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Giotto observations of Comet Halley dust

By J. A. M. McDo~NELL, J. C. ZARNECK]I, R.E. OLEARCZYK, S. C. CHAKAVEH,
G. S. A. Pankiewicz AND S. T. Evans

Unit for Space Sciences, University of Kent at Canterbury, Canterbury, Kent CT2 TNR, U.K.

Y 4

Measurements of the dust environment of Comet P/Halley by the dust experiments
on the Giotto and Vega spacecraft are discussed, as well as some aspects of the dust
modelling that was carried out before the spacecraft encounters with the comet.
These data have highlighted certain shortcomings in the models. For example,
significant fluxes of grains (m < 107'" kg) smaller than allowed by the models have
been detected, as well as a far higher ratio than predicted of light to dark side emission
from the cometary nucleus. The mass-loss rate is determined and implications for the
past history of the comet are discussed. It is also shown how the dust-impact data
from the spacecraft experiments can be used to derive information on the distribution
of emission over the surface of the nucleus.
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1. INTRODUCTION

Within a period of eight days in March 1986, five spacecraft successfully achieved a close
encounter with Comet Halley some five weeks after the comet’s perihelion passage (on
9 February 1986). The closest approach to the cometary nucleus varied from ca. 7 x 10° km (for
Sakigake) to ca. 605 km (for Giotto). A wide variety of scientific experiments was carried by these
spacecraft involving dust, plasma and imaging instruments. Almost all experiments performed
well and a vast quantity of data of unprecedented quality in terms of cometary research has
been obtained. Very preliminary results have recently been presented (Nature Suppl. 321
pp. 259-366 (1986)).
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2. IN-SITU DUST MEASUREMENTS

The study of cometary dust was possible hitherto only through ground-based optical and
infrared observations of the light scattered by the dust and of the thermal emission from the

Y o

grains. This has led to some progress in the understanding of the nature of the grains but
i detailed understanding is possible only through in-situ measurements as carried out in particular
P by Giotto and Vega 1 and 2. Table 1 summarizes those experiments that made direct in-situ
O : measurements of the dust. Other instruments provided further information on dust properties
A through remote sensing; e.g. on Giotto, the oPE (optical probe experiment) and umc (Halley
E O multicolour camera) measured the light scattered by the dust while the GRE (Giotfo radio science
— 8 experiment) measured the deceleration produced on the spacecraft by the impinging gas and

dust; on Vega 1 and 2, the Tvs (television system), IRs (infrared spectrometer) and Tks (three-
channel spectrometer) instruments were all able to measure radiation scattered or emitted by
the dust in various wavelength ranges (see table 2).
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2.1. Measurements from the dust impact detection system, DIDSY

The dust impact detection system (DIDsY) consists of five independent subsystems for the
- determination of the cometary dust efflux mass spectrum (figure 1) (McDonnell ez al. 19864a).
Three piezoelectric sensors mounted on the spacecraft-front dust-protection shield register dust
grains of mass greater than 4 x 1072 kg while a similar sensor mounted on the Kevlar rear
shield detects the larger dust grains that can perforate the front shield (m 2 107® kg). Mounted
separately on the dust shield, the 1pM (impact plasma and momentum) subsystem comprises a
plasma detector (1Pm-P) of limiting mass 107%° kg, together with a piezoelectric crystal (1PM-M)
fixed to the same target plate (limiting mass 4 x 107'® kg). The 1PM-P sensor consists of two
identical halves, one of which is covered by a thin (ca. 2.5 pm) foil to provide limited particle
density information. Also on the shield, the c1s (capacitor impact sensor), which comprises a
thin film capacitor bonded onto the front shield, detects particles whose mass exceeds a
threshold value of 3 x 107*2 kg. All these subsystems are controlled by the cpF (central data
formatter), performing on-board data processing and formatting.

1mm aluminium- e DID2, 3,4, .i’) alt"e.
front meteoroid. piezoelectric
bumper shield sensors 3 5-10 g

/’ impact causes
” multiple

f deteétm

f DID 2,3

4 10-100 pg

4+ 100 pg-10 mg

'& over 10 mg

\\ impact plasma and
\ 'momentum
sensor

rear
meteoroid
bumper shield

FiGURE 1. DIDSY sensor configuration on the outer dust shield and pip 5 on the rear Kevlar shield. Position of
the ten largest particle impacts determined until now are indicated.

