at
0.2 fim. Lastly, the relative size of the core and mantle are taken so that
the mass ratio of the silicates to organic material is 2:1, thus satisfying
another observational constraint (Kissel and Krueger, 1987). In sections
3 and 4, the calculation o( Kelt(\,P,M) and T(P, M, r) is discussed in
more detail.

2.b Observations

Because of variability in the dust emission, it is necessary to choose
observations of n(M) and FPX(A) as close together in time as possible.
The Vegal, Vega2 and Giotto closest approaches occurred on March
6, 9 and 14 respectively. We have chosen to use the observations by
Banner et. al. (1987 ) on March 6.85, 12.8 and 13.75 . For use in

equation 5, AI = 7.8pm, and A; = 12.5 for these observations. Aa far
as we know no observations of the 3.4 pm band were done on these
days. Therefore we have taken observations at a later date (March 28)
to obtain the ratio of the 9.7 /im excess to the 3.4 /jm excess and we
use this ratio to estimate the value of F''x(3.4) on March 6.85, 12.8 and
13.75. The value deduced from observations on March 28.6 by Cehrz
and Ney (1986) is F'x(9.7) = 1.2 x HT10H^m-Vn"1 . The value for
Fox(3.4) from Danks et, al. is F"x(3.4) = 2.6 x HT17 W «m"'/*»»".1
. After normalising these values to a single aperture, we obtain a ratio
of about 10. However, we note that the measuu'ments by Gehrz and
Ney did not include the 7.8 /jm filter, so that we used AI = 8.5/jm in
equation 5 instead, thereby underestimating the strength of the 9.7 pm
band. We shall therefore assume F''x(9.7)/Frx(3.4) > 10 on March 6.85,
12.8 and 13.75.

The quantity n(M) may be obtained from the cumulative particle
fluxes measured by the spacecraft by differentiating the cumulative duxes
and dividing the result by the spacecraft velocity. We have used the
results presented in figure 1 of McDonnell et. at. (1989) to derive n(M)
for the Giotto passage on March 14. We note that due to a recalibration
of the instruments, the n(M) for 10"10J < M < 10""V deduced from
this are a factor of up to 25 times larger than the values that would
be deduced from the results as presented in McDonnell et. al. (1987),
We obtained n(M) for the Vega missions from Mazcts et. al. (1987)
(their figures 5 and 8, top curves). We note that the Vega and Giotto
differential particle mass distributions are similar up to masses of about
1 x 10~eg, but that differences of up to two orders of magnitude occur
in the differential amount of mass for the higher misses,

3 MASS ABSORPTION COEFFICIENTS.

3a Optical Constants.

The mass absorption coefficients K(A) and KC|I(A) depend on the
dust material (through the optical constants), and the morphology and
size parameter of the particles. The size parameter is defined as

(8)

where a is a typical particle dimension. In the case of a sphere, for exam-
ple, a would be the radius. For the silicates, we use the optical constants
as presented by Draine and Lee (1984) for "astronomical silicates" . An
important feature of this material is its strong 9.7 pm band, which we
use to model the emission of comet Halley at this wavelength.

The optical constants of the organic refractories are adopted from
the values given by Chlewicki and Greenberg (1989). These are based
in part on laboratory measurements of the residues of ice mixtures ir-
radiated with ultraviolet light. The visible properties of the organic
refractory are consistent with the observed albedo, linear and the circu-
lar polarization of silicate core-organic refractory interstellar particles.
There are two main features of this material with respect to the present
paper : (1) the emission band at 3.4 pm, with which we represent the
emission feature of comet Halley at around this wavelength, and (2) the
absorptivity in the visual which is much higher than the absorptivity of
the astronomical silicate in this wavelength region. This causes the dust
in the coma of Halley which contains organic material to be hotter than
purely silicate dust.

3.b Effect of Size and Morphology

Figure 2 shows the shape of the 9.7 pm silicate band as it is emitted
by purely silicate spheres of various sizes. From figure (2) it is clear that
in order for a silicate sphere to emit (or absorb) effectively above the
continuum at a wavelength A1, » 9.7/jm it must satisfy approximately
a < \pm. For the larger spheres the absorption shape is distorted and
it'1* is low. Therefore, for A,, = 9.7pm, only those solid silicate parti-
cles with a characteristic size smaller than about 1/xm will contribute
effectively to the 9.7/Jm excess to the comet emission.

To calculate /crtl of porous aggregates we represent aggregates of
interstellar dust, such as could have been present in the coma of comet
Halley (c.f. figure 1), as a collection of identical particles with a fixed
size, which may be either randomly situated and loosely bound to each
other or more closely packed. The overall shape of the aggregate is
taken as spherical. The parameters describing such an aggregate are its
radius, R1 the refractive index, m, size, a, and shape of its constituent
particles, and its fluffiness, or porosity, P, The porosity P is defined as
the fractional amount of vacuum within the aggregate :

P= I- V.oli.1

V (9)

where V is the total volume of the aggregate, defined by the smallest
spherical surface which completely surrounds the whole aggregate and
V10HiI i9 the amount of solid material inside this bounding surface. We
have O < P < 1, where P = O corresponds to a solid aggregate and
Pfs 1 corresponds to a cloud of independent particles.
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Figure 2. Normalised value» of the cross section for absorption of
purely silicate spheres. The curves apply to spheres with radii of
0.1 pm, 2.5 ̂ m and 10 urn. Clearly small particles emit the 9.7 pm
better than large particles.

It is shown by Hage and Greenberg (1989) that if the inclusions
are homogeneous and satisfy z < 1, the absorption cross sections of
the aggregates described above can be determined by calculating an ef-
fective refractive index for the whole aggregate and subsequently using
Mie scattering theory to obtain the various cross sections. The effec-
tive refractive index of the aggregate, m»v, is calculated according to
the Maxwell- Garnett effective medium theory (Maxwell-Garnett, [1903|,
to be called Maxwell-Garnett EMT hereafter), with vacuum as the so-
called "matrix* material and the individual particles as the "inclusions*.
The effective refractive index thus obtained depends on the porosity and
is given by

: 1 +
3(1 - - l)/(m» + 2)

(10)

where m is the refractive index of the inclusions.
Since we assume that the inclusions are individual interstellar dust

grains, which at 3.4/jm and at 9.7pm satisfy x « 1 we may apply the
above procedure. To apply the above method also to aggregates con-
sisting of inhomogeneous particles such as interstellar dust grains, we
describe these constituent particles as core-mantle spheres with an effec-
tive refractive index mj,v, using the core as "inclusion" and the mantle
as " matrix" material. The effective refractive index for the constituent
particles thus obtained is

where a is the radius of the constituent particle, q and mj the fractional
radius and refractive index of its core, and mi the refractive index of its
mantle. This approach is justified because the polarizability of the core-
mantle spheres (which completely determines their scattering properties)
implied by equation (11) is exactly correct for concentric core-mantle
spheres in the limit x — » O. The effective refractive index given by
equation (11) is to be used in the right hand side of equation (10) to
obtain the effective refractive index of the aggregate as a whole,

Figure 3 shows /c'ff(9.7) of the coma dust particles as a function
of their porosity and size. The values shown are ratioed to KFlf(9.7)
of purely silicate solid particles with x <K 1. The labels correspond to
the aggregate radii at P = 1. For example, an aggregate with porosity
P containing the same amount of material as a solid aggregate with a
radius of R, has a radius of a = Rf(I - P)1/3 = 32/im for P = .97 and
R - 10/Jm.

Figure 3 shows that, at a certain porosity, «'"(9.7) decreases as the
particle size increases. Note how rapidly the effective absorption drops
for solid particles (P = O): from 0.1 to 2.5 pm the reduction is about 1/2,
and for 10 pm K'" es O, At a given size (but greater than approximately
2 Mm)i K'" (9.7) increases as the porosity increases. In the limit P — • 1,
all aggregates nave an effective mass absorption coefficient as high as
that of a small particle. Furthermore, for sufficiently high porosities, the
shape of the absorption as a function of wavelength is like that of a small
particle and not distorted as in figure 2 (see Hage and Greenberg, 1989).

4 DUST TEMPERATURES

We have used the following standard equation to calculate the tem-
perature of a spherical body in a radiation held

(U
CO

Ë
JH
O

Q)

1 -

0.5 -

O
O 0.20.40.60.8 1

POROSITY
Figure 3. The normalised mass absorption coefficients at A =
9.7pm for coma dust as a function of the dull porosity and lite.
The labels indicate the radius of the aggregate at «ero poroiity. A
single curve applies to a particle of constant man. The values shown
are ratioed to (t'"(9.7) of small, purely silicate particles.

Here F, denotes the ambient radiation field, C.t, and T are the ab-
sorption cross section and temperature of the duit particle respectively.
Equation (12) expresses the fact that in equilibrium with the radiation
field, a body emits the same amount of energy as thermal emission as
it absorbs at other wavelengths. Let us first consider a few special lim-
iting cases: (1) absorbing particles which are relatively large, will have

1 forfor a large range in A, so that they will approximately have
the temperature of a black body, T ta 279r~0>6, where r is the distance
to the sun, in astronomical units; (2) individual core- mantle dust par-
ticles with a typical size of e.g. a few tenths of a micrometer will be
much hotter, because they emit relatively poorly in the infrared (since
Cab! ~ 2jr/A), but absorb well in the visual and ultraviolet; (3) tartly,
the temperature attained by an aggregate in the limit P —» 1 is equal to
the temperature of a single inclusion as if it were exposed to the radiation
field on its own. This is because the inclusions in very porous aggregates
do not shadow each other much and absorb and emit radiation nearly as
if independent of each other. In general, the temperature of an aggregate
depends on its distance to the sun, on its size and flumness and on the
properties of the individual constituents.

To satisfy equation (12) for a certain particle in practice, one has to
calculate the emitted power for a range of temperatures, calculât: the
absorbed power and then interpolate to match emission and absorption
and find the correct particle temperature (see, e.g. Greenberg, 1971).
To calculate the absorption cross sections for the solid particles, we have
used the standard Mie theory. For solid core-mantle particles, we have
used another appropriate version of the Mie-theory. As far as the aggre-
gates are concerned, we may only use the combined Mie theory-Maxwell-
Garnett EMT approach to calculate their absorption cross sections if
x -K HOT the individual constituents. Since the individual constituents
are interstellar dust grains with a radius of about 0.1 /im, the above
approach is valid up to A « 1/im. For shorter wavelengths, we con-
sider these aggregates to have the optical characteristics of a cloud of
independent particles. This approximation works well if X > 10. The
mean optical depth, r, of a spherical cloud of identical small (x « l),
absorbing particles is given by

T-MiCt4. (13)

where N is the number of particles per unit volume, R the radius of the
cloud and CJb, the cross section for absorption of an individual particle.
To a first approximation, the flux of a. plane wave incident on such a
cloud is reduced by a factor e~'. In this approximation, the absorption
cross section of the aggregate is

»b. = G(I -« (14)

where G is the geometrical cross section of the cloud (G = irfi2) and the
factor I is inserted to give the correct value for limit P —> 1, the limiting
value being the sum of the absorptions by all constituent particles.

Results for the temperatures of the aggregates as a function of poros-
ity and size are shown in figuix 4. The temperatures shown are computed
for a solar distance of 0.9XCA In general, the trends discussed above are
borne out by the results of the exact calculations used to draw 6gure 4.
Note that the rise in temperature to the limiting value does not become
rapid until quite high values of P.

4* ,,TJdA . (12)



50 J M GREENBERG & J I HAGE

w
DH

S
W

600

500

400 -

300 -

200

.16

O 0.20.40.60.8
POROSITY

March 6.85
March 12.8
March 12.8
March 13.75

Vegal
Vega2
Giotto
Giotto

0.40 < 0.75
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0.85 < 0.95
0.55 < 0.875

Table 1. The porosity of th.. coma dust derived by application of
equation (7). P(9.7) is the porosity required to match the strength
of the 9.7 {an emission band, and P(3.4) is the result for the 3.4
pm band.
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Figure 4. The temperature of coma dust aa a function of the dust
poroiity and siie. The labels indicate the radius of the aggregate at
iero porosity. A tingle curve applies to a particle of constant mass.
The filled square is the limiting temperature of a single interstellar
grain.

5 RESULTS

Figure 5 nhows the theoretical emission from comet Halley's coma
at 9.7pm in Watts per centimeter, as a function of the porosity of the
coma particles, calculated using equation (7) and the methods described
in sections 3 and 4. The line with the long dashes shows the emis-
sion expected from the coma in an aperture corresponding to 5620 km
at the comet nucleus on March 6.85, using the particle mass spectrum
measured by Vegal. The short- dashed and continuous lines show the
emission from the coma in an aperture corresponding to 4900 km at
the nucleus on March 12.8, using mass spectra measured by Vega2 and
Giotto, respectively. Figure (6) shows the same set of curves, but now
for the emission at 3.4pm.

We may use the observed values of /*x(9.7) on the corresponding
dates, and the observed value of the ratio F**(9.7)/F**(3.4) > 10 on
March 26 to read the required porosities from these figures, in order
to satisfy equation (7). Table 1 shows the results obtained, including
results of identical calculations and observations on March 13.75.

After having thus found the porosity necessary to fit the amount
of excess emission, it is possible to compute the shape of the 9.7pm
band also, using the values for the porosity obtained from figure 5. The
curve in figure 7 shows the result for the band shape on March 12.8,
using a porosity of about 0.85 and the Giotto size distribution. The
crosses in this figure represent ground based observations on this date,
by Hanner et. at., (1987). Figure 7 shows that a reasonable match is
obtained. However, using P a 0.4 and the Vegal mase spectrum, the
resulting bandwidth is about 50% too wide compared to the observations
by Hanner et. al. on March 6.85 (see figure 8). The Vega2 mass spectrum
gives a bandwidth which is about 30% too wide on March 12.8 .

n(M) P{9.7) P(3.4)

Figure 5. The power per unit wavelength at 9.7 pm emitted from
coma of Halley calculated using equation (7), as a function of the
porosity of the coma dust. Long dashes : the power emitted from
the spherical region around the nucleus with a radius of 5620 km on
March 6.85, using the particle site distribution measured by Vegal.
Short dashes : the power emitted from the spherical region around
the nucleus with a radius of 4900 km on March 12.8, using the
particle siie distribution measured by Vega2. Continuous line : the
power emitted from the spherical region around the nucleus with a
radius of 4900 km on March 12.8, using the particle size distribution
measured by Giotto.
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Figure 6. The power per unit wavelength at 3.4 pm emitted from
coma of Halley calculated using equation (7), as a function of the
porosity of the coma dust. Long dashes : the power emitted from
the spherical region around the nucleus with a radius of 5620 km on
March 6.85, using the particle size distribution measured by Vegal.
Short dashes : the power emitted from the spherical region around
the nucleus with a radius of 4900 km on March 12.8, using the
particle site distribution measured by Vega2. Continuous line : the
power emitted from the spherical region around the nucleus with a
radius of 4900 km on March 12.8, using the particle size distribution
measured by Giotto.
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Figure 7. The shape of the 9.7 /jrn band calculated using equation
(3), using the Giotto dust site distribution and a porosity of P a
0.85. The crosses show the observations by Hanneret. a/, on March

6 1016

4 1016

2 1016

O

X

I I I I I I I I I I I I I I I I I I I

6 8 10 12 14
WAVELENGTH

Figure 8. The shape of the 9.7 urn band calculated using equation
(3), using the Vegal dust sat distribution and a porosity of P w OA.
The crosses show the observations by Hanneret. a/, on Much 6.85

12.8.

6 DISCUSSION AND CONCLUSIONS

Table 1 shows that the interstellar dust model of comets is able
to provide the basis to quantitatively and simultaneously satisfy the
observational constraints of: (1) the particle mass spectra; (2) the mass
ratio of organic to silicate material in the coma dust; (3) the absolute
amount of excess emission in the 9.7/jm band; (4) the absolute amount
of emission in the 3.4pm band. The fact that the porosities required to
match the 3.4pm and the 9.7/im bands on the same date are not too
far apart gives confidence in the consistency of the model. However,
although P > O is always consistently required, the result P = 0.4
obtained for March 6.85 and the Vegal data is rather low compared
with the predictions ol the interstellar dust model, furthermore, we
do not expect variations from say, 0.4 to 0.85 in the porosity of the
coma particles over a time span of a week. We may also include the
band shape at 9.7/im as another constraint in the discussion. Although
the Giotto mass spectrum gives the correct band shape, the Vega mass
spectra result in band shapes that are too wide. The 9.7/im band shape is
distorted only by the relatively large, low porosity particles (c.f. figure
2). If the porosities as deduced from the calculations using the Vega
mass spectra were significantly higher, then these calculations would
have given narrower bandshapes, but would also produce more emission
in the 9.7 ftm band than observed. However, there are indications that
we have over-estimated the amount of dust particles in the coma and that
consequently the amount of theoretical emission from equation (7) is too
high. Firstly, the mass spectra we have used have been measured in the
sunward hemisphere of the coma, where the particle densities are known
to be higher than on the night side ot the comet. It we take the density
on the dark side a factor three lower (as indicated by Giotto post- and
pre- encounter data) then the theoretical amount of emission as given
by equation (7) must be multiplied by 2/3. The resulting porosities read
from a plot like figure 5 would therefore be higher. For example, the case
for March 12.8, using the Giotto ma» spectrum, now gives P(9.7) = 0.97
and P(3.4) = 0.98. Secondly, whereas the Giotto spectrum we have used
is an average over a pathlength of about 4100 km (McDonnell et. al.,
(1989), the Vega data we have used are apparently influenced more by
the jet-like structure of the inner coma. Judging from figure 10 of Maiets
et. al. (1587), it seems likely that the flux curves at closest approach
for the Vega spacecraft (which we have used) are representative of the
particle density within a jet, and thus give an overestimate of the average
density. From the lame figure we deduce that the average particle density
may be lower by a factor of 2 than the actual density measured by the
Vegal spacecraft. For the Vega2 measurements, a factor of 1.5 seems
applicable. Table 2 shows the porosities of the coma dust we find if
these rough correction factors are taken into account. Assuming that
the number» in table 2 are correct we conclude that the coma dust has a
porosity of at least 0.75, but more likely in the range 0.9S . These higher
values improve the 9.7 0m band shapes and are roughly consistent with
the interstellar dust model. Finally, if the value of 0.95 applies to the
coma dust we may reconstitute the volatiles into the dust to find the
porosity and density of the comet itself. Based on the interstellar dust
model this results in a comet porosity of 0.67 and a comet density of
0.51 gcm~3. We note that this density is close to the value of 0.6 gcm~3

found by Sagdeev el. at., (1988).

Date

March 6.85
March 12.8
March 12.8

n(M) P(9.7) P(3.4)

Vegal 0.77
Vega2 0.89
Giotto 0.97

March 13.75 Giotto 0.80

<0.90
<0.97
<0.98
<0.94

Table 2. The porosity of the coma dust derived by application
of equation (7), including corrections concerning the inhomogeneity
of the coma dust distribution. P(9.7) is the porosity required to
match the strength of the 9.7 pm emission band, and P(3.4) is the
result for the 3.4 pm band.
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PHYSICAL PROCESSES IN COMETARY ICES INFERRED FROM LABORATORY STUDIES

J Klinger

Laboratoire de Glaciologie et de Géophysique de l'Environnement, St. Martin d'Hères, France

ABSTRACT

Based on recent laboratory studies, an overview is
given of the properties of various ices and ice mixtures
condensed at low temperatures and on their evolution
during heating up to temperatures typical of the
perihelion temperatures of short period comets. The
kinetics of formation and of decomposition of clathrate
hydrates and molecular hydrates is briefly outlined and
the possibility of their occurrence in comet nuclei is
discussed. Special attention is given to the thermal
behavior of amorphous and fluffy icy material.

Keywords : Comet nuclei, low temperature condensâtes.

1. INTRODUCTION

Virtually all modern comet models are based on
Whipple's " icy conglomerate model" (Réf. I) and to
some extent on theories that have been developed
during the following years and that are briefly
sumari/ed below.

In order to expla in the simultaneous outgassing of
species wi th very different vapor pressures. Delscmme
and Swings (Réf. 2) proposed that the fro/en volatiles
should be present in the form of rlathrate hydrates.

The lifetime of different icy objects orbiting in (lie
solar system h.is been studied b) Watson et al, (Réf. 3)
For w.iter ice spheres of I km radius on the orbits of
some prominent comets, they found lifetimes ranging
from less HMII W' years (Encke. Grigg Skjel lerup.
Tempel 2. Pons-Winnecke. Forbes. Kopff. Giacobini-
/inner. d'Arrest. Daniel. F.iye. Schaumasse. Tlittle I.
Cnmimelin. Pon.s Brooks, !!alley) to more than 10°
years for Schwassmann-Wachmann I.

DOIIII (Ret. U showed that comets can contain ices
more volatile than H-.O only if they have been accreted
at low velocities. He gave O.I km/.s as a typical value

of the relative velocity of the particles that accreted to
a comet. He found that the density of a comet formed
under these conditions should not exceed 450 kg/m3,
even if compactât ion due to self gravitation of an l<:e
body with IO km is taken Into account,

As no direct observations of comet nuclei were
available unt i l the Vega and Giotto missions to comet
Halley. very few progress In the understanding of
rometary ices has been made up to the seventies.

New results in ice physics during the late sixties and
the seventies (Réf. 5-9) reactivated the discussion on
properties of cometary ices (Réf. 10-I2).

A decisive advance in our understanding of rometary
phenomena came from the recent observation campaign
of comet P/Hal ley (Réf. 1,1) and Giacobini-Zinner (Réf.
I I ) . Further, the comet IRAS-Araki- Alcock gave us the
unique opportunity to observe a comet with earth
based and earth orbiting instruments from a distance
as small as 4.5 • 10'' km.

Let us remember some of the most important results
of these observations for the understanding of physical
processes in cometary ices :

H«O lu.s now to be definitely considered as the
main volatile constituent of comets.

- Based on data from the Giotto Neutral Mass
Spectrometer, the abundances of CO and No have beer,
estimated to be lower than 7 and 10% respectively
compared to H2O ( Réf. IS) .

The COXH2O ratio deduced from data from the
International Ultraviolet Explorer Satellite is in the
range of O.I to 0.2 (Réf. 1(> ).

- For NHj and CH4 Best fits of the Giotto Ion
Mass Spectrometer data are obtained with ratios of
0.01 0.02 and 0.02 restectively (Réf. 17). CH4 has
fu r the r been detected by Drapât/, et al. (Ref.ltt ), using
a Fourier Transform spectrometer. From the emission
band strengths of of NH2, Wyckoff et al. (Réf. 1') )

Proc. of an International Hbrkshop on Physics and Mechanics of Cometary Materials, Monster, FRG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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deduced an ammonia abundance of 0.005 with respect
to water for the coma of comet Hal ley.

- Based on infrared spectra due to the IKS/VEGA
instrument, the CO2XH2O ratio is thought to be on the
order of 0.02 (Réf. 20).

- HCN has been detected with the 30 m
radiotélescope of IRAM (Réf. 21) and with a 13.7 m
radiotélescope of Five College Radio Astronomy
Observatory (Réf. 22).

- The very unstable radical S2 has been detected
in comet IRAS-Araki-Alcock and most likely had been
entrapped in the nucleus (Réf. 23).

- The presence of HjCO is Inferred from visible
and IR spectra (Réf. 24, 25), but more complicated
organic compounds have also been detected (26).

- Comet nuclei have a very low average density
(280 to 650 fcg/nv1 (Réf. 27).

- Very small dust particles and aggregates of
small particles have been detected in the coma of
comet Hal ley (Réf. 28 and réf. therein ) .

- The albedo of comet Hal ley is very low (Réf.
29). This may indicate the presence of carbonaceous
materials in the surface layers.

- Whereas the ire-free surface layers of comet
Hal ley reach temperatures close to 400 K (Réf. 30),
the subsurface layers of this comet are thought to be
as cold as 25 K (Réf. 31).

All the recent data fit well a model of comet
formation from interstellar core - mantle particles
(Réf. 32). In particlular the presence of S2 indicates
that cometary ices did not undergo significant heating
befor entering the inner solar system. The low average
density indicates that no significant compactation of
the initial grains occurred. Having this in mind, this
review is focussed on the evolution of low temperature
aggregates having a fluffy texture. Some ideas are
exposed on physical processes in comet nuclei that
might be a consequence of the evolution of icy
material.

2. WATER ICE AND WATER RICH ICE MIXTURES

2.1 Pure water ice.

More than ten different forms of water ice are known
up to now, but most of them occur under pressures
higher than 200 MPa only and thus are not relevant to
cometary phenomena. For more details see Réf. 33 to
39. Réf. 40 is specifically dedicated to ices in
astrophysical environnements.

The basis of all solid H2O structures is the water
molecule. It is composed of one oxygen atom that is
associated with two hydrogen atoms that form a
valence angle of 104.5°.

In order to built up a structure of a low pressure form
of ice. WH can proceed in the following manner :

- Place the oxygen atom of one water molecule in
the center of a regular tetrahedron, the angles of
which are occupied by the oxygen atoms of other water
molecules.

- Now consider one of the angles of this
tetrahedron as the «,-enter of a new tetrahedron placed
upside down with respect to the first one.

- Depending on the a / lmuthal orientation of the
second tetrahedron with respect to the first one, the
obtained crystal structure will be hexagonal (the angles
of the tetrahpdra are superposed) or cubic (the. second
tetrahedron is rotated by An angle of 60°). If no long
range correlation exist between the orientation of the
basical tetrahedra, the ice is amorphous.

The most stable and most common form of ice is the
hexagonal one. Hexagonal ice is the only naturally
occurring phase of water ice on earth. It is obtained by
freezing of liquid water as well as by condensing water
vapor on a substrate at a temperature higher than 150
K. It can also be obtained by phase transitions from
other forms of ice.

When vapor is condensed at temperatures between 110
and 150 K, cubic ice is obtained. At 200 K, cubic ice
irreversibly transforms to hexagonal ice. The change in
enthalpy during the recrystallisation has been measured
by Mc Millan and Los (Réf.5 ) and by Sugisaki et al.
(Réf. 4l) as 160 J/mole, whereas Ghormley (Réf. 7)
finds less than 20 J/mole. Recently it has been
reported (Réf. 42) that cubic ice can be formed by
quenching of liquid warter at liquid nitrogen
temperature.

Amorphous ices are formed by vapor deposition at
temperatures lower than 100 K. A structural model of
amorphous ice has been published by Boutron and
Alben (Réf. 43). These authors consider a random
network of tetrahedrally bond atoms. This model seems
consistent with neutron diffraction studies by

Chowdhury et al.(Réf. 44). But obviously amorphous
ice can not be defined uniquely from a structural point
of view. Its characteristics can change depending on
the conditions of formation (deposition temperature,
deposition rate). Narten et al. (Réf. 9) showed that
there exist at least two different forms of amorphous
ice with important differences in density and in nearest
neighbor distribution. Laufer et al. (Réf. 45) also
conclude from gas trapping experiments that at least
two forms of amorphous ice exist. From measurements
of the vapor pressure of H2O. Kouchi (Réf. 46)
concludes on the existence of three forms of
amorphous ice (phases I, II. III). The author suggests
that the forms I and HI are more stable than the form
H.

The existence of superdens amorphous ice found by
Delsemme and Wenger (Réf. 47) has not been
confirmed by other studies.
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Amorphous ice is characterized by a large spécifie
surface area (several hundred of square meters per
Krnm). Adsorption studies revealed a microporosity
(Réf. IB- 49). The specific surface area and the
microporosity are important for the retention of
substances more volatile than HnO in cometary ices.

During heating, amorphous ice irreversibly transforms
to cubic ice. The transition temperatures given in the
littérature vary between 113 K (Dowell anil Rinfret (Réf.
5O)) and 153 K (Ghormley (Réf. 7 ), Mayer and Plet/.er
(Réf. 5) )as well as Schmitt et al. (Réf.52 ) studied the
crystallisation of ice condensed at IO K. From the
modification of the 3.1 (im IR absorption line, these last
authors derived an activation law for the crystallisation
as .-

T = A- exp (-EA/kT) (1)

with : A= 9.54' 10-|4a.
- EA/k = 5370 K

During the crystallisation of the amorphous ice, the
specific surface area of the samples is reduced of
about a factor of hundred (Réf. S3).

As for all amorphous solids, we expect for amorphous
ice a very low heat conduction coefficient (Réf. 54).
Further, the heat conduction coefficients of amorphous
solids decrease when the temperature is lowered. The
reverse is true for cristalline solids.

Recently, measurements of the vapor pressure of
amorphous ice have been done by Kouchi (Réf. 55).
According to this work, the vapor pressure of
amorphous ice is found to be one or two orders of
magnitude larger than that of crystalline ice at the
same temperature. The condensation temperature of the
ice strongly influences the value of the vapor pressure.

It must be said that H2O is not the only substance to
form an amorphous solid when gas is slowly deposited
at low temperature. When the energy required for
bringing the condensed molecules into an energetically
favorable position is too high compared to the thermal
energy of the substrate, an amorphous solid is formed.
This means that the deposition rate must be
sufficiently low in order to prevent local heating due
to the adsorption of the molecules. Exemples are CO2

and CO deposited at 10 K (Réf. 46, 56 ).

2.2 Clathrate hydrates

Clathrate hydrates are formed of a crystal lattice of
water molecules. This lattice contains cages of
different size able to entrap gas molecules. Since
several years. two cubic structures and a tetragonal
structure are known. The only known gasses that form
tetragonal hydrates are Er2 and dimethyl ether. (Réf.
57). Recently, a new structure has been discovered (Réf.
58). For a given molecule, the type of structure formed
essentially depends on the size of the molecule. The
formation of mixed hydrates containing different
molecular species is possible. The encaged molecules
are weakly bond to the lattice by van-der-Waals forces

only and thus are rather mobile between adjacent
cages. A complete fi l l ine of all available cages is
thermodynamically impossible but a rather high degree
of cage occupancy is possible. It must be said that the
guest molecules are necessary to stabilize the clathrate
lattice.

A greate number of astrophysically relevant atoms and
molecules do form clathrate hydrates. This is in
particular the case of CO, CO2, CH4, C2H0, H2S, SO2,
Nj, O2, Ar, Kr and Xe. The existence of CO hydrate
has been predicted for a long time but found only
recently. Bar-Nun et al. (Réf. 59) studied the trapping
and release of different gasses by water. They
suggested that during their experiments CO clathrate
hydrate might have been formed. In a more recent
study, Kouchi (Réf. 46), using electron diffraction,
examined a COXH2O condensate obtained in the same
way as Bar-Nun et. al. He found no evidence for the
formation of CO clathrate. Nevertheless in the
meantime the formal proof of the existence of this
hydrate has been established by Davidson et al. (Réf.
60, 61 ). These authors showed by X-ray diffraction
studies that CO formed a clathrate of structure I. The
phase diagram of this hydrate is not yet known in
detail. The dissociation pressure at 273 K is 12.8t.2
MPa.

He and Ne do not form classical clathrate structures.
This most likely is due to the fact that these atoms
are too small to stabilize the clathrate lattice. It has
been shown by Kahane et al. (Réf. 62), that He and Ne
are able to diffuse interstitially through the lattice of
hexagonal ice. Recently it has been found by Londono
et al. (Réf. 63 >, that a helium hydrate with the
structure of one of the high pressure forms of ice (ice
II) can be prepared. At a temperature of the order of
252 K the dissiciation pressure of the hydrate is of 0.28
GPa.

2.3 Molecular hydrates

Among the compounds that form molecular hydrates, a
very important one for the studies of comets is NH3. A
study of the phase diagramme of the water rich region
of the system H2O - NH3 has been published by
Johnson et al. (Réf. 64). Most of the studies on this
system have been done starting with a solution of
ammonia in water.

Bertie and Morrison (Réf. 65 ) have studied the infrared
spectra of NH3-H2O and of 2NH3-H2O. The structure
and the infrared spectrum of NH3-2H2O have been
investigated by Bertie and Shehata (Réf. 66).

A study of the formation of riCN hydrates at low
temperatures would be most interesting for comet
physicists and chemists, but for obvious reasons data
are scarce on these dangerous systems.

2.4 Low temperature condensâtes and their evolution
with temperature

Several working groups have studied the evolution of
ice mixtures with H2O as a major component . These
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ice mixtures have been obtained by composition of
different gasses at temperatures between IO and 100 K
or by trapping of gas in a preexisting water ice matrix
(see for exemple : Réf. 67-71, 46).

There seems to be a general agreement among all these
studies that volatiles can remain trapped in the water
ice matrix up to temperatures much higher than the
normal sublimation temperature, on the other hand,
some discrepancy still persists concerning the
temperature up to what the volatiles can be retained
and on the amount of trapped volatiles.

Bar-Nun et al. (Réf. 67 ) investigated the trapping and
release of H2, CO, CO2, CH4, Ar, Ne and N2 from 16 K
upward. CO, CH4, Ar, and N2 where released in three
or four temperature ranges. The authors interpret every
phase of gas release in terms of a different trapping
mechanism. Between 30 and 55 K the fro/en gases
sublimate freely. Between 135 and If)S K, the gas
trapped in the amorphous ice matrix is released. The
release between 165 and 190 K that is acompagnied by a
production of water vapor is explained by the
dissociation of clathrate hydrates. The outgassing that
occasionally is found between 160 and 175 K is
attributed to the recrystallisation from cubic to
hexagonal ice. It should be mentionned that during
these experiments, the partial pressure of the different
constituents has been measured using a mass
spectrometer. Concerning the quantity of trapped gas,
these authors report, that water ice can trap volatiles
in qualities considerably larger than I : 1. More
recently, Bar-Nun et al. (Réf. 68) studied the trapping
of gases by water ice in the range 24 to 100 K.
Between 50 and 75 K they found a decrease of the
trapped quantity going from CH4 to CO to N; to Ar.

Very different results are obtained by Schmitt et
al.(Ref.70). These authors directly monitored the
quantity of trapped gas present in the solid by means
of infrared spectroscopy._ Their samples have been
obtained by codeposition at about (O K. For CO : H2O.
the CO evaporation starts at 25 K. When a temperature
of 50 K is reached, the CO/H2O ratio invariably is
found to be about O.I disregarding the initial
concentration. Between 50 and 110 K the CO decrease is
very slow (about 1% per day at 110 K). When 135 K is
reached, the remaining CO completely disappears from
the solid. This CO disappearence seems directly related
to the crystallisation of the water ice.

A mixture of CH4 : H2O shows a similar behavior but
the onset of the first evaporation phase is observed at
35 K.

In the case of CO2 : H2O, a small evaporation is found
at 60 K. In a sample of 5 tim thickness, 10 days are
needed for completely remooving the CO; at 127 K.

NH3 : H2O has a very different behavior. NH3 remains
in the H2O matrix up to temperatures as high as 170 K.
It evaporates only slightly befor H2O. The reason
seems to be that ammonia forms A hydrate at about
140 K.

Sandford and Allamandola (Réf.69 ) also studied the
condensation and vaporisation behavior of CO : H2O
ices by infrared spectroscopy in the solid. They found a
similar outgassing behavior as Bar-Nun et al. (Réf. 67 ).

Recently, Kouchi (Ref.46) investigated the system CO -
H2O. In this study the vapor pressure of CO is
measured and the outgassing studied by monitoring the
gas phase with a mass spectrometer. It is reported,
that CO condensed with a deposition rate lower than
100 nm/h forms an amorphous solid. When tlie
deposition rate is higher, crystalline CO is formed even
at 10 K. The vapor pressure for amorphous CO Is found
to be one order of magnitude higher than that of
crystalline ice. Concering the evaporation of CO - H2O
ice, the CO was found to escape in seven different
regions. The first range starting at 14 K is explained by
the sublimation of amorphous CO. The second starts at
24 K and thought to be due to the evaporation of the
crystalline a - phase of CO. The escape of CO that
starts at 34 K is explained by the desorption of CO
adsorbed on amorphous ice. Differently to Sandford
and Allamandola (Réf. 69), Kouchi (Réf. 46 ) excludes
the possibility of CO accretion on ice up to
temperatures as high as 5OK. A small peak of CO
outgassing is attributed to the onset of evaporation of
amorphous H2O. An important CO peak obviously is
associated with the crystallisation of amorphous H2O.
Only two very small CO peaks are found in the range
between 1155 and 165 K. These peaks are two orders of
magnitude lower than that of the water peak in this
range. As stated earlier, no evidence was found for the
occurrence of CO clathrate.

Up to now no final conclusion can be given concerning
the discrepancies cited bcfnr, especially concerning the
outgassing in the high temperature range. If the
thickness of the used samples is important, we can
think about the trapping mechanisms responsible for
the high temperature outgassing. Two possibilities
exist : first, the trapping is due to a microphysical
process as trapping in grain boundaries or in
interstitial or substitutional positions in the H2O
lattice. Second, the trapping is due to a buble
formation in the water ice matrix. If a microphysical
process is responsable for this phenomenon, this means
that it must bn possible to characterize the outgassing
by a diffusion coefficient as a function of temperature.
Such an investigation has not yet been achieved. If the
gas is trapped in bubles. it is rather easy to estimate
the required gas pressure at a given temperature for a
given quantity of trapped Knf>. Such estimates «lone by
Schmitt ct al (Rcf 79 ) lend to pressures as high .is
SPVPM! MPa. The qup.stion is whether the ice matrix is
ablp to withstand such pressures.

3. IMPLICATIONS OF LABORATORY STUMES FOR
PHYSICAL PROCESSES IN COMET NUCLEI

Befor WM discuss the physical processes in loniftarv
nuclei based on the properties of the icy component,
let us rprall that ronwts most l ikely .ire a f lu f fy
agglomerate of small dust grains covered with organic
material and n mixture of different icy components
condensed at low temperature.
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3J. Fluffy ice-dust
of comet nuclei

turns and the Internal evolution

Untill recently, the possibility of an internal evolution
of comet nuclei has been neglected. The knowledge
that we now have on the rather complex physical
processes that occur in low temperature condensai.es
combined with the concept of a very f luffy nucleus
sheds new light on this problem.

The possibility that the phase transition from
amorphous to cubic ice influences the heat budget of
the nucleus is now considered by a growing number of
authors, These influence on the heat budget can be of
different nature : First an excess heating can be
produces due to the change in enthalpy between
amorphous and crystalline ice. Than the increase of the
heat cfimliirtion coefficient may facilitate the heat
transfer to deeper layers. This effect could even be
r^iiifof'ed by the reduction of the specific surface area
when f l u f f y , amorphous ice crystallines.

When a temperature gradient is maintained in a f l u f f y
matrix with a pore system f i l l ed with a condensable
vapor, the following ,scenario can be imagined : For any
element of the solid material having a given local
temperature, a local saturation pressure can be defined
for an\ chemical species of the vapor phase. As the
iapor phase* can diffuse through the pore system, the
local partial pressure for a given species can be
different than the saturation pressure. Thus
sublimation or recondensation of condensable
substances are possible, depending whether the local
partial pressure is higher or lower than the saturation
pressure. Smoluchowski (Réf. 72 ) was the first to
point out that the diffusion of the gas pha.se wi th in
the pores of the nucleus might contribute to the heat
transport wi th in the nucleus. He also suggested that
«•condensation in colder layers of the nucleus is able
to produce a chemical differentiation. Klinger (Réf. 73)
proposed that such kind of sublimation - recondensati-
on processes are likely to produce isotope fractionati
ons.

During the KOSI comet simulation experiment, the
realism of all these phenomena has been illlstrated
(Ref rt.7, r>) The heat transport due to the vapor phase
as well as the chemical differentiation due to the phase
treansitinn of amorphous to cubic ice and to
sublimation recondensation processes have been in
the ' cimict m<i(l<*i devclopped by Espinasse et al. (Ref.
7(0

JJ,' Qn dathrate and molecular

In the present state of knowledge, we can not yet
establish whether or not comets contain clathrate
hydrates. But let us recall that we have good
arguments for a direct formation of comets from cold
(«Kil l K). interstellar grains (f luffyness of cometary
material, presence of S1., low albedo). Thus we can
affirm, that clathrate hydrates where not ini t ia l ly
present in comet nuclei. The reason is that there is no
evidence that low temperature binary or

multicomponent deposits can reorganize to form
clathrate structures. Let as reminde that the
extrapolation to lower temperatures of the activation
law of Schmitt et al. (formula ( I ) ) gives a stability of
amorphous ice condensed at 10 K of about ten times
the age of the solar system at 75 K.

Nevertheless clathrate hydrates can be formed when
comets enter the inner parts of the solar system but
this under two conditions :

- The ice layers concerned by clathration must be
heatet sufficiently, this means up to temperatures
higher than 100 K.

- The confinement of the clathrate forming ice must
he sufficiently efficient in order to allow to the system
to exceed the dissociation pressure of the clathrate.

The more the ice Is heated, the faster is the reaction
but the more the pressure confinement must lie good
what is quite unl ikely in a porous system as comets
are thought to be.

A special problem is that of CO2 clathrate. As
supposed since a long time (Réf.57). CO2 clathrate has
been proven to be unstable at temperatures lower than
120 K (Davison et al. (Ref. 60 ). Smoluchowski (Réf. 77)
pointed out that the decomposition of CO2 clathrate
during cooling of the comet nucleus after the
perihelion passage could lead to an important
brittleness of the nucleus.

Based on experimental results on clathrate formation
and decomposition. Klinger et al.(Ref.78) showed that
there is no way to explain the simultaneous oulgassing
of substances with very different volatility by the
decomposition of clathrate hydrates. The reason is that
the clathrate lattice collapses to an ice structure when
the stabilizing host molecules diffuse out. This means,
that the more volatile species would be lost well befor
the water of the guest lattice.

In the same paper the authors propose an alternative
explanat ion to the simultaneous outgassing of different
vo la t i l e species : suppose 'hat the comet nucleus is
rea l ly a porous medium. When the nucleus approaches
the sun. the surface wi l l be heated and a thermal
gradient w i l l establish in the subsurface layers. The
local temperature than governs the sublimation of ices
more \ola t i le than H2O in these layers. These volatiles
escape to the surface and can mix with HjO that
sublimate on the surface. Thus any mixing ratio can be
obtained in the coma. Recent model calculations by
Espinasse et al. (Réf. 7f>) have demonstrated that this
concept is viable.

Molecular hydrates have a very different behaviour
compared to clathrate hydrates. They form very stable
hydrogen bonds c^nd are likely to evaporate
simultaneously with the H2O component. It has been
pointed out by Schmitt and Klinger (Ref. 49). that the
fact that the otitga.ssing ratio of given volatile species
with respect to H2O could be diagnostic of the
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volatility of the mother molecules, a constant ratio
indicating a low. a variable ratio a high volatil i ty. One
type of mother molecules with low volatility could be
molecular hydrates.

As stated earlier, NH3 was found to form a hydrate if
the ammonia containing ice layer is heated up to HO K.
The same' might be true for HCN hydrates.

3.3 Implications for short period comets

For technical reasons, the target for the ROSETTA
mission will he a short period comet. The sampling
depth will hopefully be three, but perhaps only one
meter. The requirement for the maximum temperature
that the samples wil l experience is 160 K. Having this
in mind and knowing some foundamental properties of
low temperature condensâtes, we can try now to
discuss the scientific output of a sample return
mission with special attention given to the volatile
component.

Any comet sample return mission will bring us an
important amount of data on the refractory component
of comets. The same will hopefully be true for
organics having a low volatility. The question whether
these organics are pristine or have been formed by
energetic particle bombardment during the stay in the
Oort cloud -,vill be matter of discussion when the
samples will be back.

The situation is much more critical for the organic
volatiles and all the other "ices". If during the site
selection operation an appropriate area can be
identified, we have a good chance to find hexagonal,
eventually cubic water ice.

Cosmogonically important organic molecules as for-
maldehyde have a reasonable chance to have survived in
the near surface ice layers. They can be brought back
to earth safely, provided that a sufficient pressure
tightness of the return capsule is ensured during the
return to earth. Depending on the pressure that will be
maintained in the capsule, they eventually might trans-
form to clathrate hydrates befor reaching the earth.

The situation is even more favorable for compounds
that form molecular hydrates. As far as water ice is
preserved, molecular hydrates are preserved. This gives
us a chance to conserve to some extent the initial
abundance ratios between hydrate forming molecules
and H2Q event if it is likely that the hydrate formation
occurred during the recent evolution of the comet
•nucleus.

CONCLUSIONS

important progress has been made in the study of
different types of icy systems that are likely to occur
in comet and of their evolution as a function of
température. These results combined with adequate
modeling is likely to make us better understand the
physics of comet nuclei and to better prepare the
KOSEITA mission.

The major problem that WP have to face is how to
constrain the model predictions based on lalmratorv
studies by observational data. The best way to do th i s
would he to monitor the production rates of different
volatile species over a long portion of the orbits nt
different comets. The most promising way to do this
wi l l be by means of the ISO satellite.
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ABSTRACT

Laboratory studies have been performed in order to simulate the
physico-chemical processes that arc likely to occur in the near
surface layers of short and intermediate period comets. Pure H2O ice
as well as Cp=H2O, CO2IH2O, CH4=H2O, CO:C02:H20 and
NH3:H20 ice mixtures have been studied in the temperature range
between 10 and 180 K. The evolution of the composition of ice
mixtures, the crystallization of H2O ice as well as the formation and
decomposition of clathratc hydrate by different processes have been
studied as a function of temperature and time.
Using our results together with numerical modeling (Espinasse cl al.,
this volume) predictions are made about the survival of amorphous
ice, CO, CO2, CH4 and NH3 in the near surface layers of short
period comets. The likcliness of finding clathrate and molecular
hydrates is also discussed. It is proposed that the analytical methods
developed here could be fruitfully adapted to the analysis of relumed
comet samples.

Keywords: Laboratory Studies, Ices, Clathratc hydrate, Cornel
Nucleus, Chemical differentiation, ROSETTA mission.

2. EXPERIMENTAL RESULTS

2.1 Thermal evolution of water-rich ice mixtures

Experiments which directly follow the evolution of CO=H2O,
C02:H20, CH4)H2O and NH3=H2O ice mixtures as a function of time
and temperature have been performed in the laboratory. Samples 0.1
to S micron thick arc condensed at low temperature (usually 10 K)
and the initial composition (gas/H2O ratio) ranges between I and SO
%. The composition of the solid phase is measured by means of
infrared transmission spcctroscopy (integration over the fundamental
vibralional bands). The evolution of the ice mixtures is monitored by
performing successive annealing steps at a fixed temperature T1. A
spectrum is then recorded after each annealing step.
The heating sequences of our first experiments were designed Io
determine the temperature ranges of the evolution processes (Figure
I) while all the following samples were subjected to very long
heating steps (up to 20 days) at constant temperature in order to
independently understand the lime and temperature dependences
of the various evolution processes (Figure 2).

1. INTRODUCTION

The assessment of the scientific potentialities of the ROSETTA-
Comct Nucleus Sample Return mission needs a physically based
model of the possible structure and composition of the nucleus
material in the near surface layers. The choice of the target-comet
and of the precise drilling site should strongly depend upon the
probability of finding ices in the three first meters. Among the most
important questions concerning the near surface layers arc the
survival of volatile molecules and the structure of the icy component
(amorphous, crystalline, clathraic hydrate, molecular hydrate ?). Such
informations are also extremely important for the design of the
driller and the definition of the drilling, retrieval, storage and
transport conditions of the samples.
In order to give a physical basis to the phenomcnons taken into
account in advanced numerical models we performed laboratory
experiments simulating some of the physico-chemical processes that
arc likely to occurs in comet nuclei. Especially, we studied the
evolution of the composition of CO:H20, CO2=H2O, CH4=H2O,
CO=CO2=H2O and NH3=H2O ice mixtures, the cryslalli/ation of H2O-
rich ices as well as the formation and decomposition of clathratc
hydrate by different processes (co-condensation, crystallization of
amorphous ice mixtures and gas-ice interaction). All these processes
have been studied as a function of temperature (mainly between 10
and 180 K) and time (up to 20 days). The experimental procedures
have been described elsewhere together with preliminary results
(Rcfs. 1-3). Both the composition and the structure of the icy
component of the near surface layers arc tentatively predicted for
short period comets using our results together with the numerical
model of Espinasse et al. (Refs. 4-6).

For CO=H2O, CO2=H2O and CH4=H2O ice mixtures we found that the
concentration of volatile molecules in the sample decreases mainly
in two temperature ranges with a possible additional, but extremely
slow, evolution in the intermediate range (Figure 3). Under vacuum
conditions (P < 10'6 mbar) the first evaporation starts at 25 K for
CO, 32 K for CH4 and about 70 K for CO2. The evaporation rate
strongly depends on both the gas fraction and the temperature but
the final gas/H2O ratio in the ice always ranges between 7 and 10%
independently of the initial ice composition (for initial gas/H2O >
10 %, Figure 4). This "stable" composition is reached above about
50 K for CO. Further increases in temperature lead only to very
small gas loss but limitations in long term stability (over days) of
our system allow us only to give a maximum CO evaporation rate
of 0.2 % per day at 10OK for CO=H2O ices.
When the temperature of the sample is raised above about 120 K a
second temperature dependent evaporation starts leading to the
complete disappearance of CO, CO2 or CH4 in the ice; the final
gas/H2O ratio is below our detection limit : < 0.01 % for CO and
CH4, < 0.001 % for CO2. This evaporation is triggered by the ice
crystallization occuring at the same time as deduced from the fact
that the time necessary for the complete depletion of the volatile
molecules from the ice is independent on the molecule and is clearly
correlated with the crystallization rate of ice (sec 2.2 and Figure 5).
With ternary CO=CO2=H2C ice mixtures an intermediate formation of
mctaslable clathratc hydrate has been observed (see part 2.3) but
after decomposition only pure crystalline H2O ice remains.

The evolution of NH3=H2O ice mixtures have also been studied. The
main result is that NH3 molecules arc not able to diffuse through
water ice at temperature as high as 170 K. They begin to evaporate
only a few degrees before H2O. The formation of ammonia hydrate
with strong hydrogen bonds explains this behaviour.
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Fig. 1: Evolution of the CO content (%) versus total heating lime of
a CO:H2O ice mixture (initial CO/H2O ratio = 22 %). Successive
heating steps at constant temperature.
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Fig. 3: Evolution of the CO content (%) versus temperature of a
COiH2O ice mixture (initial CO/H2O ratio = 22 %). The time noted
at each point is the maximum annealing time at the corresponding
temperature.

30F

100 200 300
TOTAL HEATING TIME (hours)

Fig. 2: Evolution of the CO2 content (%) versus total heating lime
of a CO2:H2O ice mixture (initial CO2/H2O ratio = 16 %). Three
successive heating steps at constant temperature (91 K, 110 K and
125 K).

2.2 Crystallization rate of H,O-rich ices

The crystallization rate of pure water ice and ice mixtures (CO:H2O,
CO2:H2O, and CO:CO2:H2O) has been measured as a function of
temperature. The experiments have oeen performed at constanl
temperature in the 125 - 150 K range. The CO or CO2 molecule
concentration just before crystallization ranged between 0.5 and 7%.
The time necessary to crystallize an amorphous ice sample at
temperature T is determined by analyzing the time evolution of the
shape and position of both the 3.1 and the 6.0 (im infrared
absorption bands of H2O (Réf. 7).
The time tc(T) defined in this way corresponds to an almost
complete crystallization (no mom changes in the absorption bands)
although it is not possible to quantify precisely (in percent) the
effective extent of the amorphous-crystalline conversion by infrared
spectroscopy. For the water-rich ice mixtures the lime I11(T)
necessary to deplete the ice in CO or CO2 molecules (to less than
0.01 %) during the crystallization stage has also been measured. The
results for I0(T) and t/T) are plotted on Figure 5. The crystallization
times for pure and mixed ices are well correlated in an Anhenius
plot (log(0 = f(l/T)). except for the two ternary CO:C02:H2O ice
mixtures. These temaiy mixtures snowed to behave quite differently
from the simple binary mixtures of H2O with either CO or CO2;
they first formed a clathratc structure before losing their trapped CO
and CO2 molecules. This case will be analysed in the next paragraph
and is not taken into account in the following discussion.

o -
O

CO2 H2O

50 !OO

HEAVING TEMPERATURE (K)

Fig. 4: Evolution of the CO2 content (%) versus temperature of
CO2:H2O ice mixtures with three different initial CO2TH2O ratios (16
%, 21 % and 29 %). The sucessive points at a same temperature
correspond to measurements as a function of time at constant
temperature. The maximum annealing times arc shown for some
typical temperatures.

The crystallization time ranges from about 8 days at 125 K to less
than 5 minutes at 150 K. The activation law linking the time tc for
almost complete crystallization and the temperature T is:

tc = A

where A is a constant: A = 2.65 10"" hour
and E, is the activation energy: -EJk = 5370 K
The CO and CO2 depletion times 1,,(T) under vacuum (P < Iff6

mbar) are virtually the samcs at a given temperature and arc very
well correlated with the crystallization times. They are about 2 to 3
times larger which suggest that the evaporation is triggered and
controled by the ice crystallization. The extrapolation of the
activation law at lower temperatures gives crystallization times of
about 5 years at UOK, 500 years at 100 K, 105 years at 90 K and
5 109 years at 80 K.
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Fig. 5: Crystallization time of amorphous H2O ice (Black triangle -
Solid line) and CO or CO2 depiction time (While hexagon - Doted

line) versus temperature for COiH2O and CO2:H2O ice mixtures. The
black and the white squares correspond to formation and
decomposition times of clathratc hydrate as measured for a
CO:CO2:H2O ice mixture.

2.3 Clathrate hydrate formation and decomposition

Different processes which can lead to the formation or the
decomposition of clathrate hydrate have been studied in the
laboratory.

First the simultaneous condensation of CO and CO2 with H2O at low
pressure (P < 10'4 mbar) and low temperature (10 - 100 K) showed
that no clalhrate structure is formed under these conditions. The ice
mixtures obtained by this way have an amorphous structure, as
demonstrated by the broad 3.1 |im absorption band of H2O, and a
composition mainly depending on the gas mixture composition and
on the deposition temperature. Indeed, the deposition of a CO:H2O
gas mixture with 20 % of CO leads to an ice composition with
almost 20 % CO for a deposition temperature of 10 K, 18 % for
deposition at 30 K and less than 2 % when condensed at 50 K. It
is then quite clear that clathratc hydrate, which has a crystalline
structure with a defined composition cannot be formed by
simultaneous condensation below 100 K. However, it has been
shown by Bertie and Devlin (Réf. 8) that around a condensation
temperature of 120 K a clathratc structure can be formed by
simultaneous condensation of H2O and oxiranc (moderately volatile)
in a ratio close to the clathrate formula. Although we did not extend
the experiments above 100 K, it seems impossible to trap a
sufficiently large amount of CO or CO2 in crystalline H2O ice when
condensing under low gas pressure as a result of their large volatility
above 120 K. A partial gas pressure probably higher than 0.1 mbar
for CO2 and 200 mbar for CO would be necessary to form a
clathrate structure by condensation at 120 K. Experiments have to
be done in order to assess this possibility.

The second process expected to be able to form clathrale is the
crystallization above 100 K of an amorphous ice mixture condensed
at low temperature. It has been shown that the crystallization under
vacuum (P < 10"6 mbar) of simple binary CO:H2O or CO2:H20 ice
mixtures leads to the complete evaporation of the molecules still
trapped in the ice. The formation of a stable clalhrate structure is
then impossible under these conditions.
However, for the experiments performed with ternary CO:CO2:H20
ice mixtures a quite different behaviour has been observed during
crystallization. Instead of a monotonie decrease of the CO and CO2

band strengths with time during crystallization, a new CO2

absorption band (at 4.25 \un) progressively appeared close to the
normal CO2 absorption (at 4.28 urn) while this last band decreased
in intensity. The new band is characteristic of CO2 molecules
trapped in the small cages of a ciathratc structure as recently shown
by Fleyfel and Devlin (Réf. 9). We estimated the fraction of H2O
ice converted into clalhrate to be about !O %. Under vacuum
conditions the time of clathrate formation is about 5 hours at 142 K.
However, at 142 K the formation step is immediately followed by
a progressive loss of the CO and CO2 molecules leading to the
decomposition of the clalhrate structure in about the same time
(Figure 5). At 125 K the formation and decomposition processes arc
much slower bul the clathratc structure is still unstable under
vacuum conditions. It is likely that the addition of a CO2 gas
pressure close to the dissociation pressure of the clathrate would tend
to stabilize the clathrate structure formed. However, as soon as the
gas pressure drops below the dissociation pressure a decomposition
should occurs as we will show below.
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A third possibility for clathratc formation we studied in the
laboratory is by interaction between molecules in the gas phase and
pure crystalline H2O ice. A large number of experiments have been
performed for the formation of CO2 clathratc between 195 and 215
K (Réf. 1). The main results arc that clathrate hydrate forms only
when the gas pressure is higher than the dissociation (or equilibrium)
pressure P0(T) of the corresponding clathrate, and that the clathrate
structure decomposes as soon as the pressure drops below PC(T). The
phase diagram showing the temperature dependence of the
dissociation pressure PC(T) of the CO2 clathratc is known between
150 and 273 K. In Figure 6 we have reviewed all the data available
in the littérature for clathrates with a single host molecule.

P (b.r)

180 r

T (K)
tea zee

Fig. 6: Phase diagram P0(T) of some single host clathrate hydrates.
Dots are experimental values, solid lines are interpolations and
dashed lines arc extrapolations.

TIME (minutes)

Fig. 7: Formation of CO2 clathrate hydrate by gas-ice interaction at
195 K (Pc = 260 mbar). Influence of the gas pressure. The formation
rates have been multiplied by the factors between brackets.

The formation rate of clathrate hydrate has been found to mainly
depend on: i) the difference between the gas pressure P and the
dissociation pressure Pc at a given temperature T (Figure 7), ii) the
surface area of the grains and, Hi) the stability of the ice surface
(which depends in part on temperature). In the temperature range
investigated (195 K - 215 K) the mean growth rate measured for the
CO2 clathratc is about 10'4 urn/hour per millibar over the
dissociation pressure P0(T). A clathrate layer one micron thick will
need more than one month to build up with one millibar
overpressure. At lower temperature the formation rate is pr^ably
one to several orders of magnitude smaller, but up to now no
experimental data exists below 195 K. Furthermore, the
decomposition rates also depend on the difference between the
pressure P and P0(T) and are 10 (o 30 times larger than the
formation rates. It can be deduced from these results that the
formation and the stabilization of a clathratc structure over large
time scales is only possible under restricted physical conditions.

3. THE NEAR SURFACE LAYERS OF COMETS

In the following we will use the results of the numerical modeling
of comet nuclei of Espinassc et al. (Rcf. 4-6). This advanced model
already takes into account our results on the temperature evolution
of binary ice mixtures and on the crystallization of amorphous ice
in the calculation of both the thermal profile and (he chemical
differentiation of the nucleus. For the processes which arc not yet
included in the model we will estimate their occurcncc from both
thermal and internal pressure profiles. Indeed, if we considère the
time dependence of the temperature profile in a nucleus on a given
orbit it is possible to derive the temperature variation of a given
layer as a function of time. Especially, the thickness of near surface
material which has already been subjected to a temperature higher
than a given value T for more than a given time t can be estimated.

For a nucleus on an orbit identical to that of P/Churyumov-
Gcrasimenko (period: 6.5 years, perihelion: 1.29 A.U., aphelion: 5.72
A.U.) the model shows that the temperature of the 10 first meters
below the surface never drops below 130 K and that the top 3
meters of icy material are subjected to temperatures higher than 150
K for more than one year during each revolution of the comet. The
above temperatures are lower limits found for the combination of
various initial nucleus compositions (CO/H2O = 5 % and 30 %, or
COj/H2O = 5 % and 15 %) and porosities (30 % and 80 %).
Furthermore, in all these cases the model gives a CO free crystalline
ice layer thicker than 10 meters and a CO2 free layer between 3 and
10 meters for the second revolution after the capture of the comet
in its short period orbit. However, the model also shows that for a
comet on an orbit like P/Hallcy CO2 can be found in some cases at
less than half a meter below the surface (Refs. 4, 5).