The properties of the subsystems and of the approximately 12000 impacts so far identified
up to the point of encounter are summarized in table 3 (McDonnell ¢t al. 19865). All data in
this table refer to the time period from first impact detection; up to —43 s for ipm-p, —5 s for
msM, RsM and 1PM-M and — 10 s for cis. Time refers to encounter at 14 March 00h 11min 00s
U.T. ground received time.

At —21 min an impact occurred on IPM causing saturation of both 1pM-M and 1PM-P giving
a lower mass limit of some 5 x 107" kg. The ais suffered a short circuit at —16 min which
corrected itself at about —1 min. At approximately —44 s the largest mass, some 4 x 107 kg,
was detected by all three front shield sensors. Around this time the iMp-p became erratic; the
mode of operation of two of the MsM sensor (pIp2 and pIp3) became erratic and then changed
to a fixed, non-preferred mode.

Preliminary analysis of the count rates from the various sensors has yielded fluxes of particles;
a time profile shows the activity measured in the various mass ranges (figure 2).
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Ficure 2. Flux rates (cumulative im mass) detected by various of the pipsy subsystems, for the pre-encounter period,
with the mass threshold limit for each profile shown. Note the expansions in the time axis for the rates nearest
the time of closest approach. For comparison, the dotted line on the 1.0 X 10~%° kg line indicates, on the same
timescale as the first period, the flux up to closest approach. No corrections are made for sensor dead-time
effects, but this should be significant only for the last few seconds before closest approach.

3.1. Cometary gas emission and dust acceleration

The basis for the dynamical behaviour and distribution of dust is the so-called ‘fountain
model’ based on Whipple’s icy-nucleus model (Whipple 1950). This model can account for the
motion of particles in the range 1071"-107% kg; these are ejected with a velocity that depends
on particle size, and move (relative to the comet nucleus) under the influence of radiation
pressure (Divine 1981). The Halley encounters have shown many parameters assumed in the
model to be ill-founded, but its general properties are substantiated.

The cometary nucleus is represented as a sphere of radius Ry of an inhomogeneous mixture
of rocks, dust grains and volatile ices (Whipple 1950; 1951). The gas flux, related to the nucleus
surface temperature 7y is given by (Delsemme & Swings 1952):

Z=P (2nMkT) Fkgm s, (1)

where P, is sublimation pressure, 4/ is mean gas molecular mass, £ is Boltzmann’s constant
and Ty is nucleus surface temperature.
This assumes that ice sublimes to form a gas with a molecular speed of

V = (8k Ty /mi):. (2)

Close to the nucleus surface, the sublimating ice—gas escapes with rate of Q, kg s™, thereby
accelerating the released dust; loading during expansion may be significant.
The radial flux of gas molecules at the surface of a spherical nucleus is given by

N =1 £) (Qo/RY) kgm™s7, 3)

where f({,£) represents the source distribution function, and § and £ are the spherical co-
ordinates of the emission point on the surface of the nucleus (see §3.3).
Only dust grains that acquire enough force from the gas flow to overcome the nucleus’s
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gravitational attraction can escape from the comet and an upper limit of 3.3 x 10~ kg is
assumed now (Divine et al. 1986). The radial flux of such dust grains is described by a mass
distribution g(m) given by (Divine 1981)

dN = pi1Qy/ RE 14, €) glm) dm m™2 s, | 4)

where g is the dust:gas mass ratio.

We have established a parametric form for the terminal velocity V; of the liberated grains
as a function of gas velocity V and particle radius, a, which encompasses the data of
T. I. Gombosi (personal communication), namely

v, = V__(fs/L)%_ (5)

1+ (g /a)?’

where a, = a, (0.59/r,)%? is the radius of the particle accelerated to 3V (which varies with
heliocentric distance). For Halley near encounter we take

a, =2x10"" m,
7o = heliocentric distance in AU.

Alternative and more complete forms have been given (see, for example, Delsemme & Miller
1971) but are less tractable in fitting observational data. Observational data from the Halley

Giotto NMs instrument (Krankowsky et al. 1986) suggests a gas velocity of near 900 ms™,

although pre-encounter modelling had assumed a value of ca. 660 ms™.

The motion of dust particles under radiation pressure results only in zero, one or two solutions
at a point for dust trajectories from the nucleus, corresponding to locations beyond, on or
within the envelope respectively. The ‘two solution region’ corresponds to trajectories origi-
nating directly from the nucleus or ‘reflected’ from the outer envelope. On the envelope these
two solutions converge to produce an enhancement in local dust density.

A parameter 7 permits the specification of times of flight from the nucleus; the parameter is
given by

R
(2E+S8)+[(2E+8)*—R3)|Y

1= (6)
where R is the distance from the comet nucleus, S is the distance from the nucleus along the
Sun—comet axis and E corresponds to the apex distance, which is the maximum distance any
particle can travel in the sunward direction. The time of flight for travel from the nucleus for

the two solutions is given by .
t=(4ERy*')/V, (7)

where 77! and #*! represent direct and reflected particles respectively. The ratio of the density
of direct to reflected particles can be expressed as

S &) [(RE+S) + (2E+8)2— R)]
N &) (R) ’

where f({,, £,) and f(,, ;) represent the source distribution functions for direct and reflected
particles, respectively. Predicted values for Giotto’s trajectory show that & varies from five at the
edge of the outer envelope (R = 10° km) to 5 x 10* at the point of closest approach.
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3.2. Comparison with other models

One shortcoming of the ‘fountain model’ is that it does not consider realistically the
behaviour of large particles. As studied by Fertig ¢t al. (1984), the larger particles have lower
terminal velocities, which, because of the changing heliocentric distance, results in their
confinement to a limited and asymmetric area around the nucleus—Sun line. This in turn causes
the shape of the overall particle cloud to deviate greatly from the paraboloid of rotation typical
of smaller particles.

In addition the ‘fountain model’ does not cater for the more general case where the nucleus
moves around the Sun on a keplerian orbit. Models recently developed at Esoc (Massone ef al.
1985) simulate such behaviour. The motion of dust particles in such cases can be expressed
by ’

r=¢V+yAx, (9)

where 7 is the position vector of the dust particle, Ak represents the dependency of radiation
pressure, V is the initial velocity vector of dust grains; and ¢, ¥ depend only on the orbit of the
nucleus and the time of arrival at the required location. '

It is essential to note that the pre-encounter mass distributions used to develop a framework
for all modelling were determined explicitly from infrared observations of dust in comets. This
was studied by several researchers such as Mukai (1977%), Krishna Swamy & Donn (1979) and
Hanner (1980). ‘ ‘

Grain temperatures as a function of particle radius and heliocentric distance can be derived
from theoretical modelling of thermal emission (Hanner 1982). These are obtained by equating
the amount of solar energy absorbed by the grains to the thermal energy emitted by them.
Because the emission is inefficient at wavelengths large compared with grain size, this relation
shows that grains of a given temperature cannot radiate efficiently at wavelengths greater than
ten times their radius and implies an observational limit for detection by infrared techniques
of about 0.1 pm for the radius of emitting grains. Considering a typical density of about
1 g cm™ for such particles, a mass cutoff of 107**~1077 kg is implied. However, the data from
Giotto and Vega in-situ dust experiments now demonstrate the existence of a high spatial
density of grains with masses up to three magnitudes smaller than this limit (i.e. 1072 kg)
(McDonnell et al. 19865).

3.3. Nucleus emission model

It is important to use a realistic function that describes the pattern of dust and gas emission
- from the nucleus. The Comet Halley Working Group uses the form (Divine 1981)

fIL £) = (0.0159) (5—3 cosh), (10)

where 6 is angular distance from antisubsolar point. The function has a maximum emission
from the subsolar point and minimum from the antisubsolar point. This function accounts for
emission due to both solar radiation and heating from the neighbouring coma and leads to a
light—dark peak emission ratio of four. A new set of functions has now to be considered to
account for the unexpected flux measurements from the spacecraft encounter with Halley.
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Measurements show a strong concentration in forward ejecting jets, and hence a more con-
centrated function was tested, namely :

AL £) = (3/4m) cos?6, 6> 90° and AL, £)=0 for 6<90°. ©  (i1)

Figure 3 shows the result of fitting to the cumulative mass obtained from pipsy at a distance
of 15600 km from the nucleus. The mass distribution, g(m), and source function, f(, §) of
Divine (1981) have been used. The poor fit, as shown by discrepancies in the slope, flux and
cut-off are indicative of the shortcomings inherent in much of the pre-encounter modelling.
Better agreement between the in-situ data and theoretical models is being sought by using
modified mass and source functions. It is already found that, for example, more concentrated
source functions, of the type described above, do give an improved fit to the experimental
data. ’

3 1 1 T T 1 1 ) T T T 1]

lg {flux/(m~2s71)}

-3 1 ! 1 1 1 N ] ] ] ]
107® 107® 107 100 1002  107® 10°®
mass/kg

Ficure 3. Comparison of actual and predicted cumulative mass spectrum at a distance of 15600 km from the nucleus.
0, Measured pipsy data over an integration period of 23 s; 0, predicted cumulative spectrum based on the
dust model of Divine (1981). Discrepancies in slope, cut-off and flux level are clearly illustrated.