Let now considère the "clathrate hydrate problem" on the basis of
our experimental results. First it should be emphasized that the
presence of clathrate hydrate in comet nuclei depends on the
possibility to form and to stabilize such a compound either during
or after the formation of comets. In this last case the physical
conditions prevailing inside the nucleus have to be taken into
account. If comets are formed below 100 K we can safely exclude
the initial formation of clathratc hydrate because the icy component
of the nucleus will have an amorphous structure. For higher
formation temperatures the partial pressures need to be higher than
the dissociation pressures of the clathrates. Wc calculated that the
number density of CO2 and CO have to be larger than 1015 and 10IS

molecule/cm3 respectively in order to fulfil the first condition for
clathrate formation. This is several orders of magnitude larger than
the values currently used for the prcsolar nebula density at the
places of possible comet formation.

After the formation of a comet, clathrate hydrate can only form in
the crystalline layers or in thu layers in the course of crystallization.
Although pure CO clathratc is excluded as a result of its high
dissociation pressure above 120 K (P0 > 200 mbar) a mixed CO2
clathrate with some CO, CH4, Ar and N2 molecules could form by
crystallization above 100 K. The problem of its stability is difficult
to assess due to the lack of experimental data. Especially, we do not
know the partial pressures necessary to stabilize the very volatile
components, such as CO, CH4, Ar and N2, in mixed clathrates.
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However, if we take into account the Tact that the dissociation
pressure of a single host clathratc is almost always smaller than the
saturation pressure of the host molecule as a pure solid we can
conclude that a given clathratc. if formed, will survive at
temperature sligtly higher than the pure solid. For pure CO2 clathratc
this temperature shift is 6 K around HO K. Wc have seen that the
numerical model (Rcfs. 4-6) gives a rccondcnsation of CO2 on the
crystalline ice grains up to depths as low as 0.5 meter from the
surface. We should then expect CO2 clathrate to be stable in at least
the same layers. The amount of clalhratc hydrate compared to
hexagonal or cubic water ice is probably lower than 20 % because
of, i) (he limited amount of CO2 trapped in the ice before
crystallization (7 to 10 %), ii) a partial loss of CO2 during the
crystallization of the clathratc, iii) a probable partial decomposition
of the clathratc at higher temperature. More laboratory data together
with a numerical modeling of these processes arc necessary to give
both the location and concentration of clalhratc hydrate in comet
nuclei as well as its effect on the gas production rates.

4. CONCLUSION

In summary, it can be concluded that the 3 first meters of short and
intermediate period comet will be composed of crystalline H2O ice
almost certainly without very volatile molecules such as CO, CH4,
N2 and Ar. The volatile molecules could be found only in the gas
phase (in the nucleus porosity) except for CO2 (with perhaps H2S)
which could have locally formed a clathratc hydrate structure or
could have rccondcnscd in the upper layers up to very close to the
surface of the icy material. NH3 and perhaps HCN molecules will
be found as hydrates at the top of the ice layer of the nucleus
together with all other less volatile molecules.
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TOO DE]EP ? TOO DEEP ?

TlHtAT IS THE

Many uncertainties remain because experimental data arc still lacking
for some processes and/or in critical temperature and pressure ranges.
Especially, all the experiments described in part 2 have to be
performed under moderate gas pressures (10'3 to 10 mbar) in order
to more closely simulate the physical conditions prevailing inside the
nucleus. The results could be quite different for the trapping of
gases in ice or clathrale. The formation conditions and the stability
of mixed CO and CO2 clathralc need also to be more thoroughly
studied.
On the other side, the numerical model needs to be completed by
adding dust in the nucleus, a crust formation at the surface and the
rotation of the nucleus as well as the future experimental data about
the evolution processes of comctary materials.
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ABSTRACT

MP describe in (.his paper sora<> of the main
laboratory results concering amorphous carbon
product ion and organic ice irradiation. T)IP
experimental data are used to reproduce P/llal ley's
ami ot.tier cometary IR spectra. Tho results indicate
that I.hp above mentioned malerials appear to lie
anong I lie best candidal.es t.o simulai.e the artual
carbonaceous and organic conponp.nts in comets.

Keywords:
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Amorphous carbon, organic
IR cometary spectra.

ices, laboratory

I. CARBON CONTAININO SPKCIES IN COHKTS

Ground-based observations show
molecules such as C0, C, and CN

the
in

presence
the coma

oL
of

2' "3
comets (Réf. 1). Their detection demonstrates that
more or less complex "volatile" ('-bearing molecules
are present in the cometary nuclei and produce the
observed "dai ghter" comixnmds, probably as a
consequence of photodissociation processes. Though
the spacecraft encounters with Halle/'s comet have
provided a large amount of new informât ion (Réf. 2),
the nature and complexity of these molecules is
matter of wide debate.

Before the Halley's 1986 passage, evidence for the
presence ol "dark" grains -possibly related Io
organic ices processed by radiation- was only
reported in comet Crommelin (Réf. 3). During the
P/HaJley close encounter, PIA (on board Giotto) and
PUMA (on board Vega) dust impact mass spectrometers
(Refs. *,!>) allowed to classify comelary grains
according to their chemical composition in three
main groups: a) silicate-type particles, with
elemental relative abundances similar to
Cl-chondriles; b) mixed particles, characterized by
the presence of bol h light and heavy elements; <•) a
IotaUy new and unexpected component formed by pure
"carbonaceous" material (the so-called "CIlON"
particles). These results suggest the presence both
of complex radiation-processed dust particles and of
refractory mantles around silicate cores (Refs.
It-T). In addition, spacecraft and ground-based
observations of couet Hal ley provided further
evidence that the fraction of organic and
carbonaceous material was about 3OX by mass (Réf.8).

Chain molecules enriched in carbon, hydrogen and
oxygen were also discovered by means of the I1ICCA
experiment (Réf. 9), and they were interpreted as
the first, evidence ot polymers (short polymer chains
of para-formaldehyde) in comets (Kef. 10).

Furthermore, ground-based Infrared speclroscopy
(ReIs. 11-16) and "in situ" spectral observations by
the IKS telescope on board Vega 1 spacecraft (Réf.
17) have evidenced, tor Halley's comet, (.he presence
ol two well pronounced emission features at around
3.3 and 3.4 ."m, resolved in different spectral
components. The saue features have been detected in
dynamically "new" .'.'omets such as Wilson (Réf. 18)
and Bradfield (Réf. 19). Bands at these wavelengths
are typical "fingerprints" of CII bond-bearing
materials and result to be a further evidence ol
organic and/or carbonaceous grains in comets. In
addition, airborne and ground-based
spectrophotowtry wl F'/llalley in the 5-13 Mm range
snowed, beside the strong 10 Mm silicate emission
band, a weak feature at 0.8 Lim, att.ibuted either to
carbonates or Io C-H c'efornation nodes in organics
(Réf. 20).

At this stage it is worth noting that, it is not
always simple to define the difference between
"organic" and "carbonaceous" materials. In the
following, we will identify as organic the
carbon-based materials in which the O/Il ratio is
lower Limit I. On the contrary, if H is depleted (C/H
> 1), the carbonaceous material becomes only
partially hydrogenat ed (hydrogenate'l amorphous
carbon, HAC); when the hydrogen content approaches
•/.era, the structure may even become a pure amorphous
carbon (AC).

One of the points under debate concerns the
"primitive" nature of the cometary carbonaceous
materials. In fact il seems rather reasonable that
they have been at least, partially modified since the
formation of comets, by energetic processes such as
galactic cosmic ray irradiation and/or radioactive
nuelide decay. According to commonly accepted
evolutionary theories, comets ..ondensed at. a
distance > 50 All from the Sun starting from the
aggregation ol smaller components. Then, they were

,5dynamically ejected to a distance of
in the Oort cloud, and there have been

10* - 10
stored

AU,
for

about 4.6 x 10 yrs. If comets are a direct
aggregalion of interstellar dust and gas (Réf. 21),
it is possible that they have partially preserved
some of the original material properties.

Amorphous carbon is a wide-spead component of
interstellar dust - and probably of comets - as also

Proc. of an International Workshop on Physics and Mechanics of Cometary Materials, MUnster, FKG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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shown mainly on the basis ol laboratory
investigations (Rcfs. 22-24). Support Lo the idea
that hydrogenatod amorphous carbon material may be
present also in comet.ary environment, comes from the
succès fill fits of the coraetary 3.3-3.4 MOI features
by using the optical properties measured in
laboratory on carbonaceous materials (Refs. 25,26).
On the other hand, it has been demonstrated that
ion-irradiation is a mechanism which can contribute
to alter also cometary material, both before comet
formation and (luring their storage in the Oort cloud
(Réf. 27). In particular, in the Oort cloud, the
external 0.1 m thick layer of the nucleus may
receive an ion dose of the order of 600 eV/mol, by

assuming .1 density of 0.2 g cm ' . This amount,
decreases slowly with depth into the comet interior,
so that the irradiation may produce the formation of
a stable organic crust, several meters thick (Refs.
27,28).

The presently available laboratory results and
experiments planned for the next future ran be used
to clarify the structure and composition ol organic
and/or carbonaceous materials in comets.
Furthermore, most of the laboratory experimental
techniques used to investigate cosmic dust analogues
can be useful to properly analyze cornel.ary samples
hopefully returned to the Earth by t.he Rosel t.a
mission.

2. PROPERTlKS OF HYDROGF.NATF.D AMORPHOUS CARRON
IN THE 1,ABORATORY

Submicron (average radius 40 A) hydrogenatcd
amorphous carbon (HAC) grains have been obtained by
striking an arc discharge between two amorphous
carbon electrodes in an Ar atmosphere at a pressure
of ^ 1 Torr (Réf. 24). Electron diffraction
microscopy shows Chat the HAC grain structure is
disordered on a length scale •- 10 À. On a shorter
scale, on the contrary, C atoms may be arranged in

2
crystalline "islands" with sp (graphite-like) and

sp (diamond-like) coordination. The structural
"bricks" are randomly oriented producing the "bulk"
disordered structure of the particle, in agreement
with the picture commonly accepted for "disordered
carbons" (Réf.29). This suggestion is confirmed by
both Raman and extinction spectroscopic results. In
fact, the Raman spectrum (Figure 1) of HAC samples
is characterised by two main peaks falling

respectively at around 1600 and 1350 cm , which are
both typical ol C-C resonances. However, Ihe lirst
feature is due to graph ite-i ike tiond.s, while I lie
second one can he attributed to .J i amon.'l-1 i ke,
disordered structures. Furthermore, the absorption
coefficient, -'(' ) =0.75 |Q /a|0 ), in the visible

2000 1500
wavenumber (cm"1)

1000

Figure 1. Raman spectrum measured in the laboratory
on hydrogenated amorphous carbon grains embedded in
a KBr pellet and deposited onto a glass support .

and vacuum HV ranges follows the law:

•> F. = B (F.-E )2 (O

where B is a physical parameter (Réf. 30), B is the
energy and F, is the "optical gap". Least square fit

straight, lines to the
E =* O eV and F, =* 2.5 eV,

corresponding to the band gap of graphite- like and
diamond- 1 ike crystallites, respectively.

and extrapolation of the
abscissa (Figure 2) give

IR spectroscopy on HAC samples shows several
absorption bands between 3,3 and 11.3^m, which can
be nttribut.cd to chemical functional groups stuck to
unsatural.ed carbon bonds in the HAC structure. Some
of the resonances are typical of CH. (n=l,2,3)

groups. In particular, in fhe 3.3 - 3.4 -<m range
three aliphatic features are observed at 3.30, 3.42
and 3.51 "m, while Ihe aromatic bands at 3.28, 3.31
and 3,33 *'m are lacking (see Table 1).

Dischler et al. (ReI. 31) have studied hydrogenated
amorphous carbon thin I i lms (^-CiII), after thermal
annealing up to T=600 •'C in the same wavelength
range. Al room temperature a broad band at — 3.42 ̂ m
is interpreted as due to the overlapping of lour
features fall inn respectively at 3.28 (very weak),

''l:"n
resonances (Table 1). As the temperature increases,
the 3.28 MB band rises in intensity and it finally
overcomes the 3.42 ,-'m signature at T - 500 ' C. This
behaviour suggests thai when the annenling

progressive conversion of
3

temperature rises, a

skeletal carbon from ^ prevalent sp''-al iphat ic
character (73 % at 'SOO 'C) to » dominant
2

sp -aromatic character (100 % at fcOO "C) occurs and
the band intensity ratio R = 1(3.3 f.<m)/l(3.4 -'m)
changes from R < 1 to R > I. Il is clear that this
interpretation does not account for fine changes in
band .shape and peak position. However, the wide
variety of rosonaces InI I ing in the 3.3 - 3.4 --m
range (see Table O suggests Iliai, the contribution
of different, modes to the total .spectrum nwv vary
11 ran .sample to sample, according Io Ihe production
cond i I inns , general ing various band profiles.

Fifiiii-e 2. (' I/') vs. I/' :<.r the HAC grain
sample. The dashed line is I tic extrapolation of t In-
line.ir square l i t in the near UV.
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Table 1. IR features in hydroBenalod anorphous
carbon samples.

Type
Configuration Observed band |x>sit.ion

(Mn)

HAC
20 50

<-•» -C: H
300 400 500 600' C

1, ?.02sp ClI

Sp2CH (arom.) 3.28

Sp2CII (o le t . )a 3.31
2

sp CII (olel . ) 3.33
•j

sp'Cll.((risyB, )a 3.38

sp 2ClI2(OlCl. )s 3.39

sp3CII2(a8ya.)a 3.42

3. A3

3.03

3.28 3.28 3.28 3.28

3.33 3.33

3.39

Sp-1GII
3.'.2 3.42 3.42 3.42 3.42

.sp-)CH3(syra.)s 3.48

sp3CH2(sym.)s 3.51 3.51 3.51 3.51 3.

Note: a and s indicate antisymmetric and symmetric
vibrât ions.

3. ION IRRADIATION OF CARBON-CONTAINING SPhXIlKS
IN THK IJVBORATORY

In recent years it has been produced a noteworthy
exper imenta l el fort to study many ol t h e
physico-chemical e f f e c t s induced by KeV-MeV ions
col l id ing w i t h solid targets of astrophysical
in teres ts (e.p,. ReI . 32 ) .

One ol the most impur I am results is Iha l when a
i arhon-containinp, tarpel ( f rozen Rases or polymer ic
so l id samples) is bombarded by ions it. is converted
Io a re f rac to ry organic compound ( R é f . 33). The new
m a t e r i a l appears H u f f y ami .amorphous and i t s colour
var ies I rom w h i l e - y e l l o w Io I) hick as I he deposited
energy increases f r o m few to 100's eV/moI ecu Ie. The
IR bands, p a r t i c u l a r l y I he CII s t re tch i i ip , modes at
around 3.4 ^m, decrease in i n t e n s i t y flue Io I he
hydrogen release produced by ion 11IJOIIIM* (Fii j i )ro :!).
!•'or example, if we consider methane , the II /C ral io
decreases I rom I he o r i g i n a l value 'i Io a f i n a l va lue
of O. r>. Th is i m p l i e s t h a t the or ip . ina l
carbon-contain ill)» (arp.et is g r adua l l y converted
towards a new component t h a t we ca l l [I1IIAC ( I o n
Produced HydroRcnal cd Amorphous Carbon) . IPIIAC can
be produced by i r rad ia f iri(>. many d i f f e r e n t m a t e r i a l s :
f ro/.en p.ases, polymers , complex molecu les , e t c . Iu
al l cases examined in the l abo ra to ry so l a r t h e new
m a t e r i a l S(M1IHs I o " f o r m e l " i ls o r i g i n a l s t a t u s
before i r r a d i a i ion. The Raman spec t rum ol one sample
is shown in Fip.uro '• and appears very s i m i l a r Io
t h a i of .imorphous carbons produced by o the r
lecliniiiiies ( R e I . 34; see also !• ip.uro I).

The previous result is ob ta ined at r e l a t i v e l y IiIpJi
energy deposi t ion (»00 e V / m o l e c u l e ) , w h i l e at lower
f l u c i u e s (1 -10 eV/molecu Ie) chemical processes
domina t e and many new molecules are fo rmed . In t h i s
last case, I lie products can be e i t he r d i i e c t l> lost
( spu t l e red ) f r o m Ihe target or can be stored in i t
and, then , released a l t e r warminp, up. For low
i r r a d i a t i o n doses, Ihe behaviour si ronpjy depends on
Ihe laniel composit ion and chemical rates may vary
slroii j ' , Iy, even lor smal l changes in composi t ion. In
I hose cases, Ihe appI i c a I i on t o asIrophys i ca1

3

i
OJ
O
G
ffl
Xl
L.
O

Organic residue from CH4 irr. with 75 kcV H*

1000 3000 2000 1000

Wnvonumbcrs (crn"1)

[•'iI;iire 3. IR spectra of organic residue* fro» ion
irradiated (at d i f f e r e n t doses) fraxan methane.

IPHAC

L,.J ^ -;_.--.-Ll

1000 1500 2000 2500

un shift (cm" )

3000

Fi c,u re 4. Raman spec I rum of I I'HAC obtained
IK-HKOIIP i rradiated by 3 keV Ar (^ 50 eV/mol).

from

scenarios is not st rai pji I forward because it is
required: a) to de te rmine ca r e fu l l y the exact
propert ies ol the o r ig ina l layer before bombardment ;
h) Io l o i low Ihe d e t a i l e d i r r ad i a t i on hystory.

A summary of ion-induced procosses as a f u n c t i o n of
the amount ol energy deposited in hydrocarbon
1.'IT(JPIs is given in Table 2. In the lu t lire, st roiiR
el f o r t s must be applied Io choose the most
appropriate larp.ots Io s i m u l a t e space conditions and
to (',el accurate i|uant i l a t ive resul ts .

Table 2. I'.l feels ol KeV-MeV ion bombardment on solid
hydrocarbons (IO < T < !0OK).

U)N KFFKCT

2 eV/mol - Transient erosion
- Formation of dimers and trimers
- Formal ion of new complex molecules
- l.oosinp. of !!„

50 eV/mol - 3-dim carhon-hydrof>on network
format ion

100 eV/mol - (hyrtrop.enated) amorphous carbon
format ion
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4. SIMULATION OF P/HALLEY's IR SPECTRA USING
HAC LABORATORY EXTINCTION DATA

The simulation of the 3.3-3.4 ,um cometary band lias
been performed recently by Colangeli et ni- (RuIs.
25,26) by using the optical properties measured In
r.he laboratory both for BAC grains and thin films
(oi-C:H), and for vitrinite samples, Tho observed
cometary flux measured by Hickramasinghe and Allen
(Réf. 15) - hereinafter HA - can be filled by means
of> at least, two different populations of grains:
larger and cooler grains (a ̂ 1 "m, T_ ̂  340 K) canu
account for the continuum emission while smaller and

(>00 K) can be l.hehotter particles (a ̂ 0.1 Mm, T,,
n

3.4 .u» band carriers. The fit of the flux
obtained by using the simplified expression:

F(X) = fe (A) + f, (Q/a]c(X) B

lQ/a]H(X) B(X,TH)

, Tc)

is

(2)

Here FQ(X) =

= 5800 K) ;

1(AiT0) is the scattered solar flux (T

fQ/a|rO) and lQ/a).,(X) arc the

extinction efficiencies of the grains producing V
continuum and the band, respectively at
temperatures Tfi and T|(j B(X1T) is the Plunck

function; fc, fi and /• are free parameters to be
determined to obtain the best fit of observations.
In Figure 5 we report the emission spectra computed
for HAC grains. As an example, the best-fit values
of the parameters ft and J , used in Eq. (2) for the
date of March 30th 1986, are respectively ft = 2.9 ..

I0"17cm and i = 1.0 10~18 cm.

Taking also into account the discussion in section
2, it appears clear that grains with a prevalent

sp -aliphatic character provide good fits to
2

cometary spectra while sp -aromatic coordinated
particles (i.e. &-C:H annealed at T i 500 'C) do not
seem to account acceptably for the I(3.3Mm)/I(3.4"oi)
ratio observed in P/Halley.

A simple comparison between the results of our
simulation and the observations can be performed in
terms of mass loss rates of grains producing the
continuum in the 3 - 4 .UBI wavelength range, F 1 and\*
those responsible for the bands, F It can be shown

that (Réf. 25):

80
70
60
50

40

301-

06 -

30 32 34 36 38

WAVELENGTH (jum)

40

Figure 5. Emission spectra of HAC grains computed by
using Eq. 2 (see text). Dots are P/Halley's
observational data by Wickramasinghe and Allen (Réf.
15),

where <i is the Earth-cornel distance at the time of
observations, f- is the density of the HAC grains,
and t represents the residence time of grains in

the diaphragm used during the observations. The
resulting F (HAC) and r (HAC) values can be compared

7with the total mass production rate, F = 2,1 - 10

g s , and the production rale for grains smaller
- 5 5 - 3than 10 g, F = 3./i x [O g s , measured at the

time of the OTOTTO fly-by (Réf. 35). We obtain
(HAC) 0.06 r and T ([JAC) a 0.13 F (Réf. 25).

J Il 1

These values are well within the limits ot
experimental "in situ" determinations and, in
part Itular, they are in satisfactory agreement with
the fraction of "CHON" particles detected by I1UMA 1
and PIA mass spectrometers (Réf. 8).

The mass production rates, F and r can be used to
kt 11

assess also the amount of carbon atoms which have to
be ejected (per unit time) in the form of grains, Q

and to produce the continuum and the band

emission, respectively (Réf. 26). The values Q
oq „ i OQ C

4.7 » 10 atoms s and Q0n 1.6 " 10 atoms s
_ j

have been obtained by assuming that the grains are
spherical, contain "only" carbon atoms, and the
inter-atomic distance d is, on average, equal to the
carbon-carbon distance in a graphitic layer (i.e. ci
= 1.42 ~; Réf. 29). These assumptions will bring to
an over-estimation for the actual number of carbon
atoms per grain.

29By using the H0O production rate, Q(H0O) = 5 « 10
-1
s (Réf. 36), we obtain Q1JQ(H0O) as 0.03. This is

O f,

in rather good agreement with the value of 0.01 «
Q(H2O) invoked by Encrenaz et al. (ReI. 36) for the

number of C atoms involved in solid state
hydrocarbon bonds necessary to simulate the 3.4 "m
band intensity.

5. FUTURE WORK

According to the results reported in sections 2 and
3, we note that amorphous carbon, more or less
hydrogeneted, can be obtained in the laboratory by
means of very diflerent techniques. Once a given
technique is used, the detailed properties of the
final product are a function of various parameters
(e.g. ion dose or raw starting material). One of the
purposes of the future experiments planned in our
laboratories (Naples and Catania) is to investigate
if it is possible to deduce the hyslory of a given
material from its final properties, i.e. the way it
has been produced and/or processed. Viceversa one
could also find that, after all, the final products
are very similar regardless of the way !..Mowed to
obtain each of them.

In any case, present (and future) experiments have a
significant relevance for the Rosetta mission. In
fact, we should receive at Earth cometery material
indoubtly constituted both by frozen volatiles and
refractory material. The analysis of carbonaceous
refractory components, via IR and Raman
spectroscopy, will provide unprecedented detailed
information about their structure and
chemico-physical properties. The comparison with
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laboratorj'-prodiicod carbons w i l l bo usefu l no I only
lor MIO idoiit i l i i - a t inn ol ( l i f t e r o n t m n l e r i n l s h u t ,
hopi-tti l I y , i t w i l l a l l o w also tn deduce t h e i r
hystory ( l < i r m a t . i u n and/or altor.ilion processes).

Oltict important JIi[XiIs could come (torn the ana lys i s
ol Ilio v o l a t i l e C( I In [H) IKMiI 1 by o . i» . gris-» ' rui[ ialOBral>
.nul mass-spedroscopy techniques. Aim ol (he w i n k to
tie performed w i l l bo Io . o r r e l . i t > - i ts romplox i l y
w i t h chemical (possibly thermal Iy dr iven) react inns
ami/or W i ( I i oilier energy inputs ( O . K . ion
i i ra-lii'l ion) whi r l ) could h.ive played a relevant
role .
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THERMAL CONDUCTIVITIES AND DIFFUSIVITIES OF POROUS ICE SAMPLES
AT LOW PRESSURES AND TEMPERATURES AND POSSIBLE MODES OF HEAT TRANSFER

IN NEAR SURFACE LAYERS OF COMETS

T Spohn, K Seiferlin and J Benkhoff

Institut far Planetologie, Westjâlische Wilhelms-Universitât, FRG

ABSTRACT

Thermal conductivities of solid wafcv ice, porous water ice
and porous water ice/dust samples with porosities between
0.5 and 0.6 have been measured at n pressure of 1 Pn and at
temperatures between 80 A" and 170 A". The thermal con-
ductivity was found to be 0.25 ± 0.05 Wm-1A""1 and to de-
pend little on temperature and composition in the range of
values considered. Thermal diffusivities and ratios between
rates of matrix conductive heat transfer and heat transfer
due to vapor flow have been estimated from the results of
recent KOSI comet simulation experiments. The thermal
diffusivities were between 10~7 and 10"8 m2s~l and the ra-
tio between vapor and matrix conductive heat transfer was
10. Water vapor heat transfer is most likely less important
if the near surface temperature of the Rosetta target comet
is below 150 A". It is still possible, however, that vapors of
more volatile phases contribute significantly to heat trans-
fer.

Keywords: Thermal conductivity measurements, comet sim-
ulation experiments

1. INTRODUCTION

The heat transfer properties of cometary ices are of great
importance for physical models of comet nuclei but arc rel-
atively poorly understood. One may hope that sample re-
turn by the Rosetta mission will eventually help to clarify
this point when comet nucleus samples will be available for
laboratory measurements. However, the heat transfer prop-
erties of cometary ices are of importance for the Rosetta
mission itself. For instance, the heat that is generated dur-
ing drilling for sample acquisition must be dissipated at a
large enough rate such that the temperature of the drill
core will not be untolerably perturbed. Density estimates
for comet nuclei (Réf. 1) suggest that a nucleus consists
mostly of highly porous ice/dust mixtures. Measurements
of the thermal transport properties of porous ice/dust mix-
tures have not previously been available. Klingcr (Réf. 2)
has measured the thermal conductivity of pure, monocrys-
talline water ice. Smoluchowski (Refs. 3,4) has estimated
the conductivity of porous ice and of porous ice with wa-
ter and COi vapor in the pores. Unfortunately, as Spohn
and Benkhoff (Réf. 5) have pointed out, Sinoluchowski's
method of calculating the contribution of the vapor to the

overall conductivity is incomplete and tends to overestimate
the conductivity.

In this paper we will report on direct measurements of the
thermal conductivity of porous water ice and porous wa-
ter ice/dust samples. We will also summarize our estimates
of the thermal diffusivitics of porous water ice/dust sam-
ples and the ratio between water vapor and conductive heat
transfer from interpretations of KOSI comet nucleus simu-
lation experiments. These estimates have been discussed in
more detail in (Refs. 5,6).

2. EXPERIMENTAL SETUP

The experimental setup for the thermal conductivity mea-
surements is a modified version of Klinger's (Réf. 2) experi-
mental setup to measure the conductivity of solid ice and is
illustrated in Figure 1. The sample is a cylinder of 70 mm
diameter and of 125 mm length (Figure la). A long cylin-
der as sample shape was chosen to warrant a sample length
much larger than the scale length of possible sample inhomo-
geneities. The cylinder mantle is enclosed with teflon. The
bottom surface is in contact with a heated copper plate and
the top surface is in contact with a heated assemblage of
copper rings. The copper plate and rings form two seperate
controlled heaters to enforce controlled temperature gradi-
ents. Usually, the heaters are powered such that the tem-
perature decreases from top to bottom. A heating wire is
wound around the cylinder teflon mantle and is used to bal-
ance radial heat losses. There are 6 PT-IOO temperature
probes in the sample: two close to the bottom plate, four
in the proper part of the sample, and two immediately be-
low the copper rings on top. The two middle temperature
probes located on the cylinder axis are used for measuring
the temperature gradient from which the thermal conductiv-
ity is calculated. The other temperature probes are used to
control the linearity of the vertical temperature profile and
radial heat losses. The thermal conductivity is calculated
from the measured temperature gradient along the cylinder
axis and the known power delivered by the bottom heater.

Figure Ib shows the experimental setup on a larger scale.
The sample is placed in a vacuumized sample holder inside
a vacuumizcd dewar. The sample holder and the dewar are
placed in a larger dewar filled with a liquid nitrogen. The
top copper rings of the sample holder are in thermal con-
tact with the liquid nitrogen bath. The sample is wired to a
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Experiment Setup ( schematic )
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Fig. 1. Experimental setup for thermal conductivity measurements, a) sample holder b) large scale setup.

scanner, a digital volt meter, and a printer for recording the
PT-IOO output voltage which is then converted into temper-
ature readings. The sample is also wired to power supplies
for the PT-IOOs and the heaters. The sample holder cavity
and the smaller dcwar are vacuumized with the help of a oil
diffusion pump. Manometer recordings indicated a pressure
of less than 1 Pa in the sample holder.

The experimental setup for the KOSI comet simulation ex-
periments has been described in a number of publications
(e.g. Refs. 7,8) and will be described here only very briefly.
The big space simulator used for the simulation experiments
at DLR/Cologne is basically a vacuumizcd cylinder of 4.Sm
length and 2.4m diameter. The interior is cooled by liq-
uid nitrogen, and the interior pressure is kept constant at
10"4Pa. The samples are cylinders of 30 cm diameter and
15 cm length. The mantle of the sample holder is made of

teflon. Tho bottom plate of the sample holder is made of
copper and is cooled by liquid nitrogen to enforce a constant
temperature of about 100 A". The samples are iusolated by
Xenon lamps at 1 to 2 solar constants. The temperature
measurements were done with copper-constnntan thermo-
couples. The wires of the thermocouples are shielded with
superinsulation. The outcoming voltages of the thermocou-
ples is digitalized and registrated by a HPlOOO Computer.
Measurements at well known temperatures (e.g. vaporiza-
tion temperature of liquid nitrogen) indicated a small abso-
lute error of the temperatures of not more than 3 A". The
thermal diffusivity and the ratio between the vapor heat
transfer rate and the matrix conduction heat transfer rate
arc calculated from models of the thermal evolution of the
sample.
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TaMc .1: Sample1 rlinnictcristics for thermal conductivity cxpcriuiont.s

Sample #

Composition [wi ight % ]
H1O ice
clunite

density [Mgm~3]
porosity

grain sixes [fim]

1

100%

0.95
solid

-

2

100%

0.4
0.6

100 - 1000

3

100%

0.4
O.G

100 - 1000

4

Sl%
10%
0.0
0.5

100 - 750

3. RESULTS OF THERMAL CONDUCTIVITY
MEASUREMENTS

Thermal conductivities of four samples of solid water ice,
porous water ice and a porous water ice/dust mixture have
been measured in the temperature range between SO and
170 K. In Table 1 parameters characterizing the samples
are summarized. These parameters arc the composition,
the density, the porosity, and the range of grain sizes. The
porous samples were prepared by spraying a water/mineral
suspension into liquid nitrogen. These samples consisted
of frozen droplets of submillimetcr size. The results of the
thermal conductivity measurements are shown in Figure 2.
In this Figure our results for solid or compact ice is com-
pared with data from (Réf. 2) and (Réf. 9). The data
scatter is typical of ice thermal conductivity measurements

at low temperatures and our data are in good agreement
with the previous data.

The conductivities found for the porous ice samples arc in
close agreement accept for one data point for sample # 3
at 122 A". The conductivity appears to depend little on
temperature and composition in the range of values consid-
ered. A value representative of the measured conductivities
is 0.25 ± 0.05 IKm-1A'"1 which is an order of magnitude
and more smaller than the values for solid ice. One should
be aware that the temperature ranges for the individual
samples was more restricted than the total range of tem-
peratures. For example, the temperature range for sample
# 2 was only 10 A". Sample # 3, however, is very similar
to sample # 2 so that the total range of temperatures for
porous water ice samples is SO to 130 A".

10
Thermal Conductivity [ W / K m I

0,1

*D
*Q a

D

10

Sample Number
A 1 (Compact lee)

+ Z (Poroua Ice)

* 3 (Porou* Ice)

Q 4 (Pl • du 80/20)

—- Kllnger

• Jacob, Erk

80 100 120 140

T IK ]

0,1
160 180 200

1989

Fig. 2. Results of thermal conductivity measurements. Thermal conductivities of four samples are plotted
as a function of temperature. For comparison curves fitted to the data of Winger (Réf. 2) and Jacob
and Erk (Réf. 9) are given.
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Fig. 3. Temperature profiles recorded during the KOSI-2 experiment in the big space simulator at
DLR/Cologne. Temperature tinta points and curves fitted to the data arc shown. The locations of the
12 thermocouples used to measure vertical temperature profiles are indicated by arrows.

4. THERMAL DIFFUSIVITIES AND RATIOS
BETWEEN VAPOR AND SOLID MATRIX HEAT

TRANSFER RATES FROM KOSI EXPERIMENTS.

A summary of experimental setup parameters for KOSI-
1 through KOSI-3 is given in Table 2. The dust compo-
nent was a mixture of clay minerals, with 0.083% by weight
carbon added for KOSI-2 and KOSI-3. The admixture of
carbon resulted in an albedo of O.OG (A. Oehler, private
communication). In addition, the KOSI-3 sample contained
about 14% by weight COyicc. The KOSI samples were also
prepared by spraying a water/mineral suspension into liquid
nitrogen. The samples consisted of fro/en droplets of mostly
submillimeter size; the sample density was about GOO kg/m3

and the porosity was about 0.4.

The temperature recordings of KOSI-2 are given as a rep-
resentative example in Figure 3. The most striking feature
of the temperature profiles is their convex shape attained in
the progress of the experiments. The convex shape of the
temperature profiles attained after 5 to 10 hours into the ex-
periment cannot be explained by a simple mode! of conduc-
tive heat transfer in the samples. The thermal conductivity
of porous ice appears to be not sufficiently temperature de-
pendent to explain the convex temperature profiles. For
a matrix thermal conduction model, concave temperature
profiles would be obtained. In order to explain the observed
thermal histories we have considered a coupled heat and
mass transfer problem and have shown that the weak near-
surfuce temperature gradient observed in the experiment
requires the ratio between the heat transfer rate via the va-
por and via heat conduction through the porous matr ix to
be on the order of 10 (Refs. 5.C). Values of the thermal
diffusivity K of (7 ± 4) x 10-V2.s-', (2 ± 1) x H)-8Hi^s-1.
and (7 ± 4) x IQ-1W*-1 for KOSI-I, -2. and -3. respec-
tively, were derived from fitting the time scale of the sample
thermal histories to the calculated thermal histories.

5. DISCUSSION

The thermal conductivities of the porous ice samples were
more than an order of magnitude smaller than those of solid
ice at the same temperature. This is a larger decrease in
conductivity with increasing porosity then was predicted by
(Refs. 3,4). The conductivity depended little on tempera-
ture and composition. However, it is possible that the con-
ductivity may significantly change if the concentration of the
dust component is further increased. A large dust compo-
nent has recently been proposée] by (10) for comet Halley.
A potentially important factor for the conductivity that has
not yet been investigated may be the history of the sample.
Since the conductivity is so .strongly depeixlend on poros-
ity, i' must be expected that the conductivity depends on
thi microphysics of the contact between the building blocks
of the matrix. The nature and the strength of the contact
may change wi th temperature and lime through annealing
processes, for instance.

The values of the thermal diffusivity are representative val-
ues for the heat transfer through the matr ix for the entire
thermal evolution of the KOSI samples during which tem-
peratures changed from about 100 A" to about 200 A". Since
the thermal conductivity appears to depend little on tem-
perature, it is reasonable to assume tha t the diffusivity also
depends l i t t l e on temperature, however. Using values of the
heat capacity and density, matrix conductivites can be cal-
culated from thf d i f f i iHv i t i e s . Using standard values of t in1

heat capacity (11 ) and the density of ice. we calculate con-
ductivi t ies t ha t arc about a factor of two smaller for KOSI-I
and -3 than the measured conductivities. For KOSI-2. we
calculate a matr ix thermal conductivity that is about an
order of magnitude smaller than the measured value. The
reason for the lat ter discrepancy is not known. The main
difference between the KOSI samples and the samples for
the conductivity measurements appears to have been the
ambient pressure, which for KOSI was four orders of mag-
nitude smaller.
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Table .2: Experimental setup parameters for experiments KOSI-I through KOSI-3

Diameter of the sample
Thickness of the sample

Composition (weight % )
HiO ice
CO2 ice

total dust content
Insolation

KOSI-I
May 1987

30cm
12cm

90%

10%
0.96 Wm-2 for 2ft
1.4 kWm~2 for 10ft

KOSI-9.
April 1988

30cm
15cm

90%

10%
1.4 kWm-* for 16.5ft

KOSI-S
Nov. 1988

30cm
14cm

77.4%
14%
8.6%

1.8 Wm-2 for 10.3ft
0.0 Wm-2 for 6.0ft
1.8 A-Wm-2 for 30.8ft

The ratio between vapor heat transfer and matrix conduc-
tive heat transfer was large for the KOSI experiments. It is
suggested that this mode of heat transport is also important
for shallow ice layers of cometary nuclei at temperatures of
200 A" or at even larger temperatures. For a rotation pe-
riod of the order of 10 hours and for a diffusion coefficient
of 1 Di2JS"1, the diffusion depth is of the order of 102 m.
Because the vapor pressure is such a strong function of tem-
perature, it is likely that water -apor contributes relatively
little to heat transfer if the temperature of the Rosetta tar-
get comet is below 150 A'. It is still possible, ho' over, that
vapors of more volatile phases such as CO contribute sig-
nificantly to heat transfer at these temperatures.
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ABSTRACT

One of the spectacular surprises of the recent spacecraft
encounters with Comet Halley was the discovery of com-
plex organic molecules associated with dust grains in the
coma, i.e., the CJION particles. Formaldehyde oligomors
have been identified as a constituent of the complex mixture
that constitutes the organic component of the dust. These
oligomers when end-capped with water are observed in the
laboratory to be stable in the gas phase up to 5 monomeric
units in length and at temperatures characteristic of dust
grains in the coma and higher. An overview is given of fur-
ther experiments concerning the physico- chemical nature
of formaldehyde-ice-dust mixtures relevant to the comet nu-
cleus and dust.

Keywords: Cometary organics, cometary dust, formalde-
hyde oligomers, cometary analogues.

1. INTRODUCTION

The remarkable spacecraft encounters with Comet Hal-
ley have verified that organic compounds are important and
interesting constituents of the coma dust and gas and, by im-
plication, of the nucleus. In situ measurements of the gas
and dust in the vicinity of the nucleus revealed complex or-
ganic molecules associated with dust grains (the CHON par-
ticles) and detected heavy ionic species. While the exact na-
ture of the organic constituents remains uncertain, polymer-
ized formaldehyde, or polyoxymethylene (POM), has been
identified as an important constituent. Indirect evidence
supports the close association of organics in the gas phase
with the dust. This evidence includes observations of the
distributed sources of carbon monoxide and formaldehyde in
the coma and supporting theoretical models. The physico-
chemical properties of formaldehyde oligomers and their for-
mation and destruction mechanisms have important impli-
cations for cometary science. Laboratory investigations are
therefore crucial to our understanding of the physical and
chemical properties of the comet dust, the nucleus, and its
formation.

The popular belief for over 40 years has been that comets
are composed of frozen gases of H2O, CII4, Nils, CO2, CO,
and possibly other minor compounds such as HCN, C2II2

and N2. The reasons for these assumptions were the ob-

served radicals CN, C2, C3, CH, NH, and NII2 in the coma
and CO+, CO2

+, and N2
+ in the plasma tail. In the course

of time many other radicals and ions have been added to
the list of observed species. With the exception of sulfur
compounds, the new species did not contradict assumptions
about the parent molecules in the nucleus. In particular, the
identification of CO2 in Halley seemed to confirm this suspi-
cion. Modeling of the cotna ion abundances for comparison
with the Giotto data strengthened these arguments (Rcfs.
1,2).

At the same time new evidence suggested that CN, ob-
served in jet-like features in the coma of Comet Halley, is
released from the dust (Refs. 3,4), that observed C2 and
NH2 gas "jets" have structures similar to the CN "jets"
(Réf. 4), and that about two-thirds of the CO comes from
a distributed coma source (Réf. 5) that may be associated
with the dust. New findings from instruments onboard the
Giotto and Vega spacecraft suggested the existence of high
mass molecules (Refs. 6,7) from which the polymer, poly-
oxymethylene (POM) was identified (Réf. 8). It has been
shown by Huebner et al. (Réf. 9) that POM on dust grains
is consistent with many observations including (1) the dis-
tributed source of CO and H2CO (Refs. 9,10), (2) the ob-
served dust size distribution as a function of cometocentric
distance (Réf. 11), (3) the dust composition as a function of
cometocentric distance (Réf. 12), (4) the low albedo of the
nucleus (Réf. 13), (5) the identification of formaldehyde in
the coma, and (6) the range of the formaldehyde cloud dis-
covered in radio observations of the coma (Réf. 14). These
findings, plus the fact that there are still many unexplained
mass channels in the PICCA and HIS ion mass spectrom-
eters on Giotto, open the door to the possibility of other
oligomers and heavy organic molecules in comets. Huebner
and tîcice (Réf. 15) suggest several possibilities.

An alternate explanation of the PICCA spectra has been
given by Mitchell et al. (Réf. 16). They propose that the
high mass species can be accounted for by combinations of
the radicals CH2 and NH with O and H, allowing only single
bonds between these building blocks to form the molecules.
They use C/O/N ratios that are consistent with those ob-
served in the CHON particles. This means that all N-bearing
molecules are significantly reduced in abundance and the
most abundant molecules are those containing C, H, and
O. We note that these C-H-O-bearing molecules that are
responsible for the major peaks in the PICCA data are sto-
chiometrically equivalent to the formaldehyde oligomers and
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their fragments that are proposed above. Therefore, they
are indistinguishable in the mass spectrometer data. More-
over, they can be formed easily on grains in the interstel-
lar medium through cationic and anionic initiation reactions
(Réf. 8) and do not require the formation and storage of
highly reactive radicals in the ice.

There are many important implications of the identifica-
tion of POM in Comet Halley. Arguments have been pre-
sented that POM existed on grains that were incorporated
into the comet nucleus at the time of its formation (Réf. 17).
This scenario is promising for using POM as a tracer of the
physical and chemical conditions in the early solar system.
Also, POM and other polycondensates may be ubiquitous in
grains in interstellar clouds and may be important in under-
standing the chemistry of circumstellar shells. The surfaces
of outer solar system bodies rich in water and carbon diox-
ide ices in a radiation environment may contain polyconden-
sates. Once formed, POM would not be easily destroyed on
the colder bodies and may imply limits on the physical and
thermal history of the surface. Another important implica-
tion of POM would be its effect on spacecraft instrumenta-
tion operating in a comet coma for extended periods of time
(the CRAF and Rosetta missions). Adhesion of POM, and
possibly other polymers, to instruments may impair or limit
their operation in the comet environment. Lastly, the ex-
istence of complex organic molecules in space may provide
an important link between the interstellar medium, comets,
and the origins of life (Refs. 18,19).

2. APPLICATION OF LABORATORY DATA TO COMETS

To demonstrate the applicability of the laboratory data,
two examples that highlight the association of organics with
the dust will be discussed further; the distributed sources of
coma species and the fragmentation of dust particles. Eber-
hardt et al. (Réf. 5) report that about two-thirds of the CO
in the coma is slowly released from the dust out to a distance
of about 15,000 km. Also using Neutral Mass Spectrometer
data from Giotto, Krankowsky et al. (Réf. 20) have shown
that HaCO exhibits similar bevavior with a shorter range
and at lower abundances. Snyder et al. (Réf. 14), observ-
ing the HaCO distribution surrounding Halley in the radio,
have found that it extends to distances further than can be
explained by release from the nucleus with an observational
scale length greater than that given by the photo lifetime.

Huebner and Boice (Réf. 15) have modeled the production
of CO and B^CO assuming the slow release of POM from
the dust over a distance of about 10,000 km. The POM
exists in the dust as an oligomer, 5 units of formaldehyde
in length, and is released in this form. Once released, the
POM photodissociates with equal probability at anj -C-O-
bond into various POM fragments. The eventual product
is formaldehyde which rapidly dissociates into CO. Figure 1
illustrates this relationship between the total fluxes of the
grains (G), !foCO, and CO throughout the coma as calcu-
lated in the model. A constant expansion velocity (vc) of
1 km/s is assumed for comparison with the Eberhardt et
al. (Réf. 5) data. Also included in the reaction network
are photoionization and dissociative recombination reactions
for each POM fragment. In this model the rate coefficients
describing the release of POM from the dust, the photoly-
sis reactions, and the recombination reactions are estimated
(based on reactions with similar, but simpler molecules such
as HjCO) as no experimental data exist for thesp processes.
To test this model and the scale lengths determined from
observations, laboratory investigations of formaldehyde-ice-

dust mixtures are necessary for measuring the desorption
energies and rates, adhesion properties to various surfaces,
the characterization of oligomers in the gas phase, and pho-
toionization and dissociation rates.

As a second example of the application of the laboratory
data, we consider the fragmentation of carboneous dust par-
ticles in the coma. On the Halley probes, comet grains
were roughly characterized to be one-third silicates, one-
third CHON, and one-third CHON-silicate mixtures. We
have previously proposed a schematic comet dust particle
composed of silicate grains, carbonaceous material, and more
complex molecules, including formaldehyde oligomers (Réf.
21). The affinity of these oligomers for silicate surfaces binds
the grains and holds the particle together. As the particles
drift away from the nucleus, solar heating causes them to
fragment on time scales related to the decomposition prop-
erties of the oligomers. To quantify this picture, measure-
ments of the adhesion properties of formaldehyde oligomers
of different surfaces, including silicates and metal oxides,
as a function of temperature have been initiated. These
laboratory results will aid the modeling of the formation of
CHON-silicate grain clusters by using the experimental ther-
raodynamic and adhesion properties.

This grain picture can be applied to investigate the mi-
crowave continuum emission from comets. Radio continuum
emission is thermal radiation that originates from the comet
nucleus and from particles in the coma that are comparable
in size or larger than the observed wavelength. Previous in-
terpretations relied on icy grains (Refs. 22,23) or meter-sized
blocks of water ice (Réf. 24) that are released from the comet
nucleus and evaporate in its vicinity, thereby defining the
observed range of the radiation source in the coma. Several
objections to this explanation can be raised. Alternatively,
these emissions may be explained as thermal radiation from
centimeter- sized aggregates of organic and refractory parti-
cles in the form of mixed CHON-silicate clusters that radiate
at a higher temperature than ice and are restricted to a fi-
nite range in the coma by their disintegration into smaller
particles. This picture is similar to that proposed by Wright
(Réf. 25) to explain radar echoes from comets but allows for
the disintegration of the aggregate particles, limiting their
range in the coma and resulting in a sharper spacial cutoff
of the radio source.

3. OVERVIEW OF LABORATORY STUDY

We describe a laboratory investigation that is currently
being undertaken to determine important properties of
formaldehyde-ice-dust mixtures at tempertures appropriate
to the cometary environment. A brief summary of the ongo-
ing experiments is given below as an outline of the project
and a progress report is included in the next section giving
some preliminary results.

POM is a product of formaldehyde and some impurities
such as water, methanol, and formic acid (Réf. 26). In its
purest state, formaldehyde behaves as an ideal gas. However,
when only a trace of water vapor is introduced, formaldehyde
rapidly polymerizes forming a white solid on the surface of
its container. The white solid, which is commonly known as
paraformaldehyde, is one of the most available commercial
forms of formaldehyde. POM is thermally unstable because
of an unzippering mechanism that involves the transfer of
the proton used in end-capping the last oxygen atom in the
polymer and the separation of a monomer unit. This process
is reversible and also accounts for the formation of POM.
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Figure 1. Dust as a distributed source of CO and H2CO in the corna. As
the grains (G) decay into POM which, in turn, pholodissociatcs, the flux
of H2CO initialK increases in the range of about 1000 - 5000 km. This is
followed by the rapid photodissociation of I^CO and the production of CO
over a more extended range. A constant expansion velocity of 1 km/s was
used for comparing with data in Réf. 5.

Water stabilizes the polymer by end-capping the unshared
electrons that form at both ends of the molecule when the
POM structure is formed. Similarly, in the laboratory,
methanol and formic acid are very effective in this role.
While water is highly abundant in comets, both methanol
and formic acid could accompany formaldehyde because the
former is created by by its reduction and the latter by
its oxidation. Recent work by Busca et al. (Réf. 27)
showed that formaldehyde in the form of dioxyméthylène
absorbed on metal oxide surfaces undergoes a dispropor-
tionation reaction forming formate and methoxide groups,
probably via a Cannizzaro-type mechanism It is possible
that the Cannizzaro-type reaction produces some formic acid
and methanol from formaldehyde adsorbed on the surface of
comet dust particles.

In the space environment, the natura of the end-capping
will be important to the thermal and photochemical stabil-
ity, and the volatility of the polymer. For very long chain
lengths, the end-capping material has a relatively small ef-
fect on the properties of the polymer, but in the comet en-
vironment where polymers are envisioned to consist of a few
monomeric units (oligomers), the end-capping group may
have a significant effect on the properties. When water is
the end-capping substance, the polymer is called a glycol.
Glycols are particularly noted for their low vapor pressures.
Vapor pressure data on high molecular weight glycols suggest

that the particle density curves for POM glycols may be rel-
atively independent of chain length so they would each tend
to have an equal opportunity to sublime into free space. It
is possible that relatively high molecular weight POM poly-
mers could be present in the coma.

Very little is known about POM or its oligomer fragments
in the gas phase. Experiments have been performed to de-
termine the stability of POM in the sublimation products
of paraformaldehyde by sublimating it from a solid probe at
various temperatures into a mass spectrometer. The mass
distribution of oligomer molecules has been measured in the
gas phase and is discussed in the next section.

The work of Busca et al. (Réf. 27) on the infrared spec-
tra of formaldehyde adsorbed on several metal oxide surfaces
suggests that POM formation is initiated by hydroxyl groups
on the surface. Since POM will not form in a completely dry
environment, it requires a proton donor such as an OH group
to enable the polymerization process. For example, on sil-
ica at 17OK, formaldehyde physisorbs on surface OH groups
and can be detected in the monomeric form using FTlR re-
(lcctai;ce spectroscopy; upon warming to about 2SOK, linear
chains of POM form on the surface. It is believed that the
linear POM chains are anchored to the metal oxide surface
by -C-O- bonds and may be found in this form on silica-based
dust particles present in the comet environment.
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Experiments are planned to determine the formation and
adhesion of formaldehyde oligomers on different surfaces, in-
cluding silica and metal oxides, as a function of tempera-
ture. Samples will be prepared by depositing thin films of
formaldehyde-ice mixtures on various surfaces cooled by liq-
uid nitrogen in a vacuum chamber. The disappearence of
formaldehyde monomer in the gas phase will be measured
using laser- induced flourescence. A slight heating of the
sample is accompanied by oligomerization of the formalde-
hyde on the surface which can be verified by FTIR spec-
troscopy. Alternatively, the polymerization may be initiated
by an excimer laser (Réf. 28) anJ then warmed to promote
oligomerization. The mechanisms of adsorption and desorp-
tion of formaldehyde oligomers on different various surfaces
can be investigated over a broad temperature range to deter-
mine the stability of the chemisorbed oligomers. The des-
orbed products will be characterized in the gas phase by
laser-induced flourescence and mass spectroscopy.

4. CHARACTERIZATION OF THE GAS-PHASE SPECIES

Experimental work on the identification of vapor phase
products of paraformaldehyde has been carried out using
a mass spectrometer equipped with a variable temperature
sample probe. It is well known that the principal product
of paraformaldehyde decomposition at room temperture and
above is formaldehyde gas. Previous studies (Réf. 26) have
shown that when paraformaldehyde is heated to 423K, the
evolved gas consists mainly of formaldehyde monomer.

However, recent results obtained by Molier and Jackson
(Réf. 29) give evidence that higher mass species are present
and stable in the gas phase. They have detected the exis-
tence of polymeric forms of formaldehyde in the gas phase

at temperatures as low as 30OK. The results obtained in the
present study extend this original work to higher tempera-
tures and higher mass, implying the existence of an oligomer,
5 monomeric units in length. Mass peaks were found that
indicate that high molecular mass POM fragments exist in
the gas phase at sample temperatures ranging from 473K to
773K. The samples consisted of two types, dry paraformalde-
hyde and a solution of 40% formaldehyde in distilled wa-
ter. The solution was prepared by refluxing a mixture of
paraformaldehyde and distilled water for about 20 hours.
When a clear solution was obtained, the sample was exam-
ined in the mass spectrometer.

The mass spectra were obtained using a Finnigan model
3300 mass spectrometer with a CDS model 120 pyroprobe.
The pyroprobe has a platinum ribbon heater to hold the
sample. The pyroprobe and sample can be heated to various
temperatures i jnly a few milliseconds. In the actual ex-
periments the samples were rapidly heated to temperatures
ranging from 473K to 773K. The samples did not vaporize
rapidly until the temperature was raised above 573K.

When dry paraformaldehyde was vaporized by the pyro-
probe, only a few mass peaks greater than 30 amu were
found in the spectra. They consisted of trace concentra-
tions at masses 47, 61, and 77 amu, that correspond to ions
of méthylène glycol, protonated formaldehyde dimer, and
a protonated POM fragment, respectively. However, when
the formaldehyde- water solution was vaporized in the mass
spectrometer, additional mass peaks were observed at 91,
107, 121, and 137 amu. A typical mass spectra is shown is
Figure 2. The intensity of the mass peaks decreases with
increasing mass. It is not possible to interpret the inten-
sity of the mass peaks solely in terms of the distribution
of neutral oligomers that are released into the gas phase as

se.e-

MASS SPECTRUM
89'2S<-89 12:48:06 * 1:25
SWIFtE: 48 ?. HCHO/H20 28 EU PY'SP'EI 489 C 25EC
CONOS.: 40 -v 2MIN // 10/MIN " 295 // F1NN2

46.9

DATA: 20926903 «85
CAUl: 209269F1 «3

BASE M/Z: 47
RIC: 2841E8.

r 121472.

El. 1

77.0

91.3 167.1 1.4 178.2 166.8 199.0

158 289 258

Figure 2. Typical mass spectrum of formaldehyde-water mixture heated
to 673K and using a 2OeV electron source in the mass spectrometer.
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TnI)Ic I . MiiKs spectra Kj)C1C1U1S i cUmt i f i r i . l i o i i

Muss Probable POM-relalod Ci ly ro l

-17 HO-CH-OH'
Cl CH2-O-ClI2-OIP
77 IK)-CH2-O-CH-OIP
91 CII2-O-CH2-O-CIl2-OII '
107 UO-CH2-O-CH2-O-CH-OIP
121 CII2-O-CII2-O-CH2-O-CH2-OH '

Designation
Méthylène glycol ion
POM ditncr glycol ion
Protonatcd POM fragment ion
POM trirner glycol ion
Protonated POM fragment ion
POM tetramcr glycol ion

137 HO-CH2-O-CH2-O-CH2-O-CII-OH1 Protonatcd POM fragment

these neutral species undergo ionizauon by electron impact
within the mass spectrometer that further alters their dis-
tribution. Other methods of softer ionization by photo or
chemical means may be used to aid in interpreting the peak
intensities. The ionization voltage was varied from 20 to
7OeV. It did not have a dramatic effect on the distribution
of mass peaks but lower voltages tended to increase slightly
the intensities of the higher masses, i.e., 91, 107, 121, and
137.

These results indicate that high molecular mass POM
species exist in the gas phase in the temperature range noted
above. The mass peaks are consistent with the species de-
scribed in Table 1. The main mass poaks at 61, 91, and 121
appear to be protonated integer units of formaldehyde with
an electron removed. The mass peaks at 47, 77, 107, and 137
are consistent with intermediate POM fragments with the
addition (or subtraction) of an -O- or a -CH2- unit from the
closest formaldehyde oligomer. Additionally, weaker peaks
at 60, 90, and 120 indicate the existence of the dimer, trimer,
and tetramer with an electron removed. It is unclear whether
the trimer is linear or cyclic (trioxane) but we suspect that
the relative stability of the cyclic trimer would further en-
hance the mass peak intensity.

The mass spectra very closely resemble the maxima of the
mass distributions obtained by the PICCA instrument to the
instrumental resolution. The peaks at higher mass in the
PICCA spectra are relatively more intense when compared
to the laboratory spectra, probably because photoionization
in the comet coma is a more gentle method of ionizing the
relatively fragile oligomer species than impact with 20 - 7OeV
electrons in the mass spectrometer.

The result that vaporization of the formaldehyde-water
solution yields significant high molecular mass species in the
gas phase indicates that high concentrations of water are im-
portant in the end- capping process and thus play an impor-
tant role in stabilizing these species. These results suggest
that the proton affinity of the POM-related species is rather
high, possibly similar to the basic unit of the formaldehyde
molecule which has a proton affinity of 7.24eV, as all mass
peaks are consistent with protonated species. Protonated
formaldehyde has been detected in the laboratory and ro-
tational transition frequencies have been calculated recently
(Réf. 30).

These experiments were repeated with a Gas Chromato-
graph (model 5890)/Mass Selective Detector (model 5970)
instrument to corroborate the above results. A relatively
neutral column of about 5 meters in length was used in the
gas chromatograph. These results were inconclusive as none
of the higher mass peaks were found in the spectra. As the
sample was evaporated into the inlet of the gas chromato-
graph with the 5 meter column, most of the higher molecular
mass species either precipatated onto the column wall or de-
composed during the long journey through the column.

5. SUMMARY

Formaldehyde oligomers exist and are stable in the gas
phase up to at least 5 monomeric units in length. Water is
important in the end-capping process for the stability of the
oligomers as glycols are preferentially formed. These results
coi?fu m those of Moller and Jackson (Réf. 29) and extend
their results to higher temperatures and mass. Protonization
of POM fragments may be an important process in cometary
coma as the proton affinity of these fragments seems to be
high, like that of formaldehyde. Additional laboratory ex-
periments are planned to determine basic physico-chemical
properties of formaldehyde-ice-dust mixtures appropriate to
cometary environments.
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ABSTRACT

Some preliminary experiments exploring the isotopic
exchange of water and C(>2 at low temperature are
reported. The results indicate that isotopic signatures of
these components may be lost even at sub-ambient
temperatures and thus have implications for the storage
of cometary nucleus samples during return to Earth.
Photochcmically produced organics are r>ade up of
species with different stability to combustion including
some of high volatility and others which are quite
refractory. These materials are worthy of consideration
as cometary analogues for use in preparing for the return
of comotary nucleus samples. Their study could also help
in the interpretation of the data which will eventually be
gathered from the comet samples themselves.

Keywords: Cometary analogues, stable isotopes, water.
CC>2, organics

1. INTRODUCTION

There are two types of cometary analogues; studies of
both are an essential part of the planning and hopefully
the successful execution of the Rosctta mission (réf. 1).
The first type, perhaps required in large abundance, will
be needed to test the gross mechanical properties of
comets so that constraints may be set relating to the in
situ performance of a landing spacecraft and its on-board
systems. The other type, possibly necessary in lesser
amounts and quite probably as a suite of materials rather
than a single entity, will be more appropriate to aid in
the scientific interpretation of any samples we might be
lucky enough to recover from a comet. The work
described in this paper concerns materials which fall into
the latter category.

A major unknown concerning the return of a pristine
cometary nucleus sample is the combined effects of
recovery and transport from the site of collection io
Earth. Since we have a very poor understanding of the
physical and chemical nature of cometary material it is
very difficult to decide how io store samples collected
during a cometary mission so as to preserve their
condition as near as possible to that existing on the
comet. One of the great fears is that, during transit,
samples will rise in temperature so that there will be
changes of state. Several workers have already addressed
this problem and there is at least a good first order
knowledge of the temperatures at which amorphous ice
changes to crystalline ice, the transition of cubic to
hexagonal structure, decomposition of various gas
clathrates, etc. (for example refs. 2,3,4). Something

which is much less well researched arc the chemical
reactions which could take place on warming so that
original components would be lost or altered. The most
subtle problem of this type would be isotope exchange
between major and minor constituents.