3.4. Nucleus source activity mapping from direct fly-by measurements

Recording the dust flux on the shield of Giotto has, of course, enabled the flux of particles to
be measured along the spacecraft’s trajectory. Because the typical apex distances of such particle
trajectories are of the order of 10° km (Divine 1981), and the parabolae are approximately
described by straight lines near the source, we can assume the dust particles to have travelled
in a straight line between the emission point and the interception point at Giotfo. In this way,
the dust flux can be transformed back to a given position on the nucleus of the comet, according
to the mass of particle arriving at the spacecraft, because the acceleration (occurring within
several nuclear radii, namely ca. 15 km) is radial with respect to the comet nucleus (Divine
et al. 1983).

Such a technique can be used to map active areas of the nucleus, where comparatively large
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dust emissions have occurred. By making (6,, ¢,) the equatorial coordinates of the subsatellite
point at closest approach, the subsatellite track can be drawn; a term resulting from the rotation
of the nucleus is included to give the coordinates of dust emission 8,, ¢, (see figure 4).

0, = 6 (subsatellite) 4+ 6 (emission point rotation)

_ V.tcose| ¢ o R 360°
= { arctan [T] E X 360°+ 00} {Vr X Tc}’ (12)
¢, = arcsin Fitsine + o,

R

where Vs the spacecraft velocity, ¢is time after encounter, R, is the distance of closest approach,
€ is the angle subtended by the nuclear equator and ecliptic along the trajectory, £, is the
rotation period, Vy is the terminal dust velocity and the subsatellite points are 8, and ¢,.

'

. A
dust envelope ‘:
© ¢a.105km ¢

from nucleus /|

- !

to Sun

Ficure 4. Encounter geometry near time of closest approach. Dust particles are emitted from point (¢, ¢’) and
detected by Giotto at time ¢, by which time the emission point is situated at (6, ¢;) relative to the spacecraft,
due to nucleus rotation. R, = 600 km, 6, = 185°, ¢, = 25°.

By looking at fluxes detected within different mass ranges, as distinct from threshold sensor
measurements, whose terminal velocities are different, we have a dispersion of particle emission
points around the nucleus. In this way, a picture of the nucleus can be built up by following
back different particles to their appropriate emission points.

3.5. Nucleus source mapping applied to pIDSY in-situ data

A preliminary study of the potential for nucleus source mapping has been made with dust
fluxes measured by the pID sensors. A total mass range is available from 1072 kg to the
maximum mass of 40 mg (largest particle); here, we show the tracks of emission points
corresponding to m; = 107", 107® and 107" kg in figure 5. The subsatellite longitude and
latitude of Giotto at closest approach are taken to be 6, = 185° ¢, = 25° with € = 58°.

In figure 5 we also show the flux rate for the pIp1M sensor, corresponding to particles of about
4 x 107!3 kg. This activity can then be related to the emission track of such masses (see §5). In
this way, analysis of pipsy data will reveal more detail of the nuclear surface.
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Ficure 5. A latitude-longitude map showing emission tracks for particles of four different masses around Halley’s
nucleus. The track marked M, corresponds to masses of 4 x 1072 kg, and a plot of the nucleus dust flux against
time to closest approach is shown below. Tracks marked M,, M, and M, correspond to masses of 107, 10~*
and 107® kg, respectively. The subsatellite track is also shown, with tick marks indicating, in seconds, time to

i closest approach. We also show the flux at Halley, ¢, normalized to an R~? dependence for particles of mass
-8 k
= > 4x 107 kg.
O H
= 4. Synergistic measurements related to DIDSY
e
E O In addition to ppsy, dust detection on the Giotto and Vega spacecraft is by the particulate
= 8 impact analyser p1a and puma (Kissel 1986), which provides information on the composition

of the individual dust particles and the average composition and mass distribution of cometary
matter released by Halley. Preliminary results indicate the presence of H, C, N, O, Na, Mg,
Si and Fe. One group significantly comprises particles that are rich in H, C, N and O. Contrary
to expectations, carbonaceous chondrites fit only partially the mass spectra obtained for
detected cometary particles. Furthermore, the spectra seem to indicate that the light elements
specifically seem to have low mass to volume ratio, with particle densities perhaps as low as
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0.01 g cm™. In general agreement with the results from pIDsy, PIA results indicate that small
particles (m < 107'" g) are more abundant than implied by the dust models (Kissel et al.
1986).

The neutral mass spectrometer (NMs) determined the nature of Halley’s volatile components,
measuring the elemental and isotopic composition of the coma. As expected, water was the
dominant parent molecule in the coma, with a density of 4.7 x 107 molecules cm™ at 1000 km.
The radial gas outflow velocity was determined to be 0.9 km s™', with a gas production rate of
6.9 x 10%® molecules s™*. (Krankowsky et al. 1986). These data are of relevance to the in-situ dust
data for the purpose of determining the dust:gas ratio.

The optical probe experiment (OPE) was able to measure the optical properties of the
cometary dust by comparing the polarized spectral radiance observed at several points along
the trajectory. Thus, together with results obtained from the Halley multicolour camera (1mc)
(Keller et al. 1986) and ground-based observations (Green & Hughes 1987), the amount of
light scattered by the dust or emitted by the gas can be directly measured. Initial results from
oPE indicate that the emissivity of the dust follows an "2 law for 7 > 2000 km from the nucleus,
but increases at a greater rate closer in, probably due to sunward side enhancement (Levasseur-
Regourd et al. 19865) and with a flatter distribution at » > 10000 km. This is comparable in
form with the pIDsy particulate cross section distribution and when related together the data
will establish the particle albedo.

The cometary dust and gas fluence was also deduced from the deceleration of Giotto due to
atmospheric drag by measuring the Doppler shift of the signals arriving from Giotto (radio
science experiment). The total velocity change was approximately 16.7 cm s™ implying that
the total impacting mass on Giotto lies in the range 0.1-1 g (Edenhofer et al. 19865), not
conflicting with the pipsy data. A detailed comparison of these data will follow now that
extended telemetry records for the close encounter period are available.

By combining the results from all experiments, composition, distribution, mass and dynamics
of the dust halo round the nucleus will be determined. This will allow the emission dynamics
of dust and gas from the nucleus to be studied and more accurate assumptions to be made as
to the genesis of comets, and the general accretion of matter into protoplanets in the prehistory
of the Solar System. i

5. SIGNIFICANCE OF ENCOUNTER DATA

Although the data from the various spacecraft encounters are still at a very early stage of
analysis, some broad conclusions can already be drawn from the data that refer specifically to
the dust. Referring to the nucleus-mapping data, the first of which are presented in figure 5 for
masses of around 4 x 1073 kg, there appears to be a general increase in emitted flux as one
proceeds further into the sunlit hemisphere of the nucleus. This may be indicative of a thermal-
lag effect past the dawn terminator. From this data, we estimate the bright to dark side
integrated flux ratio to be of the order of 20 to 30. As discussed earlier, existing models tend
to adopt a smoothly varying source function of sinusoidal form. The function described by (10)
predicts that this ratio is of the order of only 2. Additionally, camera images from Giotto and
Vega show quite clearly that the emission is dominated by forward jet emission. Detailed analysis
of the dust impact profiles will enable the relative importance of emission from the jets and the
general background emission to be determined.

During the very close encounter period, we can use the pIDSY impact rates and derived mass
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spectrum, combined with a 1/72 model for the radial dependence of the dust distribution to
determine the amount of dust in the line of sight from the spacecraft to the nucleus. For example,
at a distance of 2000 km, we estimate that in a line-of-sight column to the nucleus, the
integrated geometrical cross-sectional area of dust represents some 0.02 of the cross-sectional
area of the column. This is consistent with the visibility of the nucleus as determined by HMC
images (Keller et al. 1986).