We have now carried out some preliminary investigations
into problems of an isotopic nature. A system where
isotopic exchange is likely to represent a worst case is
carbon dioxide-water. A suitable analogue for comctary
organics is less easy to select but as a first
approximation we have carried out some experiments
intended to establish whether photochemically produced
deposits (réf. 5) might be an appropriate choice.

2. EXPERIMENTAL

2.1 Ice-carbon dioxide exchange
Exchange reactions were carried out using 1 ml of water
and 50 u.g of carbon as CO2 giving a molar oxygen ratio
of co. 6900. Such a relative abundance is not
inconsistent with the proportions of CO2 to water in
Comet Halley (réf. 6). The water used for the experiment
was oil well head water so it can be assumed to contain a
proportion of dissolovcd hydrocarbon species as might
be expected in the case of comelary material. The carbon
dioxide was from a bulb regularly used as a reference
standard in our laboratory.

The water was first completely degassed by a freeze,
pump, thaw, freeze cycle and then valved off from the
pumps before an aliquot of carbon dioxide was frozen on
to the top of the ice at the temperature of liquid nitrogen.
The temperature of the ice was immediately raised to
-13O0C by surrounding the outside of the vessel with
melting pentane in a dewar flask. The pentane was then
allowed to warm !o its final temperature over a time of
about two hours. Ths high temperatures, ca. O0C, were
reached by occasionally adding a few drops of fresh room
temperature pentane to the refrigerant liquid.

2.2. Stepped combustion reactions
Stepped combustions for the release of carbon and
nitrogen for yield and isotopic measurements were carried
out using apparatus and methods as described previously
(refs. 7 - 10). One exception being that an additional
110O0C furnace containing a platinum catalyst was added
directly above the sample to ensure that volatile material
which migrated out of the sample region was combusted
rather than lost to the reaction. All the specimens
analysed were combusted at high resolution, typically 25
- 5O0C steps. The material analysed was scraped from
gold coated blocks into pre-baked platinum buckets. The
deposits were produced by irradiating a gas mixture of
H2O: CO: NH3 (5:5:1) trapped at 12K and 5 x lO"8 torr
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for 24 hours. Unirradiated aliquots of the gas mixture
were also taken for isotopic measurement to study the
isotopic fraction produced in the reaction. A small
number of samples were treated as bulks and analysed as a
single step in a sealed tube, according to the method of
Grady et al. (réf. 11)

3. RESULTSANDDISCUSSION

3.1 Ice-carbon dioxide
It is well known that a small quantity of carbon dioxide
shaken overnight in the presence of an excess of water
will take on the oxygen isotopic composition of the
water via the exchange reaction.

CO2 + H2O^=SH2CO3 (D

As a consequence the isotopic signature of the CO2 will
be lost, swamped out by the overabundance of oxygen in
the aqueous phase. In fact, this reaction is the
recognised method of measuring the isotopic
composition of oxygen in water (réf. 12). Although it
has been carried out innumerable times in hundreds of
laboratories throughout the world we are unaware of any
data relating to its efficacy at low temperature. Some
relevant information is however forthcoming from Table
1.

Table 1. Isotopic compositions of carbon dioxide in the
presence of water after warming from -1960C to various
subambient temperatures.

Final Temps.
(0C)

starting gas

- 53.4

- 25.9

O to RT

813C S18O

-43.45 ± 0.018 +1.19 ± 0.092

-43.25 ± 0.011 +1.36 ± 0.065

-43.27 ± 0.098 +1.86 ±0.170

-43.45 ± 0.010 +4.59 ± 0.025

Footnotes
1. Errors quoted are Io for twelve comparisons between
sample and standard.

2. The 818O value for the water is +45.32%e as
determined by allowing the same sample of CO2 to reach
equilibrium with the water by shaking overnight at room
temperature.

Apart from one experiment the errors for the individual
measurements are small and reflect the precision of the
instrumentation employed routinely for stable isotope
studies. The spread in 8'3C values for the carbon dioxide
is a little larger, ca. 0.2%o, but since this should not
have been affected by the reaction it is probably a better
guide to the reproducibility of the technique under the
conditions employed. Clearly the oxygen isotopic
composition varies by an amount which is outside this
range, particularly for the experiments where the water
reached a temperature of -25.9°C or higher. Moreover
there is a recognisable trend in the four data points with
the S18O of the CO2 changing towards the known value of
the water. For the experiment where the ice was allowed
to melt it is clear that the reaction in equation 1 is able
to take place. However, in the other experiments the
isotopic shift may be due to some gas phase exchange

occurring, because even at -53.40C there would be a
significant partial pressure of water vapour (réf. 3).

Whilst this is a very simple experiment, with only semi
-quantitative control of temperature and time so that
kinetics cannot be evaluated, it is able to highlight the
dangers of inadequate precautions during collection and
return of comet samples. Volatile compounds in comets
may not be in equilibrium with each other or the co-
existing solids, if accretion from separate reservoirs
occurred or the timescale of accumulation was rapid. Such
a situation would be easily determined from the isotope
systematics of the so called "volatile sample " provided
!his is stored at a temperature low enough to preserve
isotopic integrity. The preferred option of the Rosetta
Science Definition Team (réf. 1) is that any scooped
volatile sample should be stored at the same temperature
(13OK) as die core which will be taken to investigate
stratigraphie effects. Based on the results here it may be
possible to define less demanding storage parameters
which would still ensure that the volatile sample was
suitable for some isotopic and chemical measurements,
thereby conserving core material in the eventuality of
some need for compromise in mission requirements. An
appropriate temperature could be determined by a more
rigourous study of the various chemical systems
involved, of which carbon dioxide-water is likely to be a
limiting case because of its known susceptibility to
isotopic exchange.

3. 2 Stepped combustion of photochcmically produced
orpanics
Photochemical reactions of the type carried out by
Greenberg and his colleagues (réf. 5) produce organic
deposits at 12K. They therefore offer an ideal situation
in which to investigate the problems of storage of
cometary materials. Theoretically an experiment could be
performed in which a residue was warmed from 12K to
room temperature (or higher if necessary) and the gas
composition and its isotopic composition monitored
continuously. Such a detailed analysis is currently
beyond our scope but as a precursor we decided to carry
out an end-member type study, that is a comparison
between initial and final isotopic composition was
sought. Since there is no way of transferring samples
from Leiden to Milton Keynes stored at 12K we decided
to approximate the low temperature end-member simply
by measuring the isotopic composition of the gas from
w! .ch the photochemical deposits were produced.

The measured 813C value of the starling CO used in the
Leiden labaoratory is -27.69%o. This can be compared
favourably with the bulk 813C value of the residue
Greenberg 2 established by summing the steps of the
stepped extraction. Thus there does not at face value
appear to be any difference between the isotopic
composition of the products and starting materials.

However even a glance at the stepped extraction of
Greenberg 2 (fig. 1) reveals that interesting structure
exists in both release profile and isotopic composition.
Considering the isotopic compositions first: at very low
temperatures (less than 20O0C, which incidentally is the
initial step in any carbon stepped-extraction experiment
performed in our laboratory, for both practical and
historical reasons) there is a strong suggestion that the
813C value takes on positive values indicating
enrichment in 13C. It would therefore be very valuable to
measure components which are released in a stepped
fashion from sub-ambient temperatures up to 20O0C to
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Figure 1. The release and isotopic composition of
carbon obtained from stepped combustion of Greenbcrg
2. The histogram displays the yield (left axis) and the
line graph the isotopic composition (right axis).

Figure 2. The release and isotopic composition of
nitrogen liberated upon stepped combustion of Greenbcrg
11.
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establish how this fractionation from the initial carbon
source arose and what species carry the isotopically
enriched signature. At the high end of the temperature
scale, Ie. above 60O0C, there is also an indication of a
shift in isotopic composition enriched by ca. \2%o
relative to the bulk of the organics. Components
released by stepped heating above 60O0C are known from
the analysis of standard material to be either elemental or
carbide forms of carbon. Quite how these were produced
in the low temperature reaction employed here is an open
question not without considerable significance for study
of returned cometary samples.

Interestingly the release profile for the majority of the
carbon is strongly bimodal with a pronounced minimum
at around 40O0C. When seen during the analysis of
terrestrial sedimentary organics such a release pattern is
indicative (réf. 13) of a polymer (kerogen) with aliphatic
side chains (easily combusted) and a cross-linked or
aromatic core (more stable).

The situation with regard to nitrogen is much more
ambiguous because to some extent we have been forced to
disregard the S15N data. Isotopic measurements made on
Greenbcrg 2 revealed a very large enrichment in 15N but
subsequent experiments on Greenberg 9, 10 and 11 have
all shown progressive reduction in the gross 815N. We
know lhal in the past the apparatus at Leiden has been
used with gases which have artificially produced isotopic
labels. We can only surmise that what we are seeing is a
flushing of some memory of these experiments and
unfortunately the component retained in the system has a
long half-life. Such an idea has been confinned by a
comparison between NH-} gas which was measured
isotopically direct from the supply cylinder and also after
it had been passed through the photolysis system. The
former gas gave a 815N of +1.2 ± 0.9%o whereas the
latter, despite being contaminated with air, gave
+1200%».

Although the full study we envisaged has been
compromised it is still possible to get some useful data
out of the experiments. A bonus which of course we had
not expected is that the presence of 15N label in the
organics clearly demonstrates that they were produced in
the photolysis experiment and not a contaminant
concentrated from the vacuum system. Much the most
interesting outcome was again the bimodal release of N
which has been confirmed in all the stepped extractions,
for brevity however we show only the profile for
Greenberg 11 (fig. 2). Nitrogen components are released
as a continuum from room temperature up to 45O0C
suggesting that there will also be some sub-ambient
components. After the minimum there is u distinct peak
between 450 and 65O0C which presumably corresponds to
the cross-linked (aromatic?) carbon components,
although there is not a straight congruence between the
temperature of maximum carbon and nitrogen liberation.
A discrepancy between carbon and nitrogen release for
samples, where N and C arc known to be associated, has
been seen previously (réf. 14) and the apparent lag of the
N evolution is believed to be an artifact of a slightly
different experimental protocol.

Both carbon and nitrogen studies suggest the presence of
species of different volatility in the residues of
photochemical synthesis and such an interpretation can
be extrapolated to include the existence of compounds
which are mobile at sub-ambient temperatures. It may or
may not be significant that some of the components
existing in these deposits have a stability similar to the
macromolecular material encountered in carbonaceous
chondritc meteorites (réf. 15). An obvious conclusion of
this very preliminary study is that photochemically
produced residues are one (not necessarily the only) type
of material capable of affording information about the
likely affects which would accompany inappropriate
stroragc of cometary nucleus material during transit to
Earth. In this respect they have the advantage of being
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produced at very low temperatures so that species having
volatility at sub-ambient temperatures may be
investigated. This aspect of their make up was not
studied here but it is clearly an area which should be
considered for a future programme of research.
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INTRODUCTION TO DRILLING TECHNOLOGY

M Mellor

Cold Regions Research & Engineering Laboratory, Hanover, New Hampshire, USA

ABSTRACT

Terrestrial drilling technology is reviewed. The
general requirements for a drilling system are given
and conventional drilling techniques (rotary drag-
bit, rotary roller-bit, percussive, rotary-percussive)
are described. Unconventional techniques for pene-
trating solids are outlined, including thermal drilling
(spalling or melting), projectile penetration, high-
pressure liquid jets, explosive jets, erosion by projec-
tile streams, and chemic al penetration. Special atten-
tion is given to drilling in ice and frozen soils; perfor-
mace data are given, including values for penetra-
tion rate and specific energy consumption. The prin-
ciples, theory and equipment relating to each drilling
technique are indicated by means of diagrams.

INTRODUCTION

In many respects, terrestrial ice is an easy material
to drill. It is quite weak, it is not abrasive, and it
usually exists at a temperature close to its melting
point. Ice-bonded soils are also fairly easy to drill as
long as the grain size is many times smaller than the
diameter of the drill. However, ductility in soils such
as frozen clay can present some problems. Frozen
coarse-grained soils such as ice-bonded gravel do
not have particularly high bulk strength, but they are
difficult to drill when the grain size of the rock par-
ticles approaches the diameter of the drill. Ice of very
high porosity (usually called "snow," or "firn") is
permeable and highly compressible; it can be pene-
trated easily.

Conventional drilling technology can be adapted
for drilling in ice and ice-bonded soils, but it has been
found desirable to aim for refinement as well as
adaptation. Brute force is commonly employed in
conventional drilling, but for research drilling in re-
mote polar regions and high mountains, there is a
need for small machines that are light in weight and
highly efficient. In core drilling, the emphasis is on
core quality.

For drilling small holes in ice, melting is a practical
alternative to mechanical cutting, even though it is
inefficient in energetic terms (the energy needed to
melt unit mass of ice is sufficient to lift it against
gravity to a height of 34 km). Some highly effective
thermal devices have been developed for drilling
and coring. There have also been many tests of wholly
inappropriate thermal systems.

Over the years, a variety of unusual drilling re-
quirements have been developed by the military, by
industry, and by research groups. This has prompted
studies of unconventional drilling techniques.

The intention here is togivea rapid review of drill-
ing techniques, conventional and unconventional,
that have been used or tested on Earth. The treatment
is necessarily superficial, but there is an attempt to
direct attention to the basic principles of each con-
cept. Special emphasis is given to drilling techniques
for ice and ice-bonded soils, and some useful num-
bers are given. In adapting drilling techniques for ex-
traterrestrial tasks, consideration of the basic prin-
ciples seems essential.

ESSENTIAL COMPONENTS OF
DRILLING SYSTEMS

Drilling technology covers a wide range of practi-
cal tasks, with different industries having (heir own
specializations and independent lines of develop-
ment. An outsider tends to be overwhelmed by the
enormous range of unfamiliar equipment, the appar-
ent complexity of the varied operations, and the
strange technical jargon. However, once the general
principles have been grasped, it is easy enough to
understand the details of drilling technology.

All drilling systems have two essential functions:
1. Penetration of the ground material.
2. Removal or displacement of material from the

hole.
There is sometimes a third function:

3. Support of the hole wall.
When faced with a novel drilling task, the ten-

dency is to concentrate on the first of these, the pene-
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tration function. However, the penetration technique
must be linked with a compatible technique for
removing material. If the hole is to remain open
when the drill is withdrawn, it may be necessary to
support the hole wall in some way.

Penetration
Thermal

Melting Thermal
Spalling

Mechanical
Tool Motion

Normal
to

Surface

Parallel
to

Surface

Removal of Material
Mechanical

It

Suspension

I
Solution

Stabilization of Hole Wall
Direct Constraint

S
i-ï;1S*

Thermal

-

are candidates for thermal penetration. Possibilities
include electrothermal hotpoints, flame jets, lasers,
hot water jets, steam jets, microwave heaters, and
thermochemical systems (closed system or open sys-
tem).

Some other materials, again including ice, can be
dissolved or induced to charge phase chemically.
Hot water dissolves ice. Certain chemicals (freezing-
point depressants) can melt ice.

There are also hybrid penetration processes. Some
rocks spall mechanically when subjected to intense
heating from a flame jet. Fluid jets can be combined
with mechanical cutters. In ice and ice-bonded soils,
inefficient mechanical cutting can induce fractional
melting.

Removal or displacement of material
In conventional drilling, solid fragments produced

by the penetration process are transported to the sur-
face for disposal. Common transport systems are:

1. Continuous-flight auger (vertical screw con-
veyor).

2. Cyclic-lift augers (bucket augers; shallow-pitch
short augers; coring augers).

3. Air circulation.
4. Liquid., mud or foam circulation.
In some materials, the transport process can be

one of solution. For example, salts can be dissolved in
water; ice can be melted and removed as liquid.

UtMW drtUUIoii

Dngn

Penetration
The most common method for penetrating solids

depends on mechanical cutting or breaking of the
material by a drill bit. The drill bit can be a rotary drag
bit, a roller bit that works by indentation, a percus-
sive bit or a rotary-percussive bit. Deep ballistic pen-
etration by a projectile that depends on kinetic en-
ergy is a mechanical alternative. Erosion by a stream
of small free projectiles is another possibility for me-
chanical breakage.

Hard material can be penetrated by a stream, or
jet, of high-velocity fluid. High pressure water jets
(-100 MPa) can penetrate almost any rock, and ex-
plosive jets with tip velocities in excess of 5 km/s can
penetrate virtually any solid.

Some materials, notably ice and ice-bonded soils,

In porous ground that can be compacted, material
from the hole can be displaced radially, leaving an
annular shell of more compact material around the
hole. In ground that is effectively incompressible, it
is possible to push material from the hole in such a
way that displacements are distributed over a large
volume, eventually producing small displacements
at the free surface (this can happen during deep
penetration by projectiles or impact-driven rods).

Wall support
When shallow holes are drilled in competent rock,

well-bonded soils, ice, and suchlike materials, the
hole walls are self-supporting. By contrast, holes in
granular materials such as dry sand and dry gravel
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are likely to collapse if they are not supported artifi-
cially. When very deep holes are drilled on Earth,
gravity body forces will eventually cause any kind of
material to collapse when the stress exceeds the yield
strength of the material. There are three general
methods for stabilizing drill holes.

Direct mechanical restraint can be provided by set-
ting a casing of metal pipe or plastic pipe in close
contact with the hole wall. This casing is placed by
driving it with some type of hammer, or by drilling
it in with a special cutter set on the bottom of the
casing. Setting of the casing can progress with the
primary drilling operation, either advancing the
casing ahead of the main bit or letting the casing fol-
low the main drill. Alternatively, casing can be set
after the drilling is finished, using temporary sup-
port by high-density fluid prior to setting of the
casing.

DJn1Cf restraint by liquids is another way to prevent
closure. During drilling, a high-density fluid, or
"mud," is circulated as the drilling fluid, and it is left
in the hole after drilling to balance the lithostatic
pressure. For deep holes in ice, the fluid has to have
a low freezing point, it has to be non-reactive, and the
density has to match the average density of the ice
column (since ice creeps, too much fluid pressure
could enlarge the hole).

Treatment of the ground material is another possibil-
ity for supporting the hole. Common treatments in-
clude the use of specialized muds, chemical cemen-
tation (including pressure-grouting), and freezing.
An unconventional possibility is fusion of the hole-
wall material. For holes in ice or ice-bonded soils, the
hole walls have ti be kepi cold, both during and after
drilling. When a circulation system (air or liquid) is
used in ice or frozen soil, the fluid has to be chilled,
either by a heat exchanger or by a refrigeration
system.

ICE AND ICE-BONDED SOILS

For drilling purposes, ice and ice-bonded soils can
often be thought of as rocks. Ice is a unique mono-
minerallic rock of low strength and low density; it
occurs as the surface rock over large areas of the
earth's surface. When water-saturated soils freeze
they become sedimentary rocks that are cemented by
ice. Frozen sand is a sort of weak sandstone, frozen
silt is a siltstone, and frozen gravel is quite like weak
concrete. In all cases the ice is the key ingredient for
drilling purposes.

Ice is unusual in that it exists at very high homolo-
gous temperatures on Earth; it is easy to melt, though
the latent heat effusion is quite high. A most unusual
characteristic is that the solid phase of ordinary ice Ih
is less dense than the liquid phase.

One consequence of close proximity to the melting

point is an ability for ice to creep readily under sus-
tained stress. At the strain rates developed in typical
mechanical drilling, ice is quite brittle, but ductile
behavior can occasionally cause problems, especially
near the center of a drill hole and in very fine frozen
soils, notably frozen clay.

Fine fragments of ice cut by a drill bit are surface-
active. They adhere readily, to each other and to solid
surfaces. A mass of fine ice grains is compressible,
and sintering of the grains solidifies a static mass.
Inadvertent melting, from frictional heat at the bit or
from warm circulation fluid, can create serious prob-
lems in conveying cuttings out of the drill hole.

For most practical purposes in drilling, low-po-
rosity ice is considered to be incompressible.

ROTARY DRILLING SYSTEMS

Rotary drilling is the dominant technique for
making holes in solid materials. In rocks and soils, ro-
tary drills are used to bore holes with a wide range of
diameters, from less than 40 mm for shothole drills
up to about 5 m for shaft-sinking rigs. If tunnel-
boring machines are considered as drills, the diam-
eter range extends up to about 10 m. In the manufac-
ture of rock products and in research, rotary drills
with sub-millimetre diameters may be used.

A rotary drill penetrates by applying thrust and
torque to a drill bit, which does the actual cutting.
When the diameter is very large, the cutting element
is referred to as a boring head. Drill bits and boring
heads generally depend on one of two basic prin-
ciples:

a. Cutting by a scraping action, where
the cutter is a sort of chisel that -^
moves parallel to the surface that
is being cut.

b. Cutting by indentation, when hard
projections on the bit are thrust re-
peatedly into the rock, normal to
the surface that is being cut.

Ty/)i' (a) bits are usually called drag bits. They work
by scraping, shearing, planing or slicing the rock.
Diamond bits are really primitive drag bits, with
"whole-stone" diamonds or sintered diamond abra-
sives acting as very small cutters. Type (a) bits nor-
mally work in materials that are relatively weak and
not highly abrasive, but diamond bits can be used in
very hard rock.

Type (b) bits are called roller bits. They work by
pressing free-rolling discs or cones against the rock,
pitting it by brittle fracture and sometimes plucking
at less brittle material. The rollers on the bit may have
vee-edge discs or rings of indenters (chisel-edged,
conical, or hemispheric). Type (b) bits are well-suited
for work in hard rock.



M MKLLOR

\ J



DRILLING TECHNOLOGY 99

The rotary drive system is usually external, i.e. at
the top of the hole. Torque and rotation are trans-
nutted from the rotary drive to the bit by a shaft, often
a long string of coupled drill rods. The drill rod also
serves as part of the transport system for removing
cuttings, either by carrying a flow of compressed air
or fluid, or by rotating a flight auger (screw con-
veyor). Drill rod is raised and lowered by a hoisting
mechanism in a mast or tower. Torque reaction is
usually provided by a heavy frame or carrier vehicle
that relies on gravity for its stability. In a lightweight
system, torque reaction can be provided by a long
lever that is pegged into the ground.

The thrust system is also commonly external to the
hole, often integrated with the system for raising and
lowering the drill rod. In deep drilling, the weight of
a long drill string can provide more than enough
force on the bit, and it may be held in tension so as to
regulate thrust to the proper value. Thrust reactions
usually depend on gravity, positive downthrusl
reacting against the weight of the drill tower, turn-
table, drawworks, engine, carrier vehicle and such-
like. In raise boring, the drill string is in tension; it
runs in a small-diameter pilot hole, pulling up a large
boring head from an underground gallery.

There are also downhole rotary drilling units which
follow the bit down the hole, providing torque and
thrust from an internal drive system which is pow-
ered through an umbilical from the surface. Torque
reaction and thrust reaction are provided by radial
thrust against the hole wall. Tunnel-boring machines
are very large downhole units. They can use both
radial thrust and gravity for reaction against torque
and axial thrust.

Rotation can be provided by hand (or other types
of muscle power), by an internal combustion engine,
by an electric motor, by a hydraulic motor, or by an
air motor. Any of these things can drive either di-
rectly or through a mechanical transmission system
(shafts, gears, chains, belts, rollers, flexdrive cables).

Thrust can be provided by muscle power, by
gravitational deadweight of the rotary drive, by rack
and pinion, by roller drive chains, by hydraulic ac-
tuators, or by gas actuators.

The primary power source can be muscle power,
an internal combustion engine, electrical line power,
electrical storage batteries, a tank of compressed gas,
or water pressure. In principle, wind energy, solar
energy, fuel cells, and nuclear sources could be used.

Intermediate drives between the primary power
source and the final drives include mechanical trans-
missions, hydraulic pumps, air compressors and
electric generators.

Cuttings are removed from the hole by a mechani-
cal system or by fluid circulation. A continuous me-
chanical system depends on a continuous-flight auger
in conventional drilling, and on screw or belt con-
veyors in tunneling. A cyclic mechanical system for

drilling uses such things as a bucket auger, a shallow-
pitch short auger, or a core barrel (all have to be lifted
to the surface for emptying). In tunneling, shuttle
cars and trains are used. Fluid circulations systems
carry cuttings out of the hole by suspension in a
liquid, mud, or foam, or by turbulent suspension in
a fast flow of compressed air. In a standard circula-
tion system the fluid is forced down the inside of the
drill pipe and it returns up the annulus between the
drill string and the hole wall. Reverse circulation
moves the fluid in the opposite direction, with return
inside the drill pipe. Circulation is usually continu-
ous, but it can be pulsed.

A rotary drill, or drilling rig, has to provide an
optimum combination of torque, thrust and power
for the bits it is intended to drive. It is usually rated
for a maximum hole diameter.

Torque requiremen ts are proportional to the square
of bit diameter. For commercial augers that use drag
bits to drill holes from 75 mm to 5 m in diameter, the
maximum rated specific torque ranges from about 35
to 500 kN/m (i.e. kN-m/nr). The variation reflects
differences between heavy-duty machines designed
for hard ground and weak rock and lighter machines
designed for soils. For commercial rotary drills that
can use either roller bits or drag bits in the diameter
range 75 mm to 250 mm, the maximum rated specific
torque ranges from about 0.35 to 1.75 MN/m (MN-
m/m~). Tunnel boring machines in the diameter
range 2 to 10 m have maximum rated specific torque
in the range 80 to 180 kN/m.

The thrust requirements for a rotary drill bit are
often specified in the industry as force per unit di-
ameter, but the maximum thrust capabilities of drill
rigs correlate better with the square of maximum
rated diameter. For augers and other mobile rotary
drills (maximum rated bit diameters 75 mm to 2.5 m),
the maximum specific thrust ranges from about 20
kPa to 7 MPa. Roller rock bits can accept loadings up
to 5 MPa or more at low rotation speeds, but for fast
rotation (>150 rev/min on large roller bits) the
maximum acceptable pressures are from 0.5 to 2
MPa. On tunnel boring machines the maximum rated
specific thrust is in the range 150 to 700 kPa.

The rotation speed of a rotary drill can usually be
regulated within fairly broad limits, but for drills
overall there is an inverse relation between maxi-
mum rotation speed and maximum bit diameter. For
auger drills that use drag bits, maximum rotation
speed varies from about 20 rev/min for very large
shaft-sinkers (3 to 4 m dia.) to about 500 rev/min for
small rigs (250 mm dia. and less). Auger rotation is
usually regulated so as to keep the maximum linear
speed of the outermost cutters within the range 1 to
5 m/s. Roller bits are turned at speed from about 40
to 300 rev/min, keeping the maximum tangential ve-
locity at the rim of the bit mostly within the range 0.5
to 3 m/s.
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The installed power on a drill rig is usually much
greater than the power needed to rotate the maxi-
mum size of bit at the maximum rated thrust and
speed. The installed power has to provide for lifting
drill pipe (sometimes from considerable depth at
high rates) and also for clearing cuttings (by driving
an auger or powering a pump or compressor).

BITS FOR ROTARY DRILLING

A. Parallel Motion Tools
The cutting edge moves parallel to the advancing

work surface. The tool is forced into the work by axial
thrust and is rotated across the face by torque. Tools
include drag bits (chisel bits, finger bits, bullet bits),
knife-edge bits (planing cutters, shearing blades),
and diamond bits. In two-dimensional representa-
tion, tool is characterized by three angles: (1) rake
angle, positive or negative (P1), (2) relief, or clear-
ance, angle (P,), (3) included angle (P1).

Paraît*! Marion Dri| biti, plckt. pttnint
cuttcri, shtirlnt bladfi,
dlraondi

O. Primary RtHtI Artgl*
k. EIhKtIv* CIMratic* Angl*

RtIUI JngU
a. Actual
b. Apparent

In three-dimensional representations, the geome-
try can take a variety of forms. The cutting motion
may be approximately orthogonal, or oblique. Cut-
ters should be as sharp as possible. They work best
when cutting deep relative to the radius of the cut-
ting edge. Wear increases the thrust requirements
substantially.
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Each cutter advances along a helical path. The
steepness of the helical path for each cutter is in-
versely proportional to the radius of that cutter.

At the center of the bit the helical path is infinitely
steep, so special provisions are needed. The bit can be
designed to leave an uncut core which breaks off
periodically and is discharged with the cuttings.
Alternatively, there can be a miniature pilot bit.
Poorly-designed bits rely on the friability of the
ground material, or some other fortuitous process, to
solve the center-of-hole problem.

Pilot Bl'
Ctmer Rtllef

The cutters on a bit may be continuous radial
wings (straight or curved) or individual cutters with
spaces between them, so that separate grooves (kerfs)
are cut.

Lateral Tool Spacing

Adjacent kerfs have to meet or overlap so there is
cutting across the full area of the face. Cutters should
be arranged to give rotational symmetry, so that the
drill is not vibrated by out-of-balance forces.

b. d.
Example of balanced cutter arrays for 3 repetitions fn =

3, angular spacing 2ir/3i.

The specific energy for efficient drag bit cutting
(E ) correlates linearly with the uniaxial compressive
strength of the rock (CT.). The dimensionless index
given by Es/ocis typically in the range 0.05 to 0.5 (low
numbers denote high efficiency). For ice, ES ranges
from 0.5 to 4 MJ/m3. For frozen silt, E is usually (but
not invariably) higher, reaching values as high as 14
MJ/m3, even with efficient tools. For frozen sand, ES

is about 2 to 6 MJ/m3. Low values are obtained by
using sharp, well-set cutters and operating the drill
so that it produces large chips.

B. Indentation Tools
The cutting element thrusts into the work surface,

forming a crater by normal indentation. The process
is effective only in brittle material which cracks and
spalls.

Normal
Indentation ^^ ̂  ̂  ̂  or

I teeth), disc cutters. Up«ct
T i and percuuion tool*

Sidt» subject IQ normal
"str«$ plus fricftonol shtor
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The initial elastic stress distribution varies with
the shape of the indenter.
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The penetration process and its dependence on
indenter shape, material properties and interfacial
friction can be explored by application of plasticity
theory.

The indentation
process is repeated by
setting indenters
around the perimeter
of a roller, or by forc-
ing the rim of a disc
into the rock.

Each indenter, or each point on the rim of a disc,
follows a cycloidal penetration path in typical op-
eration. When studs or spikes penetrate to their full
depth, they can pluck the material by following the
path of a prolate cycloid. The cutting discs roll about
an axis that is approximately normal to the penetra-
tion direction of the drill. They also travel in a circle
around the penetration axis. Several discs, or several
rings of indenters, can be combined into a single coni-
cal roller. On a typical drill bit, one conical cutter cov-
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ers the entire radius of the bit. On a large boring head,
numerous roller cones can be set out. Each disc, or
ring of indenters, produces circular grooves on the
working surface. The radial spacing between these
grooves is optimized to give efficient operation of the
bit.

Each point on a cutter actually follows a helical
path as the drill penetrates. The specific energy for
rock-cutting by indentation (£s) has an overall linear
correlation with the uniaxial compressive strength of
the rock (a ). The dimensionless ratio £s/oc typically
ranges from about 0.25 to 1.5. Values of ES for ice and
fine-grained frozen soil are in the range 2 to 15 MJ/
m3.

In the design and construction of commercial
roller bits there are additional subleties.

ROTARY DRILLING IN ICE
AND FROZEN SOIL

For rotary drilling in ice and fine-grained frozen
soils, drag bits (parallel motion) are the tools of
choice. The individual cutters are usually chisel-
edge tools, although conical cutters (bullet bits) can
be used on large boring heads.

A cutter should be as sharp as possible, given the
need for significant strength and wear resistance. In
clean ice, very sharp steel tools can be used, with an
included angle ((i,) of about 30° to 40° and a relief
angle 5° to 10° steeper than the slope of the helical
penetration path (say, 3, = 12°, P,=+40° to + 50°).The
same tool design can be used for fine-graim J soil,
substituting tungsten carbide for steel in the cutting
edge. With this kind of cutter, the normal component
of cutting force can be expected to be about one-third
of the tangential component when deep chips are
being cut. With aggressive cutters of this kind, plus
careful attention to the center-of-hole problem, the
specific energy can be less than 1 MJ /m3 in ice and
less than 10 MJ/m3 in frozen silt. When typical

unmodified commercial drill bits are used, specific
energy values are an order of magnitude higher.

Using good augers in ice, we have achieved pene-
tration rates up to 22 mm/s with hand-crank drills,
up to 77 mm/s with hand-held electric drills, and up
to 38 mm/s with hand-held gasoline drives. This
covers a diameter range from 38 to 230 mm. With
force-feed on drill rigs, higher rates are possible but
not advisable, as thedriil jams when the bit produces
cuttings faster than the conveying system can trans-
port them to the surface.

Using similar tools in frozen silt, we have achieved
penetration rates up L? mm/s with a hand brace and
up to 33 mm/s with hand-held gasoline drives.
Shallow holes up to 356 mm diameter have been
drilled with hand-held equipment. With a small drill
rig, auger bits have penetrated ice-rich frozen silt at
rates up to 46 mm/s.

By contrast, some very large drill rigs with badly-
designed drag bits have been almost incapable of
penetrating frozen silt. A common problem is that
the bit foims a polished boss of uncut material at the
center of the hole. Another problem is that the cutters
become clogged with compacted fragments due to
inadequate provision for clearing the cuttings.



DRILLING TECHNOLOGY 105

Drag bits are not well suited for drilling small-
diameter holes in coarse frozen gravel, but robust
drag bits can be used for drilling large-diameter
holes.

Roller bits can be used in ice and frozen silt,
although they are not really appropriate, especially
when ground temperature is near O0C (ductility). Sea
ice has been drilled at 41 mm/s with a 120 mm
diameter roller bit.

Hand-held coring augers for ice and fine-grained
frozen soil can give rapid penetration. Our old 76 mm
LD. steel core barrel could be driven at rates up to 28
mm/s. The current 110mm J.D. fiberglass corebarrel
has been driven at rates up to 34 mm/s. The 76 mm
corer (fitted with carbide cutters) has been driven in
frozen silt at rates up to 61 mm/s, which is much
faster than the same tool in ice,

When a core barrel is being used for sampling,
especially in deep drilling, core quality is more impor-
tant than penetration rate. Rotation rate and/or the
angle of the helical penetration path are deliberately
limited in order to assure good core quality.

PERCUSSIVE DRILLING

Percussive drilling depends on either: (a) the
hammer and chisel principle or (b) the captive pro-
jectile principle. Of these, the first is by far the most
common in modern equipment, as exemplified by
percussive drills, jackhammers, impact breakers,
downhole hammers, piledrivers and suchlike.

In a hammer drill, a steel hammer strikes a rod or
an anvil and converts its kinetic energy to a stress
pulse, which is then transmitted to the drill bit, either
directly or via a long rod (the "drill steel"). The
hammer can be swung by hand, dropped under
gravity, driven directly by a gas-actuated piston (in-
ternal combustion, compressed gas, steam), or driven
indirectly by using gas, liquid or a mechanism to
cock a firing spring (gas or mechanical). Other possi-
bilities include repetitive firing of chemical propellant,

The piston is shown at the Iront end of its stroke. The
hydraulic oil enters the drifter through the high pressure
port (1) and flows into the front part of the cylinder (2)
forcing the piston backwards and at the same time
entering the distributor chamber (3) pushing the distribu-
tor (4) to the rear position. A part of the oil delivery enters
the HP. accumulator (S) compressing its nitrogen and
thus accumulating energy. In this position the oil in the
rear part of the cylinder escapes through port (6) to the
return pert (7). The LP. accumulator (Bl functions similarly
to H.P. accumulator to prevent shock loads in the return
hoses.

mechanical oscillation of a mass, or application of
some electromagnetic driver.

Projectile impact is the essence of the old cable
tools which repeatedly raise and drop a heavy weight,
to which the bit is attached. Some impact breakers
used for demolition have a short-throw captive pro-
jectile which is driven by air or fluid.

Percussive drills are used typically in hard, brittle
rock which can be chipped into small fragments.
Energy from the hammer is transmitted to the rock
by the drill bit, which has either a number of hard,
vee-edge chisels set radially, or an array of hard,
hemispheric or conical studs. The bit is usually held
in contact with the rock by a small bias force (< 70 N
per mm of bit diameter). It receives repeated impacts
from the hammer, rotating slightly between succes-
sive blows so as to move the indenters out of the

When the piston has travelled so far that edge (9) has
covered ports (6), port (10) will have opened allowing
pressure shock to escape and absorb In the accumu-
lator (5). After this the edge (11) uncovers the ports (12)
and the pressurized oil in the distributor chamber es-
capes to the return line. Before this, edge (13) prevents
oil flow to the distributor chamber, and the pressure in
the front part of the cylinder forces the piston backwards.

As the pressure in the distributor chamber is relieved,
the high pressure prevailing against the rear face of the
distributor (4) forces It forwards thus covering the es-
cape ports (6). In this position the oil can flow to the rear
part of the cylinder through a pressure port (14) between
the distributor and the body. At the same time the oil
can flow through port j!0) to the cylinder.

The piston moves forwards due to imbalance of forces
prevailing in the rear and front parts of the cylinder. At
the same time the H.P. accumulator is discharging oil to
the H.P. line thus increasing oil flow to the cylinder.
Shortly before the percussion point of the piston,
edge (13) allows oil flow to the distributor chamber and
imbalance of forces between distributor faces moves
the distributor to the rear position clos-'ng the oil supply
to the rear part of the cylinder. After the percussion point
the return cycle of the piston begins as described above.

Tampella-Tamrock Hydraulic Drifters
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craters they have just formed. This rotation, called
indexing, can be produced by a rifle-bar mechanism
(which gives a fixed angular displacement per blow)
or by an independent rotary mechanism.

A percussix'e drill commonly has the hammer
mechanism at the surface (this is called a "drifter," or
for a small hand-held drill, a "sinker"). The impact
from the hammer is transmitted to the bit as a strain
wave through a robust elastic rod (the drill steel).
Impact frequencies are in the range 20 to 60 Hz. For
a given drill diameter (typically in the range 35-150
mm), operation becomes inefficient below a certain
depth (of order 10 m), since blow energy is dissipated
in the drill-rod couplings and in flexural vibrations
of the column.

For deeper drilling by percussion methods, there
are hammer drill units that attach directly to the bit
and follow it down the hole (downhole hammers).
These units are pneumatic, so that air for powering
the drill is combined with the air circulation that
clears chips and dust from the hole. Downhole
hammers can drill large diameter holes (up to 1 m) to
considerable depth. They are attached to rotary drill
rigs and rotated slowly to provide the indexing.

Although percussive drilling is usually applied in
brittle rock, percussive and vibratory equipment can
be used to drive penetrators or sampling tubes into
soft material that can be displaced radially. Pile-
driving and drive-sampling are examples.

Percussive and vibratory devices work at widely
differing frequencies, from less than 1 Hz for large
pile-driving hammers to around 100 Hz for high-
frequency vibratory tools. The blow energy for a
single impact tends to be inversely related to fre-
quency, ranging from 1 MJ or more for large pile
drivers down to 30 J or less for small hand-held drills.
The product of frequency and blow energy is the
power delivered to the bit so that, for constant power,
the frequency and blow energy are inversely propor-
tional. The percussive power at the bit is about 40%
of the input power for a good hydraulic drifter.

The specific energy of the drilling process de-
creases (i.e. efficiency increases) with increase of
blow energy, largely because heavier impacts pro-
duce coarser chips (cf. comminution theory). How-
ever, because of limitations to the strength of drill
steel and bits, typical percussive drifters cannot
handle blow energies above about 0.5 kj. Large-
diameter downhole hammers can develop much
higher blow energies, up to 5 kj or more at frequen-
cies around 10 Hz.

Practical percussive machines have a substantial
reactive mass. For hammer-type machines, the ratio
of blow energy to machines mass is typically in the
range 1.5 to 6 J/ kg. Projectile-type machines can have
higher ratios—up to about 25 J/g.

The specific energy for percussive drills (drifters)
working in typical hard rock is in the range 100 to 500
MJ/m3. Percussive drills have not had any serious
use in ice, but on the basis of laboratory indentation
tests the specific energy for the penetration process
can be estimated in the range 2 to 20 MJ/m3. How-
ever, at very high frequencies percussion and vibra-
tion can become very inefficient in energetic terms,
eventually tending to become melters (specific energy
= 300 MJ/m3).

Using unmodified commercial equipment, small
diameter percussive drills have penetrated ice, fro-
zen silt and frozen gravel at rates up to 46 mm/s.
Solid steel rod of 0.1 m diameter has been driven in
frozen silt at 14 mm/s and in dense froz« n gravel at
almost 2 mm/s. A big high-frequency vibratory unit
has driven open-end pipe (0.15 m O.D.) into frozen
silt and sand a t ra tes up to 150 mm /s, and 0.11 m O. D.
core tube into frozen gravel at up to30 mm/s. A small
downhole hammer has drilled at 12 mm/s in frozen
silt.

THERMAL DRILLING

Some types of hard rock can be penetrated effec-
tively by flame jets. The most efficient breakage pro-
cess is thermal spalling, which seems to work best in
dense rocks that have a high quartz content (the
expansion coefficient of quartz is double that of other
typical rock-forming minerals). High-temperature
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(1 ) Copper cylinder. (2) Heating cartridge. (3) Thermal insulation.
(4) Glass metal sealing. (5) Water suction pipe. (6) Heating wire.
(7) Row gage. (8) Vibration pump. (9) Melt tank. (10) Filter. (11)
Drain hole. (12) Connection. (13) Linear slip ring. (14) Suspension
spring. (15) Linear transducer. (16) Ball and socket joint. (17)
Electronic section. (18) Electrical connections. (19) Connector.
(20) Electrical insulation. (21) Cable termination. (22) Armored
cable. (Gillet et al.. CNRS, Grenoble.)

combustion takes place in a high-velocity jet of well-
mixed fuel and oxidant. Fuels used in the various
systems include diesel fuel, propane, LNG, acety-
lene. Oxidants are compressed air or pure oxygen.
High-velocity exhaust gases flush debris from the
drill hole. Flame jets melt ice, frozen soils and some
other materials, scouring away the melt layer by the
jet action and thus permitting useful application of
high power density. A flame lance, which burns a
metal rod, can also be used as a penetrator.

In the early seventies a high-temperature hot-
point for melting holes through rock was developed
at Los Alamos. Power density at the melting tip was
in the range 0.3 to 2.5 MW/m2, with a development
goal of 5 MW/m2. The fused rock was supposed to
displace radially and form a lining for the hole wall.

(1) High power density cartridge. (2)
Cold part of cartridge. (3) Glass-metal
sealing. (4) Copper cylinder. (5) Ce-
ramic coating. (6) Stainless steel tip.
(7) Stainless steel tube. (8) Cooling
flange. (9) Copper power conductor.
(Gillet et al., CNRS, Grenoble.)

Flame jets have driven holes of 0.2 m diameter in
ice at a rate of 15 mm/s, and in frozen silt at 5 mnvs.
The Los Alamos Subterrene penetrated very cold
frozen silt at 0.14 mm/s under high thrust.

For drilling in ice, a variety of electrothermal
drills were developed for core sampling and for plain
hole-drilling. An electrothermal system is particular-
ly attractive for deep coring, as the core barrel can be
lifted and lowered rapidly by reeling the cable (as op-
posed to coupling and uncoupling rigid drill rods).

The heat-exchange surface of the hotpoint is alu-
minum or copper that contains sealed electrical-re-
sistance heating elements. An early design goal was
to maximize power density while assuring a good
working life for the elements, and power densities in
the range 1 to 3 MW/m2 were achieved. However,
the film-boiling phenomenon sets useful limits to the
power density of a hotpoint that sits in its own
meltwater, and 3.25 MW/nr seems to be about the
useful upper limit.

The minimum energy needed to melt unit mass of
ice or ice-bonded soil is the sum of the latent heat of
fusion for the ice component and the sensible heat
needed to bring the total mass up to the melting
point. Multiplying this sum by the hole's cross-sec-
tion area and the penetration rate, the minimum
power needed for thermal penetration is obtained.

If a limit value for the power density is accepted,
the maximum theoretical penetration rate can be
estimated (ignoring heat losses). For pure solid ice at
-50C, a power density of 3 MW/m2 gives a theo-
retical penetration rate of 9.5 mm/s, which is an
order of magnitude lower than rates attainable by
mechanical ice drills.

Rate limitations can be overcome by using a hot-
water jet for penetration. Water is heated by fuel oil
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or gas (e.g. in a tankless heater or a car-wash heater)
and is then pumped under moderate pressure (1 to 10
MPa) to a discharge nozzle. Short-term penetration
rates in the range 50 to 100 mm/s can be achieved
and, unlike a rotary drill, a hydrothermal drill with
flexible hose can give overall drilling rates that are
not much lower than the short-term penetration rate.
Water from the hole is recirculated to the heater.
There need not be much heat wasted in the drilling
process, so that specific energy is around 300 MJ/m3.
Heater capacity and pump capacity limit the hole
size for a given penetration rate, or vice versa. Mul-
tiple jets are used for big holes.

Closed-circuit hydrothermal units can cut very
large cores of any cross-section, using heated pipes
as the core-cutter. In this application, penetration
rate is limited by film boiling in the same way as it is
with electrothermal borers.

Steam drills have been used in ice, particularly in
situations where light weight and simplicity is im-
portant. The steam jet can be driven just by boiler
pressure.

When a drill melts its way through a semi-infinite
mass of impermeable ice (as opposed to a floating ice
slab), the meltwater normally has to be removed
from the hole by pumping, blowing or baling.
However, if the drill is simply implanting a string of
sensors, the water can be allowed to refreeze. For
deep penetration by a thermal sonde, a fixed wire can
be paid-out from a reel inside the sonde.

A thermal sonde can generate its own heat by an
internal exothermic chemical reaction. This is dis-
cussed under "Chemical Penetration". Limited pene-
tration can also be achieved by letting a heated mass
sink into ice. Theoretically, an iron rod can sink about
its own length for each 10O0C of initial temperature.

With 100% thermal efficiency and total melting,
thermal drilling in solid ice has a specific energy of
306 MJ/m3 at O0C and 316 MJ/nr* for ice at -50C.
Electrothermal penetrators working in moderately
cold ice typically consume 600 to 700 MJ/m3, i.e. they
have thermal efficiencies from 45% to 55%. Higher
efficiency can be achieved; in fact, some of the per-
formance reports in the literature imply efficiencies
in excess of 100%.

Lasers, including pulsed and focussed lasers, have
been considered for drilling in ice, but there is a
practical problem in removing meltwater when
boring downward. In tests where a CO, laser was
used for linear cutting, the process specific energy
was 414 MJ/m3 (76% thermal efficiency).

BALLISTIC PENETRATION BY
A SINGLE PROJECTILE

Moderately deep penetration can be achieved by
a single impact from a kinetic-energy projectile (i.e.
an "inert" projectile, as distinct from an explosive

one). This is not a standard drilling process, though
it is used for driving steel studs and nails into build-
ing materials and it is applicable to certain penetra-
tors used for research or military purposes. High-
velocity projectiles can develop very high energy
and power per unit frontal area.
When a fast projectile first strikes a solid target ma-

terial it propagates a stress wave and forms a conical
surface crater. For planar impact with good imped-
ance-matching, the stress wave amplitude in the tar-
get material is given by the productof density, elastic
wave (sonic) velocity, and impact velocity. With
sufficient energy (and strength), the projectile con-
tinues to bore into the target material from the base
of the surface crater. It comes to rest when its energy
is exhausted, sometimes after losing directional sta-
bility and "tumbling". From low-speed ice penetra-
tion tests with blunt-end rods, it seems that the
penetrator has to develop contact pressures of ap-
proximately 30 MPa in order to sustain penetration
in solid ice. Specific energy for ice penetration is in
the range 1.5 to 15 MJ/m .
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High-speed projectiles such as bullets can pene-
trate ice and frozen silt to depths of approximately 30
diameters (calibres). In moderately dense snow,
penetrations up to 180 diameters can be attained.
When conventional guns are fired in air, the maxi-
mum impact velocity is about 1.0 to 1.2 km/s, but in
vacuum much higher velocities are attainable.

Test data for deep penetration in ice, frozen soil
and snow have been compiled by us, but not ana-
lyzed. Data are for for small bullets and for large inert
shells and bombs. In preliminary attempts to unify
the results from different investigations on the basis
of power-law regression, we chanced upon a curious
relation that, for some unknown reason, gives a good
representation of the data. If P is penetration, £ is
impact energy and D is projectile diameter,

P = K(E/D)"

where » = 1 /2. The parabolic relation is probably an
approximation for part of an overall exponential
relation, but the significance of £ / D is still a mvsterv.
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PENETRATION BY
HIGH-PRESSURE LIQUID JETS

High pressure liquid jets, continuous or pulsed,
can be used to penetrate and cut rocks and frozen
materials. A continuous jet is driven by a special
pump unit, which may contain a high-pressure feed
pump, an intensifier and an accumulator. A discon-
tinuous jet is, in effect, a series of liquid projectiles
fired from a nozzle by an impact device or an explo-
sive propellant. The nozzle has a conical or flared
entry, with a short, narrow hole of uniform diameter
for final discharge. Because nozzle erosion is a prob-
lem, a hard liner is required.

For a continuous jet, denoting nozzle pressure by
/), nozzle diameter by d, discharge velocity by i>, flow
rate by 17 and hydraulic (nozzle) power by P:

v ~ /;"2
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To develop very high velocity and pressure, the
power demands are high and nozzle diameter can-
not be very large. The power per unit area in a water
jet is very high—2.6x104 MW / nr for a pressure of 69
MPa (lO^bf/in.2) and S.lxKFMW/irrfor a pressure
of 690 MPa (lO-'lbf/in.2).
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Continuous water jets with nozzle pressure from
69 to 690 MPa have been tested in ice and frozen soils.
Penetration of frozen material by a stationary jet is
limited by the coherent length of the jet, which itself
is limited because it is normally submerged in air.
High pressure jets firing in air from small nozzles
have dynamic (effective) lengths of about 2500 to
4000 nozzle diameters. In our tests, total penetration
in ice was about 2000 nozzle diameters.
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Jet-cutting is optimized by traversing the jet to
produce a slot. Optimization relations that relate
penetration to pressure, diameter and traverse speed
have been developed for ice and frozen soil. Even
under the best of circumstances, the specific energy
for jet-cutting in ice is comparable to the latent heat
(specific energy for melting), i.e. the energetic effi-
ciency is very low.

EXPLOSIVE JETS (SHAPED CHARGES)

A hole can be drilled by the explosive jet which
forms when a detonation wave propagates axially
along a cylindrical charge that has a cavity in one
end. The shaped charge (hollow charge, cavity charge)
forms a plasma jet whose velocity is comparable to
the detonation velocity of the explosive. A liner of
metal or glass inside the cavity introduces a stream of
high-density particles into the jet.

The jet penetrates the target material like a projec-
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tile, expelling debris in an annular counterflow. The
resulting hole is deep and narrow, with a broad
shallow crater at the surface. Linear dimensions of
the hole are proportional to the charge diameter. For
a given type of charge, the penetration depth is, to a
rough first approximation, inversely proportional to
the square root of target density.

In strong target material, penetration holes be-
come deeper and narrower as the density of the
charge liner increases. There is also an optimum
thickness for the liner, about 2% to 7% of the cone
diameter, depending on the liner density. There is
also an optimum charge standoff, needed to permit
formation of the jet before it enter» the target.

The cone angle, which can range from about 20°
to 90°, affects the penetration depth and the hole di-
ameter. General-purpose shaped charges typically
have a cone angle of about 60°. Penetration'of rela-
tively weak ground material is not highly sensitive to
cone angle.
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Well-optimized shaped charges firing into semi-
infinite ice penetrate from 12 to 16 cone diameters.
The hole diameter at mid-depth ranges from one-
third to two-thirds the cone diameter.
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In ice-bonded soils such as frozen silt, the penetra-
tion is a bit less than in ice.

O l 0 2
Cone Diameter
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When fired in air, a shaped charge produces air
blast. In water, it propagates a shock and creates a gas
bubble. In vacuum, it can be expected to produce an
expanding shell of high-velocity particles.



112 M MELLOR

Ii lin.)

ai 0.2
Coo« DiocwUf

0.3 (m)

EROSIONBYAPARTICLESTREAM

In principle, a hole can be bored by firing a stream
of high-velocity solid particles, such as coarse sand
or steel shot. Excavation experiments were made in
frozen soil, using pea-gravel projectiles propelled by
an air eductor. The idea of driving a tunnel by firing
concrete shells from an artillery piece was taken se-
riously and given significant government funding.
The snag is that the ratio of excavated mass to pro-
jected mass is unfavorably small unless the impact
velocity is very high (as it can be in the absence of
atmosphere).

10'

S 10s

10'

K)'

- I « I1I1I1 I ' I M1I1I I ' I1I1I1 I H1P-
— I I I •

O«" 5*C p «iu.l/m3/ .

Drop-weight TeiU(')

,20

GunT««ti(*)

10' .0°
I -I I i ' ' I . I.I I

10'
Energy (J)

IO

I 10*

10'r

_ I r I I I M'| I < \ l 1 1 I 1 I I l I ' | I U

ICE

/

. ../ 1

; • t- Q"d Alum»,

f , MJ/mJ/

Croft «t. ol. —

10/

— / Kowohofni el. ol. —

/ I I I !'fffl . 1 i I , hlil I i I i l l Ii

10° 10' 10'
EfItTQy(J)

10'

The specific energy for cratering, ES, is the ratio of
imact energy to crater volume. For projectiles crater-
ing relatively warm ice surfaces, measured values of
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CHEMICAL PENETRATION

Chemical penetration can be thought of as any
drilling process which depends on a chemical reac-
tion at the advancing face of the drill hole. There are
two obvious processes: (a) direct interaction between
ice and a melting-point depressant, (b)an exothermic
reaction at the base of the drill hole.
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Soluble salts and fluids such as ethylene glycol
and methyl alcohol are melting-point depressants
that can be used to melt ice. However, no practical
system has been developed so far. The active chemi-
cal has to be kept at an appropriate concentration at
the ice surface and meltwater has to be removed;
both meltwater yield and reaction rate decrease sig-
nificantly with decreasing temperature, dropping to
zero at the eutectic temperature. At about -60C,
sodium chloride can melt up to nine times its own
mass, but if the required reaction time is not to exceed
15 minutes the meltwater yield reduces to about 1.5
times the mass of salt.

Exothermic reactions can be induced in an open
system, by dumping into the hole something that re-
acts with the ice (e.g. sodium hydroxide), or they can
be induced in a closed container that then becomes a
"hotpoint", as discussed earlier under the heading of
Thermal Drilling. It is not easy to see how a practical
open system can be achieved.

As regards closed systems, the idea of drilling
with thermite is exhumed with irritating frequency.
Thermite is 73% black iron oxide (Fe5O4) and 27%
granular aluminum, sometimes with a burn accel-
erator such as barium sulphate added. The heat of
reaction is modest (= 3.3 kj/g) but the reaction tem-
perature is high (220O0C). In ice, it fizzles, crackles,
pops and steams in a satisfying way, without achiev-
ing much in the way of penetration.

DESIGN OF EXTRATERRESTRIAL
DRILLING SYSTEMS

The first step in designing for a extraterrestrial
drilling project is to draw up performance specifica-
tions in basic terms, i.e. without implicit prejudg-
ment about techniques and equipment. In other
words, give the science requirements (such as im-
plantation of passive sensors, in situ testing by active
devices, or extraction of samples). Depths and di-
mensions should be given, together with predicted
ground properties and indications of the uncertainty
about these properties. The performance specifica-
tions should be accompanied by a list of technical
constraints, such as limits to size, reactive mass, total
available energy, maximum power, environmental
contamination concerns, and other relevant factors.

With the problem defined, it should be examined
from first principles. This examination should be
based on common sense, a knowledge of basic phys-
ics and some acquaintance with the broad aspects of
relevant technology. The problem should not be
passed immediately to a person, or group, with great
expertise is a very narrow area of drilling technology.

A major difficulty is lack of knowledge about the
composition of the target material and its physical
state. This could mean that the drilling system has to
be one that is effective in different types of material,

not in just one closely-defined type. However, there
are limits; it is unlikely that a single device can drill
all conceivable materials.

The working environment is likely to be very dif-
ferent from that on Earth. With little or no gravity,
there is no significant weight to provide static reac-
tion to thrust and torque. With no atmosphere, con-
ventional compressed air systems are not useful, and
air-breathing power sources are ruled out. On the
other hand, there may be some advantages. With no
gravity body-forces the hole is not prone to collapse
and with no gravitational resistance it is easier to con-
vey cuttings from a vertical hole. With no atmos-
phere, free projectiles can be accelerated to higher ve-
locities and hot wires are less likely to burn-up.

Systems that require static reactions to forces are
not necessarily ruled out, but it seems likely that
some kind of anchoring would be required, necessi-
tating pre-drilling by some other principle (e.g. in-
ertial or thermal). If rotary drilling were to be used, it
would be important to maximize energy efficiency,
to minimize thrust and torque requirements, and
probably to minimize the power level (i.e. the drill-
ing rate). Electric drive would probably be attractive.
Continuous-flight auger would be a simple way to
clear cuttings, but might be somewhat different from
an auger that is designed for work under gravity.

- ,- - ,»—=- (U1-U1COtQ)'

"I ,- - ,1•= (u,-u, co»a)
R

Inertial systems are clearly of interest Percussive
driving might be a possibility, but it is not easy to see
how chips and dust would be cleared in more con-
ventional percussive drilling. Projectiles driven by
chemical propellents should certainly be capable of
penetration; whether projectile penetration serves a
useful purpose is another question. High-velocity
fluid jets are not likely to be appropriate, but explo-
sive shaped charges would certainly work.

If there is high probability that the target material
is ice, or has a high ice content, than thermal drilling
might be a possibility. The choice of one thermal
system over another would depend on the target ma-
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terial and the purpose of the drilling. An open-sys- Once the general approach has been selected it
tern liquid jet is unappealing and a flame jet would should be relatively easy to find applicable technical
have to be designed very carefully to get the best data and experienced specialists capable of the nec-
from such a high-potential system. Electrothermal essary detail-design. Test facilities for drilling ex-
melters might have trouble in dirty ice or ice-bonded périmants are available, both in natural settings and
soil. in controlled environments.
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ABSTRACT

In the context of cornet simulation experiments the physical
differentiation of icy analogs is investigated. During and after
the artificial insolation the hardness of the samples is measu-
red as a function of depth. The simple experimental set-up elu-
cidates for the first time the effect of insolation on the
mechanical properties of fluffy ice-dust mixtures. Starting
from a fluffy ice-mineral mixture of low density, a remar-
kable hardening of the sample is observed within distinct
layers. These layers arc inhomogcncous in thickness and hard-
ness. The variation of hardness with depth is attributed to the
crustal formation by sintering. It can be explained qualitatively
by models of crust formation via sublimation, diffusion and
condensation of volatiles. During typical experiments the hard-
ness increases by a factor of S-IO.
KEYWORDS: Model comets, crust formation, crust hardness,

comet simulation

1. INTRODUCTION

Once kicked into a periodic orbit around the sun the original
amorphous icy dirtball is seriously changed in its physical sta-
tus. As a consequence of the solar irradiation the HbO ice com-
ponent becomes crystalline, the volatiles sublime and the gas
and dust emissions start. Not all dust grains can leave the surfa-
ce. A part of them is too heavy to be lifted off by the outstrca-
ming gas jet. They form a dust mantle that shields the deeper
ice layers from solar irradiation. The gas and dust cmissivity
decrease and a crust is formed below the dust mantle. The co-
mctary activity shows a time and space variation. One result of
the Giotto-Mission to comet P/Hallcy was, that only 20% of
the sunlit surface was active. Only a fresh surface seems to be
active. This implies, that a crust once formed has to be blown
up by accumulated gas beneath.
In a first approximation this crust may be defined as that part
of the surface that changed its physical state, texture and com-
position during insolation. One reason for doing comet simula-
tion experiments with different icc-mincral-mixturcs is to un-
derstand the physical processes within and at the surface of a
real comet's nucleus. Most simulation experiments in the facili-
ties of DLR-KoIn (Rcf.l ) were performed with fluffy ice-mi-
ncral samples prepared by injection of an aqueous mineral
suspension into liquid nitrogen (Rcf.2). Two different sizes of
samples were used, the one 30 cm and the other 10 cm in main
scale. Both samples holders arc tilted around 45" against the
horizontal solar irradiation, that the fluffy stuff is not poured
out. During the insolation a hardening in the upper part of the
samples is observed. After the experiments investigations of
the hardness as a function of depth arc carried out at different
sample sites. The results from the various experiments diffe-
ring in sample composition and insolation time will be pre-
sented in the following.

Since 1987 four KOSI- experiments ( KOSl= Komcntcn-Simu-
lation) were performed in the Space Simulator. Supplementary
simulation experiments arc performed in a small chamber to
answer specific problems, e.g. to test different sample composi-
tions. In addition to the scientific investigations methods of
sample preparation, handling and characterization were develo-
ped. These experiences will also be helpful in the preparation
of the 'comet nucleus sample return mission' Rosctta.

2. EXPERIMENTAL SETUP

The experiments arc performed in a small chamber and in the
Space Simulator at DLR, KoIn (Rcf.l). The technical specifica-
tions of these facilities arc compiled in Table 1. Even the size of
the sample in the small chamber is larger than all simulation
samples reported before (RcO). The most important diffe-
rence between the two chambers arc the dimensions. The Spa-
ce Simulator offers the possibility to insolatc samples of 1.3m
diameter with somewhat more than 1.3 SC ( 1.0 SC = 1351
W/m2 ). More important is the space between the sample and
the cold walls and the space for diagnostic devices between the
sample-holder and the entrance window of the light.

diameter

length

vacuum

rrwxirnimi
insolation

temperature

sample si/.c

number of
experiments

hig chamber

3.5 m

4.8m

10 fil'a

2700 W/rn2

8OK

r/i = 300 mm
h = 1 50mm

4

small cham-
ber

0.66

0.76 m

1 0 3 Pa

4800 W/r.i2

80 K

1 00mm *
70nnn

h = 60mm

>20

Tab.l: Technical specifications of the (wo simulation chambers.

The machinery (sec Fig.I) for testing the hardness of the mo-
del comets before and after the experiment outside the cham-
bers consists of a rod, 5 mm in diameter fixed to a piccoc-
Icctric farccmctcr (upper limit 100 N). This rod-forccmctcr
unit is moved with a velocity of 0.2 mm/s into the sample. The
force affected to the rod and the displacement of the rod arc re-
corded during the penetration. The tip of the pcnctrator has the
form of a hemisphere. To reduce friction, the hemisphere and a
part of the attached rod arc made of teflon. Teflon has in addi-
tion the advantage that its thermal conductivity is comparable

Pmc. of an International W,rkshop on Physics anil Mechanics nfCumetary Materials, Manster, FRG, 9-11 Ocltiher 1989 (ESA SP-302, Dec. !989)
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to that of ice at the test temperature. The attached rod is thin- The weight percentage of minerals in the aqueoui uispeniion is
ner than the hemisDhere. r;««4 tn in at.

t

ner than the hemisphere. fixed to 10 %.

Newtonmeter

Fjg.1: Hardness testing device with cold box and sample.

To prevent the sample from warming up and from
condensation of atmospheric moisture the hardness tests are
carried out in cold and dry nitrogen. Fig.l shows the configura-
tion in the case of the small samples. The hardness tests with
the large samples of the Space Simulator are performed to-
gether with other post-experimental inspections and sampling
in a special N2 purged glove box (Ref.4,5). The hardness or
stress value are calculated simply from the measured force de-
vided by the surface of the hemispherical cup. The temperatu-
re of the samples kept in a liquid nitrogen bath inside the glo-
ve box amount to appro*. HS K near the surface, 110 K in the
middle and 90 K1 cm beyond the back plate.

3. SAMPLE PREPARATION

The results of the last two experiments KOSI-3 and KOSI-4 in
the Space Simulator and the experiments 8-12 in the small
chamber are reported here. All samples contain H2O- and CO2
ice. The sample preparation method had the aim to obtain a
high admixture of CQ2-ice (> 15% by weight) and grain sizes
around 1 mm ( high porosity). Before the COrice admixture
the samples were produced by injecting an aqueous suspension
of minerals ( 10 % by weight) into liquid nitrogen. The pro-
pellant gas was Nz. Tn KOSI-3 CO2 was used as propellant gas.
The most important parameters for the grain size came out to
be the pressure of the propellant gas, the distance between
nozzle and LNz - level and the f tax rate of the suspension
(Ref.2).
For the preparation of the KOSI-4 sample again N2 was used as
propellant gas. The CO2-Ue was admixed in solid form in the
defined percentage. Different mineral compositions consisting
of divin and montmorillonite were used in the experiments.

4. EXPERIMENTAL OBSERVATIONS

The volumes of the samples used in the comet simulation ex-
perments are 0.6 liter in the small and 10 liter in the big cham-
ber. The experimental parameters and the sample properties
are put together in lab. 2 and Tab. 3.

Experiment
No.

Insolation
period
(h:min)

Insolation
intensity (SC)
ratio of mi-
nerals (olivi-
ne : mont-

morillonite)
COj-content

(wt.-%)
Texture

mean density
(g/cm3)

Porosity (%)

8- 12

2:13-
3:38

2.0 - 2.4

7:3 and
9:1

4 - 1 4

mud
and

snow

0.36-
0.43

59-63

KOS 1-3

41:10

1.3

9:1

14

mud

0.48

57

KOSI-4

35:30

0.65

9:1

16

snow

0,51

49

Tab.2: Experimental parameters.

Experiment
No.

No. of stress
profiles
sample

height (mm)

crust thick-
ness (mm)
crust hard-
ness (MPa)

8 - 12

4 - 9

55

4.5-
14.5

0.15-
1.06

KOSI 3

7

140

5-40

1.3 -5.1

KOSI 4

12

130

10-31

0.32-
0.91

Tab.3: Mechanical properties of the samples.

The most striking observation already made after the first
technological experiment in the Space Simulator was that the
fluffy ice now showed a very hard crust beneath a loose dust
mantle. The crustal formation phenomenon was later observed
in nearby every experiment. A typical stress-depth-profile is
presented in Fig.2. The loose dust mantle does not contribute to
the stress profile. The curve obtained from the unirradiated
material shows that after an initial linear increase in stress
(which is probably due to the penetration into the rough and
open structured surface of the as deposited material) the mea-
sured hardness value remains essentially constant. From this
result we conclude that the testing device does not lead to a
densification of the material below the indentor and that
friction leads not to an increase in hardness with depth. Any
change in stress or hardness which is found in insolated mate-
rial should therefore be connected to changes of the material
properties.
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Fig.2: Stress-depth profiles of an unirradiatcd (left) and an irra-
diated ( right) model comet (small chamber experiment).

In Fig.3 and Fig.4 two profiles arc presented from the same
sample (cxp. 10) at different sites after insolation in the small
chamber. Both show a distinct crustal formation in nearby the
same depth. The thickness is around 7 mm. Below this crust
the hardness is nearly constant and reflects the value of the un-
irradiated material. The hardness in the

Exp. No.: 10
Test No-: 7

50'

Fig.3: Hardness profile of the small chamber experiment no.10.

crust is increased by a factor of approximately 5. Both profiles
are different in shape revealing an inhomogcncous crustal for-
mation. An extreme hardening of the material is shown in
Fig.5 fo the sample after insolation 41 h at 1.3 SC in KOSI-3.
The steep and almost linear increase within 3 mm to a hard-
nets of 5 MPa (factor 25) is typical for an elastic deformation
of a porous body (Rcf.6) till it reaches the point of fracture. In
contrast to a dense compact material the fracture occurs only
in the vicinity of the pcnctrator tip (approximately within a

range of the tip radius). Therefore the hardness is nearly
constant over the thickness of the icy crust. It is worth to
mention that a value of 5 MPa is of the order of the hardness
of dense crystalline ice at temperatures below 200 K (Rcf.7,8).

0.3

Exp. No.: 10
Profile No.: 9

50

Fig.4: Hardness profile of the small chamber experiment no.10
at the different location compared to Fig.3.

At the lower side of this strong shell the hardness suddenly de-
creases to half its peak value. This is the expected behaviour of
a stiff testing device if it penetrates into a material of greater
compliance. In the region below the strong shell the hardness
decreases almost linearity to the value of the unirradiatcd ma-
terial. The noisy stress signal is attributed to local clastic be-
nding of the porous material below the pcnctrator tip and crus-
hing of the network of icy dust particles whenever the local
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fracture stress is reached. Each such an event is followed by a
steep decrease in stress due to the sudden stress relief.

] H id 30

Fig.5: Hardness profilt of the sample from KOSI-3 after 41h
insolation at 1.3 SC

Fig.6 shows a collection of profiles taken at the end of the
KOSI-4 experiment. The location where the profiles were ta-
ken is noticed at the bottom. All profiles show complete diffe-
rent shapes representing the inhomogencity. The four profiles
next to the center of the sample reveal a distinct crust of va-
rying strength and thickness. At all these locations the crust
has an individual fincstructurc. The increase in hardness near
the backdate cannot be explained until now. This observation
is in contrast to all other experiments.

5. DISCUSSION

The crust is that part of the sample where the material pro-
perties have drastically changed compared to its initial values.
The crustal formation can be attributed to three interrelated
physical processes occuring concurrently: sublimation, diffu-
sion and condenstion of volatiles within a porous medium. The
stress profile in Fig.3 shows a typical layering dominated a by
production and loss processes. The insolation sublimes the vo-
latile components. A part of these volatiles leave the model co-
met together with dust particles. In KOSI-4 a slight depletion of
HzO is found in the crust region compared to the original HzO
content of 78% (Ref.9). The remaiming part diffuses into the
deeper and colder part of the icy body. By this process also heat
is transported (Ref.10,11). The components infiltrating the
interconnected network of pores condcnsate: H2O on water ice
crystals near the surface, CO2 on CO2-crystals further down in
the sample (Rcf.9). The originally admixed COj -crystals grow
by this process and appcarc after the experiment as bright
crystallites (Rcf.2). The condcnsating water molecules strengt-
hen the bridges between the icy grains. This leads to an in-
crcassc of hardness. The condensation process is determined by
the temperature profile within the model comet and the partial
pressure of water as it depends on temperature. The
condensation maximum is followed by a slow decrease re-
flected in the hardness profile. COa rccondcnsation does not
lead to a substantial hardening since only the isolated COj
crystallites grow but no bridges between HzO-crystais are for-
med. The influence of test temperature and temperature gra-
dient on the hardness can be estimated from the (emperatinc
dependence of the strength of ice (Ref.13). It seems to be a mi-
nor effect.
The locally varving porosity, heat conduction and diffusion ex-
plain the inhomogencity in hardness late/ J'.y as well as in
depth. The fine structure on the profiles o! (ie penetration cur-
ve is partly explained by this inhomogcnc; / and partly due to
local fracture processes beneath the -H ,.,etrator. The shape of
the profiles (Fig.5) is also influenced by the stiffness of the
testing machinery.
Another possible interpretation is given by the mechanical

STRESS CMPa]

O- O 0'. O 04 08

d =35mm = 55mm d = 7 5 m m = 95mm d = 105mm distance from center

Fig.6: Hardness profiles of the KOSI-4 sample taken at diffe-
rent location: measured from the center. theory of porous bodies. Ashby (Ref.6) and Gibson (Ref.12) de-

rived scaling laws for the strength and hardness of such mate-
rials. They suggest that the following law holds:
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3/2
o/Od = 0.65(p/Pd)

where o is the strength of the porous material, Od is the
strength of the fully dense material, p is the density of the po-
rous material and pd is the density of the compact material.
Prom the increase in strength (factor S-IO) one would thus
calculate a complete densification within the crust. This is in
contrast to the obervations (see also Ref.4). Therefore the hard-
nets of the crust is not simply explainable by a decrease in po-
rosity.
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FRACTURE MECHANICAL ASPECTS OF DUST EMISSION PROCESSES FROM A MODEL
COMET SURFACE

L Ratke & H Kochan

German Aerospace Establishment, KoIn, FRG

ABSTRACT

High resolution video records taken from the virgin
surface of a model comet in the small simulation
chamber at the DLR showed a highly structured, rough
surface during irradiation with artificial sun light. The
observations demonstrated : 1. The surface itself is not
calm, but partially in motion. Particles vibrate within
the gas jet originating from sublimation of ice. After a
certain time they lift off. 2. Particles which are obvi-
ously bonded to the surface loose after a certain time
the bends to their neighbours until they are free and
accelerated by the gas jet. The observations show that
the commonly considered view of dust emission proc-
esses by gravity force dominated particles has to be
revised as well as the supposition of loosely deposited
particles at fresh surfaces without any bonding. Model
calculations of bond strength based on material
parameters of ice show that these can be orders of
magnitude higher than the gravity force. The mech-
anisms observed are analysed with fracture mechan-
ical models, which are also applicable to the fracture
of a cometary crust.

KEVWORDS : comet simulation, dust emission,
fracture mechanics, erosion, fatigue fracture, crust
fracture

!.INTRODUCTION

Two years ago laboratory simulation experiments of a
cometary nucleus started in a Space Simulator al DLR
Cologne, Institute for Space Simulation (Ref.1 and 2).
Normally two experiments per year are performed in
this Space Simulator and a lot of experiments are
made in parallel in a small simulation facility. Their
objectives are closely related to the investigations in
the Space Simulator e.g. as preliminary experiments
investigating the action of various parameters. During
some preparatory studies for an experiment in the
Space Simulator the surface of artificial comets was
observed with high resolution video technique. New
features of processes at such a 'comets' fresh surface
were seen which may also be relevant for real comets.
They are at least important for the dust emission pro-
cesses from comelary analogues. The observations

made and a possible interpretation of the results are
presented here.

2.EXPERIMENTAL SETUP

Figure 1 shows the internal instrumentation of the
small simulation chamber. All important systems are
fixed to the cover to shorten the handling procedures
during the experiments.

Fig.1: Internal instrumentation of the small simulation cham-
ber with LN2 cooling system and diagnostics devices (hard-
ness tesiei, dust collector). The while box in the middle is the
sample holder.

The white box in the middle is the sample holder
(10x7x6 cm3), tilted 45° against the insolation direction
and cooled from the back by LN2. The sample holder
is partly surrounded by LNj-cooled cold walls. In front
of the box is the rotating dust collector and above the
opening of the sample container the hardness tester
is positioned which can be moved aside. Through a
window in the cover the artificial comet material within

Anc. of on International Workshop on Physics and Mechanics of Cometary Materials, MUnsler, FKC, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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the sample holder can be observed visually, by pho-
tographic and video camera systems.

The sample preparation method described in more
detail by Roessler and coworkers (Réf.3) commonly
starts with a suspension of different minerals in water
(grain sizes of the mineral particles is 1-10 /im). This
suspension is injected with a propellant gas ( N2, CO2
) into liquid nitrogen following the method of Saunders
et.al. (Réf.4). In the sample preparation procedure
three parameters can be varied: the propellant gas
pressure, the flow rate of the suspension and the dis-
tance between the injection nozzle and the LN2-surface
in the dewar. The porosity of the sample material
depends strongly on these parameters.

The sample photographed in Fig.2 consists of larger
and irregular shaped ice-mineral-grains ('snow-like')
as can be seen from the higher surface roughness. The
picture was taken at the beginning

Fig.2: Photograph of a typical model comet's surface with
'snow'-like sample material.

of the insolation. The sample showed a high dust
emission activity during the entire experiment time of
3 hours. This continuous activity is addressed to the
weaker fixation of the particles to their environment,
resulting from the fewer contact points and the stron-
ger interaction with the gas jet (the drag force is pro-
portional to the square of the particle radius). This will
be discussed later, cf. equations (1) and (5). All exper-
imental results presented in the following chapters
were obtained from snow-like samples which had a
composition of: 9 % Dunit, 1% Montmorillonite and
0.083 % carbon. The overall porosity was 0.54 and the
mean density 400 kg/m9.

3.EXPERIMENTAL OBSERVATIONS

The Fig.3 shows a video picture of the leading edge
of the model comet's sample holder during an exper-
iment with a dust particle shower. As can simply be
seen these particles, which are somewhat smaller than
one milfimeter, are accelerated in the outflowing H2O
-gas jet.

The video observations of the surface during insolation
with magnifications up to 20OX revealed several new

Fig.3: Dust particle shower omitted from the model comet.

phenomena which are important in reference to
dust/particle emission from cometary surfaces (at
least their laboratory analogues).

The surface itself is not calm but partially in motion.
Many small particles vibrate with various amplitudes
and frequencies. In Figures 4 and 5 the encircled areas
show a vibrating particle. The amplitude is in the range
of the particle diameter.

Fig.4: Enlarged (2SX) view of the model comet's surface with
a vibrating particle in the encircled area. Length of the parti-
cle is approximately 1mm.

After a certain time differing from particle to particle -
the particles lift off. This first observations show that
the vibration frequencies can vary between 1 and 100
Hz and the time till particles leave the surface is in
between a few seconds and 10 minutes.
Exact measurements are now performed to relate the
vibration frequencies and amplitudes to the particle
sizes and shapes and to obtain the number of cycles
a particle can sustain until it is free to leave the sur-
face.

Another type of dust emission process starts with
particles obviously bonded to the surface. Suddenly
some of these bonds break. The particle moves along
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Fig.5: The same particle as in Rg.4 but one video frame (1/?5
s) later.

the surface guided by the remaining bonds till even
these break and the particle is free to leave the sur-
face (Fig.6a-c).

(C)

Fig.6a-c: Particle at rest (a), cloud plume (b) and lift off (c).

Sometimes a protrusive particle is hit by a particle
emitted some moments before at another place on the
surface moving in a flat parabola, because its velocity
is not high enough Io leave the sample's surface. The
same mechanism may apply to the surface of a real

comet although its gravity is essentially smaller
(approx. 10 4g<,.,rth).

A microscopic view of these particles shows that they
are be partly open-structered. They are definitively
non-spherical with a rough surface (Fig.7). In contrast
to the long-time

Fig.7: Highly magnified picture of a sample surface showing
irregular shaped, rour>!ï particles.

sublimation experiments of Saunders (Ref.4) and
Storrs (Ref.5) which were carried out without insolation
we do not observe the mineral residuals. Shortly after
switch on of the irradiation source a rapid sublimation
starts followed by an active dust emission.

4.DISCUSSION

In the subsequent discussion of the experimental
observations we assume a structural model of the
artificial comet's surface. The observations have
shown that the surface of the snow-like material is
very rough. The ice-mineral particles (which are partly
aggregates of of smaller grains) build up an intercon-
nected network with pores and channels. They are
connected to each other by contact bridges whose
compositions is yet unkown but may vary between
purely volatile and purely mineral components. Since
v/e observe with high resolution video technique that
contacts of grains to deeper surface layers are eroded,
we conclude that the bridges are most likely a mixture
of ice and minerals. In modelling the observations we
simplify the cross section of a sample surface as
shown in Fig.fl.
We use a spherical model of the grains (as also done
by Gombosi (Ref.6) and Marconi and Keller (Ref.7),
although such a simplified model may underestimate
the coupling between (he gas jet and the particles (see
below).

The particles bonded to the porous surface are
exposed to the outstreaming volatiles. Especially the
bonds at the bottom side are eroded by the gas flow.
The particles lift off, in that moment, when the drag
force of the gas jet exceeds the force of gravity and
the bonding forces. Fig.9 shows the model cross sec-
tion of the comelary analogue during irradiation in the
outstreaming gas jet and the
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partirlrs or panirle aggregate!!

Fig.8: Sketch of a realistisc cross section of the sample.

gas jet

Fig.9: Force balance at a triple of particles bonded by contact
bridges. The bridges sustain a force exerted by the gas flow
as a frictional force F^rv minus the force of gravity F9,8V. The
dashed lines schematically depict the gas jet. This gas jet can
lead to erosion of the contact bridges between the particles.

enlarged view of two bonded particles. The mechanism
of erosion of bonds by the gas flow is suggested by
observations shown in Figs. 6a-c.

During insolation phases of remarkably higher inten-
sity it seems that the vapour pressure beneath the
somewhat more compact dust mantle suddenly
increases and breaks up this layer. Even the fracture
of this porous mantle obeys the laws of fracture
mechanics. The picture of a particle with broken bonds
has to be enlarged to more extended aggregates.

4.1 Force balance of particles bonded let
the surface

The simple fracture mechanical model described in the
following starts with a description of the artificial
comet's surface, where the particles are at least par-
tially bonded to their neighbours via contact bridges
as presented in chapter 3. Such 'cohesive' contacts
between particles, i.e. bonds which can sustain a
mechanical load, may have various origins: the parti-
cles may be simply hooked together, since their sur-
face is rough or a part of the gas is recondensed at

contact points of particles. They also may be eletrically
bonded e.g. as a consequence of the admixture of
phyllosilicates. The experimental observations pre-
sented above show that such 'cohesive' bridges exist
independent of their origin. These drastically change
the force balance for a particle at a surface. In Fig.9
this is also depicted schematically. The gas jet origi-
nating from the porous underground exerts a frictional
force on a spherical particle F0, which is equivalent to
the drag force on a free particle at rest (Up,rt/c/» = O)'-

FD = CDîrr2,it/2 (1)

where C0 is the drag coefficient (assumed here to be
2), r the particle radius, p the gas density and u the
gas velocity. The assumption of spherical particles
drastically influences the results of the calculations.
Non-spherical particles with a high surface roughness
and perhaps partially open lattice structure couple
essentially better to the gas jet. So the drag force
increases considerably. We can include such an effect
into the modelling by replacing the radius of a particle
by the effective surface area exposed to the gas jet
which will generally be different from that of a sphere.
The calculations done here, however, only should
deliver an estimate of the different parameters of
interaction between the outflowing gas and the bonded
surface particles. Therefore only mean values are
used, such that the radius of a particle may be con-
sidered as an effective one. The frictional force (eq.(1)
is counterbalanced by gravity F.

(2)

where pp is the particle density and g the acceleration
of gravity. The difference between F0 and F3 is bal-
anced by stresses inside the contact bridges. If the
bridge area is S6 the tensile stress <rb induced in the
bridge is:

(3)

The bonds will break when the fracture stress ( = ulti-
mate tensile strength) ae of the material which builds
up the contact bridge is reached:

fin», = V <V (4)

Generally w<> get the inequality valid for bonded par-
ticles

5 F0 (5)

The particles lift off from the surface if the bonds break
and Fg < F0 is valid. In the calculations we assume
furlheron the contact bridges to be water ice and
having the shape of a cylinder with height hb and con-
tact areas S6. The tensile strength of water ice
depends on temperature, grain size, porosity and type,
shape and number density of inclusions (minerals). A
suitable data set of the mechanical properties of water
ice can be obtained from Weeks and Assur (Ref.fi),
Schulson (Réf.9) and Nixon and Schulson (Réf. 10). The
effect of porosity can be treated within the framework
of mechanical properties of cellular materials (Ashby,
ReMI and Gibson, Réf. 12). From these references we
obtain the following relationships for the mechanical
properties of water ice. The ultimate tensile strength
(fracture strength) depends linearly on temperature T:

= rr(273K) - . (T - 273) (6)



DUST EMISSION PROCESSES 125

with 3d/r)T S 0.08 MPa /K and <r(273K) * 1 MPa . The
grain size dependence of the fracture strength is
described by a classical Hall-Petch relationship:

-1/2k-d (7)

with (T0 s 0.5 MPa and k = 0.03 MPa mv* and the grain
size d. The effect of porosity can be taken into account
by scaling laws developed by Ashby and Gibson for a
large variety of porous materials (e.g. honeycombs,
foams):

. 0.85. (•£
3/2

(8)

where <T° is the strength of the pore free, compact
material, p the density of the porous material com-
pared to that of the compact pt. The fracture tough-
ness K,c scaies with tho relative density similarly. One
replaces simply the fracture strengths in eq. (8) by the
fracture toughness. The effect of mineral inclusions is
difficult to describe mathematically. In a compact,
elastic material inclusions with elastic properties dif-
ferent io the surrounding matrix act locally as stress
raisers promoting fracture at appreciably lower stress
than the inclusion free metarial. The strength of such
a material depends on the shape, the number density
and spatial arrangement of the inclusions. For the
water-ice mineral mixtures used to model cometary
nuclei no empirical relationships of the effect for the
mineral admixture is avalaible.

For the sake of simplicity we take in all model calcu-
lations throughout this article as an estimate of the
fracture stress: o> = IMPa . The fracture stress of a
contact bridge between the particles at the model
comet's surface may differ due to an irregular shape
of the bridge, which lowers this stress. The size at the
other hand will increase the fracture stress according
to the Hall-Petch relation stated above with the bridge
diameter d replacing the grain diameter. If the bridge
itself is porous, the fracture stress will be lower than
for a solid one, as described by eq.(8).

Both sides of equation (5) arc graphically presented in
Fig. 10, where the forces K e normalized by the particle
volume.
On the ordinale the force densities (Fo/Vp.Fj/Vp,
F6 = Sb(TfIVp + FS/VP ) are plotted, on the abszissa the
particle radius. The contact area is varied as a fraction
of the particle's surface (Op •= 4vr2). Then the maxi-
mum bonding force density is /j,ma» = 3<rF • SP/OP. The
density of the particle is assumed to be
pp = 300fcg/m3. The surface temperature is 210 K. The
partial pressure of water ice was calculated by the
equation given by Washburn (see Cowan and A'Hearn,
Réf. 13) and the thermal gas velocity was corrected by
a factor of 0.62 (Ref.6) The horizontal line is the con-
stant force density due to gravity (on earth), the other
solid line is due to the gas drag f0 = F0/VP. They inter-
sect at a particle radius of approximately 1 50 y/m. The
other lines are the sum of gravity and bonding force
densities. Even in the case of very small areas of
contact to neighbouring particles (> 3 • 10 5 % of the
particle surface is connected with neighbours) it is
impossible for the gas jet to lift off a particle.

These model calculations show that dust emission is
nearly impossible without processes reducing the
bonding forces. The dust emission itself is, however,
an unique feature of active comets and also cometary
analogues. The observations in apparent contradiction
to the calculations made above can be explained with
the help of two models suggested from the high resol-

PARTICLE RADIUS < M >

Fig.10. Force densities on a particle. Solid horizontal line is
due to gravity, inclined solid line due to the gas drag and
broken lines represent the sum of gravity and 'cohesive'
forces. The parameter given at the curves is the percentage
of the particle surface in percent bonded to neighbours.

ution video observations: 1. contact bridges are really
eroded in the gas stream and 2. the particles vibrate
within the gas Dow and the bonds break by fatigue
fracture at considerably lower stresses than under a
static tensile or compressive force.

4.2 Erosion of contact bridges

A surface element is considered containing particles
as shown in Fig.9. Some contact bridges are exposed
to the gas stream. The partial pressure of water in the
gas corresponds to a temperature T1. The bridges are
assumed to have a température T2. The net gas
sublimation rate per unit area from the bridges is giv-
en by (using simply kinetic gas theory)

PiW
,RT,

= z(r,) - = Z12 (9)

where jt/Hj0 is the mol weight of water (kg/mol), R the
universal gas constant. This sublimation rate leads to
a reduction of the cross section of the contact bridges
in time until both sides of equation (5) are equa! and
the particle can be dragged away by the gas. This time
was calculated by Kochan et.al. (Réf. 14). We call the
time critical when fracture of the bonds occurs. This
time can be calculated from:

'crif — "r
1 (10)

where S0 is the initial cross section of the bridge and
Q the mol volume of water.
The result of such a calculation is shown in Fig. 11,
where the time is plotted on the ordinale against par-
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particle. Fig. 12 shows a comparison of reality and
model. We assume the particle

V, h V,h.

PARTICLE

Fig.11: Time needed to erode a contact bridge until the gas is
able to accelerate the particle. The parameter at the curves
gives the percentage of surface bonded to neighbours. The
contact bridge is assumed to be at a temperature of 210 K
and the gas jet flowing around i! has a partial pressure of
water corresponding to 200 K. T'ie particle has a density of
1000 kg/m3.

tide diameter on the x-axes. Depending on the relative
portion of the particle surface1 connected to neighbours
by contact bridges the time 'till fracture occurs varies
between a few milliseconds to some ten seconds in
this example. The actual value may differ depending
on the parameters chosen (like temperature of the gas
jet and of the contact bridge). It is not the aim of this
simple model to describe the physical process in total.
It shows, however, that any process leading to a
reduction of the contact aroas between the particles,
like sublimation, will lead to a fracture of the bonds
within a reasonable time and open the possibility for
the particles to be lifted off by the gas jet. The calcu-
lations nevertheless yield times for the erosion of the
contacts which are within the range observed by the
video technique.

4.3 Fatigue fracture

The observed vibrations of particles in the gas jet after
a certain time lead to particle lift off. The time varies
between a few seconds and ten minutes. The frequen-
cies range from a few Hz to 100 Hz. The particles per-
form bending and torsional vibrations. The driving
force for the particle vibration is assumed (o be the
gas flow originating from sublimation processes of
deeper ice fayers during insolation. The coupling
between the ice-mineral grains and the gas jet surely
depends on their shape, surface roughness, homoge-
neity i.e. hard or open lattice structure as well as on
the texture of their neighbourhood etc.. This will be
discussed later in more detail.

These observed features remind to the well-known
fatigue fracture of metals and ceramics. For a First
quantitative approach we use a simple picture of such

Fig. 12: Sketch of a real particle vibrating In the gas jet (left)
with amplitude h (equal to width) and frequency v and model
(right), representing a rectangular bar of cross section hz

with a crack like defect at the side of contact to the surface.
The stress distribution resulting from alternating beding of
such an assembly is shown schematically below. P is the
external load, r the distance from the crack tip, and a the
stress.

to have a square cross section of width h. Its height is
L The vibration frequency is v and the amplitude is
assumed to be equal to the width h (independent of
L). At the bottom the cross section is only (h — a(t))h,
where a(t) is the crack length. The vibrations induce a
bending moment and therefore stresses in the bar
which are increased at the bottom due to the presence
of a crack like defect of length a (a = ac for t = O).

Fatigue fracture occurs because the crack length a is
not constant with time but changes due to the
vibrations (whenever the material is not exclusively
elastic, but viscous or plastic relaxations of stresses
are possible). In the vicinity of the crack tip the
external stresses are drastically enhanced (Fig. 12).
This increase is controlled by the stress intensity fac-
tor K|, which is in the case of an infinitely extended
material proportional to the externally applied stress
and the square root of the crack length. The growth
under vibrating stresses is described by the Paris-law
(Réf. 15):

(11)

where Km,1x is the maximum stress intensity factor
occuring during one cycle due to the bending
vibrations, /? is a constant explained below and M is
the bending moment. For the geometry chosen of the
particle (-rectangular bar) and a vibration with con-
slant amplitude, Kn,,, can be calculated following
Cherepanov (Réf. 15). Fracture of the contact bridge
occurs under these conditions if the critical stress
intensity factor K,c is reached at the crack tip. Then the
crack length increases spontaneously under the gain
of elastic energy and the particle is free to be accel-
erated by the gas jet. Klc is a material constant, which
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can be measured like ultimate tensile strength. The
number of cycles till fatigue fracture occurs can be
obtained from the known expression for Km,x :

•»-»"*(*)'(*)'* <*>
The value of ft depends on the model used to describe
the non-elastic behaviour of the material near a crack
tip. It is expressed here as [i = itKfcl\2a\ . With the
known material parameters for water ice we can cal-
culate the number of vibration cycles till fatigue frac-
ture occurs depending on the initial bridge width
h — a0. A result of such a calculation for different
length to width ratios of particles is shown in Fig.13.
Depending on the bridge width the number of cycles

1. !3s

5

3

2

I l*li

I
<
Ï 2

kv
|y

[\

a'i-N

r
rb
r
h

.
\\

%,
, \\X\
\ \v\-
\ x- V

\ N

\

1"I0'
l*!0-s 1»I8'S 1»I0"

BRIDGE OIAtIETER <H)

Fig.13: Calculated number of vibration cycles till fatigue frac-
ture occurs for a particle vibrating with constant amplitude,
related to the Initial bridge width (diameter).

is in the range of 100 to ten thousand. The increase
with increasing length to width ratio is understandable,
since we assumed constant amplitude. The longer the
bar, the smaller are the stresses due to bending under
this condition. The same holds for the increase in JV,
with decreasing bridge width.

From this model calculation we deduce a range of
lifetimes for contact bridges t, at a vibration frequency
of the particle of 50 Hz from a few to a few hundred
seconds. This is in the observed range.The agreement
only shows that fatigue fracture, i.e. the growth of
crack like defects in contact bridges (mineral inclu-
sions or pores) or at their surface may grow during
cyclic loading and thus lead to the fracture of the
bridges.

4.4 Fracture model of a crust
In the preceding chapters only 'fresh' surfaces were
considered. 'Fresh' means that no dust mantle and ice
crust has been developed. In experiments performed
in the Space Simulator the model comets show after
an initial period of strong dust emission activity a
considerable reduction concurrent with the evolution
of a dust mantle and an ice crust beneath it. As stated
in chapter 3 a sudden increase in insolation energy
can increase after a short time delay the dust emission
activity considerably. These observations raise the
question, how 'old' surfaces become active in com-
parison to virgin ones ? Especially with respect to real
comets the break up of the crust and thus the repeated
exposure of a fresh surface to solar irradiation is
important.

For a first approximative treatment we consider a
cometary analogue as being a pressurized vessel of
diameter D and a wall thickness h (equivalent to the
crust thickness). The pressure on the crust by the
sublimated volatiles shall be p. Then there is a cir-
cumferential stress rr in the crust a = pD/2ft. If in the
crust a surface crack of length 2c and depth d smaller
than h exists, the stress intensity factor at the crack
boundary is given by (Réf. 16):

K, = 1.1«.. (13)

where O is a complicated^ function of d,c, a and the
ultimate tensile strength a"f of the crust. Depending on
these parameters O varies between 0.7 and 2.4. Espe-
cially for elongated cracks (d/2c<?1) O is approximately
1. Fracture of the crust occurs if K1 = K,c at the crack
tip. The fracture toughness K,c is a material constant
and can be measured (for porous materials see eq.(8)).
The fracture of the crust is therefore fully determined
by the pressure beneath it and the shape of surface
cracks. Without going to much into details, it can be
derived from eq. (13), that two possible modes of
fracture exist. First it is possible that a given crack
becomes deeper than the crust thickness (d > h) with-
out total rupture of the crust. We then have a state of
a 'leak before fracture'. The gas pressure below the
crust would be released and therefore no fresh surface
exposed to the insolation. Secondly there are condi-
tions where an elongated surface crack will lead to
total fracture of the crust (spontaneous rupture) and
thus expose fresh cometary surface to insolation.

There are no general statements possible on the
pressure range and crack depth necessary to decide
which of these modes applies to a given situation. It
strongly depends on the real fracture toughness of the
cometary crust. For example: If the crust thickness is
10 mm, the model comet thickness 150 mm, the frac-
ture toughness of the crust 1 kPa m1'2 (a factor 100
below that of dense water ice), pressures greater than
one kPa are neccessary to have the condition of total
rupture. Only then cracks with depths smaller than 10
mm can exist without growing through the crust at any
pressure below the critical threshold. Pressures of this
height can be build up beneath the crust, if there are
temperatures of approximetaly 280 K possible.

From these consideration we can derive that the
mechanisms of dust emission observed at virgin sur-
face of a cometary analogue will apply to 'old' surfaces
when these break up due to internal pressure of the
sublimated volatiles. Therefore we think that the
observation on dust emission made at model comets
are of general importance even for real comets.
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S. OUTLOOK

In the foregoing it was shown that the ice-mineral
particles at the model comet's fresh surface are not
gravity force dominated. The apparently loose, open
structured, rough surface is built up by bonded parti-
cles. Before these particles can be emitted via inter-
action with the outstreaming gas, the bonds have to
be eroded so far that their fracture strength is
exceeded or cracks within them have to grow during
cyclic loading till fatigue fracture occurs.

Model calculations yield some insight into the material
science aspects of an artificial comet's surface. The
transfer to processes of real comet's is hard to per-
form. Between the camera observations of comet Hal-
ley during the GIOTTO mission and the reported labo-
ratory investigations are 7 orders of magnitude in
observation distance.

During his perihel phase every periodic comet
becomes active. In the simulation experiments within
an interval of a few hours the model comets show a
strong decrease in activity. This is the consequence
of the diminution of volatiles in the uppermost surface
and the formation of an ice crust via water vapour
diffusion in a greater depth. The hardness of this crust
increases by a factor of 10-25. This implies that the
outstreaming gas and the dust emission are quenched
by the higher density.

Via solid body heat conduction through the dust mantle
the hard ice crust slowly sublimes. In the Knudsen
regime the porous dust mantle is sufficient gas tight
that slowly a gas pressure is built up. This pressure
increases till the dust mantle breaks as described in
4.4 and a fresh icy surface is exposed to the solar
irradiation. Then the dust emission - ice crust forma-
tion - cycle starts again. The interpretation of the
observed phenomena in terms of the material science
delivers insight into mechanical parameters of icy
bodies which may be also of relevance for real comets.
Measurements and model calculations may be helpful
for the preparation of space missions dedicated for
cometary sample return.
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SIMULATION OF RADAR AND RADIOMETER SIGNALS REMOTE SENSING COMETARY
SURFACE AND SUBSURFACE STRUCTURES
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ABSTRACT

Results of numerical calculations in the
microwave range are presented concerned
with the reflection, backscattering, and
emission coefficient of simulated cometary
surfaces as a function of signal frequency,
angle of incidence, polarization, and sur-
face roughness. The variations of the
dielectric permittivity and loss tangent
are estimated as to be expected for typical
cometary surface conditions. The spatial
resolution of potential Rosetta radar
measurements is discussed. The subsurface
penetration depth is given and a one-layer
model is introduced. Preliminary results
from experimental investigations are also
presented simulating radar measurements
probing a cometary surface in the frequency
range 8 to 12.5 GHz. A special calibration
technique using time domain transformation
is applied to resolve the cometary reflec-
tion coefficient against background noise
as to be expected in a simulation chamber.
The results are discussed for different
surface conditions and it is shown how spe-
cific surface and subsurface parameters can
be determined.

Keywords: Cometary Surface, Simulation,
Radar, Reflection, Scattering, Emission.

\. INTRODUCTION

Microwave remote sensing instruments have
been proposed for terrestrial and planetary
applications consisting of a radar compo-
nent (active probing) and a radiometer
component (passive probing) (Réf.1,2).
Savings in mass and volume can be achieved
by using the same integrated reflector an-
tenna system for the radar and radiometer
as well (Cassegrain type with frequency
selective or/and polarization sensitive
subreflector; prime focus feed (Réf. 3)).

For the radar typical scientific objectives
are: determination of surface topography
(terrain profile, roughness) and morphology
(dielectric permittivity, electrical con-
ductivity) , and subsurface sounding (sur-
face layer structures). Scientific ob-
jectives of the radiometer aim at the
determination of: surface temperature

distribution, horizontal (e.g. across the
terminator)/vertical thermal flux, and
thermal conductivity. As compared with
optical and IR observations specific
advantages of microwave remote sensing are
the capability of microwave radiation to
penetrate atmospheric and subsurface layers
and the capability to infer temperature
profiles (3D-imaging). On the other hand,
the spatial resolution of microwave
observations is limited depending on
constraints such as signal frequency and
aperture size of the antenna sensor system.
In addition to that, space-borne radar
measurements can provide low data rate
information on the spacecraft position and
velocity thus supporting autonomous
navigation, e.g., for rendezvous or landing
manoeuvers (Réf. 4).

The scientific return from microwave remote
sensing can significantly be enhanced, when
multispectral and dual polarization
instrumentation is being used (Réf. 5) . A
trade-off has to be found for the selection
of frequencies: low frequencies (order of
magnitude 1 GHz or less) support high
subsurface penetration depths, whereas high
frequencies (some 10 GHz up to about 90
GHz) support increasing spatial resolution.
The crosspolar component of radar echoes
mainly yields information on surface
roughr.sss and can be used to improve the
navigational accuracy.

2. PLANETARY RADAR OBSERVATIONS - SPECIFIC
MISSION ASPECTS FOR ROSETTA

So far no space-borne radar and microwave
radiometer observations exist for comets.
Radar instruments of pulse-type are in or-
bit for interplanetary missions such as
Pioneer Venus Orbiter (PVO) launched in
1978 and Magellan (1989) or Soviet space
probes Vénéra.

For PVO figs. 1 and 2 show typical results
of radar measurements from rough and smooth
terrain profiles taken at 1.8 GHz (antenna
beamwidth 29°) (Réf. 6).

The accuracy in altitude measurement is
about 100 m, horizontal scale lengths of
100 km are resolvable. Strong variations in
local topographic relief (+/- 2.8 *m) can

of an International Workshop on Physics and Mechanics of Cometary Materials, Monster, FKG, 9-11 October 1989 (ESA SP-302, Dec. 1969)
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Fig. i. Surface profiles of topography,
smoothness, and reflectivity for two
Venusian regions: (a) high local topo-
graphic relief, (b) low relief (Réf. 6),
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Fig. 2. Contour map of a high local relief
area (vertical scale-latitude; contour
interval is 1 km). Fig. 1 represents a cut
of profile along line A-B as indicated.

dence P = 25" backscattering decreases by
about 17 dB (33 dB) for rough first-year
ice (smooth water surface) as compared with
nadir direction. The difference in radar
backscattering turns out to be about 5 dB
for rough and smooth ice, respectively.
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Fig. 3. Backscattering coefficient of
arctic ice surfaces (Réf. 7).

As far as mission Rosetta (CNSR) is
concerned an efficient radar instrumenta-
tion may be designed to operate at three
discrete frequencies f = 10; 90; and 3 GRz
to allow for three different scenarios: fi-
nal approach (distance 5000-20 km); landing
(20-0 km); and subsurface sounding. For the
landing mode the range resolution (nadir)
is expected to be 10 to 25 cm, where the
antenna beamwidth of AO = 0.3° (aperture
size 1 ro) would allow a hori-zontal
resolution of about 90 m and 20 m from
altitudes of 20 km and 5 km, respectively
(antenna footprint diameter on ground). For
the sounding mode typical penetration
depths are estimated to be in the order of
200 m (depending on loss tangent). Due to
constraints in mass and energy budget a
frequency sweeping Rosetta radar might be
excluded.

be seen to correspond to low values of the
surface smoothness parameter. Altitude
(imaging) measurements were collected at
distances less than 4700 km (500 km). The
rms surface slopes turned out to be in the
range of ca. Ier to 10°. Crater-like struc-
tures, for example, were distinguished and
validated by comparing with earth-based
radar observations. On Apollo 17 a lunar
sounding radar was flown at a set of fre-
quencies as low as 5; 15; and 150 MHz re-
sulting in (regolith) penetration depths
down to about 1300; 800; and 160 m,
respectively (loss tangent ranging from
0.025 to 0.003).

Typical values of the backscattering coef-
ficient from icy surfaces are shown in Fig.
3 as derived from air-borne radar measure-
ments of arctic ice at a signal frequency
of 13 GHz (Réf. 7). At an angle of inci-

3. MODELLING OF COMETARY SURFACES

The surface of a cometary nucleus is
thought essentially to consist of a mixture
from snow, ice, and minerals such as oli-
vine, pyroxene, etc. (Réf. 8). In a first
order approximation the response of such
kind of a surface to incident or emissive
electromagnetic radiation may be described
in terms of the two specific bulk material
parameters e (dielectric permittivity) and
tan & (loss tangent proportional to elec-
trical conductivity).

An estimate of E and tan & can be inferred
from laboratory measurements of snow and
ice collected at 9.4 GHz (Réf. 9) (figs.
4,5). The dielectric permittivity increases
with mass density.
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4. RADAR REFLECTION AND BACKSCATTERING FROM
SURFACES

Usually radar equipment is operated in a
monostatic mode, i.e. the directions of
energy transmitted and received (echo si-
gnal) are the same. Typical pulsewidths of
transmission range from 10 ns or less to
some 100 us. Most simply, the radar is
looking in the nadir direction 0 = 0 (alti-
metry), whereas for imaging purposes a
side-looking radar may receive back-
scattered energy at angles O < Q < 40° (me-
chanical or electronic angular scanning).
The pulse repetition frequency depends on
the distance to the reflecting or
scattering surface.

Fig. 4. Dielectric permittivity of snow as
a function of mass density measured at
-18° C (Réf. 9).

Fig. 5. Loss tangent of snow as a function
of temperature for various mass densities
(maximum deviation measured is 7%)
(Réf. 9).

From the Giotto observations of comet
Halley it was concluded that the mass-den-
sity varies from about 0.15 to 0.3 g/cm3
(Réf. 8), resulting in e-values ranging
from 1.2 to 1.5 (Fig. 4); for pure ice a
value of E = 3.5 is reported (Réf. 5). The
loss tangent decreases with temperature ap-
proaching some asymptotic value for low
temperature levels (< -12° C). The tan 6 -
values range from about 0.3 x 10~3 (0.3
g/cm3) to 0.7 x 10~3 (ice) as can be seen
from Fig. 5. For the purpose of simulation,
here an estimate of tan 6 = 0.5 x 10~3 is
taken. Imaging of Halley 1S surface (Réf.
10) confirm the generally accepted assump-
tion that most probably there is a multi-
layer structure with either a granulation
of fluffy particles atop of it or a somehow
solid cover layer (albedo « 4%) . In the
following three limiting cases are
discussed for simulation: plane (or smooth)
surface associated with coherent, specular
Fresnel reflection of incident electro-
magnetic waves; rough surface giving rise
to incoherent, diffuse scattering; and a
plane surface with one cover layer causing
multipath effects (one-layer modelling).

4.1 SMOOTH SURFACES

In the limiting case of plane surfaces of
infinite extent radar reflection is
governed by Snell's law according to the
Fresnel reflection coefficients

Wj. = (cos© - \/s - sin20)/(co80 + \/e - sin*0), (1)

W H = (fcosO -Vs- sin20)/(£cos© + V/£ - sin20)

for TE- and TM-polarization, respectively.
Crosspolar reflection (depolarization TE-
TM) is zero. At nadir direction

|/f(0 = (2)

for cometary surface conditions expected
values of |R(o)| may vary between -27 to
-20 dB for snow (E = 1.2; 1.5) irrespective
of the state of polarization. For an icy
surface (e = 3.5) a Rosetta radar, e.g.
looking for a safe landing site, would
measure a reflection coefficient as high as
|R(0)I = 0.3 = -10 dB.

Inclusion of the low cometary loss tangent
as given above (complex £ -* c (i-j tan S)
yields negligible changes for the estimates
of the reflection coefficients given. For
oblique incidence (off-nadir), the Brewster
angle (vanishing reflection for TM-polari-
zation) is expected to lie in between 48°
and 62°.

4.2 ROUGH SURFACES

For rough surfaces co- and crosspolar scat-
tering effects become important (Fig. 6) as
described by the angular dependence of the
backscattering coefficient o° (0).

Coherent Component

Diffuse Component

Fig. 6. scattering effects: (a) from a
slightly rough surface with large coherent
component and small diffuse component; (b)
backscattering coefficient as a function of
angle of incidence for different surface
roughness conditions.
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The energy received by the radar consists
of two parts: a coherent component largest
close to nadir and an incoherent component
arising from off-nadir directions.

In order to describe the statistical pro-
perties of the surface topoqraphv a terrain
profile h(x,y) is introduced representing
the height variations with respect to some
reference level (Réf. 5,11). For a one-di-
mensional approximation a correlation
length L (horizontal scale length) can be
defined according to

where P stands for the autocorrelation
function (model of Gaussian surface). The
second characteristic quantity of a rough
surface is the standard deviation °n of the
height variations determining the average
slope

m = <7A/ZV2 (4)

of the surface and its average radius of
curvature if/(2.8 ah).

According to Rayleigh's criterion

<rh % A/(8cos0) (5)

the roughness of a surface depends on the
wavelength of the radar signal and on the
angle of incidence. Assuming, for example,
a typical signal frequency of 3 GHz (X = 10
cm) and limiting values of ° n = 0.1 and 10
m the radar sensor "sees" a surface as
being rough for all angles 0 < 83° and 89°,
respectively (grazing incidence •» smooth
surface) . For microwave remote sensing of
cometary surfaces the angular dependence of
the backscattering coefficient can be
simulated by using the Kirchhoff model
(physical optics) .̂.,̂

supposing L > A and L2 > 3ohA (Fig. 7)

This model is independent of frequency
(microwave range) and polarization. The
topography and morphology of the surface
enter via the slope m and the nadir
reflection R(O). For increasing roughness
or slope, backscattering o°(O) decreases in

O 10 20 30 40 50 60
Angle ol Incidence lDtgreesl

Fig. 7. Typical angular variations of the
backscattering coefficient for different
surface slopes.

exchange of stronger values at larger
angles 0: o°(0) = -3 and -15 dB for m = 0.1
(o j. = o.l m; L = 1.5 m) and m = 0.4 (On =
100 m; L » 350 m) as compared with R(O) = -
20 dB (E = 1.5). Due to the exponential
term in (6) the functions a°( 0) shows a
delta function behaviour for O -> O .

A better approximation to the physics of
backscattering may be possible by using the
semi-heuristic Hag for s model (Réf. 12)

<7/2 (cos4© + Csin26)-3/2, (7)a" (Q) =

which takes into account the frequency de-
pendence of diffractional effects via the
roughness parameter C and which more effi-
ciently reflects the slope component of
backscattering (Réf. 13), i.e. the transi-
tion region from small to large angles
(compare the dashed curve of Fig. 6b for
medium rough surface) . Fig. S illustrates a
typical example to derive the quantities
R(O) and C by a least squares fit to earth-
based multispectral radar observations of
the lunar surface.
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Fig, B. Earth-based measurements represen-
ting the lunar backscattering coefficient
as a function of angle of incidence for
signal frequencies 0.44; 1.3; and 7.9 GHz
( o ° > O is probably due to focussing
effects from locally enhanced roughness
features). The nadir reflection coefficient
R(O) is determined to be -22; -23; -27 dB
associated with roughness parameter C = 95;
65; 40 (Hagfors model).

Table 1 describes representative values of
°°K H to be expected for the Rosetta mis-
sion1 for various roughness conditions of a
cometary surface by using the Kirchhoff
and Hagfors model, respectively (e = 1.5).
For a slightly rough surface the Hagfors
model presumably yields more realistic va-
lues. A space-borne radar instrument may
typically resolve backscattering levels
down to about -20 or -30 dB.

0(°)

0°K(dB)

o°H(dB)

O

- 3
-12

- 3
- 9

10

- 8
-13

-11
-12

30

-57
-17

-23
-20

m = 0.1
0.3

C = 100
25

Table i. Backscattering coefficient of a
rough cometary surface versus angle of in-
cidence (roughness proportional to m or
1/C).

4.3 SUBSURFACE SOUNDING

Using a plane wave and plane surface appro-
ximation for low-loss media like the
nucleus of a comet the subsurface pene-
tration depth is given by

d = c/(xf,/etanl), (8)

where generally the loss tangent is in-
creasing with signal frequency (decrease of
electromagnetic field to 1/e-value = -9 dB;
homogeneous half-space; c-velocity of
light). For a finite antenna aperture the
penetration depth is smaller. The sensiti-
vity level at the receiver of the radar
sounder may typically be assumed to be
about -25 dB (hardware: -20 dB; software
filter algorithm: -5 dB). Thus an effective
penetration depth deff = d x In (1O

2'5)/2 =
2.9 x d can be introduced. On the other
hand, effects of surface scattering and
subsurface volume scattering cause d to de-
crease .
Assuming, for example, low-frequency radar
sounding at 3 GHz for the Rosetta mission,
deff is expected to be about 150 m (E =
1,5; tan <s = 0.5 x 10~3) covering a foot-
print of 65 m from a height of 500 m with
antenna beamwidth 7.5°. For 10 GHz the
footprint resolution of 20 m is increased,
but deff decreases to 45 m. Depending on
the range of values for e and tan S which
may be representative for cometary surface
conditions (Fig. 4,5) the maximum
penetration depth is estimated to be about
400 m. For an icy cometary surface defj is
as low as 70 m (or 130 wavelengths A£). The
values given above are certainly upper
bounds. For a more realistic sounding
scenario reflection and scattering losses
must be considered reducing deff to 62 m
for an icy surface (R(O) = -10

In order to take into account surface layer
effects a one-layer model is introduced in
a first order approximation (TM-
polarization, thickness h; surface and
volume scattering neglected). For such a
model the total reflection coefficient is
given by (Réf. 15)

Rtot = (Kn + R^e-j2"")/(l + R^R23e-
i2^) (9)

where R12 and R23 denote the partial
reflection coefficients at the upper and
lower interface of the_surface layer and

fa = 2xf/ci/£icos@2h is the
phase shift accumulating within the surface
layer from down-going (transmitted) and up-
going (reflected) wave propagation.

Fig. 9 represents the angular dependence of
Rtot at 3 GHz for a crust-like cometary and
dust-like planetary plane surface layer.

5 10 15 20 25 30 35 40 45 50 55 60 65 70

Fig. 9. Angular dependence of the total
reflection coefficient to be expected from
one-layer models of a cometary surface
(sounding frequency 3 GHz; electric field E
parallel to plane of incidence).

The partial reflection coefficients are
R1, = -10 dB (-8 dB) and R23 = -14 dB
(-10 dB) for the first (second) example of
application (normal incidence). Cometary
surface: It can be seen that most of the
incident energy gets reflected at the upper
interface (e, > E,) which is dominant, Rtot
is rather constant (+/- 1.5 dB) for 0 < 508,
a minimum builds up close to the Brewster
angle of 62° for e,. For a cometary surface
covered by a thin dust layer (E 2 *-> ^3 ; h >
\/2), the behaviour of R 0̂t i

s expected to
change only slightly. Planetary surface: A
distinct interference pattern is distin-
guishable from partial wave reflections at
the upper and lower interface as well (h >
2X), i.e. rather strong multipath effects
are to be expected (+/-11 dB) significantly
influencing side-looking radar (subsurface)
imaging.

5. EXPERIMENTAL SIMULATION OF COMETARY
RADAR REMOTE SENSING

In preparation of more realistic measure-
ments in the COSI-simulation chamber of DLR
at Porz-Wahn (see H. Kochan et al., this
issue) rather a simplified approach was
taken to generate a "cometary" surface.
Water was pneumatically sprayed into a
cylindrical plastic bowl (diameter * 30 cm
and height 15 cm like COSI-container) con-
taining fluid nitrogen (Fig. 10).
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Fig. 10. Laboratory instrumentation set-up
for microwave simulation measurements to
determine reflecting properties of a
cometary surface (at i-ight: plastic bowl,
horn antennas; at left: top-synthesized
generator, bottom-network analyzer; com-
puter assembly not shown). Finally a spe-
cific mixture of mineral dust was added as
provided by the Institute of Planetology of
the University of Munster.

Both the signals from the test and
reference channel are combined at the mixer
(middle) and compared with each other in
amplitude and phase by a network analyzer.
The transmitter power used is 13 dBm (20
mW); receiver sensitivity -90 dBm; dynamic
range 50 to 60 dB.

The TX- and RX-antennas were mounted along
a half-circular frame (Fig. 10) to adjust
for different angles of incidence (ca. 5°;
10°; 30°). TE-mode of polarization was
chosen to minimize antenna cress-tïlt (ça.
45 dB). In order to reduce diffraction
effects by the rim of the plastic bowl the
distance between antennas and reflecting
surface was set to be about 60 cm
corresponding to a taper of antenna pattern
by 8 dB. As far as the COSI-simulation
chamber is concerned just the horn antennas
would be inside the chamber fed by coaxial
transition plugs from outside.

5.2 EXPERIMENTAL RESULTS AND DISCUSSION

5.2.1 Reflection coefficient and dielectric
permittivity

Typical results of the experimental inves-
tigations are shown starting bei Fig. 12.

5.1 IABORATORY INSTRUMENTATION - TECHNIQUE
OF MEASUREMENT

The continpus wave (CW) measurements were
collected in the frequency range f, = 8 GHz
to fa = 12.5 GHz at N = 256 sampling fre-
quencies as delivered by a synthesized
generator (each measurement averaged ten
times). The signal frequencies chosen are
considered typical for a space-borne radar.

ptrignol computer

Fig. 11. Block diagram of instrumentation
set-up.

Fig. 11 shows the computer-controlled in-
strumentation set-up as based on the two-
channel concept (Réf. 16). The RF signal is
split by a directional coupler (coaxial
transmission lines). The test channel
contains the microwave link probing the
simulated cometary surface (inside the
dashed lines) as illuminated by a rectangu-
lar horn antonna (at left; beamwidth 22°),
where a duplicate of this antenna receives
the reflected (scattered) "radar echoes".

Fig. 12. Measurement of the reflection
coefficient R (modulus) within the
frequency range 8 to 12.5 GHz (9 = 10° =
const.). After time domain correction R was
determined to be about -16 dB ± 2 dB.

No mineral dust was added, the solid-like
icy surface was smooth and close to melting
(dashed-dotted curve). The curve at top
represents the reference level of
measurements (modulus O f R = O dB;, when the
cometary surface was replaced by a
reference metal plate for calibration
(total reflection). Deviations from the
zero-level are due to the finite size of
the metal plate, disturbing reflections and
scattering from ambient space, imperfect
calibration procedure, etc. In the CORl-
simulation chamber the cylindrical
container for the cometary material is
closed at the rear side by a metallic
bottom maintaining a definite, uniform
thermal reference towards the incident
"sun" light. In order to resemble this
situation the plastic bowl was put atop of
a ground metal plate. The deep minima
(about -15 to -25 dB) measured can be
explained in terms of multipath propagation
effects arising from interference of the



REMOTE SENSING COMETARY STRUCTURES 135

waves partially reflected at the cometary
or sample probe surface and the trans-
missive waves strongly reflected at the
ground metal plate (equivalent to R12

 < 1
and R•23 = -1 in eg. (6), Fig. 9).

In order to correct for these multiple
reflections, for ambient disturbances, etc.
a time domain computer-aided correction
procedure (Réf. 17) was applied (Fig. 13).

10»<ln copncuon Qt pafUctlon coifflclint

Fig. 13. Modulus of the complex signal
amplitude after inverse Fourier transfor-
mation in the time domain. Radar (two-way)
travel time 1 ns is equivalent to 15 cm in
range (E= 1). Note the time shift T cor-
responding to distance between icy surface
and ground metal plate (temporal resolution
0.2 ns = 3 cm). Filtering of time window is
only shown down to a level of -30 dB.

The measured data were inverse Fourier-
transformed into the time domain (temporal
resolution At = l/(f2-f1) ~ 0.2 ns) , fil-
tered by a Kaiser-Bessel time window
(dashed curve) and thus processed back into
the frequency domain by applying an Fourier
transformation. It can be verified by Fig.
13 that the peaks from the reference metal
plate (solid) and from the cometary surface
(dashed-dotted, first peak) are coincident.
The time window suppresses the reflection
from the ground metal plate (second peak
approximately 1 ns later) and the back-
ground noise from ambient space. The time
shift T of both peaks corresponds to the
two-way travel time of the waves inside the
cometary material, which is equivalent to
the distance between the reference and
ground metal plate, respectively (normal
incidence). When the ground metal plate was
removed the second peak vanished as to be
expected. From physical aspects, the trans-
formation of a bandlimited CW signal in the
time domain essentially corresponds to a
time domain analysis of pulsed radar
signals.