Integration of the pipsy flux rates yields a dust production rate of 3 t s, Combined with
data from nms (Krankowsky et al. 1986), this gives a total mass rate of some 19 t s™* at the time
of Giotto encounter. Results from Vega 1 and 2 yield slightly different results, possibly indicative
of variations in emission rates due to the dominance of jet activity. The Giotto results implies
an erosion rate of some 0.5 m lost per perihelion passage. If we assume that Comet Halley was
injected into the inner Solar System some 20000 years ago (Hughes 1985), this implies that the
present mass is approximately half its original value. This mass-loss rate also suggests that the
topology and current shape of the nucleus are dominated by ablation processes over the comet’s
lifetime in the inner Solar System, since the impact erosion rate on lunar rocks at 1 AU
heliocentric distance is of the order of 1 mm Ma™ (McDonnell & Ashworth 1972), i.e.
corresponding to a negligible loss at each perihelion ; evaporation is more than eight magnitudes
more significant than impact erosion averaged over the orbit of Halley.

Several results of significance are suggested by preliminary analyses of the dust mass spec-
trometers (P1A on Giotto and PUMA on Vega). For example, one type of dust particle seems to
be composed entirely of low-Z elements. Another type is only roughly similar to carbonaceous
chondrites. Additionally some grains appear to have a low density. Also of considerable
significance is that the dust observations of opE, which yield the product of the dust local spatial
density and the scattering cross section and the observations of pipsy, when combined, will
yield the grain albedo along Giotto’s trajectory.

From a technical viewpoint, the results from pipsy have demonstrated the viability of the
concept and design of the dual dust protection shield. This is potentially of great significance
for future cometary missions. Results imply that approximately 19, of the shield’s surface area
was ablated by dust impacts and that the total area penetrated by impacts was of the order of
1.5 cm?®.
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Discussion

Sir BERNARD LoveLrr, F.R.S. (Nuffield Radio Astronomy Laboratories, Cheshire, U.K.). There are
two meteor streams ascribed to Comet Halley as a source. How do your data relate to these
streams?
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J. A. M. McDonnNeLL. From the Giotto pipsy data we have established two input parameters
that would assist in this correlation, namely (i) the size spectrum or mass index and (ii) the total
mass input potentially available for such streams generated by Comet Halley during its 1986
perihelion passage. The latter is, of course, determined only up to a limiting sensitivity
corresponding to some 40 mg, but certainly corresponds to a second-magnitude photographic
meteor or brighter. The mass index of the dust distribution may well differ from that observed
in the streams because of observational factors and evolutionary changes within the perhaps
20000 year old particles in the stream.

Sir Frep Hovik, F.R.S. (Department of Applied Mathematics and Astronomy, University College,
Cardiff, U.K.). In passing from particle masses to their densities, volumes are needed. How were
the volumes obtained? Were they from areas, taken to be (arca)%?

J. A. M. McDonNEeLL. Particle density is deduced by the particle impact analyser (p1a) (prin-
cipal investigator Dr J. Kissel, Heidelberg) by consideration of the ionization from incident
particles compared with the impact ionization which that particle causes from the silver target
material. Such a ratio is a measure of the average mass per unit area of the particles, derived
by their effective penetration into the PIA silver target. Interpretation is tentative as yet (not
published).

S. DurraNt (Department of Physics, University of Birmingham, U.K.). Is there any information
on the material strength or density of the particles impacting the Giofto spacecraft from the
DIDSY experiment?

J. A. M. McDonNELL. At the Giotto impact speed of 68 km s7%, the particle strength has a very
minor effect on penetration ability and therefore inferring particle density from the pipsy data
is not straightforward, especially for particles penetrating the shield. For one range of masses,
however, the high-sensitivity DIDsY IPM-P sensor has two separate parts, identical except for a
2.5 pm foil covering one part. From comparison of these with the subunits, the penetration
limit may be obtained but such data are still under analysis.

Note added in proof (30 May 1987). In the more recent analysis of the data from pipsy and
piA the database has been extended and instrumental calibration factors reassessed. It is now
seen that the flux of the smaller particles on the 1pM-M and P sensors before encounter was
suppressed because of the malfunction of a thin protective Mylar cover (22 pm); this was
indeed abraded totally at 10 s before encounter but does explain some of the anomalies
characteristic of the pre-encounter pipsy mass distribution (figure 3) where fluxes plotted at
masses 1072°, 1078 and 107'" kg are now seen to correspond to residues from larger penetrating
particles in the mass range 10™"° to 107'? kg. Revised and extended data are published in
J. A. M. McDonnell et al. ESA Special Publication SP250 (1986).
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