Obviously this time domain correction
procedure can also be used to determine the
dielectric permittivity of the simulated
cometary material, since for a givers thick-
ness h the time shift measured is equal to
T = 2 h/c >T . However, in this case the
temporal resolution must certainly bo en-
hanced by extending the bandwidth Af =f2~fi
of the measurement system. For example, a
frequency range of 2 to 18 GHz (At = 60 ps)
would allow to increase the number of

sampling points per ns in the time domain
from 4.5 to 16. As can be seen from Fig. 13
the identification and precise location of
multiple signal peaks or equivalent pulse
reflections (scattering) heavily depends on
the number of sampling points. As a further
consequence, the spatial resolution gets
enhanced from about 3 cm to 9 mm si-
gnificantly improving the capability to
distinguish multi-layer subsurface struc-
tures of cometary material.
As a preliminary result now it is possible
to determine the cometary reflection coef-
ficient and dielectric permittivity (ap-
proximately assuming normal incidence and
neglecting the electrical conductivity).
From the time domain corrected (dashed)
curve of Fig. 12 R turns out to be about
-16 dB with an uncertainly of +/-2 dB (a
refined analysis may include a frequency
drift due to losses, scattering, etc.).
Then E = ((1+R)/(1-R))2 follows to be 1.9
+/- 0.3 (uncertainty 15%). This value seems
to be in reasonable agreement with results
published elsewhere (Réf. 9).

5.2.2 Scattering effects

Fig. I4a shows results of measurements from
another sample probe, where the solid-like

>\WV'AMŴ ^

I "
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Fig. 14. Reflection coefficient versus
signal frequency for (a) different surface
configurations; (b) ground metal plate
removed.

surface (smooth / dashed-dotted) was
crushed down to a depth of about 3 cm
(coarse / dashed) and then crushed once
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again down to 8 cm as measured from the
surface (fine / solid). Multiple re-
flections are dominant for the smooth
configuration and still distinguishable for
the coarse configuration: interference
effects from the ground metal plate and
solid-like interface now at 3 cm are re-
duced. The number of successive maxima and
minima seems to decrease as to be expected
for a smaller thickness ( - 7 cm) of the
solid-like layer. The coarse layer atop of
it apparently causes strong surface
scattering effects. The mean signal level
of reflection is significantly lowered (by
more than 5 dB with respect to smooth
configuration) which is certainly to be
expected for surfaces of strong roughness
(Fig. 7).

For the fine configuration multiple
reflections are no longer visible (thick-
ness - 2 cm) and the mean signal level may
be even further reduced, since surface
scattering is smaller for slightly rough
surfaces, the sustaining decrease in signal
level must now be due to volume scattering
effects arising from the bulk density of
fine granulation material (thickness-8 cm).

This conclusion is also supported by Fig.
14b showing that the mean signal level
without ground metal plate (reflection
coefficient from plastic-covered laboratory
table ca. -3 dB) is only slightly lower
than that from the measurements with ground
metal plate.

5.2.3 Reflection effects from mineral dust
additives

Now the crushed sample probe of cometary
surface was covered by a thin layer of
mineral dust to simulate Whipple's "dirty
snowball" model (Réf. 8). From Fig. 15
(dashed-dotted curve) it obvious that this

Fig. 15. Reflection coefficient versus
signal frequency after addition of mineral
dust

mineral dust layer seems to strongly
reflective: an interference pattern
(multiple reflections from the dust layer
and from the ground metal plate) builds up
again and the mean signal level is raised
by about 5 dB as compared with that of the
coarse configuration without dust (dashed).
Subject to a refined analysis including,
e.g., time domain correction, the re-
flection coefficient |R(0)| according to
eqs. (6) or (7) may be estimated to be -21

dB (-26 dB) for the sample probe with
(without) dust layer resulting in an
effective dielectric permittivity of
^Sff = 1.4 (1.2), i.e. an increase of about
17% (scattering neglected). Host probably
this increase is mainly caused by a con-
siderable rise of the loss tangent of the
simulated cometary material. In order to
separate contributions from e and tan d it
is necassary to measure also the phase of R
in addition to its modulus (which can be
provided by the instrumentation set-up used
(Fig. 11), but was not analysed so far).

Effects of multiple reflections are quite
distinct (as many as six successive minima
may be visible) and would be even stronger
for a dust-covered, solid-like (>/ coarse)
surface (see also Fig. 12). Such kind of
measurements offer another approach, in
addition to the time domain approach as
outlined in sect. 5.2.1, experimentally to
determine the dielectric permittivity (and
loss tangent in case of supplementary phase
measurements) and the thickness of a
cometary surface layer. Starting from eg.
(9) the quantities E and h can be derived
from measured data by utilizing the
locations of the sharply pronounced minima
of Rtot in the frequency domain or, less
preferably, by utilizing the maximum values
of Rtot (Réf. 15).

Finally the minimal dust was completely
mixed with the crushed cometary material
(no surface layer). Multipath effects seem
to disappear (solid curve for f > 9 GHz),
obviously surface scattering starts to
dominate. The mean level of reflectivity is
certainly higher than for the corresponding
set of measurements without mineral dust
(Fig. 14a). The order of magnitude for
depolarization effects was measured by
using one of the horn antennas in TM-mode
(rotation of antenna axis by 90°). A cross-
polar radar return signal component is
strongly sensitive with respect to
scattering effects from surface roughness
(Réf. 5). Here the crosspolar signal level
turned out to be ca. 10 dB below the
copolar level (with mineral dust mixed). In
case of a Rosetta radar: two channels for
reception are necessary requiring, e.g., a
sensitivity of at least 20 dB (co-) plus 10
dB (crosspolar) plus a signal-to-noise
ratio of S/N = 5 dB. Here a reference
measurement was performed by substituting
the cometary surface by a metal plane
(R = -40 dB = 0.01 instead of the theoreti-
cally expected value zero).

6. SIMULATION OF MICROWAVE RADIOMETRIC
MEASUREMENTS

The power P received by the antenna of a
microwave radiometer is usually expressed
in terms of the radiometric brightness
temperature Tb = P/(kAf), where Af is the
bandwidth of radiometer (typically several
100 MHz), and depends on the temperature T
and specific emission coefficient E of the
radiating surface (k - Boltzmann's con-
stant) (Réf. 5).

The receiving antenna is spatially
weighting the incoming radiative flux
density according to its directivity
pattern, i.e. the spatial resolution is
mainly given by the antenna footprint on
ground. The power emitted is described bv
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Planck's law and is proportional to RT/X in
the microwave frequency range (Rayleigh-
Jeans approximation). All directions of
polarization contribute to the incoming
power.

6.1 COMETARY EMISSION COEFFICIENT

For purposes of modelling and simulation
the cometary surface may be approximated by
a homogeneous half-space (plane surface).
Following Kirchhoff's radiation law, then
due to energy conservation the emission
coefficient is related to the reflection
coefficient by (Réf. 18)

(10)

neglecting, azimuthal dependence (Fig. 16).

metary flyby the situation is similar and
the qualitative results from an asteroidal
simulation are still applicable to a comet,
too.

In a first order approximation spherical
symmetry is assumed and the terminator is
taken to be a straight line as seen from
the space-borne microwave radiometer. The
motion of the spacecraft is supposed to be
uniform at a relative velocity of 7.5 km/s
which may be a typical value for a rendez-
vous manoeuver. The surface radiation
emitted is integrated over the antenna
footprint (Réf. 5) and the result is shown
by Fig. 17 for a change in surface
temperature b y A T = 40K(E = const = 1;
homogeneous distribution of surface tempe-
rature) .
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Fig. 16. Emission coefficient as a function
of the angle of incidence (half -space
model, plane surface) .

For grazing incidence E is minimum for both
types of propagation. Emission is maximum
for TM-polarization at the Brewster angle
and for TE-polarization at nadir direction.

Taking those E-values typical for cometary
surfaces (sect. 3) the emission coefficient
at nadir is as high as E = 0.999; 0.995;
0.953 for E = 1.2; 1.5; 3.5 (ice). For a
Rosetta radiometer operating at 10 GHz
grazing incidence approximately occurs at
an altitude of 250 km above ground (full
coverage of the cometary nucleus with dia-
meter of 10 km by antenna beamwidth 2.3°).

At altitudes of 20 km (500 m) during the
landing scenario the antenna footprint is
800 m (20 m) at an angle of incidence 0=6°
and 1.2°, respectively. As a consequence,
the radiometric measurements would be taken
from a highly emissive surface close to
nadir anyhow.

6.2 SURFACE TEMPERATURE - TERMINATOR
PASSAGE

The surface temperature is expected to
change significantly during flyby across
the terminator (boundary between the sun-
lit and shadow side of a surface). For the
purpose of simulation an asteroidal flyby
is taken as an example. However, for a co-
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aec.

Fig. 17. Rate of change of surface tempera-
ture during a simulated terminator flyby
(flyby distance 1000 km, relative velocity
7.5 km/s; asteroidal diameter 200 km). Time
t = O means point of closest approach.
Radiometric frequencies are 2.5 GHz
(solid); 7 GHz (dashed); 22 GHz (dashed-
dotted).

It can be seen that the rate of change for
T is strongly depending on the signal
frequency: for higher frequencies (dashed-
dotted curve) the slope is steep, for lower
frequencies (solid) the slope becomes flat
(for a delta function-like antenna
beamwidth the rate of change would be
infinite) . Due to the relative motion the
different slopes translate into a spatial
resolution of the order of km up to some 10
km and more (detection level 10% to 90% of
total variation AT), depending on para-
meters such as sampling data rate, band-
width, etc.

CONCLUSION

The concept of the computer-controlled mea-
surement technique presented is applicable
to a simulation chamber such as COSI. The
experimental results show that the reflec-
tion coefficient of a simulated cometary
surface can be measured as a function of
microwave signal frequency, angle of inci-
dence, and polarization (preferably TE).
Scattering effects due to surface roughness
and subsurface structures are definitely
distinguishable. Background noise can be
suppressed by using time domain filtering.
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The dielectric permittivity and loss
tangent of a cometary surface can be deter-
mined. Various approaches are outlined to
increase the accuracy of measurements and
to improve the determination of specific
surface parameters.
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ABSTRACT

Within the scope of Rosetta, the Comet Nucleus
Sample Return Mission of ESA, drills, shovels etc.
for acquisition systems of comet nucleus samples
are to be designed.

Therefore material properties such as uniaxial
compressive strength and Young's modulus of
elasticity of the comet nucleus material should be
known. Different ice-dust mixtures with contents
of solid material between 1 and 20 Z by wt. as
synthetic comet nucleus materials were prepared.
Cylindrical samples of these materials with
average densities in the range of 0.5 to 0.8 g/cm3
WP ro produced by densification. These samples were
used for mii.ixi,)] compression tests at
temperatures of 253 K, 233 K and 123 K, to
determine the compressive strength qu and the
Young's modulus EU. The stress-strain curves
showed a difference in behaviour depending on test
temperature and material.

Keywords: Uniaxial compressive strength, Young's
modulus, synthetic comet nucleus material.

1. INTRODUCTION

For Rosetta - the Comet Nucleus Sample Return
Mission - as one cornerstone mission of ESA,
drills (Réf. 1), shovels etc. for acquisition of
comet nucleus samples are to be designed.

Therefore the material properties of the expected
material should be known. Essential properties are
compressive strength, tensile strength, and the
shear parameters, angle of internal friction and
cohesion.

In order to obtain values for these properties
analogous material will be investigated. Therefore
different ice-dust mixtures as synthetic comet
nucleus materials were prepared. Since not all
parameters could be varied, mixtures with 1, 10
and 20 % of total mineral content were selected,
to get a first outline of the influence of mineral
content to t'ie material properties.

In the first phase the test program was restricted
to uniaxial compression tests (Réf. 2) at
temperatures of 253 K, 233 K, and 123 K with ave-
rage densities in the range of 0.5 to 0.8 g/cm3.
In the scope of the first investigations no
account of age hardening effects could be made.

2. PRODUCTION OF SYNTHETIC
COMET NUCLEUS MATERIAL

The synthetic material is prepared by the Institut
fiir Planetologie of the University of Miinster
(Ret. 3). A suspension consisting of water and
different contents of solid material is sprayed
by a special jetting equipment in a reservoir with
liquid nitrogen. The mixtures were focussed to
these shown in table 1 with 1, 10 and 20 % of
total mineral content.

The mineral components are the ones assumed to be
present in a comet nucleus, as dunite with an
average grain size of A - 8 pro with the comet-

relevant minerals olivine and pyroxene, a natural
montiTiorillonite with an average grain size of 4
urn, and finally a natural kaolinite with an
average grain size of 2.2 urn.

Table 1: Compositions of synthetic comet nucleus
material in % by weight.

MIXTURE

2

3

4

TOTAL
CONTENT
OF SOLIDS

1.0

DUNITE I MONTMO-
IRILLONITE

(4 -Bum) | Hirnil

0.6

10.0 ! 6.0i

20.0 12.0

0.2

KAOLINITE

(2. Sum)
WATER

0.2 | 99.0

4.0 | 4.0

4.0 j 4.0

90.0

80.0

After the fine-grained ice-dust material is taken
out of the container it is kept uncovered in the
cold room until the liquid nitrogen is
sufficiently evaporated. Then the material which
is not immediately used for sample preparation is
filled in a plastic bag and stored in a dry
ice-cooled container. In addition to the mixtures
shown in table 1 two compositions made of mixture
4 with additional 10 and 30 7, tuff grains (0.6 -
3 mm) were produced.

3. SAMPLE PREPARATION

The samples are prepared (Refs. 4, 5) in a cold
room at a temperature of 253 K. The fine-grained
ice-dust material is placed in a hollow metal
cylinder (see figure J) with an inner diameter of
5 cm. The endpistons with the same diameter are
pushed into the cylinder to produce samples with a
length of 10 cm.

a) HOLLOW CYLINDER WITH END PISTONS

HYDRAULIC JACK

REACTION-FRAME

b) JACK WITH FRAME

Figure 1: Equipment for sample preparation.

Proc. of an International Workshop on Physics and Mechanics ofComelary Materials, Milnster, FRG. 9-11 October 1989 (ESA SP-302, Dec. 1989)
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The samples with densities of 0.5 and 0.6 g/cm3 as
well as those with additional tuff could be
compressed by hand, the other ones were
densified by means of a hydraulic jack.

The sample density is controlled by the mass of
material placed in the cylinder. After compression
the sample is pushed out of the cylinder, wrapped
up with foil and is stored in a dry ice-cooled
container. In this way samples with five different
compositions (see table 2) «ere prepared.

Different densities were chosen for mixture 4. For
samples made of mixture 4 and additional tuff the
needed material was prepared by mixing the
required amount of ice-dust mixture 4 with that of
the tuff grains.

Table 2: Test program

TEMPERATURE
IKI

253

833

123

MATERIAL

MIXTURE 4

MIXTURE 4

MIXTURE 3

MIXTURE 2

MIXTURE 4
«10% TUFF*

MIXTURE 4
•30% TUFF*

MIXTURE 4

DENSITY
lg/cm"3|

0.6
o.e
0.?
0.8

0.6
0.6
0.7
0.8

0.7

0.7

0.7

0.7

0.6
0. 7
0.8

NUM3ER OF
TI-STS

Z
3
3
3

JJ

3
2
2

2

2

2

2

2
2
2

' SIZE OF TUFF GRAINS 0.6 - 3 mm

4. TEST EQUIPMENT

The equipment used for the uniaxial compression
tests depends on the test temperatures. Tests at
253 K are performed in a modified standard
triaxial cell (see figure 2) placed in the cold
room at constant temperature. A 10 MPa (100 bar)
triaxial cell with external cooling (see figure 3)
is used for the tests at 233 K. The temperature is
measured by a thermocouple at the base of the
sample.

Figure 3: Triaxial cell with twin wall cooling.

Both cells were loaded with a mechanical loading
machine with a maximum load of SO kN.

For the investigations at 123 K a special
equipment is used. This facility consists of a
pressure transformer and a cryogenic cell (see
figure 4 and 5). The pressure transformer is
connecte") by two hoses to the cryogenic cell and
i.s noii^ally used in triaxial tests to raise the
cell pressure to 10 MPa (100 bar). This is
achieved by pressurized nitrogen acting on the
piston in the inside of the transformer. As a cell
fluid R22 (CHClF2) is used which is liquid at
atmospheric pressure in a temperature range of 233
K to 113 K. The sample with the dimensions of D =
10 cm, h = 20 cm, or D = 5 cm, h = 10 cm is
positioned in the cryogenic cell and cooled down
by injection of liquid nitrogen into a cooling
spiral around the sample. The temperature is
measured at five points by thermoelements
connected to a control system which operates the
valve controlling the liquid nitrogen flow.

Figure 2: Modified standard triaxial cell.

Figure 4: Cryogenic cell.

The uniaxial compression tests at 123 K reported
here were performed without O3-stress and no
pressure transformer was used. For these tests
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PRESSURE
TRANSFORMER

["I CRYOGENIC CELL

U1^U5:
TEMPERATURE
MEASUREMENT

Figure 5: Cryogenic cell with pressure transformer.

cell and sample were cooled down by injection of
liquid nitrogen directly into the cell. For
loading the samples a hydraulic loading machine
with a maximum load of 400 kN is used.

5. TEST PROCEDURE

The uniaxial compression tests were conducted
according to DIN 18 136 for determination of
uniaxial compressive strength of soil samples. The
tests were run at 253 K, 233 K and 123 K.

Each sample is placed and cooled down in the
respective test apparatus. To separate the samples
- tested at 253 K and 233 K - from the cell liquid
respectively from the injected liquid nitrogen,
they are covered with a membrane which is sealed
at the base and top platen. For temperature of
253 K a Latex membrane is used, however, for
temperature of 123 K a special membrane is used
which does not become brittle or stiff and which
seals the top and base platen. It has to be
mentioned that tests at 123 K are very sensitive
in preparation and execution. The tests have to be
supervised for the whole test period. For cooling
down and keeping the temperature at 123 K about
130 liter of liquid nitrogen are used.

After reaching the test temperature the samples
were loaded to achieve a constant axial displace-
ment rate of v = 1 mm/min. During the test force
and displacement were measured by a data acqui-
sition system. When the peak value of deviator
stress was reached the test was terminated. Those
tests which did not show a reduction in load
capacity were stopped at a sample deformation of
40 Z of the original sample length. The whole test
program is shown in table 2.

6. TEST RESULTS

6.1 Stress-strain behaviour

The readings of force and displacement were

tscorded by the data acquisition system during the
teat. These values are used to calculate the axial
stress O1 by consideration of the actual cross-
sectional sample area and the strain 6 for each
reading. The stress-strain curves of all tested
samples are given in the diagrams of fig. 6 to 11.

5.0

4.0

CM

£ 3.0

MIXTURE 4
20% SOLID MATERIAL
80% ICE
T=253K

= 0.8g/cm"3

10 20 30
Epsilon [%]

Fig. 6: Stress-strain curve, mixture 4,T= 253 K.
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10,0

8.0

CM

6.0

CO

*Lt
a
gi
to

2.0

MIXTURE 4
20% SOLID MATERIAL
80% ICE
T=233K

10.Or

RhO= 0.8 g/cm "3
^-—

0.7

10 20
Epsilon (%]

MIXTURE 4
20% SOLID MATERIAL
80% ICE
T= 123 K

Rho=0.8 g/cm A3

1 2 3 4
Epsilon !%)

Fig. 7: Stress-strain curve, mixture 4 , T = 233 K. Fig. 8: Stress-strain curve, mixture 4,T = 123 K.

5.0 r

4.0

CM
3.0

Ml XTURE 4 +10% TUFF
MIXTURES +30%TUFF

RHO= 0.7 q/cm"3
T= 223«

10% TUFF

10 20 30
Epsilon [%]

10.0 r- MIXTURE 2 MIXTURE 3
1 % SOLID MATERIAL 10 % SOLI D MATERIAL

99% ICE 90% ICE
RHO=0.7 g/cm"3 RHO=0.7g/cm*3

10 20 30
Epsilon [%]

40

Fig. 9: Stress-strain curve, mixture 4 with
additional tuff, Rho = 0.7 g/ui)3, T 233 K.

Fig. 10: Stress-strain curve, mixture 2 and
mixture 3, Rho = 0.7 g/cm3, T 233 K.
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10.0 DIFFERENT MIXTURES
RHU=0.7g/cmA3
T=233K

Mixture 2

Mixture 4+30%Tuff
10 20

Epsilon [%]
30

Fig. 11: Stress-strain curve, all mixtures,
Rho = 0.7 g/cm3, T 233 K.

The samples made of mixture 4 show at 253 K and
233 K for all densities an approx. linear stress-
strain behaviour up to a certain deviator stress,
after which the characteristic flattens. This can
be interpreted as visco-plastic behaviour (see
figure 6 and 7). Distinct failure stress did not
occur. In figure 12 a typical photo is shown,
taken of a sample with a density of 0.6 g/cm3

tested at 233 K after a deformation of 40 Z. There
are no cracks or other visible disturbances. The
initial cylindrical form has changed to that of a
barrel.

In contrast to this, the samples tested at 123 K
show a distinct failure, similar to a brittle
material behaviour (see figure 8). Before reaching
the peak of the stress-strain curve partial
ruptures are observed. Consequently, elastic
behaviour cannot be assumed. Figure 13 shows a
123 K sample after testing.

The samples with additional tuff grains show a
non-linear stress-strain behaviour after an
initial linear "elastic" range (see figure 9). A
peak value for deviator stress is reached at a
relatively large strain rate. The compressive
strength of the samples with 10 7, by wt. tuff
grains is higher when compared to those with 30 £
by wt. tuff. This can be explained by the larger
volume of material which was compacted. The reason
is the smaller density of the ice-dust mixture in
relationship to that of the tuff. Figure 14 shows
a post-test photograph of a sample containing
30 % by wt. of tuff.

Figure 12; Sample of mixture 4 after test at
T = 233 K.

Figure 13: Sample of mixture 4 after test at
T = 123 K.

Figure 14: Sample of mixture 4 with 30 % wt. tuff
after test at T = 233 K.
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The stress-strain curves of mixture 2 and mix-
ture 3 specimens are shown in figure 10. The graph
of mixture 3 is similar to that of the samples
with additional tuff, but a higher compressive
strength is observed.

The results of mixture 2 samples shoved some
scatter in stress-strain behaviour which can be
explained from the presence of local
imperfections. For evaluation purposes two of the
stress-strain curves were selected to show the
general trend of an initial linear stress-strain
relation followed by a linear visco-plas'.ic
behaviour.

The test results of all mixtures with a density of
0.7 g/cm3 tested at 233 K are presented in figure
11. It is obvious that the maximum stresses
reached increase with decreasing mineral content.
This can be explained by the higher compaction of
mixtures with lower mineral content.

6.2 Compressive strength

To describe the strength dependency on material,
density, and temperature the compressive strength
can be used. For compar.'r.g and pointing out trends
it is necessary to assume a value for compressive
strength for stress-strain curves without a peak
value of deviator stress. According to DIN 18 136
the strength at the strain of 6 = 20 % is used as
an equivalent compressive strength. For specimens
with a maximum stress value beyond this strain
the stress at e = 20 % is also taken as the
compressive strength. This is done, because
influences from changing sample geometry should be
exrli'.ded.

Figure 15 shows the compressive strength
increasing with decreasing temperature, increasing
density, and with decreasing content of solid
material.

qu lMN/m'21

MlXT. 4*10%TUFF

250 300

TEMPERATURE IKl

Figure 15: Compressive strength qu, Rho = 0.7
g/cm3 for mixture 2, 3, 4 + 10 % tuff and 4 + 30 %
tuff.

6.3 Young's modulus of elasticity

To describe the approximate deformation behaviour
of the tested samples for the initial
stress-strain range, the Young's modulus of
elasticity E0 is used.

This modulus for 253 K and 2?3 K samples was taken
by a semi-graphical method from the stress-strain
curve. For the 123 K samples the modulus is
approximately described by a straight line running
through the origin of the diagram and the strain
point at 50 % of the peak stress value.

The results presented in figure 16 show the
modulus EO increasing with reducing temperatures,
increasing density, and decreasing percentage of
solid material content, similar influences to the
compressive strength. However, at 123 K samples of
mixture 2 behave stiffer and stronger than the
corresponding samples of mixture 4.

Eo lMN/m"2|

600

200

O
100

Mixr. a

MlXT. .ClOUT.

MIXT. 4 0.6lg/cm-3l A.^X*' MIXIj <>!JO*T-

1SO 200 250 !

TEMPERATURE [Kl

Figure 16: Young's modulus of elasticity E0, Rho =
0.7 g/cm3 for mixture 2, 3, U t 10 % tuff and 4 +
30 % tuff.

7. CONCLUSIONS

The uniaxial compression tests reported here
represent the results of an initial investigation
of the material properties of synthetic comet
nucleus material. It has been shown that the
stress-strain behaviour changes dramatically with
decreasing temperatures.

Additional tests should be conducted at various
temperatures and densities, especially for those
mixtures where only densities of 0.7 g/cm3 have
been prepared. On the other hand tria.xial tests
should be performed to determine the shear
parameters and to get an approximate value for the
tensile strength. Finally effects of age hardening
should be investigated.
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LABORATORY TECHNIQUES FOR THE CHARACTERISATION OF SNOW STRUCTURES
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ABSTRACT

The methods of collecting, preparing and analysing samples of
seasonal snow are summarized. To investigate the geometric
structure and the texture, the skeleton of the snow is fixed and
random sections are prepared. Image analysis is performed
using filtering, segmentation and morphological operations to
emphasize the relevant structures. Quantitative geometric
analysis, as used in material sciences, is illustrated with
nivological examples. Simple geometric features can be
represented with sampling parameters whereas complex ones
often need pattern recognition techniques for a more accurate
description. Afew parameters which were processed on different
systems are compared. If the assumptions of stereology, i.e.
regular shapes of the particles, are not fulfilled, a three-
dimensional study of the geometry is necessary.

Keywords: Snow structure, porous media, image analysis,
pattern recognition, stereology, random sections.

1. INTRODUCTION.

The quantitative, geometric analysis of snow started nearly
hundred years after the pioneering work in petrography by
Delesse in 1848 (Réf. 1) and Sorby in 1856 (Réf. 2). In
metallurgy, quantitative investigations of random section planes
were performed by Polushkin as early as 1925 (Réf. 3).
"Mineralogical and Structural Characterization" of snow in the
famous volume "Snow and its Metamorphism" by Bader et al.,
published in 1939 (Réf. 4), recapitulates the state of the art of
the beginning snow research. It is obvious that Bader applied his
basic mineralogical know-how to the analysis of snow. Besides
macroscopic parameters like density, porosity and air
permeability, Bader evaluated the structure of grains (shape)
and the texture of crystals (orientation of crystallographic axes)
from polished planes and thin sections. Later on these
techniques were extended by the work of many authors like de
Quervain (Réf. 5, 6), Eugster (Réf. 7), Narita (Réf. 8,9), Kry (Réf.
10), Gubler (Réf. 11), Perla et al. (Re?. 12), Dozier et al. (Réf. 13),
and Hansen and Brown (Réf. 14). Crettol and Good (Réf. 15)
introduced pattern recognition and description techniques,
stereological formalism and multivariate data analysis (Réf. 16).
The stereology (Réf. 17) claims that three-dimensional geometric
features can be reconstructed from two-dimensional random
section planes. This is valid only if the particles are of régulai
shape (spheres, ellipsoids etc.) or additional information is
available (Réf. 18). The general question is how to describe the
"relevant" features even in the planar case. Assuming a
resolution of the image of 512 by 512 grey values corresponding
to 266144 dots (pixels, 8bit bytes), any parametrization tries to
reduce this amount of information. The parameters depend
strongly on the physical intuition and the models we have in
mind to answer given questions. The structure is one aspect
only of the complex entity snow: Physical, mechanical, and
engineering properties are related to the structure. These
qualities were reviewed, among others, by Bader et al. (Réf. 4),
Kuroiwa (Réf. 19), Mellor (Réf. 20), Mellor (Réf. 21), Glen (Réf.
22) and historical and actual aspects of snow research by
Colbeck (Réf. 23).

2. SAMPLE COLLECTION

The density of dry, seasonal snow varies between 0.05 and 0.4
Mg nr3 (Réf. 21). It is a two component aggregate of air (with a
small amount of water vapour) and ice. The ice skeleton of snow
has a shear strength varying over several orders of magnitude.
3* 1CT1 < a < 2* 103 [kPa]) (Réf. 20). In addition the natural
snowcover is inhomogeneous because of its stratification. Very
weak layers may exist between more or lass uniform strata.
Taking samples out of the natural snowcover, with no damage
to the original structure, may therefore bo a delicate experiment.
Basic sampling techniques, mostly for hydrological purpose,
have been developed (Réf. 24). They include snow gauges to
collect snowfall, sampling in open snow pits and sample
extraction with core drilling techniques. For nivological
investigations, snowpits are dug and probes ar» extracted with
different mechanical samplers. If a more careful handling is
required, because of very fragile or inhomogeneous snow,
cutting with heated tools may be a help. Physical experiments
are performed in situ if feasible whereas structural investigations
normally have to be made in a cold room. If careful
transportation is not possible, the weak structures have to be
fixed. This requires a good infrastructure including a shelter and
electrical power.

3. SAMPLE PREPARATION

The complex structure of snow cannot be investigated with non-
destructive techniques alone. Cutting snow, however, is possible
only after fixing the ice skeleton. Therefore the techniques
developed in biology for fixing the delicate materials and the
preparation methods in petrography were adapted. Many
organic compounds have been tested for this purpose. Actually
we use the following method. The snow sample is put in a
vessel and fastened. Diethy) phtalate (with or without dye) from
an automatic dispenser expels the air of the voids from bottom
to top. The optimal temperature for this operation is -4 0C that
is then lowered to -20 0C. Sometimes seeds of diethyl phtalate
crystals are required to solidify the supercooled organic liquid.
Samples with one or two prepared faces are crafted through
careful honing with conventional microtomes. The size of the
prepared surface is selected according to the size of the micro-
structures. Standard areas are from (5* 10-3m)2to (5* 1O-2In)2

The same is true for the spacing of serial cuts; the range is from
3* 10"em to 3* 10"5m. Thin sections have a thickness between
10"5r i aiid 10"*m. The preparation of thin sections is more time
consume-i than single sided planes. Textural investigations,
however, require transparent samples.

3.1 Sample enhancement

A machine based processing of optical data yields more
accurate results if the relevant parts of the picture are clearly
visible. Special preparation of the samples and the use of
illumination and dying techniques are important preprocessing
steps to attain this goal. Standard light sources, UV light,
fluorescent colors and optical filters and different micro- and
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macroscopic illumination techniques are In use. For our section
planes and thin sections the contrast between ice and void is
enhanced by dyeing the organic filler with tar black. Prior to the
data acquisition of the thin sections, we add tetraline to the filler
which is liquefied by lowering the melting point. The advat age
offered is that only one cristalline phase is now present.

4. DATAANALYSIS

4.1 Data acquisition

Two groups of instruments, starting from different philosophies,
were developed in the years before 1970 for mapping the
original information into a computer memory. In principle they
are still in use to-day. In the first one, the sample is positioned
and scanned mechanically in a fixed optical beam (Réf. 25).
The intensity is measured at every location, According to the
optical system used, orthoscopic as well as conoscopic
information may be evaluated. For more flexibility as a
development tool, the data analysis was strongly software
oriented. The second one uses video techniques and is mainly
a hardware solution. The sample or a photographic picture of it
is at rest and the image is scanned electronically with a vidicon -
tube (Réf. 26). Modern systems use light, electrons (standard-
and scanning electron microscopes) and X-rays to Illuminate the
samples and slow-scan or standard video techniques for the
analog to digital conversion. We work actually with a mechanical
scanner connected to an Interface in a Professional 350
computer, a pdp-11 based system with a slow scan video
camera (Réf. 27) and a PC- (Intel 80360) oriented setup with a
CCD camera (Réf. 28). The picture library is a collection of
photographs and of computer compatible images on standard
magnetic tapes and on optical disks.

4.2 Image enhancement and local transformations

It is difficult to work with and to try to "enhance" sloppy samples.
With optimally prepared samples, however, modern image
analysis systems offer many options to separate wanted from
spurious information (Réf. 29, 30).

4.2.1 Intensity manipulations. An 8-bit pixel p(. e P can
represent up to 256 grey values. A normal photographic picture
often has a narrow interval of intensities. It can be normalized (1 )
or linearized to use the full range of intensities which eases
segmentation. After transformation, the pixel p,,' is given by

4.2,2 Filtering and arithmetic operations. If an image is
inhomogeneous and has dark and bright areas (fig. 1),
subtracting the low-pass filtered image from the original
Improves the quality (fig. 2), High-pass filtering emphasizes
transitions between different intensities in large areas or locally
(2). The local convolution

1+1 1+1

P,]' - Ï I K1 * Pi) (2)
1-1 1-1

with a typical highpass kernel:

0-10
-1 4-1
0 - 1 0

(3)

may be used as an edge detector.

"* «** ^^^T VS*.J .̂*3F -JK- -mt r

Rgure 2. Obtained from original (fig. 1) by subtraction of the
low- pass filtered image and subsequent segmentation.

4.2.3 Segmentation. The gap of grey levels that correspond to
the relevant Information (fig. 3) is selected (discrimination) and
compressed into a single bit plane, (bhary image) (fig. 4). This
is the most subjective step in the whole analysis. It is a
prerequisite, however, for the subsequent analysis.

Figure 1. Inhomogeneous thin section of 1 cm2 of fine grained
snow (ice is black, histogram of intensities as overlay).

Figure 3. Particles of tar black in the colorant as example of an
additional component (particles in white, the area is (5mm)2).
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NUMBERS
P COLORANT PARTICLES

Figure 4. Extraction of relevant Information of fig. 3 by
subtraction of ice particles. Binary picture (segmented),

4.2.4 Morphological operations like erosion or dilation enhance
relevant features or eliminate disturbing patterns (Réf. 31).
Skeletoning, also called bi-thinn'ng, Is a kind of erosion. The
process of thinning is stopped, however, if a linear skeleton one
pixel wide is obtained. The bifurcations are preserved. This
operation is ideally suited to reveal the topology of structures.

4.3 Parametrization

In the sense of data reduction the method used is not important.
From the perceptual point of view, however, there is a difference
between a frequency distribution obtained by a Fourier
transformation and more evident geometric parameters.
Sampling parameters like point density, number of intersections
and intercept lengthes are computed on a per pixel or per line
basis. Pattern recognition depends on algorithms that detect
closed areas. Parameters like area (fig. 5), perimeter, maximum
diameter (fig. 6), angle between max. diameter and a frame axis
(fig. 7) or the inertia tensor and the ratio of the principal axes
are evaluated. These parameters may be considered as the
components of a n-dlmensional state vector of the object or its
two-dimensional representation.

OF COLORAMT PARTICLES

150 -
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Figure 6. Distribution of Maximum Diameters of the areas
represented In fig. 5.

4.3.1 Comparison of parameters. The two image analysis
systems, the pdp-11 based development system and the IMCO-
10 system have several parameters in common, h is interesting
to make a comparison. Canter of mas:; coordinates, area,
maximum diameter of particles and perimeter are computed
using different algorithms. The area of the particles In the first
case includes one half of tho perimeter pixels. In the second
system the perimeter is not taken into account. As an illustration,
finely dispersed droplets are evaluated. The linear relationship
of the square root of the area versus the perimeter (fig. 8) is
biased in a few cases when» two droplets touch each other
because their perimeter increases faster than their area. The
units of the table 1 are in pixels.

Parameter pdp-11 system IMCO-10 system

Area
- standard deviation

Perimeter
- standard deviation

Maximum diameter

297.9
440.7

58.1
35.7

272.4
418.9

56.1
36.0

56 < d < 60 57.5

Table 1. Comparison of pattern recognition parameters of
droplets from two different image analysis systems.

NUMBERS

BETWEEN DIAMJMX ANC X-AXI

32 S4 13B 356 512 1024

A R E A CPI*elfi~2)

IO SO 30 10 50 GO 70 50 90 100 110 120 130 140 15D IBO 170 1M

A N G L E S

Rgure 5. Distribution of the Areas of colorant particles
(see fig. 3 and 4)

Figure 7. Distribution of Angles between diamjnax of particles
and the x-axis of the image coordinate frame 7see fig. 4).
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Figure 8. Size distribution of droplets as a verification of the
pattern recognition algorithms for AREA and PERIMETER.

4.4 Multivariate data analysis

A large number of reasonable parameters can be computed. For
a given problem one set is more appropriate than another one.
In any case there will be redundancy. Multivariate data analysis
(Réf. 32) is the technique to span an orthogonal coordinate
frame (principal axes transformation) where the axes are linear
combinations of the evaluated parameters. In image analysis
this formalism is referred to as Karhunen-Loève transformation.
The projections on the plane with the first and second factorial
axes is the representation with the best separation between
points because of the largest variance. As an illustration the
figure 6 from the series of perennial snow from Vernagt Ferner
(Réf. 33) shows the first factorial plane. For a better visual

Interpretation, a few graphical outputs of the corresponding
snows are added (fig. 9). If the problem is classification rather
than physical modelling, this kind of procedure combined with
clustering is adequate.

4.5 Physical parameters and structure

The physical properties of porous media are very often
graphically represented as functions of the density. For snow
this is by no means a unique relationship. The scatter in these
graphs (Réf. 19, 21) often exceeds an order of magnitude. In
complex materials it is generally not possible to have physical
models in which the structure is represented by a single
parameter only. This Is even m< ;e so if the parameters are
derived from a two-dimensional random plane of this aggregate
(Réf. 34). There is a hope that parameters from a three-
dimensional analysis with a more obvious physical meaning
yield better results. As an illustration the number and the cross
section of weak contacts per volume in snow may be
considered. Fig, 10 results from a projection of two planes
(Upper P1J, Lower P1) onto the plane that contains the bond (B)
and the border of the intermediate bond plane P8. The operation
on point sets with Px representing the pixel planes is given in
equation 4).

P' = [PuO M U [P l|PJ U BB (4)

The bonds in the random plane with a diameter corresponding
to the distance between planes have disappeared by this
transformations. The remaining broken pans are visible,
enclosed by the border line BB. Fig. 11 is a three-dimensional
reconstruction of several planes of which the fourth layer from
top, in the lower right quadrant, contains a bond.

Rgure 9. First plane
from factorial analysis
of parameters descri-
bing the structure of
perennial snow from
Vernagt Ferner. The
visual information of
random section planes
is added (ice is black).
(From reference 33.)
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Rgura 10. Projection of threo consecutive section planes
according to (4). Bonds are visible where the border line
includes two or more separated pixel groups (Ice: black).

5. CONCLUSION

Snow analysis as summarized here draws heavily on the
knowledge accumulated in petrography, metallurgy, anatomy,
and material-sciences in general. This short review gives a
general idea and a few examples to illustrate the complexity of
structural analysis. Sampling parameters like point-density are
very accurate information of the material under investigation.
The parameters derived from image analysis and describing
structural features of random section planes are not always the
appropriate ones required in a physical model. Sometimes
parameters have to be derived in a more intuitive way. The
technique of image analysis is so far the only procedure for a
quantitative description of geometric features.

Figure 11.3-0 reconstruction of section planes. In the right lower
quadrant a bond is visible in the fourth layer from top.
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ABSTRA(Vl'

COIDPI samples tpmperatnre HSPS diip Io tlip addnct Ion
of mpclinnîcnl pnergy conupct ntl w i t l i samplp ar.qnisl-
t if»] operations should ho kopl as sma 11 ns possible,
in onlor to min ImIZP tlip probability of nuidlfira-
tions of tlip samples chemical-physical prnpprllpH.
This pnppr i l lust rates I IIP matliemat ica I models,
psppcinlly developed for I IIP present appl I en I imi,
for determining tlip t imp pvolntlon of UIP (.cmpcrntu-
ro fipld in tlip sample- ncquisi t ion, togelhei w i t h
ttip results obtained for ilil'leretil sampling techni-
ques, comet material rlini .id or ist ics , dr i l l pnwpr
and poiiPt rat ion rnte en harpoon spppd of impact.
It turns out t lull I emperai ur»- risps can bp yprv si-
gn t f ten lit.

Kpywords: Thprmnl model, Coi ing thprmal model. Ana-
l y t i ca l IheirtKit *'ii-b. s o l n t f o n , f ,osi-t ta
Mission

I. INTR(II)UCTiON

Snmplp ncqn is I L ion should not cause any mod i final ion
to HIP comet samplp cliPin ic.a I -phys ion 1 charactpri -
sties anil thp. tpmporntnrp risp inrtur.pd hy UIP adduc-
tion of mechanical miPrgy should lhproforp IJP ps t i -
malpd "a priori" and t IIP actual pror.pdnrp (P.g. pe-
riPt ration ratp.) fixpd accordingly.
A thermal analysis of tin1 sample during its acquis i -
t ion sppmpd therefor'- necessary and w.'is performed in
connection w i t h an KSA <:<mlrm-i (no. 7fi'lfl/8a/Nl,/('ll
(S(I)) involving t-liP sampling acqnisi i inn pi nroHnrn,
carried out by Tpc.nospar. ifi, Tprnom/u p and Spncp. Sv
stpms StudiPS.
Wi tb in tbp Rospt la mi KM'on, I wr> f l l f fp rpn t sampl ing
tpclin iqnps WPTP inv*-st igat (H! , i . n . :
a) rciring by nipans of a H- ill liii ,
b) pnnc.hing by lainir-hinj^ -i harpoon having 't ho l low

r.y I intlr ica I sbapp.
At llip outsp.t, many r | p ia i l « i "f Ih'' coring vysi nm WP-
rp nndpfined, KU<:|I as: whetl ipr I IIP w a l l of I IIP hoip
would ha .support PI! by a noli-rota t ing I nbp w h i f h
would penptrat.p tf jgptl ipr w i t h UIP b i t , whal m a l n v i a l
anil tliir.knpss of surb I ubp and of I IIP innpi I nbn
(rfirerî carrying the bit tvfinld bp splr^fpti, wlif»rp
tlip motor(s) woiiltl bp posit ioiipd, how I IIP ror*»r
woulfl bp c.oiirif»'1 t.pd I t» I IIP sj>af o-fra f t , pi f .
Moroovnr t IIP charatapr isl ii-s of I HP soi l ( o Iu- i-fin-
sidpred aiifl which a f fpc i t - t l t IIP tliprmal .malvsis ran-
gpd wi ItI I y C rpf . 1 ).
For tho abovo ip.asons, a detailed thormnl motlel
could .:ot b« implomcnted. Residps USP of ex is t ing
thermal programmes could not bp rt-atlily nspd, s ince
t IIPSP do not dpa 1 w i t b a t-onl innonsly 'hanging gpo-
mPtry. It was tliprpfort- I|PC idt-fl Io dr-vplop a • fimpn-

ter programmR whic:h would rigorously solvp an idpnl
cnsp from wblcli UIP r<-al OUP would not prpsumnbly
di f fer Loo much. The Impact of Ilie d i f ferpiices would
l>n PvnliintPti fls I IIP rp/il '-nsp would I nke sbapp, as,
indeed wns done.

2. ANAbYTICAI,

(îorrpspondently to Lhe two drilling (echniqups pro-
posed, diffprent mat hpmnl Irai modpls arp f.onsidprpd .
Tlieir pnrposo is to tlevelop a s impl i f ied algorithm
in order to point out liow mpcbanira 1 and thermal
propertips of the cometarv soi 1 can a f fpc t thp 1 em-
peratnre- field during thp samplp acquisition.
Both models schematise the dril l ing tool according
to an appropriatP liPat souice distr ibution and start
from tho solution of I MP evojiil ion of I IIP tpmppratu-
re field in an inf in i te homogpiipuons mpdium fol low-
ing tbp appl icat ion of an inst ant aiipnons hpat point
sonrcp: by integral ing the previous solution w i t h
respect to thp involved spnre region and, in I ho ca-
se of the coring I echn iqut-, Io t ime , the thermal
field can be obtained.
The modpls consider thp hpat sources embedded for,
in the case of the coring technique, moving) into an
infinite homogeneuous medium and tbereforp do not
takp into account thp rad ia t i ve emission from the
cometary surface, and tin- lark *>f rant inuily and ho-
mogeneity due to tbp ppuptrat ion "f the tool
The var ia t ion of tempera! in f v< g, "̂ 1 , t , t ' ) dup Io
an instant anenos liPat point sonn-o is givpn bv ( rpf .
2)

'i pxp j - fTT >-''c"e l ' '-/'>v({-i ' i s
v< e;7 ,t ,1 ' ) = _ _ _ _ _ _ i i )

RlJtI It , ' • • ) ( < I ' ll3'*.-

wli'erp

JT (m) idpnti f i f -s a gpnprir point wit l i
rpsppcl t fi llip origin f>f the rpfp-
rt-ncp framp

t (SPC) is HIP I imp
q (joule) is I In- energy geiipral'-d a I I ime I '

at point o1

k (wat t /K m) is I)IP condiicivity of thp mpdiiim
f: (jonle/K m3 ) is I IIP sppcif ic liPat of I he mnflium

rpfei'rpfî to UM i t volume

2.1. Coring terlinJI]IIP

2 .1 .1 . RpiiPral .
In tlie first mode], t IIP heal source is nitiforniiv di-
str ibntpd on an anniiliis, which reprpspnt s the rut-
ting tip of the tool anil penetrates into t IIP bomoge-
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that i.< wllpro Il r n s n l l sneiious medium at n annulant rale n.
Let (fl.r.p) bo a cylindrical reference I'r.'ime w i t h
the 7, axis directed as the velocity of pénétrât inn 7 = nx< „
and the origin Z=O corresponding to the position of °
the tool tip at time I'=0, and with r distance from corresponding to IVO.

1 • « v v s H 'i

actual sources. the s o l u t i o n 11111=1 IIP m i l - f e d »»'the Z axis. By integrating I h o fundamen ta l so lnt ion
(I) on tine and on HIP spare region involved by heal hv integrating eq . ( 7 ) d i r e > t l v
sources, the température1 v a r i a t i o n is obta ined Trum

I R-t-R

T(Z,r,t) = _!.(( f
4JtSRc J J J a I jif k Ir. H t.-1 ') |3

O R-S

3/1

CiI

expi- |r J+r'-2rr 'cos(9>-9D'1+(7,-xM2] ,V4k(t-l 1

where Q is the heat power u n i f o r m l y d i s t r i b u t e d on
the moving annulus of innner and outer r ad ius re-
spectively egual to R-R and R+S. and

Z' = u t ' ( 'I)

identifies the ac tua l posl i ion of t h e ru t I fnp, i Ip
Letting

x2 = 4k( t - t ' ) /cR*. n - r R n / / i k . # - ? > • • ? > ' ,

y = r /R, ? - Z / R . -, - SVR

it results

if t ' = O x2 - -'tkt/c.R2 - xj
C

if t' = t X 2 =• O

and being

Z-Z' = X - i i l ' = R{7-a tx 2 -x2 ) l «

equation (2) can be rearranged according to

JT I ts X0

Q expf-2a(?:-axj U f f f y '
T ( X -y ,z ) = - 1 1 1

Mt1Gl kS J J ) x2

• '„• ' ,_- JnO 1-S O

with

• e .xp f -Cax) 2 -di/x)2 I

b2 = (z-ax!)2 ty"-v" -2yy'i:os* ( K )

If bXO, the integral in I be x domain can he resolved
according to réf. 3 and therefore t lie Lemperatnre
is obtained from

Q exp{-2!afs!-ax*)| T |* y'

*'^ J J Wx0^VTy1",*')"

f 1 Wx 0 , v .v ' . * ) -,
•|expj-2ab(xo.y,y t,tf)J r-rfr -oxJ I

r i r h'«0.y.y'.*)
•l-exp|2ab(xo ,y ,y ' . t f ) jerfr . I

2 . 1 . 2 . Ana ly t i ca l s o l u t i o n on the sample axis .
An analytical solution however can be obtained on
the 7. axis, where, since

hj _ (..a^ f i. v12 r i ? iD - I 7. HX0 I y ,

the dépendance on # vanishes In the l u t op.rand nd
eq. (10) spl i t s i n t o :

O exp| -V

( 11)

•|fixp -2
i 'x"ax"2)2 U l - S ) 2 -nxH

............. <

-, fy( fl-ax2 )2 M 1 ts >a -Mx2T
2aV(?.-ax0)' +(Hs)2 'LrIV _. _ t

F ,/ ri ,1 |V<~-»'*V?ÏMÏ^ Xl
-exp|-2aV(z-ax2)2 K 1 t s ) 2 J e r f . - ' . . _ . . . . '

L xo J

«-«^«'-^-ÎJ,

x. J
-exp

Ff the d r i l l thickness i s s m a l l w i t h tespec.l Io i l s
radius, i .e. s-»0, Hien ( h e above expression mav be
s impl i f i ed ;

T(Xn ,O,z) =
Q expl-Xafp.-ax2 I j

fi jtkS |C7.-ax2 I2

r -, fi/1 7.-.1X2 I211 -ax2"]
. i exp | -2aV(z-ax 2 ) 2 +l j e r f , . ' f

"o

^P-M -VfJ 1

V J

Note that If w--0

expf-K )
erfc(w) = _.

Ja in

Arguments of the fomp1 ornent a rv errfn f n n r t i o n s in
e.q. (14) are both p o s i t i v e

if ax2 < 1

if axo5l when p.<ax2 - Va2 XQ - 1 or xW t^a2 xj - 1 .

It seems reasonable to assume t h a t the t empera tu re
peak is in a point ?. such t h a t

where erfc(w) is the complementary error f u n c t i o n . _
Solution (10) leads to ,-i n u m p r l r n l intégrât inn in a ax '-Vn'x '- l ?. ax0

two dimensional domain, and It ran be appl ied at anv °
time in all points, excluding only ac tua l sources. and therefore e<j. ( ) 4 ) '-an lie replai-ed hy
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Q fO-xpl-I'iiH/tix'-JiTH -lav'-:•.))]
.,0,7.) s j :.. _ . ° .: i

4BkR|_ { i nx j -7)2 Ul"2

X O X p | - l ? ! 2 M ) / N ? l

(P )
X 0PXpI- I? :* M 1/xJ I-,

-

Maximum temperature (.is I'lr-sl "ipproxinull inn) is

(J pxpl -3n( In* M -n ) !
Tmax -

4 J I k R

2.1 .3 . Approximatp .-ina IyI irn 1 snlnt ÎOTI on I IIP d r i l l .
In order to have an idea of tho temppratm-p t-pachpd
on the cutting tip, it is possIMp to pvaluatp ana-
ly t ica l ly the lempprnlnre on tt>p a x i s of a r lrrnlnr
hent source having tlip snmp «ren as thp nnnnlns. In
this prohlpm tlip Ipmpornlnrp I'iplH Is givpn liy

T(X ,0
I) pxp|?n(nxj -r.)

'11'Ji nkR ( I'M

•i-pxp[ 2a(ax0-7.)] prfr.i °

-exp[-2a(ax'-i'.)] PiTr.(7/x

tix2 l/i.ix2"-?)' i "4 "I
° .--.

n

r,.)x
2+i/rax'2-7.i' t "A "I

*pxp[ 2a^(axJ-z)^ 4 ] prfc-. l _° ^
L V J

*o

or using e q . ( 1 5 )

«i r ,,, ,—
T(X0 ,0.7.) = l-exp|-:'.i[n.nx^-7.y -14 - lax;

I 201

ax , ?. t
_ jPXp[-(7./X/| ___ -X1-I-I )] ____ _____

JJt ' ° ;ï7.nv'-"J v' ' 7/ .nv?-7. ' -4 '

and (as first approx imfil ion) ils maximum is

Tmax =
Q

(I • oxpf-4nl | (21)
IfiJtkaR

R, x and a are referred Io the circular heat source.

2 . 2 . Punching technique

In the. second mode], the k ine t i c energy of a harpoon,
when it impacts the rometary soi l , represpnts the
energy of the heat source. It is assumed that n i l
energy is instantanenos Iy niiH uniformly generated in
a volume having the same hol low cvl inrlric.a I shape of
thp harpoon.
The temperature f ie ld is ohtained by integrating the
fundamental solution 111 in this sp.i'-e region, that
is, assuming the same reference frame as in the pre-
vious model.

T(Z Î
n ms L

f f'I \ '
J J„ *'u_o«'n

(721

exp|-|r2+r'?-2rr'cos(tj>-«7>' Ht?,-1/.1 )2]c/4kt) Idcp'dr'dZ'

where the same symbols of I IIP previous model are em-
ployed and L, m and V are resppc-l ively thp harpoon
length, mass and impact speed.
From the definitions (4) and Ci) pq. (221 splits in-
to

T(Xn ,y,?.) =
mVJ fh

I PXI
8Jt1VJIhSxVr I

•'n

y 1 v '- 'yv 'ro

O 1-s

According to thp integral reprpsptitnl ion of I he mo-
d i C i p d RPSSP! function ( r e l . 11, I]IP previous pqiui-
tlon can bp rewri l tpn ns

mVJPxp!-(y/x0 l2 i h-7.
T(X ,y, 7.) = ___ __

Rn*hsx; R3 -•

•rJi-?

(pr f f __ I

H 0 f ? y v ' / x 2

An analytical solution pxists only for y = O, hping
I0(O) = 1 it results

T(X0 ,0,7.) =
16BhSR1C

h-z
|pi-r(.__ I + prffz/X

1-s 1+s
•{exp|-( I2]- p\-p[-( I2]}

xo *0

The symmetry of the model leads to a maximum of the
temperature for z=h/2, and if the thickness of the
harpoon is small with respect to its radius the fol-
lowing relationship ran IIP considered:

T(X ,0,h/2) =
mV2

Ptf(_ 1 pxp(-l/x2!
2x °

As first approximation, thp tempPtMturp roarlips rhp
maximum value when x2 - 1, i-psnlling

Tmax(0,h/2) S
mV2exp(-l)

127)

3. NUHKRlCAl, RESULTS

Temperature distribution depends on the following
quantities :

mechanical energy
speed of penetration ff"r coring tecnique)
conductivity
specific heat
bit or harpoon dimensions.
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Three aets of comet soil characteristics were selec-
ted, to represent rock, ice and fresh snow; the va-
lue of Mechanical energy or power and speed of pene-
tration nere selected taking into account the mecha-
nical reaistence of the soil.
Many runs were performed with various combinations
of the above variables.
The numerical values finally chosen were:

Figure» 3, 4, S show the temperatures on the sample
«il, respectively referred to rock, ice and fresh
snow, corresponding to three different perforation
rates, and times, such that ut' * Im,
Figure 6 illustrates the temperatures versus Z, at
the inner surface of the tool, for the three selec-
ted soil'characteristics, and corresponding to the
quoted tiM employed to core one meter.

rock

ice

fresh snow

k(watt/m K)

10

2

0.2

cCjoule/m'K)

2-10*

!•1C1

!•10s

Q/u (joule/m)

t.5-10*

3.0-1O5

1.5-10»

where
k
c

Q/u= o A

is the conductivity
is the specific heat referred to unit
volume
is the energy to core one meter
is the mechanical resistance
is the area of the tool

3.1. Coring tecnique.

The bit dimensions are: R=O.07m and S=O.Olm
Figures 1 and 2, referred, to rock, show respectively
the temperature along tke radins and the aais of the
sample at different times assuming a penetration ra-
te u=l/27500 si/sec.

000 .020 .040 060 .080 100 120 UO ISO
Fig. 1 - Ti rature versus r f(m)

k=lO«ott/m.<
:=2000WOJMlt/m3'<
'1=1/275(10 m/sec
r= .00 in

Fig. 2 - Temperature versvs Z
on sample axis

IO Il
T(K)

.t!='çn)-.r Vt=W

.0000 OOSCl Ol'JO OIÏO 0200 0:50 0300 0350
T(K)

Fig. 5 - Temperature versus Z on
fresh snow sample axis (ut!=1m)

ic=2wtl/niK

.50

Fig. 4 - Temperature verras Z on
ice sample axis (ut'^lm)

MO ««/MR

1.00 1.50 2.00 2.50 3.00 3.50
T(K)

Fig. 3 - TesmwraUre verm Z on
rock sample axis (»t'»lm)
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o.ro-

0.80-

030-

I 00-

1.10-

r=!)C6m
rf=! m -O/u« 300000 IOUI-/TI

d»2 wo«/m k
C-IOOOOOOjOuIVm3K

0/u= 1500000 joul«.''ïi
k-IO *ot(/'m K
c=:000000 joule/m'K

O/ 1J* ' 50 joui»; m
!<= 2 «oK/m K
C-IOOOOO joul</m3 K

1 oo i :o 140
Fig. 6 - Température versus Z on

on r*R-S (Ut=Iu)

3.2. Harpoon technique.

The harpoon length Ia L= 0.5«
Impact velocities Here assumed according to

I 60
T(K)

rock

ice

fresh snow

VP.)

3-10*

2-107

3.7 -104

V(m/sec)

486

122

I B. 7

Figure 7, referred to rock, shows the temperatures

IS 20 25 JO JS

FIg. 7 - Temperature versus Z
on sample axis

versus Z on the «ample axis at some different times
after the punchimg eperation, Hhil* figures 8, 9, 10
show the Maximum température on the axis versus time
respectively for rock, ice and fresh snow.

k* 10 mtt/m K
* 1000000

10-

O 100 ÎOO MO 400 500 600 700 SOO 900 1000
Fig. 8 - HMclw* temperature VMSUS t(nc)

time on rock MOpIe ails

JfK)

°+- . . . . . . , , ,
O ICO 200 !no J(JO SOO 600 700 800 900 '0OO

Fig. 9 - Maximum temperature versus "
time on ice sample axis

0.00

O 'OQ 200 300 400 500 «00 700 «00 900 1000

t(s«)
Fig. 10 - Maximum temperature versus

time on freah snow sample axis

The main results may be summarized in the following
table

rock

Ice

fresh snow

Harpoon

T(axis) K

42

S

1

Corer

T(axis) K

0.9
1.8
3.8

0,9
1.8
3.2

0.032
0.034
0.035

T(Max) K

1.6

1.5

0.1

f(h)

40
20
10

40
20
10

2
1
0.5

4. DIFFKHNCES KTHEEN HODELS AND KEALITT

Some differences between the models (especially as
far as the corer is concerned) and reality may be
pointed out; some of such differences may be cared
for by building more refined models, as the design
of the samlping tools is frozen, but others are in-
trinsic in the fact that the overall composition
and stratigraphy of the comet is unknown. It seems
therefore necessary to take measurement and control
the sampling process in situ.
Some important aspects of the sampling process which
were not accounted for in the present models, bat
which could be evaluated up to a certain extent in a
more refimited ««del, are the followlmg:
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a) The medium into which the d r i l l for harpoon) po-
netrates is not InflnHo.

h) The drill bit is attached to n system of tuhos
(corer) which could l>o made of aluminium nnd thus
be a good heat conductor.

c) A second tube contains I ho sample nnd is In rinse
contact with it,

d) A third tube supports tho wall formed hy I.ho "ill-
er material (at least according to the present
configuration).

e) Between the tube contalng tin* sample and the co-
rer there is a gap.

f) Between the corer and the tube supporting the
wall, there are hot. chips flowing towards HIP
surface.

g) Hot chips transport heat from the hit. Io tho sur-
face and exchange part of H on their wny.

We will now try and evaluate how tho above dlfforou-
ces affect our results.

a) At the beginning of the drilling operation it Is
certainly unreal ist it: to HOTKS idor tho mnrUiim as
infinite. A better hypothesis being tho assum-
ptlon of a semi-infin ito conducting moillnm nnd n
radiating surfnco. Tho liont powor indlntnH () (as
a resuit of heat IUR up i>f I ho romot surfnre) if

JQ = IAT dA
JA

where
s is the emissivity
O is the Stefan-Bol tKmann constant
T is the comet temperature = I50 K
A is the radiat ing surface aren

AT is the increase of the r a d i a t i n g surf-Ice t om-
perature

From the diagrammes shown previously, it appears
that the temperaturo incrp.ase falls off f.iirly
rapidly outside the anmiliis where heat is genera-
ted. We shall thus assume that, the area interest-
ed is a circle having n radius twice the radius
of the bit. We take AT tho moan tempo.rat.uro in-
crease and E=I. Under (his nude assumptions wn
obtain:

JQ/AT= 5 -1(F5WnItXK
which indicates that tho effect of 'ho radiation
is negligible. By ignoring tlie effort of radia-
tion, the model presented is valid at the st.irt,
provided one inputs a pownr which is twi'%o the
mechanical power, thus generating twi<'" the rom-
puted temperature increase.

b) The three tubes, particularly the corer, conduct.
part of the heat produced at the bit tip.
Assuming a mean tube diameter of 0.14m, a length
of 2m, a thickness of 0.005m, the material alumi-
nium, we obtain:

= 0.22 watt /K
The tubes, however aro far from '-ont inuons , since
they are made up of pieces connected together hy
joints having small (and badly defined) areas of
contacts. Conduction is therefore far loss nnd
can probably be disregarded.

c) The tube containing the sample could have the ef-
fect of tending to distribute t omporaturo more n-
niformly , This tube however should have l i t t l e
effect since it would be very t h i n nnd probably
of a worse conducting material than aluminium.

d) Also the conduction of tho tube supporting the
wall would probably have a little effect, owing
to the same reasons .

e,f) The gap between the tube containing the sample
and the corer is equivalent to n high thermal re-
sistance. In fact, if 1) is the diameter of tho
gap, we have:

40/(AT-I.) ̂  tin I)EOT3 ? 0.4 wal.t/m K
We may compare t i t s nnidnri nitre Io tho one we

Would have if the gap wete f i l l n r l w i l d th" cornel.
material, i.e., il s1 IN lhn thickness of the
gap, which we assume 0.02m:

4Q/fAT-!•) = kjin/s' = 5 wntt/m K
even foi tho least rotiducf ivo comot material hy-
pothized.
The gap between the coror and tho tube support ins
the wall is filled with chips. This gap is there-
fore not a complete discontinuity within the ma-
terial. It is difficiill however t.r> forecast its
equivalent conductance.
A limit of the effect of the. gap may ho estimated
(roughly) as follow. Tho diagrammes of temperatu-
re versus depth show that the peak temperature
occurs near the heal SOIIITO. Moreover, in t h i s
region, the diagrammes show that the temperature
gradient is greater downwards, which suggests
that more than half the heat flows downwards. If,
in the limit case, heal cannot flow up-wnrds, the
temperature gradient, and thus the t.emperaturp ri-
se must increase in order that the same amount of
heat be removed. I l follows Mint, in the l i m i t
case, tho maximum temporalure w i l l bo loss ihau
twice the computed one.

g) The heat carried away from the hit cutting zone
by the hot chips may by easily evaluated, if we
assume that they are i n i t i a l l y at the temperature
of the immediate vicinity of the heat source. The
heat flow rate of the chips is:

A() = JtI)S11U CAT
where

s" is the thickness of bit tooth
n is the speed of penetration
c is the sporifir heal referred Lo the unit

volume
For the various case hypnf hissed, if (urns nut •

- c=2000000 .joulo/m3K, u-1/lfinno m/sor, 0-40 wall

AT = 4 K A(J ^ 2 wait

- C=IOOOOOO jonle/n^K, ii-l/16000 m/sor. ()- R watt

AT = 3 K AQ * 0.7r. watt

- C=IOOOOO .joule/m3K, ii=l/l«0n m/.ser., 9=0.0/. wall

AT * 0.04 K AO * O.o:î watt

where Q is tho mechanical power OTI the t ip.

It may be concluded that the powor transported hy
the chips is negligible.

One can note from the above, that the models lead to
temperature increases which aro somewhat, less than
those which would probably ho reached.
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ABSTRACT

The Altimeter and Sounding Radar is one of
the p lanned ins t ruments on board of the
spacecraft (s/c) in the Comet Nucleus Sampling
Return (CNSR) mission.

This mission involves the study and design of
a complete s/c system capable of landing on the
comet nuc leus and pe r fo rming s u b s u r f a c e
analysis. The requirements are recalled in th i s
paper and the performance of a convent ional
Beam-Limited (BL) and Pulse-Limited (PL) Rada r
Altimeter (RA) are considered.

In order to improve the horizontal resolution
the Synthetic Aperture Approach is proposed to
be integrated to the RA.

Keywords: roughness, correlation length, horizon-
tal resolution, footprint, pulse limited, beam
limited, synthetic aperture.

1. INTRODUCTION

During the Descent and Landing phases the
microwave instrument wi l l monitor the surface
roughness, to determine whether the selected
landing site is safe and it will perform sounding
operation [1|. By the mission scenario the
optimum selection of the landing site must be
performed from a s/c-comet nucleus distance
bigger than 2 Km.

As far as the safety is concerned, the
requirement [2] about the roughness (-0.1-0.2 m)
must be referred to the s/c size (~4-5 m);
moreover the uncertainty of the landing area is
about 100 m.

Goals of the sounding operation should be:
- the recognition of the first layer material (e.g.

crust, dry snow, crystalline ice or rocky core);
- the detection of subsurface layers.

Based upon these informations, a better
understanding of the scientific value of the
landing site is possible. In the paper the sounding
and roughness measurement capabilities of a
radar altimeter will be analyzed: initially the
characterization of a given surface from the

electro-magnetic (e.m) scattering point of view
will be also considered. Few words wil l be spent
too to check the possibility of measuring the
surface roughness by means of a Laser Altimeter.

2. SURFACE E.M. CHARACTERIZATION

The roughness of a given surface can be
characterized by means of the fo l lowing
parameters:

• standard deviation

-— h (x.y)dxdy

where
R0/ is the region size of which we need to

measure the roughness [R0, is called
horizontal resolution (s. Fig. 1)];

h(x,y; is the height of the surface referred to a
reference plane optimized (in slope and
position) in order to obtain an average
value of h(x,y) equal to zero and a
minimum oh (s. Fig.2);

• surface correlation length (I) or space-
correlation (s. fig.3)

defined by the following formula (x direction):

h(x) h(x+/ ) dx

jV(x)dx

(2)

a similar formula can be used for the y direction
too.

In the analytical evaluation we have
assumed a gaussian height distribution and a
gaussian and exponential spatial correlation
function.

A third parameter can be introduced in order
to describe the surface characteristics as a whole,
the so called local suifice slope

m = k °h (3)

Pnic. of an International Obrkshop on Physics and Mechanics ofCometary Materials, Monster, fXG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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The importance of this parameter is referred
to optics geometric approximation [3).

The sounding can be performed by analyzing
the delay (depth of the first layer) and the level
of the return echo; the level is due to the
permettivity of the first and second layer,
supplying information about the kind of material
of the second layer, and to the roughness of the
second layer.

It is convenient to refer the roughness of the
second layer to a plane parallel to the first layer
reference plane.

To distinguish the second layer (see Fig. 4)
the depth of the first layer must be larger than
the roughness of the first and second layer.

Any smooth surface can be modeled, from an
e.m. point of view, by means of a number of
facets, every facet behaving l ike an antenna
which re rad ia t ion pa t te rn depends on the
dimensions of the facet related to the wavelength.
The dimensions of every facet are, in t u r n ,
related to the incident wavelength , the surface
correlation length and the surface roughness (see
Fig. 5), the mean dimension being

d~ k — whore X = . I m (4)
11 k ~ 0.3

so that the mean facet beamwidth is given by

(5)

Hence the rougher the surface, the wider the
facet beamwidth.

The coherent summat ion of all the
contributions of the facets making the observed
zone (R0/.) gives the reradiation pattern of that
zone. Obviously such a reradiation pattern
becomes wider as the surface becomes rougher.

Therefore we can define a visibil i ty condition
that is a geometrical constraint to have scattering
contribution from a given facet, by considering
the beamwidth of each facet referred to the local
surface slope. It can be seen that as the
frequency increases many facets can not be more
detected, and vis ibi l i ty problems arise; thus the
roughness measurement with a laser system or
with a millimeter radar can not be an optimum
solution in smooth surface condition.

As a limit case a very rough surface or a
smooth surface wi th an overimposed f i n e
roughness (dusty surface) is regarded as a
Lambertian surface, for a proper X value, and its
reradiation pattern is shaped as cosB (O =
incidence angle) [3].

3. ROUGHNESS MEASUREMENT BY RADAR
ALTIMETER

Fig. 6 shows the measurement principle. The
radar pulse spreading

is related to the surface roughness while the time
delay T is related to the mean surface distance.
Information about A and T can be obtained in a
radar system on the basis of a single pulse.
Moreover a topografic profile can be obtained for
very smooth surfaces when /»R0/.

While measuring the surface roughness by
means of a radar altimeter, the slope of the
surface entai ls an increasing of the pulse
spreading. Therefore in order to obtain roughness
measurement we must measure the surface slope.
This problem can be overcome by means of a 3
beam navigat ion radar or spatially sl iding the
foo tp r in t (R,,, .) of the radar a l t imeter and
measur ing the radar-surface d i s t ance many
t imes .

According to the requirements, in order to be
the surface roughness valuable, R()/ must be small.
We can note (hat the R0, is given by

where X = wavelength
H = radar altimeter altitude
D = antenna diameter

so that to have a small R0, from a given altitude, a
high frequency must be used (a large antenna is
often an impracticable solut ion) but using u high
frequency (>3 OHz) |4) only the surface roughness
O). can be measured wi th the v i s ib i l i ty problems
hinted at before; first layer recognition and
sounding can not be performed due to the »'ery
small penetration depth.

4. SOUNDING

A very low frequency (3 GHz) seems to be an
optimum choice in order to [4|:

- ident i fy the first layer materials (based upon
the available comet nucleus models);

- measure the local surface slope (in);
- measure the first layer depth.

The first layer material iden t i f i ca t ion must
be obtained analyzing the surface backscat ter ing
due to:

- material dielectric characteristics
- surface geometric characteristics
The material dielectric characteristics lead to

the ident i f ica t ion of the various materials while
the surface geometric character is t ics can be
obtained analyzing a number of pulses taken at
di f ferent radar/surface position !angle scanning
system (see Fig 7)| |4).

The problem which arises us ing low
frequency for sounding operations is the large
size of the observed zone. This is due also to the
fact that small subsuïf-.'.ce discontinuit ies are
practically undetectable if the observed zone (R,,/)
is large (Fig. 8).
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In order to make sounding useful a reduction
in R01, is needed: this can be done using a Pulse
Limited Radar Altimeter (see Fig. 9). In such case
the observed zone is a fraction of R0/. given by the
footprint:

F = 2-/2H5

whet? H is the radar ahiiude
ô is the radar range resolution

but:
- spatial stationarity is required in R0z
- subsurface analysis could be more difficult

than in the BL case because the subsurface
layer echo is now overimposed on the
plateau region of che surface echo where it
must be detected in a background of termal
and speckle noise |5].
On the other hand in PL mode the detection

of relatively small subsurface discontinuities, like
big gas bubbles, is much easier than in the BL
mode due to just the strong reduction of the
observed zone.

Fig. 10 shows some examples of radar echoes
due to some different layered media when the
radar altimeter is working in BL or PL operation
mode.

Reduction of the R0x can be performed also
applying Synthetic Aperture (SA) approach to the
radar altimeter.

The antenna size must increase in the cross-
direction to the s/c motion, in order to reduce the
R07 size in cross-motion direction: the reduction in
along-motion direction can be obtained by using
SA approach.

By using this approach in our case the
compression ratio is very small (10-5-20) and
unfocused SAR can be used.

In order to reduce the antenna size in the
cross-motion direction we can consider many
orbits and the SA approach can be applied also in
this direction.

6. CONCLUSIONS

Radar instrument allows an easy evaluation
of surface roughness, analyzing the spreading of
the transmitted pulse. A low frequency radar (e.g.
3 GHz) is capable of doing surface and subsurface
analysis in addition to roughness measurement,
but on a very large area due to its very poor
horizontal resolution. In order to improve the
resolution, a radar operating in pulse limited
mode can be considered, but in this case some
sounding problems arise.

By means of a Laser Altimeter a topographic
profile can be obtained with an horizontal
resolution of the order of the spacecraft size but
possible visibil i ty problems in addition to
technological and system problems, could make
the design a critical one: obviously the sounding
can not be performed in this case.

A special recommandation is made for the
future to study the sounding capability of new
microwave instruments able to achieve very high
resolution (Radar altimeter with Synthetic
Aperture Approach) and the possibility of using
also the polarimetric concept and/or the
possibility of integration of the above instrument
with ad radiometer.

Tab.l shows the preliminary parameters of
the upper defined radar concepts.
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Fig.l: horizontal resolution definition.

h(x,y)

peak value
of ilie roughness

Fig.2: surface roughness definition.

Fig.3: space coneiaf^i definition.
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Fig.4: two-layer model.

Fig.5: approximation of a given surface with the
facet model.
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Fig.6: operating principle of the beam limited
radar altimeter.

/ / A9~+30°

Fig.8: case study: the subsurface discontinuity size
is smaller than R02.

Fig.9: operating principle of the pulse limited
radar altimeter.
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Fig.7: operating principle of the angle scanning
system.

Fig. 1Oa: BL echo from a layered medium vs
normalized range. D=4m, H=2000m, 8=.25rn,
Oi,=.lm, l=.5m
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Fig. 1 Ob: PL echo from a layered medium vs
normalized range. D=Im, H=2000m, 8=.25m
rjh=.lm, /=.5m
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COMETARY BODIES IN THE CIRCUMSTELLAR DISK AROUND 0 PICTORIS

H Beust, A M Lagrange-Henri, A Vidal-Madjar & R Feriet

Institut d'Astrophysique de Paris, France

ABSTRACT

The IRAS star 0 Pictoris is «till the only one around
which a disk made of both dust and gas has been de-
tected. Spectroacopic observations of /3 Pic have revealed
that some metallic absorption lines present redshifted ad-
ditional components which strongly variate with time.
This has been interpreted as the result of the infall of
small evaporating cometary-like bodies toward the star.
To improve this model, a theoretical description of such
an event has been purchased. Numerical simulations of
such infalling bodies have been able to reproduce quite
faithfully the observed behaviour of some metallic ions,
and we have explained the observed difference between
these behaviours by means of radiation pressure. Some
constraints on the orbits of the bodies have been deduced
by through the simulations which should be related to a
possible interpretation concerning j3 Pic's disk.

Keywords: /8 Pic, circumstellar disks, protoplanetary sys-
tems, sungrazing comets.

1 INTRODUCTION

The southern star /9 Pictoris, for which an infrared ex-
cess had been already discovered by IRAS (Réf. 3), is up
to now the only star around which a large (~ 1000 AU
wide), flattened dust disk has been imaged (Réf. 15).
This disk appeared to be seen nearly edge-on, and such
a favourable orientation has enabled to detect in absorp-
tion its gaseous counterpart (Réf. 9). It is now regarded
as possibly the first case of an outer Solar System in a
still unknown state of evolution.

Our extensive study either at the Ca II K line at
ESO or in the UV with the IUE satellite, showed that
the circumstellar absorption lines strongly variate with
time (Refs. 10,7). More precisely, these CS lines present,
apart from a central (i.e. at the radial velocity of the
star) stable component, additional features, always red-
shifted, sometimes clearly resolved as a second compo-
nent (Réf. 7), and able to appear and disappear wivi.in
few hours. Two spectra of /JPic's CS Ca II K line recorded
at two different epochs are presented in Fig. 1. One set
of spectra of the 1854Â Al HI line are presented in Fig. 2.
All these spectra show the time variability of the CS lines
toward 0 Pic.

A first model was proposed in which the stable part
of the CS absorption could be due to the ions released
from evaporation of small grains orbiting at 0.5 AU from

U Ho C* D R-IO* M/10/M

3933 3B99.B MM 8M4.B

WAVBUHOTH W

The établi CS absorption: at tht bottom of the rotationally broadened
stellar line, a sharp and centered CS absorption ii ieen.

f PIo C* B R-IO* It/Ol/M

S

3(33 3533.6 3934 3934.0

WAVILtKOTH (»)

3036

The variable feature»: apart from the central and stable component, a
redshifted one i.» clearly present at about 40 fcm.,'"1 with respect to the
central one.

Figure 1. High resolution spectra of the Ca IIK line toward» 0 Pic,
recorded at two different epochs.

Proc. of en International Wbrkshop on Physics and Mechanics ofCometary Materials, Munster, FRG, 9-11 October J989 (ESA SP-302, Dec. 1989)
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Figure 2. Two particular tpectn of the 18S4À Aim line. To make
the time variability appear clearly, that tptctra have teen divided by
a reference one. They reveal the apparition of a double component
variable feature on a vcrythort time icale: SWPUSSl UIM taken one
how after SVfPSUBO

P Pic (Réf. 16). However, this model was not able to ex-
plain the sporadic absorption events sometimes observed
in Ca II, Al III, Mg II or Fe II lines.

These variable components have been interpreted as
follows (Réf. 12): Each redshifteH (and thus correspond-
ing to gas infalling toward the star) absorption corre-
sponds to the spectral signature of an infalling solid body,
when evaporating in the vicinity of the star. Moreover,
an evaluation of the observed quantities of Al in, led via
a standard value of Al abundance to an estimation of the
size range of the infalling bodies, of about 1 km.

Independent arguments given by Weissmann (Réf. 17)
had already suggested that (3 Pic could be surrounded by
numerous cometary bodies.

However, some observation features were still unex-
plained. In particular, it has been shown that the ob-
served infalling velocities of different ions are not the
saine. More precisely, the terminal velocities of ions like
Mg II and Al III (UV data) can be as high as 400 km.s"1,
while redshifted features in the Ca II K line remain be-
tween O and ~ 40 km.s"1 (Refs. 7,12). Moreover, we have
recently pointed out other differences between Al HI and
Ca II, such as the frequency of appearance of the red-
shifted events, which seems to be higher in the case of
Al in, i.e. possibly one event every 3 days (Réf. 11).

In order to explain al! these observations, we have
carried out a simple modeling of an infalling evaporat-
ing cometary body toward P Pic (Réf. 4), which is pre-
sented in this paper, and which has been able to show
that the combined effects of radiation pressure and col-
lisions, acting differently on each ion, can be responsible
of the observed behaviours of all these species.

More recently, dynamical simulations (Réf. 5) of in-
falling and evaporating bodies have completed the theo-
retical work begun in Réf. 4, and shown that geometrical
conditions on the orbits of the infalling bodies themselves
are required to explain all the observations.

2 THEMODEL

The observed variable feature» are supposed to be pro-
duced by atoms or ions ejected with a velocity v, from the
nucleus of an infalling body, and moving In a surround-
ing gas of density n. In a first approximation, three kindi
of interactions can apply to these atoms or ions : grav-
itation, radiation pressure, and collisions. The effect of
an eventual stellar wind is neglected: stellar winds from
normal A stars are usually very weak. The infalling bod-
ies are supposed to originate in the outer disk and thus,
should be moving on nearly parabolic orbits.

Gravitation is implicitely considered in our model,
since all calculations are made in a referential bound to
the infalling body.

2.1 Radiation pressure

The stellar flux induces a force on an atom or an ion
given by :

F= £ £r>f* > w"•"f TO(C*
»11 trtniltleni

where * is the stellar flux in Wm-3Hz"1, and / Is the
oscillator strength of the considered transitions, the other
symbols having their usual meaning.

The numerical evaluations are given in Table 1 for
Ca II, Al Hi and Mg Ii. Table 1 shows clearly that in all
cases, the radiation pressure is larger than gravity, i.e.
the considered ions are repelled from the star. It is also
clear that Ca II is much more repelled than the others.

2.2 Collisions

Collisions between ions (Ca II, Mg II, Al III) and neutral
hydrogen atoms must be described in terms of induced-
dipole effect. When a rather close encounter occurs, the
ion induces a dipole on the neutral atom. The corre-
sponding interaction potential is (Réf. 14):

where q is the ionic charge; ct = 6.710~sima the polar-
izability of atomic hydrogen; r the distance between the
ion and the atom.

If we assume this potential, one can calculate (Réf. 4)
the mean effect of the collisions as a force opposed to
velocity:

/ = - »MH irbn nvv = - kv (3)

with

It = (4)

where n is the density of the surrounding gas.
The equation of motion of an ion moving in a sur-

rounding gas of neutral hydrogen al.oms of density n is

— - - JL-
where k is the constant defined by Eq. (4).

Assuming 7 and k are constant, we obtain :

~it\ . -
" W - + " "

-k/mt

(5)

(6)
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Table 1. Calculated radiation pressures on Call, Aim, and MgIl. Note that the ratio e of radiation prenure/gravlty it
independent of the distance to the star (both are <x r~y).

Element

Ca II K
Ca II H

AlIH
Aim

MgH
Mg Ii

Wavelength
(A)

3933.66
3968.47

1862.80
1854.72

2802.70
2795.53

Oscillator
strength

0.69
0.344

0.268
0.539

0.295
0.592

Stellar flux
at 1 AU from the star
(Wm-3S-1Hz-1)
2.7 IQ-"
2.710-11

9.7 IQ-"
9.6 10"13

2.210""
2.2 IQ-"

Reduction factor
(Top of the
circuinstellar line)
0.25
0.25

O.G
0.6

0.125
0.125

Radiation
pressure
(10-37W)
40.6
20.2

1.38
2.74

0.70
1.40

e

51.6
25.7

2.60
5.16

1.49
2.96

Total
e

77.2

7.76

4.45

Table 2. Values of limiting velocities (relative to the star)
for different ions moving in a surrounding gas of Density
n = 107 cm"8. One can note the drastic difference of
behaviour between Ga Il and the other ions (R, =itellar
radiut)

Ion

Call
Aim
MgIi

Velocity
at 1OJR.
(kra.s-1)
-95
202
202

Velocity
at 2OA.
(km.8-1)
73
147
147

Velocity
at 30J2.
(km.s-1)
88
121
121

Thus, there is a limiting velocity Vn111 of the ion relative
to the surrounding gas, which ia reached in the charac-
teristic time T. These two parameters are:

_ m _ rn,
~ k ~ nir \

-i/2

7

-1/3

(7)

(8)

When referred to the star, and introducing g the ratio
radiation pressure /gravity (i.e. T = —gGM/r2), this ex-
pression becomes:

win» (r) = vu(r) 1 - vu(r)
em

'2irrn

3 NUMERICAL RESULTS

n (9)

Numerical values of limiting velocities deduced from Eq. 9
are presented in Table 2.

It is then obvious that the behaviour of Ca II ions is
very different from those of the other ions.

Moreover, for densities like 10°'6-107 km.s"1, the cal-
culated velocities can match the observed ones over a
given range of stellar distances (~ 10-20 A.). Assuming
such densities in wide enough regions around the nucleus,
it has been calculated (Réf. 4) that the required total gas
production rate of the infalling body has to be as high
as 10" atoms.8"1. This is about 104-10S times larger
than the observed cometary production rates in the So-
lar System (Réf. 8). However, this can be explained by
the following arguments:

• The in situ measurements of P/Halley were made
at about 1 AU from the Sun. We here deal with
objects approaching /) Pic much closer (few stellai
radii).

• /3 Pic is an AS star and Its total energy flux Ia
10 times higher than the solar one, which should
be able to increase the cometary production rates
with respect to the tolar one* by a similar factor.

• The measurements are made for periodic comet*,
which have already been losing wsi«r for years or
centuries. The infalling bodies on to /3 Pic are
certainly not periodic comets but may be more
like sungrazing comète. Production rates of new
comets are usually higher.

4 DYNAMICAL SIMULATIONS

4.1 Description of the model

The above described model (Réf. 4) explains qualitatively
why the Ca II ions have a different behaviour than Al III
and Mg Il ones, the main difference being due to radia-
tion pressure. However, it does not explain the forma-
tion of deep redahifted absorption components centered
around a given velocity such as those observed in Fig. 1.
To further test our model, numerical simulations of in-
falling evaporating bodies (Réf. 5) have been carried out
to precise the conditions where the observed components
should appear.

In the simulation, the dust produced by th infalling
body at a given rate is supposed to be totally evapo-
rated when close enough to the star, and so produce the
expected metallic ions, which are followed individually,
their motion's equation being numerically integrated. Fi-
nally, the absorption effect of these ions is calculated and
presented on a fictive spectrum.

The infalling bodies, treated as points, are supposed
to be coming from the circumstellar disk itself, i.e. quite
far from the star, .and thus we can easily take their orbits
as parabolic ones, when they move at few stellar radii.

To describe the dust evaporation, we have followed a
model developed by Laiuy (Réf. 13), which has enabled
us to show that, when exposed to the intense stellar flux
at few stellar radii, the lifetime of normal grains (^ 1/tm
large) is small and, regardless to a distance scale like the
stellar radius, all grains should be totally evaporated very
close to the nucleus.
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Figure 3. Geometry of the Ca n cloud around the nucleus when close
to the itar

However, this gave us some trouble, especially in Ca II
computations. When appearing close to the nucleus, at
quite close stellar distances (20-30.R. ), Ca Ii ions are sub-
ject to an intense radiation pressure which repels them
very efficiently. Therefore, the shape of the Ca n cloud
around the nucleus (see Fig. 3) is a parabolic like front
with a given cross-section. At the considered stellar dis-
tances, the cross-section is very small (much more than
in Fig. 3. But with such a small projected size onto the
stellar surface, the cloud, even if the absorption line is
saturated, cannot intercept a important part of the stel-
lar flux, and nothing should be detected in the spectra.

The problem is the here to increase the projected size
of the Ca II cloud. We have calculated (Réf. 5) the ef-
fect of opacity on grains and shown that if the dust pro-
duction rate of the body is high enough (^ 10lu'kg.s~',
which can be related to the high gas production rates de-
scribed above), opacity can prevent the dust particles re-
leased by the nucleus from being evaporated over a large
enough distance to allow the metallic ions to appear in a
wide enough region around the nucleus, and so produce
detectable absorption features.

4.2 Results

The first result of the simulation runs was that bodies
falling straight on, along the line of sight, do not pro-
duce features around 4OkIn-S"1 in Ca II lines, but at the
free fall velocity, which does not match the observations.
In fact, it has been checked that a given ion at a given
place moves at the expected limiting velocity, according
to the model described above and in Réf. 4, but this does
not produce important absorption components, since the
limiting velocity varies with the distance to the nucleus.
The obtained component was due to the parabolic-like
front of ions in front of the nucleus, and moving nearly
at the free fall velocity.

We then decided to modify the orbits of the infalling
bodies, and tried find sets of orbital parameters {?,$, i.e.
perihelion and angle between the axis of the orbit and the
line of sight) «able to reproduce the Ca II observations.

This empiric research, and the runs of the simulation
which have followed, have highlighted that all suitable
orbits have values of $ in a quite narrow range, i.e.

*~-150°±10 , (10)

while the acceptable range for perihelion was less sharp.
Aa an example, one can have r. look at one simulation
for which * = -150° and î = 23.5 R..(Fig. 4). The ob-
tained spectrum can be compared with the observed one
in Fig. 1. In the whole simulation, the redshifted com-
ponent appears and disappears within few hours, which
corresponds roughly to the observations (Réf. 7).

Checking other orbits haa shown that, when the body
is at less than ~ 10-lSfl. from the star, no feature can be
detected, even if the body passes right through the line
of sight. Thia may be understood through a geometrical
effect. When closer to the star, the radiation pressure on
Ca Ii ions is larger and the parabolic-like front producing
the absorption component is closer to the nucleus and
smaller, having therefore a smaller projected size onto
the stellar surface. It is then able to intercept a lesser
part of the stellar flux (Réf. 5).

On the other hand, as radiation pressure is much
smaller on the other ions, the Al III and Mg II simula-
tions (not displayed here) have shown that additional
absorption features are able to be detected very close
to the star without any limitation. Orbits with closer
(and also larger) perihelia and $ c* —150° have been
checked. Features with infall velocities varying between
O and ci 300km.s"1, and able to appear and disappear
within one hour have been obtained, which reproduces
quite faithfully the observations (Refs. 12,11). however,
we have not been able to reproduce the multi-component
structures sometimes observed in Al III lines (Réf. 11).
These are probably due to bodies which have been dis-
rupted into several pieces by mechanical effects when ap-
proaching very close to the star (Réf. 5),

5 INTERPRETATION AND CONCLUSION

Our theoretical work has been able to reproduce very
faithfully the sporadic absorption events observed in /JPic's
spectra since 1984, both in the visible and in the UV.
The scenario of infaliing evaporating bodies suggested in
Réf. 12 is then reinforced.

It had already been mentioned that additional com-
ponents in Ca II lines seem to be much less frequent than
in Al in and Mg Ii ones. Thia can been understood by
means of a geometrical limitation. Al III and Mg II fea-
tures can be observed even when the body is very close to
the star, while Ca II ones can only be observed at more
than czlOR..

The difference of behaviour between Ca H and the
other ions is mainly due to radiation pressure which acts
much more efficiently on Ca Il.

Constraints on the orbits of the infalling bodies them-
selves have been highlighted through our simulations,
which have shown that all observations can be interpreted
by bodies moving on orbits coming roughly from a precise
direction ($ c; —150°, or the opposite).

This last hypothesis is able to give some ideas about
the origin of the observed situation. Concretely, one
could wonder why so many [up to 100 per year (Réf. 12)]
coinetary-like bodies are falling towards /5 Pic ?

It is a widely diffused idea that in the early solar
system, wlieji the formation of the planets was not yet
achieved, numerous cometary bodies (or planetesimals)
were present, even in the planetary region. It has been
also suggested that the size of the nelmla was much larger
than now (see e.g. Réf. 6). Since /} Pic is thought to be
younger than the Sun (although its age is still uncertain :
between 10° and 10° years), one can say that /JPic's disk
is a young protoplanetary nebula which size agrees with
these arguments, but its stage of evolution is still un-
known. The presence of many cometary-like bodies in
the inner disk should not be surprising. The question
may be to know whether planetary bodies have formed
in the disk or not. Independent arguments developed by
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Figure 4. Plot of the simulation's result 7 hours after the beginning. The first plot shows a two-dimensional view of the Oa n cloud around the
nucleus. Each single dot is one numerically followed ion. The solid line represents the line T = 1, and the star the nucleus. The second plot »
the fictive spectrum. The stellar rotatioKally broadened and the sharp central circumttcllar absorptions are constant data. The central absorption
is centered at a SS km»'1 heliocentric velocity (Réf. 16). The third plot gives a view of the general situation, with the orbit, the star, and the line
of sight (the two dashed lines). The box around the nucleus and the Ca a cloud represents the limits of the first plot. One can note here a deep
additional absorption component.

Artymowicz (Refs. 2,1), based on the observed thickness
of the disk, lead to think that some could be present. A
planetary body already present in the inner disk (ex few
AU) should be able to perturb a large amount of pass-
ing by cometary bodies, which orbital elements should be
randomized. Some of these perturbed bodies may get or-
bits with very close perihelia, and become therefore our
observed infalling bodies. The perturbed bodies which
should get very close perihelia would then, after the en-
counter with the planet, move on almost parabolic orbits
which axis should be roughly the line star — planet. This
hypothesis agrees therefore fairly well with the results of
our simulations. We can then suggest the possibly pres-
ence of a perturbing planetary body in the disk, able to
throw a large amount of small bodies towards the star
(Réf. 5).

However, one important fact is not yet explained.
The presence of Al III absorption lines in /SPic's spectrum
is puzzling. The ionization potential of Al Ii is 18eV,
which corresponds to a 690 A wavelength, and the EUV
flux of an A5 star like ft Pic is far too weak to produce by
photoionization the observed quantities of Al m(Ref. 4).
An explanation by means of collisional ionization is not
clear. All we can guess is that the presence of these ions
is probably bound to the infall of the bodies towards the
star. New insights concerning this problem have been re-
cently obtained, and will be presented in a forthcoming
paper. The phenomenon could be related to the presence
of an eventual stellar wind and it's interaction with the
infalling bodies.

Nevertheless, the hypothesis of infalling cometary-

like bodies onto /3 Pic seems now to be the best way
to explain the sporadic events sometimes observes in the
spectrum of the star. In fact, all this shows that /? Pic's
disk is nowadays the best protoplanetary system candi-
date.
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LOW VELOCITY DUST-DUST COLLISIONS

J Blum & H Fechtig

Max-Pltmck-lnstitut filr Kernphysik, Heidelberg, FRG

ABSTRACT

An experimental setup has been developed to investigate
colllsional processes between protoplanetary/proto-
cometary particles. The relative velocities of the order-
of-mm-sized particles can be varied From ~10cm/s to
~IOm/s. The first experiments were performed with
fluffy agglomerates of particles each consisting of a
glass core and an organic mantle (n-pentacosane) at
relative velocities around 1.2m/s. No sticking of the
collided agglomerates was observed for relative
amounts of n-pentacosane s!7 weight%, whereas
sticking was observed for relative amounts of organic
material £22 weight%. The coagulation probability
increases with increasing proportion of n-pentacosane.

Keywords: Protoplanetary
Collisions, Coagulation

Dust, Low Velocity

I. INTRODUCTION

The physical processes in the early protoplanetary
accretion disc which lead to the coagulation of dust
particles starting from sub-micron-sized interstellar
grains and ranging to planetesimals and cometesi-
mals are fairly unclear. Theoretical considerations
taking into account the gas-grain-interaction in a
turbulent protoplanetary nebula yield relative veloci-
ties for grain-grain collisions below ~iOm/s (Réf. I).
At present, there is only few indirect information on
the outcome of such low velocity collisions between
particles, which are themselves aggregates of smaller
grains. Therefore, we developed an experimental
technique for investigating those collisions. The main
goals of the experiments are: (1.) to reveal the
structure and composition necessary for the particles
to stick after collision, and (2.) to determine the
velocity range for coagulation dependent on particle
mass and impact parameter.

2. EXPERIMENTAL TECHNIQUE

One of the particles to collide is placed on top of
an electromagnetic accelerator based on the principle
described in Réf. 2 (Figure I). Due to various guide
tubes, the direction of this projectile is very well
determined. The velocity of the particle can be
adjusted by choosing an appropriate capacitor bank
discharge voltage to values between Om/s and ~10m/s.
The other particle is centered in a device which
releases this projectile when an electric current is
applied (Figure 1). To achieve very low relative veloci-
ties between the two particles, an electronic timer
can be programmed to delay the release of the upper
projectile up to the instance the lower projectile
approaches whith nearly zero velocity. The lower limit
of relative velocities attainable is ~IOcm/s. Due to
diminished collision probability for small particles,
the lower projectile size limit is ~0.5cm.

OOP OO CD OQQO O
primary coil

Fig. I: Sectional drawing of electromagnetic
accelerator (bottom) and particle release
mechanism (top)

Pnic. of an International Wbrtehop on Physics and Mechanics cfCometary Materials, Munster, FKG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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Observation of the pre- and post-coUisional phase is
performed by means of a LN 0 - cooled CCD-camera
and back-lighted stroboscopic i l luminat ion using
light emitting diodes (LEDs) as light sources. A
plane mirror optics enables simultaneous imaging
from two directions '10° displaced, so that fu l l three
dimensional information is available. After transferring
the image to the host computer, different image pro-
cessing routines (background subtraction, flattening,
contrast enhancement, filtering, binarisation, etc.) can
be applied to enhance the image quality before evalu-
ation. Accelerators, stroboscope and 3D-optics are
contained in a vacuum chamber to guarantee undis-
turbed simulation. Figure 2 summarizes the experi-
mental setup.

3. SAMPLE PREPARATION

One major aim of our experiments Is to simulate the
collisional behaviour of already coagulated clusters
of smaller particles. In addition, cosmophyslcally
relevant materials (i.e. silicates, organic materials,
ices) should be the prominent costituents of these
particles.
Therefore, we developed a technique to produce
agglomerates of particles, each consisting of a
compact core (in the experiment described here, we
used glass spheres with diameters 40-80(im) coated
with an organic mantle (here: n-pentacosane
CH2(CH3I23CH2, melting point 530C). Details of the
preparation technique are described in another article
in this issue (Réf. 3). In different experimental runs
we varied the mass ratio glass/n-pentacosane, ranging
from SO to 2. The mean density of the particles is
ranging from 0.9 to O.&g/cm3, which gives porosities
of ~(>0%...~50%.

4. FIRST RESULTS

The experiments described here were carried out in a
relatively narrow velocity window (collision velocities
l.0(>...1.33m/s). The mean radii of the non-spheric
agglomerates ranged from O.Bmm to U>mm. The
quantity measured in each collision event was the
coefficient of restitution E, defined as the ratio of
relative velocity of the two particles after collision
and before collision. Figure 3 shows examples of the
dependence of E on the relative impact parameter
b/r (for definition of b/r see Figure 4). In the case
of low proportion of n-pentacosane (s!7 weight/C,
Figure 3a) no coagulation is observed. The coefficient
of restitution decreases with decreasing relative
impact parameter. Extrapolation of the data to b/r=0
yields £>0 so that coagulation is very unlikely for
this kind of agglomerates. At higher relative amounts
of n-pentacosane (222 weight'/,) sticking of the par-
ticles (I.e. £=0) can be observed (Figures 3b,c).
Although the data scatter largely because of the indi-
vidual surface, shape, and size influence of the
agglomerates, it is obvious that the coagulation proba-
bility increases with increasing relative proportion of
n-pentacosane by shifting the maximum impact
parameter for sticking towards higher values.

LIIZ cooled
single franc
CCD-canera

Fig. 2: Diagram of the experiment components
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Fig. 3: The dependence of the coefficient of restitution £ on the relative impact parameter
b/r (see Figure 4) for different mass ratios m(glass) : m(n-pentacosane)

Fig. 4: Geometric quantities relevant for calcula-
ting the relative impact parameter b/r.
The crosses denote the centers of masses
of the two particles, r. and r,, are the
mean radii of the projectiles, b is the
impact parameter, and v ( is the approach
velocitj of particle 1

unsaturated hydrocarbons, as alkenes and alkynes, by
hydrocarbons with cosmophysically abundant consti-
tuents (N, O, S)1 and by aromatic hydrocarbons. For
simulating pre-cometary dust coagulation, a refrige-
ration device wil l be implemented allowing experi-
ments at LN2-temperature. Then, the collisional
behaviour of ices and aggregates containing particles
with ice mantles wi l l be investigated. Experiments
wi th short-chained hydrocarbons, gaseous at room
temperature, wi l l be performed.
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5. FUTURE WORK

One major point to be investigated in near fu ture is
the dependence of the coefficient of restitution on
the collision velocity and on the particle masses for
the materials described here. In addition to these
substances, different core materials (e.g. silicates,
carbon, metals) with different shapes (non-spherical)
and sizes wil l be under investigation. Moreover,
n-pentacosane will be substituted by other alkalies
with higher as well as lower melting points. b\



'HOT' OH AND CN - EVIDENCE FOR ORGANIC MOLECULES CLOSE TO THE NUCLEUS
OF COMET HALLEY?

.1 Clairemidi & G Moreels

Observatoire de Besançon, France

ABSTRACT

During the encounter session of Vega 2 with
comet Halley on March 6, 1986, advantage was
taken of the approach motion and of the resulting
zoom effect to assemble the monochromatic
charts produced by the three-channel spectro-
meter in composite images at selected wave-
lengths. Two jets are clearly apparent in most of
the monochromatic images. The OH and CN
emissions originating from the jets exhibit a
pronounced peculiarity. The bands located at 309
and 388 nm show an excess of emission at 305
and 383 nm. The proposed mechanism, specific of
the jets, is the phoiodissociation of one or several
organic molecules of the type A-OH or B-CN
which would release "hot" OH and CN when
submitted to the solar UV flux. These organic
molecules would be a component of the envelope
of the CHON subniicronic grains dragged by the
"gaseous" jets. They provide an additional ar-
gument in favor of the similarity between come-
tary and interstellar matter.

Keywords: Comet Halley, Spectrophotometry

INTRODUCTION

Among the numerous scientific objectives
assigned to the exploration of Halley's comet by
the Giotto and Vega spacecrafts, the identification
of the chemical nature of the nucleus appeared as
a major key in the approach to understanding the
early phases of the solar system. The study of the
matter ejected by the nucleus was also given a
high importance to obtain information on the
composition of the cometary nucleus. The dust
and gases which of the coma are mostly products
of fragmentation and dissociation of the primary
matter emitted by the nucleus. However their
study in the close vicinity of the nucleus provide
data which cannot be obtained from a ground-ba-
sed or a satellite-borne observatory.

Comet nuclei are probably the objects in the
solar system that have kept the earliest traces of

the solar nebula composition. On several points,
the results obtained by the Vega and Giotto mis-
sions have revealed some analogies with the
composition of the interstellar medium. For ins-
tance, HCN has been detected by radioastronomy
both in comets (Bockelée-Morvan et al., 1987;
Schloerb et al., 1987) and in certain circumstellar
envelopes (Nercessian et al.,1989). Formaldehyde
also has been detected in the millimetric range in
comet Halley (Snyder et al.,1989).

In the infra-red spectral range, the IKS
spectrometer has definitely identified CO, C02
and H2O as parent molecules in the inner coma
(Combes et al., 1988). The identification of for-
maldehyde at 3,6 micrometers in the spectra of
IKS has been confirmed by Mumma et al.,(1989),
but a major result was the identification of a CH-
R molecule by the vibrational band of the C-H
bond between 3.2 and 3,5 mm (Combes et
al.,1988). The IKS group has suggested that this
emission feature might be due to a mixture of
hydrocarbons among which some polycyclic aro-
matic compounds (PAH) would probably exist. If
one refers to the proposition of Léger and Puget
(1984) relative to the presence of PAH in inter-
stellar grains, the identification of the 3.2-3.5 mm
feature in the spectrum of comet Halley appears
then as a strong argument in favor of proven
similarities between cometary and interstellar
material. The spectroscopic identification of other
parent molecules was also investigated. Methane
was not detected (Drapatz et al., 1987) and me-
thylcyanide was found in very low quantities.

In the close vicinity of the nucleus, the
dust-impact mass analysers two which flew on
board Vega and Giotto produced unexpected re-
sults. These results are summarized by Jess-
berger et al., (1988). They show that approxi-
mately 40% of the grains contain a proportion of
light elements H1C1N1O, much higher than is
usually found in grains of stratospheric origin
(Langevin et al., 1987), This observation is of
major importance to support the hypothesis of
similarity of chemical composition between co-
metary and interstellar matter.

PIVC. of an International \K>rkshop on Physics and Mechanics ofComelary Materials, Milnster, FRG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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Another type of description of the coma
close to the nucleus at distances less than 40 000
km is given by the three-channel spectrometer.
This instrument provided 3600 spectra during
the observation sessions of Vega 2. The covered
spectral range extends from 275 to 710 nm. The
aim of this paper is to show that, due to its small
field of view and its ability to explore the inner
coma, significant differences between spectra
from various regions in the coma could be re-
corded. These differences appear in the OH and
CN bands. They are interpreted as being due to
emissions related with organic molecules released
by the CHON grains.

SPECTRA AND COMPOSITE CHARTS FROM TIIR
THREE-CHANNEL SPECTROMETER

The three-channel spectrometer consisted
of a telescope followed by a spectrometer
(Moreels et al., 1986; Moreels et al., 1987). The
image of the comet could be moved in the focal
plane in front of the spectrometer slit to give a
spectroscopic description at different points in
the inner coma. The system allowed to scan a
rectangular 2°xl.5° field of view consisting of 105
(7 lines of 15 positions) locations of the slit on the
image of the comet.
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Fig. 1: Spectra of comet Halley in the 280-400 nm range. Spectrum J
(jet) comes from a point located on the right of the upper scanning
line. Impact parameter: 29125 kt\ Spectrum V (valley) comes from
the middle of a scanning line in the lower part of the field of view.
Impact parameter: 12620 km
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The results presented in Fig.l show two
spectra of the 280-400 nm region labelled J and
V. Each spectrum transmitted from the Vega spa-
cecraft to the Earth is processed as follows:

1- Dark current is subtracted. A resi-
dual difference between the odd and even pixels
of the linear photodiode array is removed. The
data are divided by the calibration curve. The
resulting spectrum, labelled A, is given in abso-
lute units of kiloRayleigs / nm.

2- A solur-type spectrum, convoluted
with the instrument response function, 6 nm at
half-maximum, is fitted to spectrum A. This
curve is labelled B. It represents the intensity of
the solar radiation diffused by dust grains.

3- The difference A-B is shown as
curve C. Spectrum C contains the spectral signa-
tures of the gaseous components of the coma.

The position of the optical axis with respect
to the composite field of view scanned by the
instrument is shown in the half-tone scheme of
Fig.l. In the case of spectrum J, the projected
distance from the nucleus to the line of sight is
equal to 29 125 km. In the case of spectrum V,
the equivalent projected distance is equal to 12
620 km. Both spectra were selected because the
measured intensities are comparable in spite of
the fact that the position of the line of sight is
very different with respect to the nucleus. Spec-
trum J would be expected to be at least three
times less intense than spectrum V. This proves
that the coma is strongly inhomogeneous in terms
of radial expansion.

The emissions present in the spectrum are
the OH (2I+ -2n)(0,0) band at 309 nm, the NK
( A 3 n j - X3s-)(0,0) band at 336 nm, and the CN
(B2£+ - X2£+)(0,0) band at 388 nm. In each emis-
sion a composite image of the region of the coma
scanned by the instrument may be displayed.
Due to the fact that the scanning system was ex-
centered, the field of view appears as a triangular
sector having its summit at the nucleus. The
maximum radial distance is equal to 40 000 km.
Such images are presented in detail for OH, NH,
CN, C2 and Cs in Clairemidi et al.(1989 a and b).
Fig.2 presents a comparison between the mono-
chromatic images of the inner coma in the OH and
CN emissions. Both emissions increase with de-
creasing distance to the nucleus, except in the last
two hundred km where the OH intensity de-
creases. This variation is due to two factors: i) the
optical thickness of water vapor at Lyman a pro-
duces a noticeable absorption of solar radiation
and, therefore, a reduction of the production of
OH radical (Moreels et al., 1987); ii) Haser's model
(1957) predicts that the density of daughter mo-
lecules is low close to the nucleus.

The images of OH and CN show two well-
contrasted jets. One, vertical, is perpendicular to
the direction of the Sun which is located at the
left of the image. The other, horizontal, is orien-
ted in the direction of the Sun. The region bet-

ween both jets looks like a valley. In the follo-
wing it will be called "the valley". Both emissions
may be compared in displaying the CN/OH ratio
in Fig. 2 C. This image appears as photometrically
flat, except very close to the nucleus. The jets in
the OH and CN emissions show the same spatial
extension. This is an important information about
the origin of these jets frequently qualified of
"gaseous jets" (A'Hearn et al., 1986). The identity
of the distribution of OH and CN shows that both
radicals are produced locally inside the jets. Their
fluorescence emission is a tracer of the existence
of the physical jets which are most probably
composed of grains.

HOT OH AND CN EMISSIONS

The two spectra presented in Fig.l arc ap-
proximately of equal intensity, but they show
two differences in the bands of OH at 309 nm and
CN at 388 nm. In the spectrum labelled J, which
means that it corresponds to a point of the verti-
cal jet, the left side of both bands exhibits an ex-
cess of emission located at 305 nm in the case of
OH and 383 nm in the case of CN. In the spectrum
labelled V, which means "valley", the OH and CN
bands show a profile which, taking into account
the instrument response function, 6 nm, is fairly
standard when compared to ground-based obser-
vations.

Then a series of 15 spectra is drawn in Fig.
3 to show the progressive deformation of the OH
and CN bands. The spectra correspond to a scan-
ning line of 15 positions of the optical axis of the
telescope. The impact parameter for the spectrum
at the middle of the line is equal to 29 500 km.
The spectra of lower intensity come from the
"valley". The spectra of higher intensity are ori-
ginated from the vertical jet. Progressively ap-
pears on the spectra the unusual spectral feature
on the left wing of both bands. Although not
drawn here, the same evolution is present in
other scanning lines. The OH and CN bands have
normal shapes, in the "valley" but perturbed pro-
files in either the vertical or the horizontal jet.

The following step consists in displaying a
composite image of the specific perturbations in
the left wing of the OH and CN bands. In the case
of OH, as shown in Fig. 4, the standard band is
nearly symmetrical because the fluorescence
band is very narrow, 3 nm wide approximately.
Two parts are distinguished in the band, delimi-
tated by the symetry axis. Then the difference
between these parts is computed. The result is a
quantitative measurement of the excess of emis-
sion on the left side of the OH band. In the case of
CN, the band is not symmetrical. Two wavelength
intervals AX. at 288 nm and AV at 283 nm are
delimitated. Their spectral wid.'h is 2 nm. A
fraction of the intensity at 288 nm a.1(AX.) is
subtracted from the intensity at 283 nm T(AX.') to
give a quantitative estime of the CN unusual
spectral feature.
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2a

2c

Fig. 2: Composite images of the field of view scanned by the instru-
ment 2a: OH emission; 2b: CN emission; 2c: ratio CN/OH

The term "hot" OH and CN comes from the
fact that the population of the rotational levels in
a cometary fluorescence process. may be descri-
bed by a low rotational temperature. In present
case, the anormal feature in the OH and CN bands
at slightly shorter wavelengths may be interpre-

ted as being due to transitions from highly
excited rotational levels. Although the excitation
process is unlikely correlated with a higher
temperature, the term "hot" simply means here
that levels with high rotational numbers are exci-
ted, as it appears when the temperature is high.
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Fig. 3; Sequence of 15 consecutive spectra of the upper scanning
line. This sequence shows the progressive deformation of the OH
and CN bands when the line of sight scans the vertical jet.

The composite images of "hot" OH and CN
within the field of view covered by the instru-
ment are shown in Fig.5. For each emission a ge-
neral image of the overall field of view is pre-
sented and a second image of a smaller field of
view at shorter distances of the nucleus (line-
scan B mode). The ratio hot CN / hot OH is also
displayed. This figure shows that the "hot" band
features are sharply located inside the jets
identified in Fig. 2. They appear as tracers of the
jets even more specific than the total OH and CN
bands.

ORGANIC MOLECULES IN THE GRAINS EJECTED BY
THENUCLEUS

The emission of molecules observed in co-
mets is mainly due to fluorescence. The molecule
in its fundamental state is raised to an excited
electronic state by absorbing a photon. It re-
emits its energy under the form of emission. The
fluorescence spectra of CN taken in Aikman et al.,
(1974), and of OH (Zucconi, 1989) are drawn in
Fig. 4. Obviously, this mechanism produces a very
narrow band.

Another mechanism is thus responsible for
the excitation of both molecules at high rotational
numbers. This process is probably the photodis-
sociation of molecules releasing OH and CN radi-
cals in an excited state. In the case of OH, the

photolysis of water vapor at Lyinan alpha pro-
duces a small fraction of OH directly excited in
the 2S+ state (Bertaux, 1986). Some aspects of
this photochemical reaction have been studied in
the laboratory by Becker and Haaks (1973).
These authors show that the rotational distribu-
tion of OH extends to high J' values. In present
case, a second source of excited OH seems to be
present in the grains of the jet because the "hot"
OH emission is localized in the jet and does not
appear with an increasing intensity in the vici-
nity of the nucleus.

The same argument holds for CN. The exis-
tence of "hot" CN precisely localized in the jets
and closely correlated with "hot" OH shows that
HCN is not the only molecule responsible for the
production of cyanogen. Another molecule origi-
nating from the grains should be photolysed by
the solar UV radiation and produce excited CN in
high rotational levels. Some experimental facts
are given by Jackson (1982) who shows that,
when CaN 2 is photodissociated, CN radicals are
produced in rotational levels extending to J' = 50
and more.

A way to concile our observations with the
necessity to introduce new mechanisms to ex-
plain the "hot" OH and CN bands consists to follow
Larson (1988) who suggests that the gaseous jets
might be directly correlated with the presence of
CHON particles. Then, the organic molecules for-
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HHVFLENGTH Cnm)

Fig. 4: Enlarged sections of the spectrum for the OH and CN bands.
Spectrum J comes from the vertical jet. Spectrum V comes from the
valley. Computed fluorescence spectra are shown below the mea-
sured bands.

ming the envelope of the grains would be photo-
dissociated in the following processes:

A-OH + hv -» A + OH* ( 2£+, J')

B-CN + hv -» B + CN* ( 2r+, J1)
Laboratory data concerning the photolysis by UV
radiation at wavelengths shorter than the 253,6
ntn mercury radiation are not numerous. Calvert
and Pitts (1972) give the example of methyl-
alcohol which produces OH*.

CONCLUSION - IMPLICATION FOR ROSETTA

The observations presented here show that
it exists, inside the gaseous jets, a source of OH
and CN radicals different in nature of the
"standard" source, located at the nucleus, compo-
sed of water vapor and HCN. Part of the matter
ejected by the nucleus keeps the memory of the
nuclear composition and of its aggregation during

the solar system formation phase. The CHON
grains might be comparable to the model of in-
terstellar grains proposed by Greenberg (1982).
Their mantle might be composed of organic mole-
cules, possibly P.A.H., or substituted P.A.H. The
detection of specific molecules appears as a
strong argument in favor of the presence of orga-
nic molecules in the envelope of the grains.

The implications for the Rosetta mission are
the following. First, it would be of major interest
to analyse directly the CHON grains. The best lo-
cation to proceed to this analysis is probably in-
side one of the gaseous jets. Secondly, a high pré-
somption exists of the presence of organic mole-
cules. These molecules are highly volatile. Since
they contain the answer to the question of the
origin of comets, great care should be taken to
avoid that the organic molecules which are very
volatile, evaporate during the return journey to
the Earth.
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5a 5b

5c

5e

Fig. S: Composite images of the "hot" OH and CN emissions close to the
nucleus; Sa: "hot" OH emission; Sb: enlarged section of the "hot" OH close
to the nucleus; Sc: "hot" CN emission; Sd: enlarged section of the "hot" CN
close to the nucleus; 5e and 5f: images of the ratio "hot" CN / "hot" OH

Further work on the identification of orga-
nic molecules close to the nucleus is in progress.
The difficulty is to correctly subtract the solar
scattered component which represents approxi-
mately 90% of the signal.
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A METHOD OF ESTIMATING TEMPERATURE PROFILES AND CHEMICAL
DIFFERENTIATION IN THE NEAR SURFACE LAYERS OF POROUS COMET NUCLEI

- FIRST RESULTS FOR COMET P/CHURYUMOV-GERASIMENKO

S Espinasse, J Klinger, C Ritz & B Schmidt

Laboratoire de Glaciologie et de Géophysique de l'Environnement, St. Martin d'Hères, France

ABSTRACT

A method is presented tor << quantitative estimation
of thermal iiradients <md rhnmicdl differentiation in
porous icy mixtures. This IUP thud has heen applied
(o comet nuclei containing different volatile species
with special attention given to subsurface layers.
Hent conduction b> the solid as well ns heat and
mass tmnsport by the gas phase in the pore system
are included. Based on recent laboratory studies, the
influence of the crystal I i/.ation of amorphous ice on
the thermal behavior and the gas release is also
considered. First results are presented for comet
P/Churyumov-Gerasimenko.

Keywords : Comet nuclei, thermal gradients, chemi-
cal differentiation, mass transport.

INTRODUCTION

According to Rickman (Ref.l), the mean density of
the nucleus of comet Halley is in the range, of 280
to (>!>0 kg/nr1. On the other hand, the fluffyness of
the dust component (Réf. 2) as well as the presence
of S2 and several organic species discovered in co-
mets (Réf. 3, 4) strongly favor a model of comet
formation from interstellar grain-mantle particles
(Réf. 5). In such a low density agglomerate of small
grains, a system of small pores that communicate
with each other is likely to exist. The purpose of
this paper is to present a model that may allow to
evaluate the physical and chemical evolution of a
comet nucleus considered as a fluffy medium.

THEMODEL

The comet nucleus is considered as a fluffy aggre-
gate containing mainly amorphous H2O mixed with
other volatiles (here : CO or CO2). A dust compo-
nent can readily be added. The crystallization of
amorphous ice is described using an activation law
determined from laboratory studies (see Réf. 6 ) :

tc= 9.54. exp(5370/T) (1)

with : t<: : time of crystallisation in seconds
T : temperature In Kelvin

Free sublimation as well as release of CO and CO2

trapped In amorphous H2O are Included. In agree-
ment with results from Réf. 6, It is considered that
free sublimation of species more volatile than H2O
occurs as long as the molecular ratio of this species
with respect to H2O is .• 0.1. When the initial ratio
is - O.I. the gas is released only when the amorpho-
us H2O crystallizes.

The vapor phase is allowed to diffuse through the
pore system of the nucleus. Depending on local
pressure and temperature conditions, ices can subli-
mate or gas can recondense within the nucleus.

Subsurface temperatures are computed taking into
account the heatcarried by the diffusing vapor phase
and the heat conducted h ' the solid. The change of
enthalpy associated with the crystallization of amor-
phous water ice is included in the model as well as
the change in the heat conduction coefficient bet-
ween amorphous and crystalline ice.

The method is based on the solution of a system of
diffusion equations containing source terms, one
equation describing the heat transfer, the others the
mass transfer of the different species. These
equation are coupled by the source terms.

The equation of heat diffusion is written :

p C(T)^= V(K V(T)) + QE (2)

The equation of gas diffusion for a given volatile
species is expressed in the following manner :

(3)
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With ;
T ; temperature
P : pressure
t : time
p : Density of the solid matrix
C(T) : Specific heat of the solid matrix
K : Effective heat conduction coefficient of the
solid matrix
QE: Source or sink term taking into account the
heat transfer due to the gas diffusing in the pore
system and the latent heat of sublimation or
recondensation and the latent heat released during
crystallization.
R : Universal gas constant
D : D iffusion coefficient of the gas
Qy: Source or sink term taking into account the
local increase or decrease in mass of the vapor
phase due to sublimation or recondensation.

The problem solved unidimensionally considering the
nucleus as spherical symmetric. The solar radiation
received at the surface is calculated using the "fast
rotator" (isothermal) approximation.

This system of differential equations Is solved nu-
merically by the Douglas-Jones finite difference
method with an implicit predictor and a derived
Crank-Nicolson corrector. A detailed description of
the mode) is found in Réf. 7 and Réf. 8.

The model predicts the evolution of the local densi-
ty and the chemical composition. Isotope fractionati-
on processes can also be included. By establishing a
mass balance, the production rate to space of a gi-
ven chemical or isotopical species at any position of
the orbit can also be computed.

RESULTS

The results shown in figs. 1 t i> 6 have been obtained
on a spherical model nucleus of I km in radius on
the orbit of comet P/ChuryuinoY-G«rm»imetiko.
which is one of the most likely targets of the RO-
SETTA/CNSR mission. Two types of model nuclei
have been studied : One having .in initi.il CO/H^.O
ratio of 0.05, the other having an init ial CO2XH^O
ratio of 0.05.

Fig. I shows a series of temperature profiles obtai-
ned during the third revolution after capture on a
short period orbit of the model nucleus containing
CO. The surface temperature is about I1W K at peri-
helion and 135 K at aphelion. The hump in tempera
ture profile I near ISO m from the (.'enter of the

nucleus is due to the heat release during the < ry
stallization of amorphous HjO. The limit between
amorphous and crystalline ice corresponds to the
steep temperature rise moving from 1MO to 930 m.

Fig. 2 shows that in the crystalline ice layer the CO
content has completely diappeared. In the layers

between roughly speaking 'WO and «90 m the tempe-
rature Is approximative^ constant and close to ftO
K. In this depth range CO recondenses and reaches
relative abundances as high as 0.1. At still greater
depths, the temperature further decreases, reaching
the initial nucleus temperature. In this range the CO
content remains at the initial value.

Fig. 3 shows the corresponding temperature profiles
in a nucleus containing CO2. The surface temperatu-
res are approximately the same as in fig. I. In the
near surface layers the temperatures are nearly
constant and close to 135 K due to the value of va-
por pressure, latent heat of sublimation of CO2

around this temperature and latent heat release
during crystallization, nucleus. In deeper layers the
temperature falls steeply to the initial value.

VVe can observe in fig. •!• that since CO2 is much less
volatile than CO, it can recondens in the crystalline
ice layer while in fig. 2 we can see that the crystal-
line layer Is completely depleted in CO.

Fig. 5 and (> respectively show the CO and H^O and
the CO2 and H2O production rates during the first
five revolutions. It can be seen that ratios of
CO/H"O and of COnXH2O production rates are
strongly variable during one revolution. The influen-
ce of a reduction in relative pore volume is also
visible in these figures. A smaller relative pore
volume leads to a more important production of CO
or CO2. The H2O production is slightly increased
only near aphelion.

DISCUSSION

The occurrence of vapor diffiihion in .1 porous rrme-
tary nucleus leads to chemical differentiation pro-
cesses and contributes tn the heat transport within
the nucleus. This plausible phenomenon has first
been recognized by Smolurhowski (Réf. 9). In tin-
present work we have im.lulled for the first time tin-
vapor diffusion in a porous nucleus in a physically
relevant way. taking Into account the results of the
recent observation campaign as well as of recent
laboratory studies. The «'condensation of ires omre
volatile than H-jO predicted by the model are qu.ili
tatively well confirmed by the determination ot the
CO.YH.,0 ratio in the sample retrieved ,it the end of
the KOSI 4 experiment (Réf. H)) The /one where
CO.» recondenses during this experiment ran also be
identified from the corresponding temperature profi-
les (Ref Kl, I t ) . \ further confirmation of the ncur
rence nf sublimation-ret-ondensation phenomena in
i-ometary analogue experiment?, ,ire the selertive
enrichments "I heavy isotopes IHO/"'O and D/H du-
ring the KOSI L' experiment (Réf. 12).

The fact that the ratios of production rates between
different wil,ittle .spei-ies are variable 'hiring «me
revolution has as a <-on;>w|UHn«> 'hat it is no! pus.si
ble to conclude from vhe observed production nites
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Fig. 1 : Temperature profiles in the nucleus during the third revolution
after the capture of the comet on a short period orbit. Initial relative
pore volume : 0.8, initial COXH2O ratio : 0.05. The profiles correspond
to the following successive heliocentric distances : 1 - 5.3 A. U., 2 -
2.82 A. U., 3 - 1.29 A. U. (perihelion), 4 - 2.82 A. U., 5 - 5.3 A. U., 6 -
5.72 A. II.
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Fig. 2 : Evolution of the CO content (same conditions as fig. i).
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Fig. 3 : Temperature profiles during the third revolution after capture
on a short period orbit of a nucleus having initially a CO2XH2O content
of O.OS. All other conditions as fig. 1.
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Fig. 4 : Evolution of the CO2 content of the third revolution after
capture (conditions as fig. 3).
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Fig. S : CO and H2O loss during the first five revolutions (same
conditions as fig. 1). relative pore volume : 0.8, - - - relative
pore volume : 0.3.
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Fig. 6 : CO2 loss during the first five revolutions (same conditions as
fig. 3.). relative pore volume : 0.8, relative pore volume :
0.3.
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to the initial composition of the nucleus. The reason
of the variability of the relative production rates Is
that HnO sublimâtes at the .surface whereas the mo-
re volatile species sublimate In deeper layers. This
behavior has been qualitatively predicted earlier (Réf.
13. 14). On the other hand, subsurface sublimation
explains in a natural way the simultaneous outnas-
sing of species with very different volatilities that
the classical "clathrate hydrate" model of Delsemme
and SwinfiX (Réf. IS) is unable to explain (sep Réf.
14).

CONCLUSIONS

A tool is now available to estimate the temperature
evolution of the near surface layers of the candidate
comets for the ROSETTA/CNSR mission. The chemi-
cal and isotopic composition of the near surface
layers can also he obtained. Further improvements of
the model can easily be done. The production rates
of different volatile species computed from this
model can be compared with infrared data that wil l
he available from ISO during the preparing phase of
the sample return mission.
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CO2 DEPTH PROFILES IN COMETARY MODEL SUBSTANCES OF KOSI
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ABSTRACT

The CO, content of cometary analogs used in comet
simulation experiments (KOSI-3 and -4) was measured
by gaschromatography. CU2 depth profiles were
determined after insolation in cm layers taken from
the samples which originally contained 14-15%
frozen CO2. These profiles show an upper layer
completely depleated of the volatile component,
while the deeper layers are not affected. Of
special interest is a transition layer where the
CO2 content ranges from 0% to a value which is
higher than that of the starting material (> 2l)%).
This is interpreted as inward diffusion of CO2
which can recondense in colder zones. In addition a
correlation with the temperature profiles has been
observed. The upper and lower layers show a rather
constant but different temperature, while a very
steep temperature gradient is found in the
transition layer. The water-ice profile did not
show any significant change with respect to the
starting material.

This leads to the conclusion that inward diffusion
and correlated thermal effects are governed by the
lighter volatiles (here CO2) and less by water.
Sharp enrichment zones may "be found in comets for
various substances at different depths, depending
on their volatility ("thermochromatography"
effect).

Keywords: comet simulation, depletion of volatiles,
CO2 profile in cometary analogs, inward diffusion,
"tfiermochromatography" effect.

INTRODUCTION

After the space missions to comet P/Halley in
March 1986, new impulses were given to simulation
and modelling of the nucleus. Of special interest
was to understand the dynamic processes involved in
gas and dust emission as well as the physical pro-
perties of the superficial region of the nucleus,
e.g. the crust formation. The task of the comet
simulation experiments KOSI (Refs. 1 to 7) is to
produce cometary analog material in view of the
latest recorded data, and to test theoretical
models. Finally, the KOSI experiments are conceived
to prepare the comet nucleus sample return mission
Rosetta in view of cryohandling, cryostorage, and
cryoanalysis of the samples.

The cometary analog material consisted mainly of an
H.O-mineral ice mixture (KOSI-I and -2), with the
addition of CO2 representative for the volatiles

(KOSI-3 and -4). The solar irradiation was simu-
lated by a set of xenon lamps of variable inten-
sity. This insolation heated the sample surface,
stimulated dust grain ejection, and generated vari-
ous transformations. The investigated processes
take place at scales in the order of 1 dm down to
1 mm or even below.

During the experiment, parameters such as
temperature (at different depths), gas emission
flux, dust ejection rate, gas pressure inside the
sample, etc. were monitored. Other parameters were
controlled before insolation and at the end of the
experiment, such as the content of volatiles and
minerals, optical reflectance (albedo), porosity,
density, penetration strength and thickness of the
crust, etc. This paper follows a preliminary publi-
cation (Réf. 8) and reports on the CO, profiles
before and after insolation of KOSI-S and -4
samples (November 1988 and May 1989). The cometary
analog material in both experiments was composed of
approx. 78 weight % H2O ice, 14-15% solid CO.,
approx. 8% mineral dust (olivinermontmorillonite
9:1) and 0.083% carbon black for albedo adjustment.

SAMPLE PREPARATION

The cometary analog material for KOSI-3 and -4 was
produced by spraying a mineral suspension into
liquid nitrogen (see Fig. 1). The mineral to water
weight ratio was kept at 1:9. The mineral part was
a mixture of two components, namely olivine (neso-
silicate) and montmorillonite (phyllosilicate) the
ratio of which was set at 9:1. Finely devided
carbon (Derussol from Degussa, Hanau) was added in
0.083 weight % in order to adjust the albedo. The
water-mineral suspension was stirred during 1 hour,
and then treated in an ultrasound bath just before
being sprayed.

For KOSI-3, CO2 was used as propellant gas to spray
the water-mineral mixture into the liquid nitrogen
filled dewar. The CO2 was then intimately mixed
with the ice-mineral agglomerates during the spray-
ing process. The aim was to reach an overall densi-
ty of about 0.4 g cm"3. To obtain this low density,
a" fluffy material with coarse-grained ice agglo-
merates was required; it was obtained with a low
propellant gas pressure (cf. Réf. 6).

The main problems which were encountered are:
- to find a conipromise between a fluffy enough ice

but with a too low CO2 content, and a material

Pruc. of an International Workshop on Physics and Mechanics of Cometary Materials, MUnster, FKG, 9-H October 1989 (ESA SP-302, Dec. 1989)
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with an appropriate CO2 content but a too high
density;

- to reproduce the material.

For these reasons the KOSI-4 material was prepared
differently than that of KOSI-3. Spraying the
water-mineral mixture into a liquid nitrogen filled
dewar was performed in the sani,.-» way except that the
iropellant gas was N2 instead of CO,. Separately,
O2 gas was blown gently onto a liquid nitrogen
cooled metallic surface (a copper or a steel
container) where it condensed in the form of very
fluffy crystal powder. This CO2 component was then
added to the previously prepared ice-mineral
mixture and stirred together in a liquid nitrogen
dewar.

c
p;

water-mineral
suspension

variables .•
H2O!mineral ratio
and mineral composition
(neso/phyllosilicate)

variable: flux (h)

variable: pressure
variable: kind and
adjustment of nozzle

variable: dis tance
(differentiation of
droplets in beam)

liquid N2 dewar

Fig. 1: Sketch of the spraying device used to
prepare several kg of cometary analogues.

During the experiment, parameters such as
temperature (at different depths), gas emission
flux, dust ejection rate, gas pressure inside the
sample, etc. were monitored. Other parameters were
controlled before insolation and at the end of the
experiment, such as the content of volatiles and
minerals, optical reflectance (albedo), porosity,
density, penetration strength and thickness of the
crust, etc. This paper follows a preliminary publi-
cation (Réf. 8) and reports on the CO, profiles
before and after insolation of KOSI-d and -4
samples (November 1988 and May 1989). The cometary
analog material in both experiments was composed of
approx. 78 weight % H2O ice, 14-15% solid CO,,
approx. 8% mineral dust (olivine:muntmorillonite
9:1) and 0.083% carbon black for albedo adjustment.

SAMPLE PREPARATION

The cometary analog material for KOSI-3 and -4 was
produced by spraying a mineral suspension into
liquid nitrogen (see Fig. 1). The mineral to water
weight ratio was kept at 1:9. The mineral part was
a mixture of two components, namely olivine (neso-
silicate) and montmorillonite (phyllosilicate) the
ratio of which was set at 9:1. Finely devided

carbon (Derussol from Degussa, Hanau) was added in
0.083 weight % in order to adjust the albedo. The
water-mineral suspension was stirred during 1 hour,
and then treated in an ultrasound bath just before
being sprayed.

For KOSI-3, CO2 was used as propellant gas to spray
the water-mineral mixture into the liquid nitrogen
filled dewar. The CO2 was then intimately mixed
with the ice-mineral agglomerates during the spray-
ing process. The aim was to reach an overall densi-
ty of about 0.4 g cm"3. To obtain this low density,
a fluffy material with coarse-grained ice agglo-
merates was required; it was obtained with a low
propellent gas pressure (cf. Réf. b).

The main problems which were encountered are:
- to find a compromise between a fluffy enough ice

but with a too low CO2 content, and a material
density;

- to reproduce the material.

For these reasons the KOSI-4 material was prepared
differently than that of KOSI-3. Spraying the
water-mineral mixture into a liquid nitrogen filled
dewar was performed in the same way except that the
propellant gas was N2 instead of CO2. Separately,
CO2 gas was blown gently onto a liquid nitrogen
cooled metallic surface (a copper or a steel
container) where it condensed in the form of very
fluffy crystal powder. This CO2 component was then
added to the previously prepared ice-mineral
mixture and stirred together in a liquid nitrogen
dewar.

To discriminate the depth at which sublimation
takes place during the irradiation, in KOSI-4 three
different ice mixtures were prepared, labeled with
different isotopes:

a) regular H2O-CO, ice (material MI)
b) D2O-H2O-CO, ice where D,0/H20 = 10 weight %

(material Mil). This material was prepared
exactly in the same way as MI except that the
water mineral suspension was enriched with D2O
prior to spraying.

c) H-O-CO2 enriched with the isotope
 13C (material

Mill). This material was prepared from MI by
adding pure 3CO2, which rised the total CO,
content by less than 1%.

In addition to the CO2 content, that of H2O was
determined by drying the wet residue
(H2O + mineral) 24 h at 125

 0C and weighing again.

IRRADIATION EXPERIMENT AND SETUP

The experiments were carried out. in the big simula-
tion chamber at the Institute for Space Simulation
of DLR-KbIn (Réf. 2 and 3). The large vacuum
chamber originally devired for satellite testing
has 3.5 m in diameter and 4.8 m in length. The
vacuum reached 10"A Pa to 10"5 Pa. The radiation
source to insolate the artificial comet, consisted
of a set of 10 xenon lamps of 6.5 kW each,
producing a light beam with a total power of up to
2.5 solar constants (SC) on an area over 1 m in
diameter.

The cometary probe was a cylindrical pot (13 cm
high, and 30 cm in diameter) composed of a copper
backplate and teflon walls. It was cooled at its
backplate with liquid nitrogen during the whole
experiment. The walls were cooled indirectly by a
liquid nitrogen cold copper wall surrounding the
teflon walls in a distance of approx. 1 cm. The
filling with the cometary analog material was done
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under cool nitrogen atmosphere.

The irradiation of the artificial comet took place
sever?! hours after evacuation of the large chamber
when thermal equilibrium was reached. The total
insolation time for KOSI-3 was 41.2 h at about
1.3 SC. For KOSI-4 it was 38.0 h at about 0.65 SC.

CO2 ANALYSIS APPARATUS AND PROCEDURE

The CO2 content in the comet analog material was
analysed by means of a gaschromatograph, before and
after the experiments. All gases evolving from the
samples contained nitrogen. In the samples before
insolation it stemmed from the preparation and in
the samples after insolation from the cooling
procedure in liquid nitrogen. Thus the chromato-
graphic separation in particular of N, and CO2 was
necessary.

2SlIr cylindrical
IJQS recipients

injector

original COf content UoI

teflon container Nioah'nq ualh Ngasdiromalograpl
willi ice sample or U) Nj dewar

Fig. 2: Set-up for analyses of the volât le part of
ice samples.

A small sample of ca. 1 to 5 g was taken from the
previously described icy materials and put in a
small, precooled teflon container. By gently
warming up, the volatile elements were released
while the ice was melting. The gas phase was led
through a pipe into three glass containers of 2.5 1
content filled with water (see Fig. Z). Since CO,
is quite soluble in pure water, the solubility was
reduced by adding 20% weight Na2SO^ and 5% H2SO4.

After tota' melting of the ice, the gases were
collected in the gas recipients. Small samples of
1 ml gas each were taken out through septums with
the help of a syringe. These gas samples were then
injected into a gaschromatograph. The separation of
the gases (CO2, N2, H2O) was performed on a 3 m
glass column with 3 mm in diameter, filled with
Poropak Q, 80-100 mesh. The temperature of the
injection port and column was kept constant at
450 K. The amount of CO2 calculated from the gas
volume and the CO2 content was then compared to the
amount of water and mineral1; left in the teflon
container. The CO2 content is in weight % of the
total mass.

RESULTS

For KOSI-3 the results of the CO, analyses are
shown in Fig 3. Before the insolation the CO2
content of the ice mixture amounted to 13.8% (the
uncertainty is estimated to ± 0.8%). It was quite
homogeneous throughout the probe. A dummy, prepared
separately, showed little loss of CO2 at the
surface after about 6 h handling in the glovebox
filled with dry and approx. 150 K cool N2 gas.
Close to the surface 11.6% CO2 were measured.

30
CO2 corneif,weight %

Fig. 3: CO, depth profila of the cometary analog
sample of KT)SI-S before (vertical bar; dotted lines
signify ± t) and after 41.2 h insolation with
1.3 SC (curve; crosses show error bars, while
circles have negligible error bars).

After the experiment samples were taken in
different depths however without removal of the
surrounding material. Some mixing with matter from
other depths may have occurred. Ten measurements
gave CO, contents ranging from 0% to a maximum of
0.2% îtfie uncertainty lies at about. ± 0.1%). These
values came from depths less than 9 cm from the
original surface. For greater depths, values of
2.2%, 1.6%, 5.3%, and 20% were measured (Fig. 3).
Obviously most of the CO, had escaped the sample
during the irradiation. "Some remained in deeper
layers close to the liquid nitrogen cooled

100

Fig. 4: Temperature profile of the KOSI-3 sample at
the end of 41.2 h insolation with 1.3 SC. from
(Réf. 9).
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backplate. There, a white layer was found which,
however, was not sampled selectively. Thus, the CO2
value for the bottom sample can even be mucn
higher. The natural tendency would be to retain
more CO2 in colder areas, i.e. the closer to the
backplate. The 20% value, which was higher than the
input value and the white layer suggest that CO2
can recondense in deeper layers, implying an inward
diffusion. The temperature profile in Fig. 4
(Réf. 9) shows that very low values (less than
130 K) were found only for the 2 last cm over the
bottom. All other temperature values range quite
constantly from 180 to 210 K (fief. 5).
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Fig. 5: CO, depth profile of the cometary analog
sample of (foSI-4 before (vertical bars; they also
show the isotopically labeled layers; dotted lines
signify ± «•) and after 38 h insolation with about
0.65 SC (curve; crosses show error bars, while
circles have negligible error bars).

For KOSI-4 ths results of the CO2 analyses from all
three materials MI1 MII1 MIII1 as well as their
respective layers are shown in Fig. 5. After
insolation samples were taken carefully out of 1 cm
thick layers with a 1 cm layer left inbetween, in
order to avoid mixing with matter from the upper
layers (Réf. 10). The 15 data points are reported
in Fig. 5. Down to a depth of 6 cm all measurements
yielded less than 0.02% CO2. Below 7 cm the values
exceeded 14%, some were even found to be slightly
higher than 22% which is far beyond the initial CO2
content. At the bottom of the comet container the
CO2 percentage was decreased somewhat to be close
to the original value. This trend is shown by the
dashed line in Fig. 5. It cannot be correlated with
the isotopically labeled layer (13CO2) around 5 to
6 cm where the CO, value was zero after
irradiation. However it can very well be correlated
with the temperature profile at the end of the
experiment which is shown in Fig. 6 (Réf. 11). From
the surface to a depth of 6 cm all thermoelements
showed temperatures between 170 and 200 K whereas
below 7 cm the temperatures were between 125 and
110 K. Such a temperature drop has not been
observed in KOSI-I and KOSI-2 experiments where no
CO2 was present.

The facts observed can easily be understood in
terms of a sublimation front of the volatile CO2.
During the insolation CO2 sublimates at a depth at
which the heat front meets the sublimation point of
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Fig. 6: Temperature profile of the KOSI-4 sample at
the end of 38 h insolation with 0.65 SC, from
(Réf. 9).

CO2. This front slowly penetrates the sample. From
its typical temperature of about 125 K and the
vapour pressure curve (Réf. 12) a CO2 partial
pressure of ça. 10"1 Torr would be estimated for
the region immediately beyond the heat front.

The observation that underneath this front a CO2
content higher than the original value has been
measured clearly shows that diffusion also proceeds
inwards into deeper layers. At the lower
temperatures the volatiles can recondense. This is
furthermore demonstrated by the visual inspection
of the sample: in KOSI-4 white, brilliant
crystallites were found between 7 and 10 cm depth
(cf. Fig. 7).
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Fig. 7: Schematic drawing of the results of the
visual inspection of KOSI-4 sample after 38 h
insolation with 0.65 SC.
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The mineral and with it the water content of the
ice mixture remained relatively constant all over
the sample (Fig. 8). There are only minor changes
in the region of the crust. This means that the
temperature drop is not correlated with the water
content (the most abundant molecule in the comet).
Water and carbon dioxide behave independently.
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Fig. 8: Depth profile of minerals in the KOSI-4
sample after 38 h insolation at. 0.65 SC and CO2
evaporation.

CONCLUSION

The insolation of cometary analog materials leads
to an increase in surface temperature and the
sublimation of the most volatile components. In the
experiments reported here the sublimation front can
be followed via the CO2 content. It is correlated
with a temperature front: towards the surface,
where the temperature is around or over the
sublimation point of CO,, all of it has escaped the
sample. But underneath this front where the

original surface

\f\,. »l»S/*t«IV../*—»

Surface after insolation

temperature is below the sublimation point, the CO2
content is higher than the original. It then
decreases slowly to meet the original value in a
greater depth. This hump in the concentration curve
is a clue for inward diffusion of CO, molecules
which recondense when reaching lower temperatures
at greater depth.

This phenomenon can very well be correlated with
the theoretical calculations of S. Espinasse
(Réf. 13) who simulated CO and CO, depth profiles
by modeling the equation of heat transfer and the
equation of gas diffusion in a porous icy material
(see also Réf. 14). These calculations showed an
enrichment layer of volatiles in greater depth
similar as was found in the experiments reported in
this paper.

For KOSI-4 the inward sublimation was estimated by
the integral of the hump of the CO2 curve: Fig. 9
shows the relative CO2 distribution at the end of
the experiment.

Such a sublimation-recondensation process could of
course also be observed for other volatiles leading
most likely to a stepwise temperature profile and
corresponding enriched layers of frozen volatiles
such as in a kind of "thermochromatography". The
less volatile elements could be found at or near
the surface, the more volatile ones in greater
depths of the icy nucleus.

The results show that the volatiles play a very
important role in the heat transfer in such a
porous matter. This is confirmed from the analysis
of the thermal profile and its evolution during the
experiment (Réf. 14).

On a real comet, this will finally lead to
variation of the chemical composition depending on
the depth. Such a chemical differentiation has
already been predicted by Houpis et al in 1985
(Réf. 15). This leads to the bitter conclusion that
it is highly dubious to predict the quantitative
composition of a cometary nucleus from the
observation of gas components in the coma.
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SOME CONSIDERATIONS ON COHESIVE FORCES IN SUN-GRAZING COMETS

J Klinger, S Espinasse & B Schmitt

Laboratoire de Glaciologie et de Géophysique de l'Environnement, St Martin d'Hères, France

ABSTRACT

(lsinn << theory dt'vi'lopi'il I)V >\|;j;,irw,>! ,nul Olii-rhcck
(I')7|.) un lidnl disruption of rigid Imdies. ,ni
l'.stiin.iU' l,s f;i\cn for the iiifcrniil ruhesinn nf
prominent MIII-gra/ers. Considering the conu't ,i.s ,1
fluffy body, requirements arc set on the tensile
strength nf the ni.it ri.x niiiti-rial.

Keywords : Comet nuclei,
strength, intern.ll cohesion.

sun-gra/prs. tensile

INTRODUCTION

In 1%,'i, Whipple (Ret. 1) pointed out that sun-gra
/.ing comets must have an internal cohesion, other-
wise they would have been disrupted by tidal forces.
On the other hand, a great number of comet split-
tings have been observed, but these events occurred
in a wide range of heliocentric; distances (between
less than 2 solar radii up to 9 A. U., see Réf. 2), and
no clear correlation between tidal forces and comet
splitting has yet been established (Réf. 3).

The purpose of this preliminary work is to fix some
limits to the tensile strength of sun-gra/ing comets
using data of disappearence or survival of such
comets.

THE MODEL

Based on a theory developed by Aggarwal and Ober-
beck (Réf. 4), we estimate the relative disruption
distance K=DXR for spherical model comets having
a given radius a, an average density p and a tensile

T. D is defined as the distance of the cen-
ter of the comet to the center of the central body
(here tlu. s,,,,) ,„„) R jj. fh|> M(,ius <>f fhjs ,.,,„„..,1
body.

Following the notation of Réf. 4, a cometocentric
cartesian coordinate system is used with the x axis
pointing to the center of the central body and the 7.
axis being perpendicular to the orbital plane.

Different situations are considered :

I. Disruption starts at the surface of the comet in
point B(0,a,<» :

/20 YTTP a2;
(I)

II. Disruption starts at the surface of the comet in
point C(0.0,a) :

.« YTTP a'p.,.1/3

III. Disruption starts in the center of the comet
O(0,0,0) :

, 100

With : y • gravitational constant
p : average density of the comet
P0: average density of the central body
T : tensile strength

The comets are considered to be spherical and ho-
mogeneous at a macroscopic scale. In order to esta-
blish a relation of the tensile strength Ts of the
solid matrix and the effective tensile strength of the
whole comet T, we define an effective cross section
derived from Russel's formula. Russel's formula is a
classical way of defining an equivalent geometry of

Prac. of an International Workshop on Physics and Mechanics ofCometary Materials, MUnsler, FRG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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porous media with homogeneous and isotropic pore
distribution (see Réf. S). We thus obtain :

T - I - (v ) 2/ll.T (1)I - I \ VpI ls \'H

With : V,, : relative pore volume

It can be shown, that in all cases under considerati-
on here the disruption starts in the center of the
body: thus only this case wi l l be presented here.

RESULTS

For two values of the effective average tensile
strength of the nucleus (100 and 10 000 Pa). the
relative disruption distance :•• has been calculated as
a function of comet radius, in all cases the density
of the solid matrix has been taken as 1000 kg/m3.
Three average densities of the nucleus have been
considered : 200. 500 and 800 kg/m". The results are
shown in fig. I - 3. The disruption distances of nuc-
lei without internal cohesion are also indicated I»
these plots. The results are compared to the perihe-
lion distances of three prominent sun- gra/.ers.

It can be seen that for all values of the average
density considered here, even small comet nuclei
without internal cohesion should desintegrate at
distances lower than 1.5 solar radii. Only small pie-

ces (less than 1 km in radius) of romet.iry matter
can survive with ,1 tensile strength of 100 PA. On the
other hand, comets of reasonable si/e can withstand
the conditions of comet 1(107 I wi th a tensile
strength of 10*Pd. The effective tensile strength and
the tensile strength of the solid matrix required for
the survival of an object of 1C km in radius as a
function of average density is shown in table I.

Table II shows the maximum radii of comets having
a tensile strength of the matrix material comparable
to that of compact hexagonal ice at low temperatu-
res (1.5 MPa, Réf. (,).

Table I : Teulle strength required for the cunfval of
a comet with a radio* of 10 km at • perihelion dl-
aUnce of comet 1887 I aa a function of average
denaity (denattjr of the matrix material : 1000 kf/m»)

(I (kg/m-'l T (Pa) Ts (Pa)
200 10» 7.25-10*
500 2-10« 5.1.10*
HOO 2.(>-10* +• 10*

(solar radii)

Roche limit without internal cohesion

radius of the comet (km)

Fig. 1 : Roche limits for a comet with an average density of 200 kg/m3

and with effective tensile strengths T of 102 and 10* Pa as a function
of comet radius. The Roche limit for a body without cohesive strength
as also indicated. Further are shown the perihelion distances of several
prominent sun-grazing comets.
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ltochu limit without internal cohesion

1880 I-
1680

1887 1

10 20
radius of the comet (km)

Fig. 2 : Same as fig. 1 for an average donsity of 500 kg/m3.

6 (solar radii)

2 •-

Roche limit without internal cohesion

10* Pa

•1880 I-
1680

1887 I

> i i i I I

10 20
radius of the comet (km)

Fig. 3 : Same as fig. 1 for an average density of 800 kg/rn3
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Table H : DUrupUon radiui u • function of average
draattr of a comet having a tensile itrength of the
matrix material of 1.5 Mh («une condition* M table
I).

R ( km)P <kg/nv>)
200
SOO
aoo

49
!H
(.1

DISCUSSION

The study of the survival of comets exposed to tida/
forces is the most promising way to estimate the
internal cohesion of comet nuclei. In the present
work we considered comet nuclei as macroscopicaly
homogeneous bodies with a fluffy texture that arc

submitted to tidal forces only. The influence of the
centrifugal forces due to the rotation of the nucleus
und that of the gas pressure of the sublimating ice
layers are neglected but will be included in future
work.

CONCLUSIONS

The resistance against tidal disruption of sun-gra-
zing comet ary bodies is well compatible with a fluf-
fy texture of the nucleus considered as an aggregate
of small particles "glued" together by cold ices or
rold hydrocarbons. If the material properties of the
surface layers of short period comets are similar to
the properties of the deep layers of sun-grazers, the
anchoring and sampling procedures for the ROSETTA
mission have good chances of success.
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PENETRATION OF SUBLIMATING ICE-DUST-SURFACES
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ABSTRACT

Laboratory simulation experiments have shown that subli-
mating surfaces of ice-dust mixtures are unstable against
mechanical stress. This instability may be caused by a pres-
sure gradient within the uppermost layers of the simulated
cometary surface. Different kinds of stress, such as pene-
tration, pressure change a low velocity particle impact were
examined. In every case sudden increase of dust emission ac-
tivity was observed. Evidence for real comets and possible
consequences for the Rosetta mission are discussed.

Keywords: comet simulation, cometary dust, dust mantle,
dust emission processes

1. INTRODUCTION

What happens when touching a cometary nucleus? Physics
of the uppermost layers has not been investigated satisfac-
torily so far, but there is plenty of evidence that surface
layers are mechanically quite unstable. At least at the in-
nermost branch of the orbit, for low heliocentric distances
resp. post-perihelion time, when temperature is relativley
high, stability against even small perturbations is probably
low. This non-equilibrium state of surface layers, which are
caused by sublimation and flow of gases, is directly con-
nected with emission and acceleration of solid particles from
the surface. Which processes are responsible for dust and ice
particle release from the nucleus, depends on the pre-history
of the comet. Large particles can be lifted off when a fresh
ice surface is sublimating. When a permanent dust mantle
has built up only much smaller particles may be emitted, but
because of the finite gas permeabilty a gas pressure gradient
throughout the mantle may occur, which can cause sudden,
disruptive acceleration of mantle particles.
In every case mechanical penetration of the uppermost lay-
ers of an "active" comet will cause increased solid particle
emission from the surface. In this paper we will present some
results from sublimation experiments, which showed that in-
deed particle release from ice-dust-samples may be triggered
by penetration and mechanical stress. Furthermore the main
theoretical concepts of mantle development and dust release
from cometary surfaces are referred in order to explain this
effect. We discuss the conditions under which triggered par-
ticle emission will occur, and draw attention to the conse-
quences of taking cometary samples and drill cores. It seems
probable that even by touching the uppermost nucleus layers
their original structure may be destroyed.

2. THEORY OF SOLID PARTICLE EMISSION

Release of solid particles from the cometary surface is
strongly correlated with gas dynamics at the surface, and
hence the sublimation process, and on the other hand with
processes of dust mantle development and its consequences

for the gas flow. First approximation to the problem is as-
suming a free sublimating ice-dust-surface (Réf. 1), where
gas production is given by the sublimation rate Z (per time
and unit area):

where m is the molecular mass (of water), p the vapor pres-
sure, k Boltzmann's constant and T the temperature. It
is assumed that insolation energy is totally transferred into
sublimation. The sublimated gas expands into the vacuum
by a diffusive process. Diffusion coefficient of this gas trans-
port depends on the mean free path within the regime above
the sublimating surface. Whipple and Stefanik (1967) pro-
posed a diffusion coefficient given for free molecular flow of
the gas into the coma.
Basic concepts of dust release have been developed by
Delsemme and Miller (Réf. 2). They found that only parti-
cles smaller than a critical size ac can be lifted off from the
surface:

9 qmva
c 167T (RnGgn)Bd

with gas flux qm, gas velocity V9, radius Rn and bulk density
£>„ of the nucleus, the dust particle density Q^ and gravita-
tional constant G. For solid particles with fluffy structures,
e.g. filamentary sublimate residues described by Storrs et
al. (Réf. 3), particles up to dm-size may be emitted from a
cometary surface (Réf. 4).

pressure force

FCO

tensile strength forces
gravitational force

Fig. I: Balance of forces acting on a particle at the surface
of an ice- dust-body. Drag force Fp is usually balanced with
gravitational force Fa plus coherent force FCO- When bonds
of the particles such as icy connections of one particle to
another are destroyed by a mechanical stress process (pene-
tration, pressure change) Fp gets large enough to lift off the
particle.
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dust mantle
•••••••••
icy core

b.

Particles larger than the critical sizes remain on the
cometary nucleus, building up a dusty mantle, which con-
tains, because of direct solar irradiation and relatively high
temperatures, almost no volatile material. Whether such a
dust mantle is stable or not, whether it may be blown off dur-
ing perihelion passage and rebuilds in the aphelion, depends
on material parameters and on the model assumptions. A
few authors have modelled and calculated different scenarios
of dust mantling (Refs. 5 -10), and they get rather different
results on the mantle stability. Critical parameters are for
instance the grain size distribution and the gas permeabil-
ity of the mantle. However, the importance of dusty surface
layers on solid particle release is generally accepted.
Particle acceleration from a dust-layered surface may occur
by two different processes. Fanale and Salvail (Réf. 8) de-
scribed this fact using the concept of a "quiescent" and a
"disruptive" mode. The quiescent mode is characterized by
a Knudsen flow throughout the porous mantle. Within this
regime pore radius plays the role of mean free path. Com-
pared with free gas flow maximal grain size is lower by orders
of magnitude, depending furthermore on the fact whether a
Knudsen model with long, cylindrical pipe pores or a "trap-
ping" process of the smaller mantle grains is assumed (Réf.
11). Particle emission in this mode is in all cases much less
than in the disruptive mode.
The finite permeability of the dust mantle leads to a pres-
sure gradient between the sublimating ice surface (below the
mantle) and the mantle surface. The pressure underneath
the mantle causes a force acting on single mantle particles
resp. ensembles of dust grains which might be bonded by co-
hesive forces. The drag force, given by gas-dust-interaction
exerts repellent, as gravity and cohesion act attractively.
The force balance equation is:

4?r ,
~-T3gdg± + Fcoh
A

where P is the pressure difference across the particle, r the
single grain radius, ga vertical gravitational acceleration and
Fcoh the cohesion force, depending on the kind of parti-
cle bonds within the dust mantle. The latter term might
be rather low for "dry" dust mantles (with low content of
volatiles) due to solid body forces between the mantle par-
ticles (for instance like binding forces of phyllosilicates pro-
ducing "filamentary sublimate residues", Storrs et al., 1988).
However, additional cohesive binding forces at the cometary
surface may be given by still remaining icy components (Réf.
12). This ice acts as a glue between solid grains, and sets
the particles free after sublimation. These processes are de-
scribed by the fracture mechanical model of particle bonds
and dust emission by Kochan et al. (Réf. 12). As the
amount of volatile material in the uppermost layers has to
be relatively high for this case, the emission processes may
just occur for fresh surfaces with large fraction of exposed
ice.

The disruptive dust emission has to be imagined as a quite
explosive process. When the left hand side of force balance
equation gets larger than gravitation and cohesion, sudden

Fig. 2: Penetration of any mechan-
ical device may trigger strong parti-
cle emission from tki ,urface of a
dull mantle when a pressure gradi-
ent Ap exists. This pressure gradi-
ent depends on the temperature of
the sublimating surface of the iey
core and on the gas permeability of
the probably porous dust mantle it-
self.

destruction of the dust mantle becomes possible. Part of the
whole mantle might be blown off. A new free sublimating
surface remains.
Taking into account this models of dust emission it seems
to be very probable that dust mantles at cometary surfaces
and the uppermost layers of the nucleus are unstable against
mechanical stress or penetration. Even a quite soft touching
of the surface or a rapid change of environment pressure may
destruct bonds at the surface (dust bonds or icy glue) and
consequently trigger emission of particles.

3. EXPERIMENTAL RESULTS
The phenomenon of triggering particle emission by mechan-
ical stress has been experimentally studied within sublima-
tion experiments of the comet simulation (KOSI) project. In
a space simultion chamber at Deutsche Forschungsanstalt fiir
Luft- und Raumfahrt (DLR) in KoIn samples of ice- dust-
mixtures have been investigated under interplanetary space
conditions. For detailled description of the experimental
sptup see Kochan et al. (Réf. 13). Influence of mechani-
cal penetration and pressure change has been investigated.
Furthermore effects have been observed which supporl hy-
pothesis of a unstable mantle at the sample surface. Physical
processes, observed in the simulation experiments, may also
be important for phenomena at real comets.
1. Penetration. Mechanical penetration by the needle
pin of a forcemeter leads to strong particle emission (see
Fig. 2). A large number of particles, consisting of dust
agglomerates and icy particles, are lifted off from the sample
surface with velocities of a few m/sec. Fig. 3 shows a photo
and a motion field of a particle "shower" which is emitted
from the sample. Most particles are emitted in the direction
of solar irradiation (Réf. 14).
2. Pressure change. It has been observed that sudden de-
crease of pressure above the sample, which causes mechani-
cal stress at the surface layer, does trigger particle emission,
too. Solid ice- or dust-particles may be emitted from ice mix-
ture samples at a temperature below the triple point of the
volatile component, where ice doesn't meit but sublimates.
Particles are propelled by the gas flow, which is diffusing
into the vacuum space.

3. "Particle avalanche". Particles, which are emitted
from the surface and which are not fast enough to leave the
sample, fall back onto the sample. Falling on the upper layer
they may trigger emission of other particles, and repeating
this process, an avalanche-like shower may occur (see Fig.
4). Hence, a large number of particles are emitted in a short
time interval from the sample. This effect was well observed
by video camera observations of the sample surface .
As the mechanical strength of the surface layer, even when
they are in a sublimating mode at high ire temperatures, is
so low, in situ-measurements of the forces have so far not be
accomplished.
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Fiff. 5,- Particles emitted from an ice-dust-samplc within a space simulation chamber under irra-
diation (photo at left). Right hand side the motion field of the particles, which have been surveyed
by a video camera. Particles are accelerated from the sample surface oftenly in "showers ", sudden,
explosive events, in whcih a large number of particles arc lifted off.

4. DISCUSSION

Effects of mechanically unstable dust mantles at the sur-
face of sublimating ice samples are in some agreement with
theoretical models of phenomena at real comets. Indeed a
pressure gradient between the sublimating ice surface (resp.
the whole inner surface of a porous ice body) below the dust
mantle and the pressure above the mantle may cause suffi-
cient forces on the surface particles to JiU them. When Fco),,
static forces, which are effects of physical bonds, are de-
stroyed by penetration or other mechanical stress, repellent
forces by gas drag become dominant and lift the particles
up.
This effect is probably also important for the surface of real
comets. Up to now no direct evidence for cometary sur-
face processes from space missions or astronomical observa-
tions exist. But simulating the conditions and properties of
cometary bodies as good as possible in terrestrial laboratory
environments, it should be possible to get an idea of the sur-
face physics. For this reason it seems probable that at least
an active cometary nucleus has an extremely sensible surface
layer which may be destructed just by touching it.

This might have consequences for possible landing of a probe
on or entering a penetrator device into the comet's surface.
As it is not planned for the Rosetta mission to land and take
samples at an active region of the nucleus, volumes of high
pressure within the uppermost layers of the nucleus, which

primary emission process 1^Ov

mple surface

irradiation

Fig. 4: Schematic figure of a an avalanche-like effect, which
causes a particle shower: ice-dust-particles, which are falling
back on the surface in a primary emission process due to
gravity induce new particle emission. Hence a multiplica-
tive effect may occur producing the shower-like phenomenon.
This effect is just possible as the mechanical stability of the
sample surface is quite low.

have be produced by volatile constituents and havn't still
gassed out, might expand suddenly when mechanical bonds
of the mantle break up. Even by touching the upper mantle
layer it might be destroyed. If this effects really acts at
cometary nuclei, it should be taker, into account by planning
drill experiments.
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ABSTRACT
It is generally believed that parts of the surface of a cometary
nucleus are coated by non - volatile dust mantles, below which
the cometary ice is buried. These dust mantles may be either
extremly loose structures or they may exhibit some internal
cohesion. In any case they are expected to be rather fluffy
and porous, so that the vapour sublimated from the under-
lying ice is able to flow outward through the pores of such a
mantle. We first give some critical comments regarding the
validity of the Knudsen diffusion formula, which is generally
used for the gas outflow through a cometary dust mantle at
low densities, and subsequently present an alternative model
for the gas flow through straight capillaries based on a Monte
Carlo calculation. The results are compared with those given
by the simple Knudsen diffusion formula, and the differences
between these two approaches are discussed. Finally the rel-
evance of the Monte Carlo model for the interpretation of
recent KOSI experiments is pointed out.

Keywords: Cometary dust mantles, gas diffusion.

1 INTRODUCTION
The inhomogeneous structure of a cometary nucleus and its
surface has become more and more evident in the last few
years, in particular due to the results of the space missions to
comet Halley. Several independent observations suggest that
large parts of a cometary surface are coated by a porous dust
mantle of variable strength and thickness, whose structure
changes in response to variations of heating, sublimation and
chemical processes taking place on the cometary surface. A
further line of evidence for the build - up of dust mantles on
cometary surfaces comes from comet simulation experiments,
where dusty ice samples deposited in a vacuum chamber are
irradiated by an artificial sun (Ibadinov et al., 1989; Grim et

al., 1989). The build - up and erosion of such dust mantles
depends on many poorly known parameters such as the size
distribution of particles and cohesive forces between neigh-
bouring particles. In most of the existing theoretical mod-
els (e.g. Fanale and Salvail, 1984) only the balance between
gravitational attraction and gas drag is considered to be re-
sponsible for the history of the dust layer. In all these models
the flow velocity of the gas through the pores of the mantle
is assumed to be given by the Knudsen formula in the case

of low density and small capillaries and by a combination of
Poiseuille's and Knudsen's formula otherwise.
In the present paper we restrict ourselves to the case of free
molecular flow through the mantle but avoid some of the
restrictions inherent in Knudsen's formula. In particular it
is possible with our Monte Carlo model to treat not only
long and thin pores but also flow channnels of arbitary size,
through which the total gas flux may be quite different.
Evidence for the existence of such large pores also comes from
recent comet simulation experiments (Griin et al., 1989).
In section 2 we give some critical comments concerning the
applicability of Knudsen's formula for cometary dust man-
tles, in section 3 the Monte Carlo model is described, and in
section 4 the results of our model are summarized.

2 KNUDSEN DIFFUSION
In his original work Knudsen (1909) derived an expression for
the net flux of gas molecules through a capillary tube with a
circular cross section for a steady state situation. It is given
by

H/£T<*-^ (i)
where rp is the capillary radius, L is the length of the cap-
illary, T is the temperature, m is the mass of the molecules,
and k is the Boltzmann constant. P\ and PI are the pressures
at the lower and upper end of the tube. This formula was

originally derived under the following conditions:

• The whole system is isothermal.

• The gradient in the number density along the tube is
constant and small.

• The tube is long and thin, i.e. no boundary effects are
taken into account.

If both a density gradient and a temperature gradient exist
along the tube, an extension of the simple Knudsen formula
is given by

® = 3\rnk.

where T\ and Ta are the temperatures at either end of the
tube (see also Knudsen, 1950). For both equations the basic
assumptions are that

PTOC. of an International Vforkshop on Physics and Mechanics of Cometary Materials, Monster, FRG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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• the gas density is small enough that the number of colli-
sions among the molecules can lie neglected so that the
behaviour of the gas is determined by collisions with the
wall,

• at any collision with the wall the molecules are emit-
ted into an arbitrary solid angle within 2 JT half space,
i.e. the molecules do not "remember" the direction of
encounter and

• no gas molecules are lost or produced in collisions with
the wall.

Although the equations given above can be further improved
by introducing an experimentally determined tortuosity fac-
tor in order to account for deviations from the cylindrical
geometry of the tubes, there remains some uncertainty due
to the fact that across a dust layer covering sublimating ice
a steep temperature gradient over several hundred K may ex-
ist. Further, the (low channels may have macroscopic sines of
the order of millimeters, so that the tubes can no longer be
assumed as being long and thin.

3 MONTE CARLO MODEL
We assume that the porous crust can bo modelled as a solid
containing straight capillaries with a certain radius rp and
a fiiven distance D from each other, as illustrated in Fig-
ure 1. Below the non - volatile crust sublimating ice injects
gas molecules into the tube in random directions. The parti-
cle emission rate per unit area of icy surface is determined by
the ice temperature and is given by

where u? = i>2. + i'j[. Subsequently the trajectories of the
particles can be computed, and the number density n as well
as the average flow velocity v along the lube is calculated.
In order 10 obtain the number density of the molecules from
the number of counts in each computational cell the density
in the first cell is determined from the vapour pressure of the
underlying ice. This value is used as a normalization factor
for the density profile.
The net particle flux Q is then given by the product H(Z)V(Z).
Our results exhibit tha t Q is essentially constant along the
tube, indicating that a steady state is rapidly reached.

SOLAR RADIATION

SAS FLOW

\

Ijr '•;'-,• vi J-xV-^ '. ' ';?

/

?-<J POROUS CRUST
'-• r3

Figure 1: Schematic representation of cometary surface struc-
ture: Non - volatile layer with pores covering the cometary

Z(T) = (3)

where for water vapour a = 3.56x 1012 N/m2 and 6 = 6141.667
K (Fanale and Salvail, 1984). It is clear from Figure 1 that
in order to find the total gas flux per unit area of porous
medium it is sufficient to compute the average particle flux in
the direction of the tube axis. Further we assume that colli-
sions occur primarily between the molecules and the wall of
the tube. In this case the trajectory of a particle and the time
between two collisions can be calculated according to the basic
geometry illustrated in Figure 2. If (x0,y0,z0) is an arbitrary
collision point on the tube mantle and (vx, uy, V1) are the ran-
domly generated velocity components (hereby the modulus of
the velocity is calculated via a Maxwellian probability func-
tion for a given local wall temperature), the time between two
collisions and the coordinates of the collision point are given
by

t = V, ," " ('')

and

•C\ ~

2/1 = 2/0 + Vy

ZI = Z0 H- v,
(6)
(7)

In order to calculate the time of flight from the injection point
at the lower end of the tube until the first collision point the
following formula is used

_ $v} - (x0vy -

PI Ix11Y11Z1)

Figure 2: Basic geometry of the Monte Carlo model:
Molecules are injected at the lower end of the tube and the
trajectory of each particle from one collision point P0 to the
next collision point PI is followed.

(8)
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4 RESULTS AND
CONCLUSIONS

VVo have performed some representative calculations, assum-
ing a situation as illustrated in Figure 1, namely outflow of
sublimated water vapour into a vacuum. As can be soon from
Figure 3 the existence of a temperature gradient within the
tube is only of minor importance for the shape of the dort-
sity and velocity profiles. The net, particle ilux appears to
be independent of the existing temperature gradient within
the tube. For the isothermal case (T - 200 K) the effect of
different tube lengths on the density and velocity profiles is
illustrated in Figures 4a - 4d and 4aa - 4dd, respectively. In
all figures it can be seen that there is a steep density decrease
between the lower end of the tube and about 1/10 of the tube
length. In the remaining part the density decreases linearly,
which is in agreement with Kmidsen's formula. Table 1 com-
pares the particle fluxes through the tube as calculated by
the Monte Carlo simulation with those predicted by Knud-
sen's formula for various tube lenghts in the isothermal case.
In our calculations we found that the (luxes differ by a factor
2 - 3. For short tubes the Monte Carlo simulation gives lower
values than the Kuudsen formula; for long tubes the situation
is reversed. A similar result was found for the non isothermal
cases. In recent KOSI experiments pores were observed with
a capillary radius in the size range up to millimeters. Because
the total thickness of the dust layer is in the centimeter range,
the simple Knudscn formula may not be applicable, while the
Monte Carlo model is still useful.
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Table 1 : Comparison of particle fluxes for various tube lengths
calculated by Monte Carlo simulation (MC) and from Knud-
scn's formula (KN)

L [mm] [sec-1]

4 7.457 x 10H 18.793 x 10"1

20 3.041 x 1014 3.759 x 10H

100 1.029 x 1014 0.752 x 1014

500 0.298 x 1014 0.150 x 1014
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ABSTRACT

Numerous and consistent observations of light
scattered by cometary dust allow to derive
accurately the degree of linear polarization as a
function of the phase angle, and the bulk geometric
albedo. The derived values are typical of rough,
pitted or aggregated textures. The decay with
decreasing solar distance of interplanetary grains
spiralling towards the Sun may be a clue to the
thermal evolution of the coating which aggregates
the cometary grains. The results indicate some
break off of the clumps of grains, some loss of
organic mantles by heating and the existence of
various populations of dust particles.

Keywords : Cometary dust, interplanetary dust,
polarization, albedo, porosity.

1. INTRODUCTION

Polarization and albedo of light scattered by
surfaces (planets, asteroids, satellites...) or
grains (cometary dust, interplanetary particles...)
are relevant indicators of their porosity,
roughness and individual size.

The degree of polarization is usually defined as
(IHsV(H+'2). where H and \z are the components
with electric vector respectively perpendicular
and parallel to the scattering plane (defined by the
directions of illumination and observation, see Fig.
1). A negative polarization (direction of
polarization in the scattering plane) at small phase
angles may occur because of shade effects
affecting the double reflected rays inside the holes
of a surface or of a grain (Wolff, 1975); it is
therefore an indicator of the roughness of the
scattering material. Also, the value of the
inversion angle (phase angle of the neutral point) on
a polarization degree w.r.t. phase angle curve is

likely to decrease with the ratio of double reflected
to single reflected light components, i.e. with the
surface porosity of the material.

Ecliptic
pole

Ecliptic plane

Fig. 1. Geometry of the observations of
polarization of solar light scattered by cometary

or interplanetary dust.

The geometric albedo is defined as the ratio of
energy scattered by a planet or a grain at 0° phase
angle to that scattered according to Lambert's law
by a white disk of the same geometric cross
section (Manner et al., 1981) ; high albedos are
indeed typical of ices or ice-dust mixtures . An
empirical relationship is found for various samples
between the slope of the polarization at inversion
angle and the geometric albedo (Bowell et al.,
1973; Geake and Dollfus, 1986); an increasing
albedo can be an indicator of a decreasing
roughness for a planetary surface or of a
decreasing size for an individual grain.
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2. POLARIMETRIC PROPERTIES OF
COMETARY DUST

Numerous observations of the polarization of solar
light scattered by comet Halley dust have been
performed in 1985-1986 by several independent
groups. Compilations and analysis of the data
already published or now available in IHW
(International Halley Watch) archives have been
made by Dollfus et al. (1988) and Dobrovolsky et
al. (1989).

The evolution of polarization at large solar
distances, the polarization mapping over the whole
cometary coma, the wavelength dependence in the
near infrared region and the circular polarization
characteristic values may still be discussed.
However, there is a good agreement on the phase
angle (a) dependence of the linear polarization (Fig.

2).
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Fig. 2. Polarization of cometary dust (continuum
around 500 nm for P/Halley),

as a function of the phase angle,
for telescopic and in-situ measurements

in the inner coma (from Dollfus et al., 1988)

The polarization of comet Halley is negative at
small phase angles, with a minimum of about - 1.6
% near 10°. It changes sign for a - 21°, with a
rate of increase of 0.3 % per degree. Then it
increases almost linearly, at least up to 70°.
Anomalously high transient polarizations have been
observed during a few days near a = 25°.
However, the polarization is not very sensitive to
cometary outbursts. The previous values may
therefore represent some bulk properties of the
cometary dust in the 0.6 to 2.0 AU heliocentric
distances range.

The above polarization parameters are in rather
good agreement with those measured for other
bright comets. They allow us to derive a synthetic
curve with a polarization maximum of the order of
25%. Some physical properties of the cometary
dust may be derived from it {Dollfus, 1989). The
negative polarization characterizes rough, pitted
or aggregated textures. The slope at the neutral
point indicates a low geometric albedo (below
0.06). The value of the inversion angle suggests
uncompact textures i.e. low density aggregates;
however, high transient polarizations could be
produced by more compact fresh dust, with some
volatile cement not yet completely vaporized
(Wallis et al, 1987). Finally, the value of the
maximum may be an indicator of the very small
size (below 1 iim) of the individual grains.

One could assume from these results that the
(unactive) surface of a comet nucleus consists of
rough and dark low density aggregates of very
small grains. The thermal evolution of the cement
or coating which aggregates these grains should be
a clue to a better undestanding of the mechanical
properties of the surface.

3. POLARIZATION PROPERTIES OF
DECAYING COMETARY DUST

It is usually assumed that the cometary dust is a
most significant source for the interplanetary dust
cloud. The dust grains spiral towards the Sun under
Poynting-Robertson effect, with a time scale of the
order of 10 000 years at 1 AU and may be blown
off under radiation pressure once they are small
enough. The interplanetary cloud is supposed to be
stable with time. It presents a maximum of density
towards the Sun and has a rotational symmetry
axis that only slightly deviates from the Sun-
ecliptic pole axis (Leinert and GrOn, 1988).

The optical properties of the interplanetary dust
are inferred from observations of zodiacal light,
i.e. solar light scattered by interplanetary dust
particles and thermal emission from these
particles. The measurements of both scattered
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light and thermal emission provide integrals along
the line of sight. They need inversion techniques to
be interpreted in terms of local properties.

Our present knowledge of the zodiacal light
polarization mainly comes from ground based
programmes (Weinberg, 1964 ; Dumont and
Sanchez 1975 ; Fechtig et a!., 1981). In the
ecliptic plane, local values can be derived from the
nodes of lesser uncertainty method (Dumont and
Levasseur-Regourd, 1985 ; Levasseur-Regourd et
al., 1989).

The local polarization at 90° phase angle (Fig. 3)
decreases with solar distance, from » 30% at the
Earth's orbit level to - 20% at 0.5 AU from the
Sun. This result demonstrates the heterogeneity
(heliocentric distance dependence) of the zodiacal
cloud.
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Fig. 3. Polarization of interplanetary dust,
at right phase angle,

as a function of the solar distance
(from Levasseur-Regourd et al., 1989)

The polarization curves at 1.5 AU and 1 AU (Fig. 4)
are also derived in the ecliptic plane, at least for
the 0° to 90° phase angle range. The general trend
is quite reminiscent of the synthetic curve obtained
for comets. The inversion angle is possibly lower
than in the cometary case. Such a result would
indicate that the interplanetary grains are, on the
average, more compact than the cometary ones.

Out of the ecliptic plane, at least in the plane
perpendicular to the Sun-Earth axis, a local
polarization can also be derived from the node of
lesser uncertainty method. At « 0.37 AU above the
ecliptic plane and « 1.08 AU away from the Sun,
the local polarization at 70° phase angle remains of
the order of 10%.
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as a function of the phase angle
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In the ecliptic plane, the corresponding polarization
can be derived from an interpolation of the phase
angle dependence, with an extrapolation of the
heliocentric distance dependence. It is equal to =
25%, i.e. much greater than above the ecliptic
plane. This result demonstrates that the bulk
optical properties of the interplanetary (and
possibly cometary) grains strongly depend upon
their location in the solar system.

4. ALBEDO OF INTERPLANETARY DUST
GRAINS

Thermal emission from interplanetary dust grains
has been observed mainly from IRAS spacecraft
(Hauser et al., 1984). The nodes of lesser
uncertainty method allows to derive local
temperatures from thermal emissions measured at
2 wavelengths. Once both the thermal energy
emitted in the infrared and the energy scattered in
the optical domain are known, the local albedo can
be computed (Dumont and Levasseur-Regourd,
1988).
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In the ecliptic, at least in a 1.0 to 1.3 AU range,
the local temperature varies as

270 p-0.38±0.05 K

where R is the solar distance. The discrepancy
with a greybody case (-0.5 gradient) is attributed
to a different evolution of visible and infrared
cross sections.

The local albedo at 90° phase angle varies as
0.07 R'0-7

This result is in good agreement with the evolution
of local polarization previously mentioned, since
increases in albedo are usually correlated with
decreases in polarization on various planetary
surfaces or samples.

It is most likely that a significant contribution of
in-ecliptic dust comes from porous, rough and dark
corr.atary grains. As they spiral towards the Sun
under Poynting-Robertson effect, their heliocentric
distance slowly decreases. As suggested by Mukai
et al. from theoretical studies (1986), the loss of
organic material by heating would produce an
increase in albedo with decreasing solar distance.
The sputtering by solar wind particles and the
sublimation of organic volatiles (and/or ices)
would both produce a decrease in roughness,
porosity and size. It should be noticed that the
evolution of the bulk albedo at 90° with
temperature is found to be of the order of 10~6 T2.

At 1.05 AU from the Sun and 0.32 AU above the
ecliptic plane, the temperature is equal to 215 ±
10 K, i.e. much smaller than It would be in the
ecliptic at the same heliocentric distance. As
noticed previously, the decrease in local
polarization is linked to an increase in bulk albedo.
The corresponding albedo is equal to 0.107 ± 0.04.

The dust particles found at 0.38 AU above the
Earth's orbit are, on the average, less porous and
maybe smoother and smaller than in the ecliptic at
the same solar distance. It is likely that the direct
injection of cometary dust is not the only supply
for the interplanetary dust cloud. Other sources
could be decaying cometary dust, p meteoroids
isotropically pushed away by the solar radiation
pressure and asteroidal dust.

CONCLUSION

Cometary nucleus inactive surfaces are I <ely to
consist of rough and dark low density aggregates of
very small grains. The porosity (or compactness)
may change significantly with the heliocentric
distance and, even more, with the "age" of the
comet. The dust aggregates properties strongly
depend upon the local temperature, whence the

necessity of an accurate temperature control on
board the return capsule.
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MECHANICAL PROPERTIES OF 'FLUFFY' AGGLOMERATES CONSISTING OF
CORE-MANTLE-PARTICLES

S Pinter, J Blum & E Griin

Max-Planck-Institut fUr Kernphysik, Heidelberg, FRG

ABSTRACT

In order to simulate coagulation of protoplanetary ciu.st
particles as vvrl) as electrostatic fragmentation of inter-
planetary dust, a technique for producing fluff} ' agglo-
merates consisting of core-mantle-particles was deve-
loped. Spherical glass with different si/.e distributions
U30 |im and 40-80 |im) is used as core material. N-penta-
cosane is chosen as mantle material . The densities of
the f lu f f} agglomerates varj from 0.(> to 0.') gem"'' and
their porosit} is ranging from 50'Z to 70%. Moreover,
the compaction behaviour of the samples is investigated
by measuring the pressure needed for a given com-
paction. Measurements of the tensile strength of the
particles are carried out by means of electrostatic
fragmentation. The derived values for the tensile
strength range from '•10'' to 107 Pa.

Keywords: Low density agglomerates, mechanical
properties of low density agglomeratas. electrostatic
fragmentation, coagulation.

material, the adequate amount of n-pcntacosane is
weighed and dissolved in n-he\anc. The corresponding
mass of solid material is added and the resulting sus-
pension is cooled clown to room temperature. The sample
is placed in a vacuum chamber and the pressure is
lowered to about 200 l'a. While the pressure is decrea-
sing. n-he.\ane is cooling off and thus leading to the
deposition of the organic material on the grain surfaces.
As a result of the rapid evaporation of the solvent,
the rore-mantic-particles are whirled and adhere one
to another forming low density agglomerates. To reach
complete evaporation of the solvent, the sample is ev-
posed to the vacuum for 2-1 hours. The importance of
the above mentioned preparation steps was confirmed
by a fur ther series of experiments in which single com-
ponents were omitted. Evaporation of n-he\ane at atmo-
spheric pressure as well as the absence of the alkane
does not result in the formation of the low density
agglomerates. Table 1 summarizes the mass ratios used
for the different mantle and core materials.

1. INTRODUCTION

Little is known about the mechanical properties of
"f luffy" agglomerates. Detailed research results in this
field could be used for theoretical calculations as we l l
as for laboratory simulation experiments. Since low
density particle clusters are good candidates for the
performance of experiments on protoplanetary dust
coagulation (see Réf. I) and electrostatic fragmentation,
a technique for producing such agglomerates was
developed. The compaction behaviour, density. porosit)
and tensile strength were measured.

2. PREPARATION TECHNIQUE

To meet the requirements of our simulation experiments,
particles with a simple geometry and different size
distributions are chosen as core material. For the same
reason, alkalies with low melting points are selected
for the organic coating. This is justified by the recent
identification of such alkanes in the Miirchinson meteo-
rite (Réf. 2). To gain a desired ratio of mantle and core

\v core
^

nantie "\\

n-docosane

[CH3(CH2WHJ
netting
point : 44' C

n-pentacosane

CCMCH^CH,]
nul t ing
point: S3" C

n-dotria-
contane

CCH3(CH2WlHJ

netting
point : 7O" C

glass S30|in

1 3.8
1 5
i ID
1 20
1 40
1 50

glass 40-8R(Jn

1 : 10

1 2
1 3.5
1 5
1 10
1 50

1 : 10

nickel Ipn

1 : 5
1 : 36

....

Table I : Mass ratios used for the different mantle
and core materials.
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3. PROPERTIES OF THE LOW DENSITY
AGGLOMERATES

3.1 MORPHOLOGY

Experiments with nickel and glass (40-BO (tm) as core
materials show that the amount of n-pentacosane deter-
mines the size distribution of the resulting particles.
In case of a high percentage of n-pentacosane, the
biggest clusters have sizes up to several cm. For low
percentages (1:SO), the biggest particles are smaller than

"•3 mm. As to glass £30 ^m, no considerable difference
in the size distribution in dependence on the mass ratio
can be observed. The biggest dimensions of such
agglomerates are several cm.
Under the microscope the glass of the agglomerates in
contrast to the original ones appears mat. N-pentacosane
as such cannot be seen in the particles with a low
n-pentacosane percentage. Only in case of higher mass
ratios (2|:5), the alkane can locally be seen as clusters
(see fig. U If pure n-pentacosane is used, this is a
production method for n-pentacosane particles with
low densities of about ~0.2 gem"3.

Fig. I:Low density agglomerates, (core material, mass ratio of the mantle and core material, magnifi-
cation), a: glass <40-80tini), 1:3.5, 18, b: glass (40-8O[im), 1:10, 13, c: glass (40-80|im), 1:50, 61, d: glass
(s30tun>, 1:10, 12, e: glass (s30(im), 1:50, 54, f: nickel (~lum), 1:36, 16.
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3.2 N-PENTACOSANE PROPORTION

The n-pentacosane was separated from the sample in
order to determine its proportion in the agglomerates.
Therefore bigger amounts of the agglomerates are
weighed and n-hexane is added. The solution is heated.
while being stirred and then poured off. This procedure
is repeated three times. At last, the alkane is nearlj
only to be found in the solution poured off. After the
evaporation of the n-hexane, the remaining n-penta-
cosane and the glass are weighed. The thus measured
weight proportions essentially correspond to the pro-
portions provided for during the production procedure.
With regard to the size distribution of the core material
and proceeding on the assumption that the layer is
homogeneously distributed on the surface, a layer thick-
ness of IM> uni (glass 40-80 |im) for the mass ratio
1:50 can be estimated.

3.3 DENSITY AND POROSITY

The values found for the density and porosity of single
agglomerates as well as of uncompressed poured
samples with different percentages of n-pentacosane
and glass is listed in table 2.

3.4 COMPACTION BEHAVIOUR

The experimental set-up for measuring the compaction
behaviour of the poured samples is illustrated in fig. 2.
When measuring the pressure in order to obtain a
certain density, the elastic modul of the balance used
is taken into account. The sample placed in a trans-
parent cylindrical tube is equidistant!} compressed by
means of a micrometer screw. The corresponding weight
is read after 30 sec.. The data resulting from these
measurements is shown in fig. 3. After each com-
pression the pressure is decreasing considerably at the
beginning and then increasingly slower at a constant
density. The speed of the pressure decrease depends
also on the reached density.

Fig. 2 : Experimental set-up for measuring the compac-
tion behaviour of the poured samples.

3.5 TENSILE STRENGTH

The charging of a body causes stress on its surface.
Fragmentation occurs, if the stress due to the electri-
cal field exceeds the tensile strength of the material.

To derive the tensile strength, small agglomerates are
charged until they disrupt. In most of the cases, only
two fragments are observed after fragmentation. The
electrostatic repulsion is thus given by the Coulomb
Interaction of two spheres with charges Q1, Q2 and
radii r,, r, at a separation distance of r,+r,. Since it
is not possible to determine the contact surface area
between the two spheres, it is assumed that it is given
by the cross section area of the smallest fragment.
Due to this assumption, only a lower limit for the
tensile strength can be calculated by using the experi-
mental results.
Small particle clusters from the sample with n-penta-
cosane and glass U30 (im) with a mass ratio of 1:50 are
used for the measurements. The particles are charged
wi th He* ions of energies up to S keV at pressures

nass
ratio

n-penta-
cosane/

glass

IiSB

1:10

1:4

1:2

glass (<30un)

bulk
density
tg/cr»-3]

0,91
±0.1

0,92
±8.22

0,58
±0.13

bulk
porosity

0,62
±0.07

0,56
±0.13

0,67
±8.15

density*

[g/r.tr3]
0,71

0,56

0,36

porosity1

0,7

0,73

0,79

glass (40-8OjJ(I)

bulk
density
Cg/cir3]

0,75
±0.07

0,66
±0.06

0,61
±0.19

bulk
porosity

0,69
±0.06

0,68
±0.06

0,58
±0.18

density*

[g/cn-3l
0,67

0,65

0,49

porosity*

0,72

0,69

0.66
density/porosity of unconpressed poured sanples

Table 2:Density and porosity of single agglomerates (bulk) and of uncompressed poured samples with
different percentages of n-pentacosane and glass. The errors listed below the values show the statistical
range of the measurements.
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Fig. 3 Compression behaviour of the poured .samples.
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Fig. -I : Vertical ( l e f t ) and horizontal ( r ight) cross section of the electrostatic suspension system.

from ICT2 to ICT* Pa in a vacuum chamber. During the
charging process the particle is levitated in a three-
dimensional electrical quadrupole field generated by a
voltage V-Ucoswt applied to the conducting hyperbolic
surfaces as shown in f ig. 4. From the equation of
motion, which is a special case of Mathieu's Differential
Equation (see Réf. 3). an expression for the charge to
mass ratio Q/M of the charged particle is derived
(Eq. 1):

Q/M = 2.828 Tt2 r2 fz f / U (1)

ro is the minimum radius of the ring electrode (see
fig. 4). f is the frequency of the ring drive voltage,
f corresponds to the frequency of motion of the
suspended particle in z direction and U is the peak
amplitude of the drive voltage.

The particles are introduced into the electrodynamical
lévitation system by shaking the reservoir placed above
the upper electrode. While fal l ing through the ion
(electron) beam, some of them can acquire the proper
initial Q/M value to be suspended. Due to the low
initial Q/M values and the limitation of the voltage
U to "S kV, only particles smaller than ~10 urn can be
contained in the suspension system. All but one of the
particles are removed by manipulation of the electrical
field parameters V, U or co. The particle is il luminated
by a HeNe laser and the scattered light can be ob-
served with the aid of a telescope. The frequency of
motion is measured by means of a photomultiplier.
When dealing with two or several particles, the frequen-
cy in z direction is found by varying the frequency of
a sinoidal voltage applied to the upper electrode unti l
resonance can be observed. When forcing the particle
out of the suspension system through the cylinder
placed below the lower electrode, the charge can be
determined by measuring the influenced charge on the
cylinder.

With one part icle isolated, the charging procedure is
continued u n t i l fragmentation is observed. If the frag-
ments are moving in directions of repulsive potentials
and if this potential is sufficiently high at the moment
of disruption they remain in the quadiupole field.
With gas pressures of about ICT2 Pa the particles motion
is damped un t i l the fragments arrange themselves
around the center of the quadrupole field at the smallest
possible distance. The distance ratio from the center
for the twc fragments is then related to their ratio of
charge. Applying the resonance method the Q/M values
of each of the fragments is determined. Since the
charge of onl j one particle at a time can be measured,
one of the fragments has to be removed.
The values for thp m i n i m u m tensile strength calculated
by using the experimental data vary from '-10s to
~107 Pa.
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DYNAMICS OF CRUST FORMATION AND DUST EMISSION OF COMET NUCLEUS
ANALOGUES UNDER ISOLATION

K Thiel(I), G Kolzer<°, H Kochan(2), L Ratke<2), E Grun<3) & H Kohl(3)

(l>Abteilung Nuklearchemie der Universital, KoIn
G>DLR, Institut far Raumsimulation, KoIn

(3)Max-Planck-Institutfiir Kernphysik, Heidelberg, FRG

ABSTRACT

The lack of direct observations of near surface
phenomena on cometary nuclei is one of the
reasons of performing simulation experiments with
various ice/dust mixtures under artificial insola-
tion in the course of the KOSI project at
DLR/Kôln, FRG. The objective of this project is a
controlled simulation of processes that occur du-
ring the penetration of comets into the inner solar
system (— 1 AU). The experiments confirm that ice
sublimation under insolation leads to the forma-
tion of an upper volatile free dust mantle covering
a solidified dust/ice crust, both overlaying essen-
tially unaltered material. The formation of a crust
is explained by the inward diffusion and reconden-
sation of gases. The outward gas flow gives rise to
the emission of mantle particles in a size range of
- I f t r n to ~ l c m . The emission process is ruled
mainly by two different regimes: (1) predominantly
cohesion controlled and (2) predominantly gravity
controlled. Particle emission shows steep forward
characteristics towards the light source and is con-
sistent with the observation of dust jets of real
comets.

Keywords: Comet s imulat ion, layering of comet
nuclei, surface dynamics of comet nuclei , cometary
dust, KOSI experiments, dust mant le of comet nuclei

1. OBJECTIVE AND EXPERIMENTAL

The available telemetric data of comet nuclei yield
only limited information on the nature of the surface
of a nucleus on a centimeter to sub-mil l imeter scale.
Dynamic processes of the upper crust and the emission
of single dust particles presumably occur, however, in
this size regime. A multi-disciplinary consortium of
scientists was established to investigate the various
aspects of ice/dust mixtures under art if icial insolation
with the aim of a better understanding of processes
occurring in the upper surface layers and the near sur-
face vicinity of real comets (cf. Refs. 1-2).

This Kometensimulation project (KOSI) which was
started in 1987 is making use of space s imulat ion
chambers available at the German Aerospace Re-
search Establishment DLR/Kôln, thus extending labo-
ratory comet s imulat ion to larger fac i l i ty dimensions.
The simulation chambers and the main experimental
diagnostics are described in more detai l elsewhere
(Réf. 3). Three types of samples have been investiga-
ted so far: ( 1 ) Massive ice/dust produced by freezing
aqueous suspensions of 10 wt% minera l dust, contai-
ning equal fractions of kaolinite, montmori l loni te and
olivine, and samples produced by spraying suspensions
of 8.6-10wt% mineral dust (ol iv ine:montmori l loni te
ratios 9:1 and 7:3) into l iquid nitrogen, which leads to
the formation of porous material of mud like (2) or
snow like (3) texture. The texture designates the ap-
pearance of the sample material when stored in l iquid
nitrogen: "Snow" material looks f luffy and highly po-
rous and forms coarse grained agglomerates due to ir-
regularly shaped ice/dust particles hooked together in
a snowy sponge (Fig. 1). "Mud" material looks muddy
and f ine grained, the particles lying loosely together

Figure 1. Ice/dust sample of typical snow like tex-
ture.

Proc. of an International Hbrlahop on Physics and Mechanics of Cometary Materials, Monster, FXG, 9-11 October 1989 (ESA SP-302, Dec. 19S9)
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forming only small pores (Fig. 2). For proper albedo
adjustment of the sample material 0.08 wt% of f inely
dispersed carbon is added. By far the most KOSI-inve-
stigations deal wi th the snow-type of material for
reasons of g«s and dust emission activity. Besides
ice/dust mixtures with water ice, samples containing
up to -25 wt% CO, ice have also been studied. For de-
tails of the sample preparation techniques that have
been applied so far see Réf. 4.

To measure soil mechanical and dust emission para-
meters before, dur ing and after ar t i f ic ia l insolation in
the simulation chambers an off-l ine dr i l l ing device
supplied by KSA/ESTEC, an on-line hardness tester,
and a variety of dust collecting and detecting devices
were used. The irradiat ion intensity during the expe-
riments was varied in the range of O. l.,.~3 solar con-
stants ( 1 SC = 1.4 W/m2). A more detailed description
of the experimental diagnostics is given in Réf. 5.

Figure 2. Ice/dust sample of typical mud like texture.

2. RESULTS

2.1 Surface layering

2.1.1 Mantle

The experiments show that superficial ice subl imation
leads to the formation of an upper volatile free dust
mantle. Depending on the texture of the original ma-
terial, the mantle may be strongly porous, consisting of
separated or loosely bound agglomerates of dust resi-
duals (snow like original material), or it may appear as
a more or less coherent dust layer (mud like original
material and massive ice/dust). In the case of snow
like samples the mantle may reach a thickness of
~ 2 m m after 3hrs of insolation with ~2SC intensity
(5-8 mm after 45hrs; 1.3-1.6 SC). Mud like samples
and massive dust/ice produce a much thinner mantle
layer under similar conditions (< 1 mm after 3 hrs at
~2SC). Examples of residual particles from the
mantle and from the emitted dust are shown in the
SEM-micrographs in Figs. 3-5. The consistency of the

Figure 3. Scanning electron micrograph of various re-
s idual dust particles collected from the mant le after
the KOSI 3 experiment. Dust composition: 90 wt% oli-
vine, 10 wt% montmori l loni te .

Figure 4. SEM-micrograph of a single dust residual
emitted in forward direction 5° off the light source du-
ring the KOSI 3 experiment. A large olivine crystal
(upper part of the photograph) separated from the ag-
glomerate. For dust composition cf. Fig. 3.

Figure 5. Close-up view of a mantle particle obtained
in the KOSl 3 chamber run. For dust composition cf.
Fig. 3.
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mant le material resembles thai of cigarette ash. I ts
mechanical s trength is too small to be measured w i t h
the d r i l l i ng device and should have values wel l below
I kPa. A more sens i t i ve hardness tester is present ly
being developed.

2.1.2 Crust

The mant le is shielding a sol idif ied dust / ice crust tha t
may reach considerable mechanical s t rength values
during i r rad ia t ion (exceeding 5 MPa). Af ter -45 h of
insolat ion ( 1-1.o SC) the crust may reach a th ickness
of more than 7 cm. Although solidified compared wi th
the v i r g i n material, the crust is s t i l l porous ( > 4 ( ) ' / - )
and easily permeable for gases. Transport of water in
the vapor phase into the in ter ior and recondensation
in cooler parts of the sample is assumed to be the main
mechanism of crus t so l i d i f i c a t i o n (see sect ion 2.2).

2.1.3 In te r io r

The crust is overlaying the more or less unchanged
original mater ia l underneath . Indicat ions of mater ia l
alterations in greater depths d u r i n g insola t ion have
been observed w i t h CO.-containing samples (Réf. 4).
The d i f fe ren t thermodynamic behaviour of CO, com-
pared w i t h H,O leads to a layer of recondensed CO, ice
in greater depth similar to the recondensation zone of
water vapor. Whi le water ice gives rise to the forma-
tion of a mechanically noticeable crust, no conceivable
mechanical changes are caused by the CO,-cnriched
layer. A schematic view of the layering process is given
in Fig. 6.
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Figure 6. Schematic view of the layer fo rmat ion in
ice/dust samples t inder inso la t ion .

2.2 Surface dynamics of snow l i k e samples.

Exposure of snow like samples to insolat ion (- 1-2SC')
induces evaporation of H2O- and/or CO,-ice even in a
few mm depth. Simultaneous sublimation w i t h i n a
certain depth interval is possible because of l igh t
penetrating into the porous texture of the sam-

ple. The r e s u l t i n g outward gas flow is able to remove
smal l (O, I /<m-~ 20(1 /nil d i a m e t e r ) ice and ice/dust
par t ic les t h a t are not f ixed to the surface ( i n i t i a l par-
t ic le emission of v i rg in samples). Af te r a t ime period
depending on the l igh t i n t e n s i t y (-0.5 h at 1. ft SC) a
"skin" of pure dust residuals has formed on the surface
and the emission of vola t i le free part icles may now be
the dominan t component of dust emission. A s impl i -
f ied view of t h i s f i r s t t i m e in t e rva l ( t , , . t , ) is shown in
Fig. 7.
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Figure 7. Sublimation induced processes near the
surface of snow l i k e ice/dust samples.

As already demonstrated in Fig. ft, part of the gas
stream emana t ing from the subl imat ion zone is pene-
t r a t i n g into the mater ia l due to the porosity and the
tempera tu re profi le of the sample. This inward gas
flow w i l l t r anspor t water in the vapor phase into cooler
layers of the sample where re -so l id i f ica t ion of H,O-
vapor occurs. Since ice is now deposited mainly around
points of grain contact a general so l id i f ica t ion of th is
mater ia l is achieved. This re-deposition of ice is indi-
cated in Fig. 7 by a h igher concentra t ion of ice con-
tacts (black gra ins ) . The corresponding layer is called
dust / ice crust and has to be d is t inguished from the
very br i t t le and f luffy dust mantle (cf. section 2.1.1).
This mechanism of crust fo rma t ion m a i n l y applies to
water ice al though carbon dioxide shows the same be-
haviour for greater depths. Due to the mechanical
properties of CO, ice. however, no solidification of the
sample m a t e r i a l is observed.

'!'he growing dus t m a n t l e acts as an effective the rmal
shield of the ice undernea th . As a consequence gas
and dust emission of the sample is reduced as can he
seen in Figure 8. Al though ice sub l imat ion is gradual ly
quenched, the dust cover causes the bu i ldup of consi-
derable gas pressure and allows the temperature in the
sub l ima t ion zone to rise up to -210 K. The outer skin
of the mant le was shown to reach temperatures in the
order of 350 K, using an IR-camera during the KOSI 4
experiment. The steep temperature gradient of appro-
ximately 140° w i t h i n a mant le of only 5-10 mm thick-
ness is a strong indication of its low thermal conducti-
vity and a lack of major inward heat transport by gas
diffusion.
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Although the gas pressure below the mant le has not
yet been measured direct ly, there are indirect observa-
tions of its mechanical effects (cf. section 2,4). The
pressure-induced mechanical ins tab i l i ty of the mant le
can be demonstrated by exerting external stress on the
sample. This can be done either by touching the sam-
ple wi th a pin or by impact of emitted particles f a l l i n g
back to the surface. Triggered particle emission by
impact may be an effective mechanism to enhance the
overall activity of active regions on comet nuclei or to
break up the mantle of inactive regions tu rn ing them
into active zones.

PARTICLE FLUX AT ROTATING COLLECTOR (1m)
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Figure 8. Decreasing particle emission activity of the
sample w i t h increasing t ime of insolation. The de-
crease is ascribed to the growth of a dust mantle quen-
ching fur ther rapid sublimation of ice. The diagram is
based on data obtained with the rotat ing sampler
du r ing the KOSI 3 experiment.
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Figure 9. Subl imat ion induced processes near the
surface of mud l ike ice/dust samples.
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Figure 10. Sub l ima t ion induced processes near the
surface of massive (compact ) ice/dust samples.

2.3 Surface dynamics of mud l i k e samples.

Ice/dust mixtures of mud l i k e appearance (cf. Fig. 2)
exhibi t a more coherent tex ture compared to snow like
samples. Insola t ion of a v i rg in sample causes the for-
mat ion of a relatively t h i n but compact dust mant le
tha t rapidly reduces f u r t h e r mant le growth by thermal
shielding of the dust/ ice interface (Fig. 9). The f i n e
pores of the coherent mant le impede gas emanat ion
and cause the bu i l dup of gas pressure in the subl ima-
tion zone. By external stress (part icle impact ) , relaxa-
tion of in terna l stress (fatigue fractures, cracks), or
enhanced insolation fragments of the mantle may be
ejected due to local depressurizing. During s i m u l a t i o n
experiments the emission of up to cm-sized mant le
fragments (flakes) was observed after increasing the
intensity of insolation from ~2 to ~3 SC. Taking into
account a ~ 10* times smaller gravity on the surface of
a comet nucleus this observation suggests the emission
of at least dm-sized mantle fragments from a real co-
met, depending on the actual mantle thickness (see
also Réf. 7).

2.4 Surface dynamics of massive ice/dust mixtures.

The processes described for mud l i k e samples (section
2.3) lead to even more pronounced phenomena in the
case of compact H,O-ice/dust mixtures (Fig. 10). Af ter
inso la t ion of a f l a t surface of v i rg in mater ial a h igh ly
coherent man t l e of ~ 5 0 - l O O / < m thickness is formed.
The pressure of the outward f low of water vapor cau-
ses deformation of the mant le ("bl is ter ing") or sepera-
tion of the dust layer from the under laying mater ia l
and peeling off of the mantle. There is practically no
inward gas flow and consequently no crust format ion
because of the extremely low sample porosity.

During the peeling off process the mantle layer is bent
upwards thus allowing the exposure of a fresh ice/dust
surface underneath. Locally a second mantle layer is
formed that in turn may peel off and become a second
generation dust mantle. During several hours of inso-
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Union more than ten man t l e generat ions may form in
locally confined areas. Every l ime a new surface is ex-
posed, very liny ice/dust particles are emi t ted . In la te r
stages of the subl imat ion process larger f l a k e s of
mantle material are occasionally l i f t ed off and blown
away. Assuming a low probab i l i ty for the occurrence of
such compact ice/dust mater ia l in a comet nucleus ,
these processes should play only a minor role.

3. CONCLUSION

Laboratory s imula t ion at present is the only experi-
mental way to get a better in s igh t in to the n a t u r e of
mechanical properties of comet nuc leus ma te r i a l s and
the various processes occurring near the surface of
comet nuclei tha t are presently inaccessible to direct
observation in space. The KOSl experiments because
of larger f a c i l i t y dimensions compared to convent ional
laboratory comet s i m u l a t i o n allow more comprehen-
sive invest igat ions of the surface layer ing and the dy-
namical processes of cometary mater ia l unde r insola-
tion. Despite of the handicap of the ter res t r ia l l#- in-
terference, the KOSI exper iments to come are planned
to address the main questions tha t are relevant for a
better in terpreta t ion of telemetric cometary data and
the technological preparation of any sample re tu rn
mission.
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First Impressions of the Comet Drilling Problem

Malcolm Mellor
Cold Regions Research and Engineering Laboratory

Hanover, New Hampshire, U.S.A.

These are preliminary impressions gained from the
workshop by someone who had no prior knowledge of
comets or space technology. Offered by invitation, the
comments may well be flawed by insufficient under-
standing of the problem.

The Spacecraft
The seemingly formidable problem of traveling to a

selected comet, and landing there, was not one of the
concerns for this workshop. It seems that "the engi-
neers" are to get this job done without any fuss; mir-
acles are taken for granted. It is not clear to what extent
the basic design of the lander and return capsule is in-
fluenced by the drilling and sampling needs (it is rem-
iniscent of an old Emmett cartoon). Since drilling
structures are usually tall and skinny, the drill designer
might be tempted to say "build a flying drill rig."

The Comet Material
The prevailing, but not unanimous, opinion seems

to be that H1O ice is the dominant constituent. The
cross-section of a comet is apparently comparable to
the plan dimensions of an Antarctic iceberg (0.3-20
km). The comet is a chilly place (100 to 170 K, or -170
to -100 C). It has a dust mantle up to 1 m deep, with
underlying porous deposits that consist of ice and
clathrate hydrates, inorganic minerals, and hydrocar-
bons. For the dust/ice ratio, a range from 0.1 to 1.0 has
been suggested.

The postulated range for density, or porosity, came
as a surprise. Suggested density values for the dust
mantle were as low as 0.005 Mg/m3, and for the under-
lying layers as low as 0.05 to 0.1 Mg/m3 For material
that is mostly ice, a density of 0.1 Mg/m3represents a
porosity of about 0.89; a density of 0.05 Mg/m3 is a por-
osity of about 0.95. Allowing for some dust, the corre-
sponding porosities are higher. If this is continuous
material, with grain-to-grain contact, it has to have a
very delicate structure of fine spikes or filaments, or
very thin wafers. Ice with this sort of texture has strong
potential gradients to drive diffusion processes, so it
would not be stable for very long periods (the odd
million years or so), even at -150 C. With equidimen-

sional grains, grain-to-grain contact would then be
very limited. Given that the grains have some reason
for wanting to get together as a comet in the first place,
why would they be content to fly along in loose forma-
tion, without body contact?

The practical significance of high porosity is that
subsurface sampling of such material is not necessarily
easy. It is certainly very easy to drive a thin-wall core
tube, but not easy to withdraw an undisturbed core
and then cut it into short lengths for storage and
transport to Earth. Neither is it clear how high-porosity
samples can retain their undisturbed state during their
return to Earth, and afterwards.

To an ignorant Earthling, it is not easy to accept the
idea of very high porosity, even with zero gravity. In
terrestrial deposits, very high porosity is found only in
such things as fresh dendritic snow (where it is a brief
transient state) and in certain underwater sediments
formed by flocculation. Other materials that have very
high porosity include foams, eiderdown and candyfloss;
none of these seems a convincing analogue for an accu-
mulation of cosmic dust. If very high porosity really is
a probability, how does the lander arrest its finite
momentum without disturbing the site? What is there
for it to rest on, and how can it anchor itself? If it can
sit there drilling and digging, and if undisturbed sam-
ples can be acquired, how can "undisturbed" samples
of fragile flu !:f survive the gee-forces during transport
back to Earth? Unless it can be shown that these things
are realistic, the requirement for "undisturbed" cores
of fragile fluff should be relaxed.

At the other end of the density scale, effective upper
limits for the porous material seem to be around 0.6 to
0.7 Mg/m3 (in ice, corresponding porosity of 0.35 to
0.24; in ice/dust mixture, about 0.5 to 0.4). However,
some people seem to want to play safe and postulate
zero porosity as a limit. Single grains of dust (density
>2 Mg/m3) are thought to have a possible size range
from 10"* mm to 1 mm, although there were sugges-
tions at the meeting that dense pebbles up to 1 cm or
more might be encountered.

A practical problem in designing sampling equip-
ment is that: (a) low-porosity material is likely to call

Pmc. of an International Workshcp an Physics and Mechanics ofCometary Materials. Mtinster, FRG, 9-11 October 19S9 (ESA SP-302, Dec. 1989)
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for a core drill that actually cuts and transports cuttings
out of the annular hole, while (b) high-porosity mate-
rial is best sampled by driving a thin-wall core tube,
displacing the outside material radially. The dividing
line for the two techniques is probably a porosity of
aboutO.4, which represents "close-packing" for equant
grains.

Some scientists feel that the core drill should be de-
signed to sample the strongest conceivable material
(i.e. hard rock), with the assumption that anything less
strong will then be very easy to deal with. This seems
a naive idea that conflicts with all experience of analo-
gous terrestrial problems. To take just one example of
the difficulties, consider the matter of separating and
retaining the core at the end of a coring run. In hard
material, the core has to be gripped firmly and broken.
In fluffy material, the core cannot be gripped by spring-
loaded dogs; the end of the core barrel has to be closed
off. If that is not sufficiently persuasive, look at the re-
quirements for energy, power, force and torque if

hard-rock drilling is the goal (see note on force and
torque).

In short, ideas on the composition and density of
comet material need to be refined in order Io give the
drill designer a fair chance of success. If an individual,
or a group, wants to raise the bidding for density, por-
osity, grain size or strength, the new bid should be ac-
companied by probability estimates.

Subsurface Sampling
"Subsurface sampling" and "rotary core drilling"

are not synonyms, but in the present context it seems
likely that subsurface samples will be extracted as cyl-
indrical cores. However, cylindrical cores can be ob-
tained either by rotary drilling or by drive-sampling.
Thechoice between these methods is influenced strong-
ly by the porosity of the comet material.

Power Allocation
It seems that the power available for drilling is
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about 100 watts (a modest light bulb), which should be
ample for coring ice or ice/dust at fairly rapid rates. It
is probably enough fcr coring at acceptable rates in the
strongest materials that can be attacked by a chisel-
type drag bit.

Static Force and Torque for Drilling
For a conventional chisel-edge cutter projecting

from the base of a core barrel, the required downthrust
for cutting in fairly dense (low porosity) icy materials
might be about 0.5 to 0.8 N per mm of width. With two
cutters, each 10mm wide, this means a total downthrust
of 10 to 15 N. To drill rock-like material, the required
downthrust could be an order of magnitude higher.

Even for relatively weak icy material, the required
downthrust for a conventional core drill is quite high
when the drilling vehicle has virtually no weight. Two
cutters is the minimum acceptable number for vibra-
tion-free drilling, and the width of the annulus cannot
be reduced very much below 1 cm if cuttings are to flow
freely. However, the downthrust can probably be re-
duced by using helicoidal reaming cutters of the type
designed by Technospazio. For quantitative estimates,
the unit cutting force has to be resolved and integrated
along the helical cutting edge.

The required torque, and torque reaction, is deter-
mined by the tangential component of the cutting
force. For a sharp, chisel-edge tool cutting icy material,
the unit tangential cutting force might be about 2 to 10
N/mm, depending on the strength of the material, the
rake angle of the tool, the sharpness of the cutting edge,
and the chipping depth (which is related to the down-
thrust). With two cutters, each about 1 cm wide, and a
mean cutting radium of 2 cm, the torque might be
around 0.8 to 4 N-m. This is not much for a geared drive
motor, and the torque reaction is manageable with a
long moment arm.

If helicoidal reaming cutters are used, the torque
requirements could increase substantially.

Design Limits for Drilling Rate
With limited power and limited force-reaction, there

is a temptation to think about reducing the drilling rate
to very low values, since there is ample time available
for the work. The same idea tends to occur in the con-
text of limiting the thermal disturbance; by reducing
the energy dissipation rate, there is more time for heat
conduction. However, drag cutters become inefficient
when the penetration of the cutting edge ("chipping
depth") is very small. With tool penetration compa-
rable to the radius of curvature of the cutting edge, the
tool angles become irrelevant and material is simply
worn away by friction. Specific energy is then very

high; it approaches the latent heat, since the material is
being taken apart almost molecule by molecule.

Materials for the Cutting Tools
By comparison with conventional drilling tools, the

comet sampler has to do very little work before its task
is complete. Thus tool wear is not a major problem. The
cost of the cutters is almost irrelevant, so very expen-
sive materials (exotic alloys, sintered carbides, dia-
mond) can be used.

Ideally, the cutters should be extremely sharp, but
they should also be resistant to breakage. This combi-
nation is easy to attain for ice-drilling, even with steel
cutters (the cutters on some Swedish ice augers will
easily cut the finger of an unwary user). If the drilling
is in a mixture of ice and fine dust the situation does not
change much, but consideration might be given to
making the tools from sintered carbides. If there is a
chance of encountering rock-like inclusions, both wear
and breakage of the cutting edge have to be considered.
The tool material has to have both hardness and tough-
ness, and the included angle of the cutter cannot be
very small.

Clearing Drill Cuttings
It is currently assumed that cuttings from a rotary

core drill will move up the annular space to the surface
after being given an upward impulse by a helicoidal
cutter. Since the jamming of drill cuttings is a serious
problem in terrestrial drilling, it would seem prudent
to question this assumption.

In a cold, dry environment it seems quite possible
that fine particles of ice cut by a sharp drag-bit will
carry electrostatic charges. Given some frictional heat-
ing, it might also be possible to have particles that are
surface-active, with some tendency to cohesion and
adhesion. Certainly there is very little chance that par-
ticles can travel 3 m up to the surface through a narrow
annulus without experiencing multiple collisions. Mo-
mentum will be lost, and velocity vectors will be al-
tered.

Unless it can be shown conclusively that accumula-
tion of cuttings and clogging of the annulus is impos-
sible, the drill should have provision for positive clear-
ance of cuttings. Because of the need to avoid contami-
nation, any kind of circulation system, pulsed or other-
wise, is ruled out. This leaves either continuous screw
transport (flight auger) or cyclic lifting. With zero
gravity, a flight auger would depend on inertial effects
and friction; it could have a steeper pitch than ?. con-
ventional terrestrial auger designed for vertical opera-
tion. For cyclic lifting, cuttings could be loaded and
kept looseand well-distributed inashallow-pitchauger;
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cuttings would be disposed of by spinning the auger
after lifting it from the hole.

Anchoring the Lander
The lander has to be anchored to resist uplift and

rotation so that it can provide static reaction for the
drilling and sampling systems. It appears that the an-
chors are to project below the feet, or landing pads,
penetrating a little way into the dust mantle (for which
the lower limit of the density estimates is a seemingly
absurd 0.005 Mg/m3).

If the upper layers of the dust mantle are granular
and cohesionless, the shear strength will be zero under
zero gravity, and anchors will not resist uplift. If there
is cohesion, but the density is very low, there is still
some doubt about the ability of ground anchors to re-
sist uplift. Low-density snow (0.1 Mg/m3, porosity
0.89) at 250 to 270 K has shear strength of order 100 Pa
under rapid (brief) loading and perhaps of order 10 Pa
under slow (sustained) loading. With four vertical
anchors penetrating to a depth of 0.5 m, the total shear
surface mobilized in resisting uplift might be about 2
m2(± 50%). The available static reaction would then be
around 20 N, which is barely enough to sustain rotary
coring in deeper and denser layers of ice-bended ma-
terial. It is insufficient for drilling in rock-like material.
If the drill is operated from the end of a robotic arm,
there may be only two anchors resisting uplift.

The arrangement for anchoring the lander is a sig-
nificant design problem. In effect, holes must be drilled
in order to set the anchors. For this drilling, no static re-
action is available. Penetration must be achieved by an
inertial system.

Positioning the Core Drill
A robotic arm can position and orient a drill very

accurately, permitting clean re-entry of the drill hole
after core removal. However, its ability to maintain
precise positioning depends on a stable parent body;
for industrial applications on Earth, this is typically a
massive frame or foundation.

The robotic arm is a cantilever with controllable,
lockable joints. It provides good torque reation for a ro-
tary drill. It is not inherently well-suited for applying
downthrust; it acts as a lever for tipping over the
lander/cruiser.

Inertial Drilling Systems
Given the limitations on power and static force, it

would seem prudent to explore the development of
inertial systems for: a) setting ground anchors, b) drive-
sampling with a core tube, c) hammer-drill drive for a
rotary core barrel.

With a continuous supply of electrical power, it is

necessary to accumulate energy, probably mechani-
cally, in order to drive a pulsed system that utilizes im-
pact or vibration. With zero gravity, this might involve
such things as a spring (elastic solid or compressed
gas), a flywheel, or a rotating eccentric mass. Combus-
tion or deflagration of chemical propellants seems to be
ruled out by the prohibition on contamination.

For vertical driving, it is necessary to establish opti-
mum levels of blow energy or vibration amplitude for
representative devices penetrating analogues of comet
materials. For rotary-percussive operation of core bar-
rels, similar information is needed. It is possible that
the small rotary-percussive drills vised for drilling
masonry would be about the right size.

Testing
Given that there are no opportunities for learning

by trial and error during the comet-sampling mission,
the need for testing cannot be overstressed. Individual
components and complete drilling assemblies should
be tested in a wide variety of materials and under a
wide range of environmental conditions. It is impos-
sible to test with full realism (zero gravity, very low
temperature, no atmosphere, mystery materials), but
the various complicating factors can be explored sys-
tematically.

Low temperature is relatively easy to achieve, but
there might be some practical benefits in taking advan-
tage of naturally-occurring low temperatures (down to
about 190 K at Antarctic inland stations in winter). For
laboratory tests, there are large refrigerated buildings
where cells of "comet material" can be prepared and
stored; lower temperatures can be induced for short
test periods by means of liquid nitrogen jackets.

Zero gravity can be approximated by experiments
in free-fall or acrobatic maneuvers (not recommended),
by neutral-bouyancy underwater tests or, crudely, by
drilling horizontally. More practically, counterpoise
force (or helium balloons!) can be used to eliminate the
effects of equipment deadweight.

Tests in vacuum are possibilities for exploring the
"no atmosphere" questions.

Simulating the comet material remains a big prob-
lem. Because of the uncertainties, it would be worth
running preliminary tests of the prototype drill in a
wide range of readily-available terrestrial materials,
especially snow, ice, ice/dust mixtures, loose dry dust,
and high-porosity underwater sediments.

Rather than concentrate the testing on a single drill-
ing concept (rotary coring), simple tests should be
made on alternatives (e.g. drive samplers) at an early
stage. Experiments with ground anchors should also
start without delay.
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AHSTIlAlT

Tlio most detailed information on the elemental and
molecular composition of comets was obta ined (h i r ing I lie
Ii)SO apparition of comet !!alley. Al though there are
uncertainties in the iltist/gns ra t io and the abundances
of several gaseous species, there is a reasonably good
understanding of the major composition of the cornel. The
ice component is dominated l>y water, and the abundances
of CO, IIjl'O, Ni l ; ) and other carbon and nitrogen bearing
species are sullicient.ly low thai , the carbon and nitrogen are
umlerabundant in t.he ice relative to solar proportions. These
elements are abundan t in the dust and it is likely that, t he
cumulative composition of dust plus ice is a reasonably close
match to solar abundances for those element s tha t , are carried
in compounds t h a t condense al temperatures above :i()K.

Comet nucleus, cornel coma, comet, dust, llosettn

Information on the composition of comets has been obtained
by a variety of techniques including telescopic observation,
meteor spcctroscopy, detection of meteoric ions in the
mésosphère and collection and analysis of i n t e rp l ane ta ry
dust. The major informat ion source however has been the
llyby missions and observations of comet. I In Hoy during its
l!)S(i appar i t ion. This data lias provided a genera!!}' good
understanding of the elemental and molecular composition
of one comet al though !!alley's mincralogical and isolopic
composition remains largely unknown.

The most, detailed information on the composition of comets
has come from COIIK-I. !!alley but these refills ;ind any
fu tu re data from oilier cornels must be used wil.li caution
when making predictions for the l iosetta mission. There
are fundamen ta l uncer ta in t ies w i t h cometary composition
which will not. be resolved in time for tin1 sample re tu rn
mission. One of /liese concerns is w i th the diversity of
cornels. There are good arguments that cornels do have
similar compositions (Hef. 1), inspi lc of their var ia t ions in
behavior, but tliere remains a d is t inc t possibility t ha i , !lie
comet visited by the 1 Rosotta mission could be s ign i l i can l ly
different than llalley. This is par t icular ly a worry because
!!alley is an unusual comet, its orbit and likely evolutionary
history «in; not like those of typical short period comets
that are practical candidates for sample return missions.
An additional concern is the internal homogeneity w i t h i n
comets. Comets may preserve primordial inhomogeneity
if they are aggregat.es of relict planetismals (Réf. 2).

Variations of the emission of some volati le species are
consistent wi th this model. If comets are inhomogeiieons
on intermediate spatial scales, then the region sampled by a
single sample return spacecraft could be quite dilferent. from
tlie bulk composition of the cornel. A final concern is with
possible radial variations inside cornels. Surface materials
to an unknown depth are affected by volati l ization, crust
formation and lag deposits. Thermal processes w i l l cer ta inly
effect the molecular and phase composition of materials that
are unstable at near surface lemperalures. Even when a
sample is returned from a comet it wi l l not be possible to
confidently assess how well the near surface sample really
represents the interior composition of the comet.

2. RLKMKNTAL COMPOSITION

Comets are generally considered to be composed of two
major components, ice and dnsl. The observations of the
CN jets in !!alley (Réf. 3) as well as coma sources of CO
(Hef. 4) and formaldehyde (Réf. 5) suggest that there-
is a third component, of intermediate volatility tha t leaves
l.lie nucleus in grains and sublines in the coma. This is a
real component but whether it, should be considered dust or
ice is a matter of semantics. To model the total elemental
composition of a comet it is necessary to know the gas
to dust ratio. If comets arc a collection of all materials
that can condense from a IiOK solar composition gas then
their dust/ice mass ratio should be about. 0.5 if carbon is
largely in ice and slightly larger than unity if more than
two thirds of the carbon is in dust (Hef. (i). Pre-c'.icounter
models and early data from (he missions indicated a dust/gas
mass ratio of 0.2 for !!alley. Recent analysis of the da ta
however indicate t ha i the ra l io could be 2 or even higher
(lief. 7). The Giotto data indicates thai there is an excess
of microgram and larger particles. These large particles
may dominate the mass emission from llalley and yet. their
presence is not, readily detectable by remote measuring
techniques. Due to the large uncerlainty in the dust/gas
ratio it is ,ict really possible at. present to confidently
model the entire bulk elemental composition of llalley and
compare the abundances of elements predominantly in dust
to the abundances of 1! and O that , are most abundant
in t.he ice fraction. It is possible however to estimât" the
relative abundances of a large number of elements and make
comparisons with meleorit.ic and solar composition.

If the dust/gas ratio is larger than unity, then most, of
the elements other than hydrogen and oxygon will be
largely carried in dust. The observée! depletions of C/O
and N/O in !!alley's coma by respective factors of 2 and
10 (Hef. S) imply that carbon and nitrogen are largely
carried in dnsl, if the bulk abundances of these elements
are solar. The composition of the dust component was

PTOC. of an International Workshop on Physics and Mechanics of Cometary Materials, Monster, FSG, 9-11 October 1989 (ESA SP-302, Dec. 1989)
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measured will i (lie 1'UMA anil I1IA meteoroid ini|>;icl mass
spectrometers flown on the VK(!A ami Giotto missions. As
described by Jessberger (Réf. !') tlie diila from a large
number of individual particles indicates t h a t the bulk dust
composition is remm'kahly similar to solar abundances w i t h
the exception of large depletions in hydrogen and I lie noble
gases. There are uncertainties in quan t i f i c a t i on of t h e da ta
because the ion yield for I he various elements have not
been directly calibrated, but it is evident t ha t C and N
and the abundant elements heavier than oxygen match solar
composition within measurement unccrlainlies of factors of
2-3. Relative to chondrites, the average !!alley particle has
inucli higher abundances of carbon and nitrogen. Anders
and Grevesse (Réf. 10) point out tha i the !!alley results, if
taken at face value, indicate a Fe/Si rat io t h a t exceeds tha t
of any solar system object except the Moon Unfor tuna te ly
it. is not possible to adequately assess the unce r t a in ty in
the Fe/Si measurement and !!alley's composi.'ioii caiinol be
confidently compared wi th the major f r ac t iona t ion t rends
seen in chondrites. Delsemme (lief. (i). Anders and Grevesse
(Uef. 10) and Geiss (Uef. 17) have combined the gas and
dust data to show that the bulk emissions from !!alley do
have good general agreement with solar composition except
for 11 and lie depletions, liecause most of the elements
except for hydrogen and oxygen are relatively concentraletl
in the dust, the general result of these models will n-it change
dramatically w i t h possible f u t u r e adjustments in t he dust to
gas ratio.
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Fig. 1: Relative abundances in I !alley nor
solar composition (figure from Hef. 10).
assume a dust/gas mass ratio of 1.1 (Uef. (i)

3. MOLKCULAR COMPOSITION

Little is known about the molecular composition of the
dust fraction of comets but the composition of the gas
in tile coma is reasonably well determined for (lie most
abundant simple molecules, '!'here have been many recent
overviews of the molecular composition of 1 !alley (RoIs.
6, 9-17). Uncertainty in the molecular abundances are
influenced by instrumental factors, by models of gas out f low,
specie lifetimes, and the distinction of parent molecules
from fragments or reaction products formed in t he coma.
Giotto penetrated to depths in the coma where many parent
molecules should be preserved, but iden t i f i ca t ion of parents
and fragments versus fragments is d i f f i c u l t . The presence of
large parent undetected molecules is also a possibility.

U2O

Infrared, ultraviolet and mass spectrometer measurements
indicate that water is the major volatile molecule emitted
from Halley. The Giotto NMS measurements (Ref IS) show
that the radial dependence of the !!20 signal is consi.slenl
with most of the water being a parent molecule released
directly from the nucleus. If there are no piajor species that
escaped detection, then water comprised more than §0% of
the volatile outflow. It is clear that water is the dominant
volatile in Halley and observation of the onset of "cometary
activity" for comets at about 2.5AU suggests that water ice
is the major volatile in essentially all observed comets (Réf.
1). A dominant presence of a more volatile species would

show a sharp rise in a c t i v i t y at < i greater distancr.

CO

Carbon monoxide appears is the second most a b u n d a n t
volatile delected at !!alley. The Giol lo NMS ( n e u t r a l mass
spectrometer) measurements ind ica te an abundance re la t ive
to HjO of "'•{' for CO t h a t comes d i rec t ly from t h e nucleus
(Uef. -1). This measuremeul appear.s Io be H i m but it mu>t
he considered to b e a n ripper l i m i t brcan.se ol pos>jb]e minor
contr ibut ion to the mass 2S signal from N j l h . i t cannot
be resolved from the CO peak. The radial dependence ol
the mass 28 peak detected by the NMS did not fall as R-
indicat ing thai there is a major source of CO w i t h i n the
coma. The coma source peaked at 10,000 km dur ing the
encounter and it produced approximately twice as much CO
as is released from t h e nucleus as a parent CO molecule. If
Giot to had not penetrated i n t o t he /one of parent molecules,
then the abundance of CO as a parent would have been over-
estimated, '['he Pioneer Venus UV measurements (Uef. 1!I).
rocket UV measurements (Réf. 20) , t he Vega IKS (Uef . 21)
and ICK measurements iiilegraleover the coma and indicate
consistent coma CO values of about 20%- t h a t of HjO. CO
is generated in the coma presumably by the breakdown of
larger molecules tha t are either directly emitted from the
nucleus or are released by ou t -Mowing dust.

H..CO

Formaldehyde and POM (f ragments of foimaldehyde
polymer) in ILilley's coma were detected by radio
measurements (Uef. 22), by infrared measurements w i t h the
Vega IKS spectrometer (Réf. 21) and from the mass peaks
in the Giotto IMCA data (ReIs. LM and 2-1). '!'he radio
data suggests that some of the formaldehyde monomer is
generated wi th in the coma. Modeling of the IR formaldehyde
bands from the IKS data indicates a production rate relative
to water of •1.5% at I he t ime of the Vega llyby, however
comparison wi th radio and groundbased IR measurements
taken at other times show t h a t the production rate is highly
variable (Réf. 25). Mumma (Réf. 25) has suggested that the
variability of formaldehyde production and the variabi l i ty of
the ;i..|/nn "oigauie grain" feature (Réf. 21) are evidence
of internal inhomogeneity in the nucleus as could arise from
preservation of cometesimals.

COj. Cll.|. CH and C

The Giotto NMS found t h a t the CO-j/H.-O ra t io was <:i.5%>
(Réf. IS) and t h e Vega IKS spectra indicate a r.itio of
2% (Réf. 21). Carbon dioxide is clearly less abundan t
t h a n CO and il cannot be the source of coma derived CO.
The Giotto IMS (ion mass spectrometer) speclra have been
modeled Io give a best (it for the Cll| abundance w i t h a
methane ratio of C11,,/H.,0 = '2V, (Uef. 2Ii). This value is
consistent w i t h the 0.01 upper l imi t set by the non-detection
of Cll.i lines by the Kniper Airborne Observatory (Uef.
27). The production ra t io of C1I/I1..O was determined by
groundbased spoctroseopy to be 0.7%. The ClI d i s t r ibu l ion
in the coma indicates t h a i , like CO and I1..CO, some must be
derived from a coma source (Uef.28) The HKR sensor of the
d'iollo ion mass spectrometer delected a signal at mass 12
tha t suggests tha t there may be a direct source of carbon ions
above tha t which is derived from dissociation and ionisat ion
of CO. CII.i and CO... lialsiger it «/. suggest t h a t carbon
could be directly ejected from either the nuclear surface or
from the surfaces of coma grains (Réf. 8).

N-.. Nll.-i and HCN

The masses of N1. and Nl l . r are less abundant and not
directly resolvable from those of CO and Oil in t in - IMS
spectra. The upper l imit on the N j abundance derived from
the Giotto IMS data is 2% of the water production ra te (Uef.
20). From the the IMS results. Allen ./ «(. (Réf. 2(i) find
that, the data is best lit. w i t h a N l l j production rale between
1% and 2% that of the II2O production rate. Groundbased
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observations of ( Iu 1 N i l > bands yield u N I I j abundance r a t io
of Nlh/ l I jO ranging from O.'i% (UcI-. I.1!)) to 0.1% (Kef. 'M)
'!'lie Nl l j /O rat io correlates w i t l i absolute production rates
among different comets a n < l its decrease is possibly related
to ageing process in short period comel.-i (KeI'. 1 1 ) . liailio
ohscrvalions showed t l i a t IIC.N is a minor component w i t h
a constant ratio of IK'N/H-.'O = 0.1% t h a t docs not vary
w i t h 1I.-O prod\iction (lief. 31). UCN is a likely source
o f t lie dust-deri VXH! CX spiral s tructures spa l i a Uy resolved in
!!alley's coma (KeI. Ii) and at least some HCN may or ig ina le
from a distributed SOHITC.

CS ami S2

Ultraviolet spectroscopy w i t h I U K indicates CS and S'J
almndaiices of approximatelv 0.3'/! and 0.1% (liefs. 32 and
33).

TABLE 1: Approx! uate molar /alomic proportions w i t h
a dust/ice mass ratio = 2. The table assumes solar
composition for the eleiue
<t U N M / l v e UUl^ I U i K ) — -. I in i c i i m t i ^ M i i i i i . - , r*wim
composition for the elements in dust except l'or O which
is determined by stoichiomctry. If t h e d is t r ibuted CO
source is not derived from dust then t he ice component
will cont:,in an add i t iona l major component.

ICK DUST

C
N
O

<.5% MU + Si + Fe
0.5% S '

•]. ISOTOPIC(X)MPOSnTON

As reviewed by Geiss (Kef. 17), analyses of micrometeorites
and meteor ions in the mésosphère indicate t h a i (he bulk Mg,
Ca. Si and Fe isotopic compositions of cometary dust match
terrestrial values to the analysis precision of a few percent.
Isotopic variat ions of orders of magni tude were seen in (lie
dust impact mass spectrometer da ta , but in most cases it is
not j)ossible to demonstrate t h a t the effects are real and not
the result of molecule formation or other spurious effects.
JessLcrgcr (Kef. :M) argues t h a i t he high C1 J/C1 ! ra t ios
moasured by the Vega 1 PUMA ins t rument are real because
there is no obvions molecnlar interference t h a i could enhance
the ratio. Tie dust particle results are about half above and
half below the terrestrial ratio with exlreme values I l in t are
nearly a hundred t imes the terres t r ia l value of S'.). Large'
effects are also seen in meteorites but only lor trace phases,
so if the carbon isotope data for I !alley is correct (hen it
implies t h a t carbonaceous mat te r in !!alley is very dilferenl
from tha t in chondrites. Analvsis of high resolution spectra
of the CN band indicate a C'-/C l : i ratio for CN in !!alley's
coma of Oo ± 9 (Réf. 35). This value is lower t h a n t h a t
determined for any other solar system body and suggests
that !!alley did not form in the same region as Uranus and
Neptune (Kef. 35).

The D/I1 ratio in water was measured by the Gio t to NMS.
The ratio is bracketed by 0.0 x JO"'1 and -LS X 10~' and
is in general agreement w i t h ObJ(1CIs, such as the K a r l h ,
meteorites and Til an. tha t accreted hydrogen as condensed
molecules (Kef. 36). The !!alley value is higher than tha t of
the interstellar medium, the solar nebnla and of planets such
a Saturn and Jupi ter tha t fonncd by accretion of gaseous
hydrogen.

5. MINEKALOGICAL COMPOSITION

Some studies of interplanetary dust (Kef. 37) and analysis
of the !!alley dust impact, data (Kef. 3S) have suggested
that the dominant minerals in comets arc anhydrous silicates
although this assertion cannot be proven with the available
data. The anhydrous nature of I [alley silicates is however
supported by direct, information on the mineralogy of !!alley
silicates that was obtained by study of fine structure in
the 10/im "silicate" emission feature from !!alley (Kef.

!W). The shape ot t h e feature is consistent wi th (lie
presence of an abundant proportion of olivine. Olivine
is a anhydrous silicate tha t is very rare in Cl chondrites
and only a minor component in CM choiidriles, the only
two chondr i le classes t h a t are carbon rich. The CM ami
Cl chondrites are dominated by hydrated silicates which is
in contrast w i t h 1 !alley t h a t appears not to have a major
component of hydrous minerals. Spectral reflectance studies
of asteroids w i t h large heliocentric distances show that they
are nominally composed of anhydrous minerals (Kef. '1O) and
it is possible t ha i the majority of plane!isnials that accreted
far from (he center of the solar nebula were dominated by
anhydrous minerals. Water in these objects is carried by ice.

Uv analogy w i t h in te rp lane ta ry dust, the most common
non-organic solids in !!alley may be glass and the minerals
olivine, pyroxene and pyrrhotite (FeS). The relationship
between the silicate components and mineral grains it not
known but the particle impact data from !!alley show tha t
the organic (CHON) and silicate components are mixed
to various degrees at the submicron level. A reasonable
analog for comet dust is a submicron mixture of glass,
olivine, pyroxene, pyrrhotite with a substantial amount of
carbonaceous matter that occurs cither as grain mantles
or as free components. The bulk elemental composition
of the1 solids is approximately solar except for depletion of
hydrogen, oxygen and the noble gases. Ice could occur as
discrete components, as coatings on grains or as interst i t ial
material bet ween grains. If the dust /ice ratio is high (Iu 1 U (lie
dust and ice components may have comparable volumetric
ratios.
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ABSTRACT

Cometary phenomena are extremely complex. In
addition, we have only very vague ideas on the
microscope and macroscopic structures of Che
nucleus. A firmer knowledge of the structure is
essential for the forthcoming GRAF and ROSETTA
missions. The past and anticipated
contributions of laboratory studies are
described and evaluated.

1. WHY DO WE NEED LABORATORY STUDIES?

Cometary nuclei are thought to consist- of
mineral and organic dust, water ice and the gases
trapped in it, in a rather fluffy structure (p •>
0.2 - 0.5 g cm"-*). Yet, although we probably
have a fair idea about the components, our
understanding of the microscopic and macroscopic
structures is far from satisfactory. A major
improvement in this area is highly desirable
prior to the CRAF and ROSETTA (CNSR) missions.

Upon warming up by solar radiation, a heat wave
propagates inward, into this ill-defined
agglomerate, causing changes in the ice and,
thereby, the release of trapped gases from it.
Massive gas release might be accompanied by a
large flux of small ice and dust grains. The
sublimation of the ice leaves behind a fraction
of the dust, while propelling some of it outward.
Thus, an insulating dust layer builds up.
Whether only the heavier dust particles remain on
the surface, or some of the smaller ones are
glued together, by their now warm organic
mantles, is still undetermined. This dust layer
would build up to such thickness that could
eventually choke water evaporation from the
underlying ice layer.

A fraction of the gases released from the various
warm ice layers, as well as a fraction of the
water vapor itself, can migrate inward,
increasing the thermal conductivity and thus
changing the thermal profile in the nucleus.
Gases can also accumulate in pockets, by a
dynamic percolation process, and rupture the
overlying ice layer - thus creating the observed
outbursts and active craters on comets.

If the major gas release mechanism is the
transformation ?f amorphous gas-laden ice into
crystalline ice, the highest gas pressure is
obtained near the boundary of amorphous to

crystalline ice, some tens of meters below the
surface. Thus, an explosion will reveal, at the
bottom of the crater, a layer of pristine, gas-
laden amorphous ice. Its heating by the sun will
result in violent gas release and the regular
water evaporation.

Ar/other, more quiescent gas release mechanism,
could occur if some of the gas is trapped in the
form of a clathrate-hydrate. Then, the gas would
be released from the clathrate cages only when
the ice evaporates, and a constant ratio of gas
to water vapor would prevail.

During Giotto's encounter with Halley, the CO/H20
ratio varied, being higher a*-, a large distance
and lower close by. Yet, since at a large
distance Giotto faced Halley's dark side, where
CO would emerge from the sluggishly heated
interior, while water evaporation from the
surface was slow, and at close encounter it faced
the sunlit side, where the ice was directly
illuminated and evaporated accordingly, the
CO/H2Û ratio could vary. Thus, is this variation
a simple manifestation of CO emission from the
interior vs water evaporation fron the surface,
(Réf. 1) or a result of additional CO production
by the photolysis of paraformaldehyde? (Réf. 2)
This chapter brought up some aspects of the
extreme complexity of cometary phenomena upon
close scrutiny and the many unanswered questions
which still prevail. Hopefully, some of these
questions could be answered before the CRAF and
ROSETTA missions, through laboratory simulation
studies and the incorporation of their results
into models of the behavior of cometary nuclei.

2. WHAT COULD LABORATORY SIMULATIONS
CONTRIBUTE TO OUR UNDERSTANDING
OF COMETS?

The questions regarding comets can be divided
into microscopic, macroscopic, and real scale and
their manifestations in both cometary activity
and sample acquisition problems.

2.1 Microscopic scale

On the microscopic scale, the physics of water
ice and its interaction with various gases can be
studied in the laboratory, using small ice
samples. By such studies, the annealing of
amorphous ice and its transformation into cubic
ice and hexagonal ice were discovered. The
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mechanisms by which amorphous ice traps gases in
its wide channels and cracks and the release of
the gases from the annealing, transforming and
evaporating ice were found (Refs. 3-6). The
exothermicity of the irreversible amorphous to
cubic transition was measured as well as the
almost thermoneutrality of the cubic to hexagonal
transition (Réf. 7). In addition, the exact
temperatures of these processes were measured as
well as their time dépendance (Réf. 8).
Apparently, the most active gas releasing process
is the transition from amorphous ice into cubic
ice, (Refs. 3-6, 8,9) followed by the cubic to
hexagonal transition and by the evaporation of
the clathrate-hydrate (when conditions are
suitable for its formation).

These experimental findings were incorporated
into models of cometary nuclei (e.g. Refs. 10-
18).

2.2 Macroscopic scale

In these models, the macroscopic structure of the
nucleus plays a major role. Factors such as
porosity, permeability to gas and water vapor,
thermal conductivity and the effect of migrating
gases on it, tensile strength, formation of a
dust layer and its insulating effect, should be
studied experimentally on thick ice samples. A
major step in this direction was done in the COSI
experiments, where -15 cm thick ice/dust samples
were prepared, without gas or with frozen COj,
and warmed by simulated solar irradiation (Refs.
1,19). In these experiments, the back migration
of water vapor to a depth of 2-3 cm and of CC>2
throughout the sample were measured. The thermal
profiles of the heated ice sample were measured
and the models were adjusted to accommodate the
effect of vapor and gas migration (Réf. 19). The
ejection of dust and ice grains was measured, as
well as the build-up of the insulating dust layer
and its effect on the underlying ice. The five
COSI experiments revealed to us the complexity
and variability of the various observed phenomena
and cautioned us as to the direct applicability
of the experimental observations to real comets.

A step forward in our understanding is expected
when amorphous gas-laden thick ice samples will
be used in these experiments, instead of the
crystalline ice + frozen gas samples. Hopefully,
explosions and cratering will be observed in
these samples, as a result of massive gas release

during the amorphous to crystalline ice
transition. Another important observation might
be the variation of gas to water vapor in the
emission from these samples, which might enable
us to interpret more accurately Giotto's and
Vega's measurements and reach conclusions as to
the CO/water ratio in Halley's nucleus. These,
in turn, will indicate the temperature and gas
composition in the solar nebula where Halley's
nucleus was formed.

Once the physics of ice at low temperature,
its trapping of gases and their release upon
warming, are completely understood and the effects
of the macroscopic structure, together with the
various large scale processes are elucidated
through laboratory studies, much more accurate
models of cometary nuclei could be constructed.

2.3 Sample acquisition studies

While the advanced models of cometary nuclei
could clarify the mechanisms of cometary
activity, they would still lack the desired
details required locally for purposes of sample
acquisition. As demonstrated in this workshop,
we have no firm idea about the consistency of the
ice and the distribution of minerals and organics
in it. Is it a very loose agglomerate of fine
particles - like a sand dune or, at the other
extreme - a hard ice structure like deep
terrestrial ice? Are all the dust particles
small or are there large and hard pebbles, which
might interfere severly with the drilling and
sample acquisition? An extreme case might be a
nucleus made mainly of minerals and organics,
with only little ice dispersed among them. Yet,
we might already use some laboratory and
observational results to point to the most
probable structure: From the COSI experiments,
it seems that the agglomerate of ice particles is
quite fragile, Since comets were accreted from
cometesimals which, in turn, were also formed by
accretion of smaller particles, it is very likely
that their fragile structure is maintained
throughout. As to the mineral part: All IDP's
collected up till now are very fragile. The
particles which produce fire balls upon entering
the atmosphere - presumably cometary debris - are
all fragile and disintegrate high in the strato-
sphere. An exception might be hard meteoritic
debris of various sizes, which were ejected from
the asteroid belt into the region of comet
formation.

Thus, a probable cometary material could be quite
easy to drill through with the exception of the
possible (rare?) meteoritic debris. Nevertheless,
very large scale laboratory drilling tests
should be performed on all the extreme cases
mentioned above, in order to make sure that
ROSETTA indeed comes back to Earth with a deep
core of cometary materials and not only a
scooped surface sample.
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