Astron. Astrophys. 348, 636—641 (1999) ASTRONOMY
AND
ASTROPHYSICS

Similarities between in situ measurements of local dust light scattering
and dust flux impact data within the coma of 1P/Halley

A.C. Levasseur-Regourd, N. McBride?, E. Hadamcik', and M. Fulle3

! Universié Paris 6, &Aronomie CNRS, B.P. 3, F-91371 Vémeés-le-Buisson, France
2 Unit for Space Sciences and Astrophysics, School of Physical Sciences, University of Kent, Canterbury, CT2 7NR, UK
3 Osservatorio Astonomico di Trieste, via G.B. Tiepolo 11, 1-34131 Trieste, Italy

Received 14 August 1998 / Accepted 4 June 1999

Abstract. In situ measurements of the light locally scatteredf the new assessment of the OPE data at the time of the en-
by cometary dust, as well as the local dust spatial density a@unter of Giotto with comet 26P/Grigg-Skjellerup, which has
only available for one comet, 1P/Halley. These data, returnalbwed us to obtain a much more satisfactory signal to noise
from the Optical Probe Experiment (OPE) and the Dust Imatio in the outer coma where the level of light scattered by
pact Detection System (DIDSY) aboard the European Spamemetary dust is low.

Agency spacecraft Giotto, are re-assessed in light of the recentin this paper we present the data used in this comparative
improvements in the analysis and calibration of the OPE datfudy, gathered along the trajectory of the Giotto spacecraft,
after the encounter of the spacecraft with the comet 26P/Gridgpm the outer edge of coma at approximately &k from
Skjellerup. We find that the local brightness and dust flux atiee nucleus to around $@m. We then compare the trends in
remarkably consistent (even though the DIDSY data sampletha data, and discuss some possible local changes inside the
limited range of particle mass) for distances from the nucleaemetary coma.

in the 1¢ to 10° km range, and broadly speaking both data

sets exhibit a-2 radial gradient (albeit with localised features).

An interesting deviation from the-2 radial gradient is seen o

for the local brightness as Giotto approaches within 2000 kfn The in situ measurements

of the nucleus (which corresponds to Giotto crossing from th§ye gata presented here were obtained inside the coma of comet
anti-sunward side of the terminator plane to the sunward sidghley during its March 1986 Giotto flyby (Reinhard, 1986).
These twoin situ data sets, and their similarities and correlatigthe comet was 0.90 AU from the Sun. The Giotto spacecraft
now offer an excellent diagnostic test of the effectiveness aﬁgssed through the coma with a relative velocity of 68.4 ki s
validity of cometary coma models. the angle between the spacecraft velocity vector in the comet
frame of reference and the Sun—comet line being°10he
Key words: comets: general — comets: individual: 1P/Halley gpacecraft approached the comet from the antisolar side, enter-
ing the sunlithemisphere at a nucleus distance of about 2030 km.
It passed the nucleus at a closest distance of around 600 km.

1. Introduction

. S 2.1. Data on the light scattered by dust (OPE)
Comet 1P/Halley is the only comet for which in situ measure-

ments of both the light locally scattered by dust, and the I¢he Optical Probe Experiment (OPE) was designed to monitor
cal dust spatial density are available (Levasseur-Regourd et light scattered by dust inside the cometary coma (Levasseur-
1986; McDonnell etal., 1986; McDonnell etal., 1993). The HaRegourd et al., 1984, 1986). The instrument was a small po-
|ey data then, offer an excellent Opportunity to provide uniqdérimeter with a 2.6 field of view. To ensure rellablllty, the
diagnostic information to test cometary models, and thus deriAstrument had no moving parts. The polarisation was thus de-
realistic constraints on the physical properties of the cometd@jmined by the rotation of the analyser with the spacecraft.
dust. This new investigation was undertaken by the authorsGHring a spin period (of 4 s), eight consecutive measurements
the form of a working team at the International Space Sden@%the polarised intensities were performed in clock sectors at
Institute, Switzerland, and represented the experimenters for % from one another, allowing the brightness to be retrieved
Optical Probe Experiment (OPE) and the Dust Impact Detectif@m the sum of two components at®9ffom one another. To

System (DIDSY). The project was conceived to take advanta@¢0id damaging impacts, the optical probe was positioned on
the rear of the spacecraft. The resulting phase angle (i.e. the an-

Send offprint requests 1&.C. Levasseur-Regourd gle between the Sun and the spacecraft as seen from a scattering
(aclr@aerov.jussieu.fr) particle) was thus 73
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The positioning of OPE at the rear of Giotto had two negati\ 10 10 10
consequences. Firstly, the stray light level due toreflectionsfrc ~ -2.0 ' o
the spacecraftstructure (antennaandtripod) was highforfive .~ OPE integrated BLUE flux [
of the eight clock sectors. The brightness was thusretrievedo — |
once per rotation. Secondly, the data after the closest appro H'E -2.8 -
were degraded, due to the high level of scattered light from t F.'i-s.z ] N
nucleus region, and also because the field of view, and hel & .
the scattered light intensity, was varying periodically due wN'E -3.6 -
a significant nutation of the spacecraft caused by a large d 2 40 ] B
impact near closest approach. N .

However, the rearward positioning of OPE meant that t ;9.-4-4 . -
experiment survived the Halley encounter, allowing new da © , ¢ | L
to be gathered at the 1992 Giotto Extended Mission encour .
with comet 26P/Grigg-Skjellerup. At this second encounter, tl =52 -
stray light to the instrument was significantly reduced (due ] OPE integrated GREEN flux [
the different encounter geometry) and the stray light levels we — 24 ] i
high for only three of the eight clock sectors. In addition, “-E -2.8 -
was discovered at this time that an error had occurred in1 < ]
data reduction code used at the Halley encounter, resulting H'v, 3.2 ] B
the dark current being overestimated by a factor of 16, so s “-‘E -3.6 =
nificantly reducing the ‘apparent’ signal to noise in the outt = 40 A i
coma. Correction of this error (and the reduced stray light) ¢ J ™ |
lowed an accurate calibration of OPE to be undertaken beft 5 -4.4 - -
and after the Grigg-Skjellerup encounter, which contributed tc & 48 ] B
successful retrieval of scientific information from Giotto’s sec o
ond encounter (Levasseur-Regourd et al., 1993; McBride et. 5.2 , L
1997). Previously published OPE data for the Halley encoun 1 OPE integrated RED flux [
(e.g. Levasseur-Regourd et al., 1986; Nappo etal., 1989) ren __ -24 -
valid. However, crucially, the correction of the signal to nois < _2.8_' L
error now allows us to derive the OPE data in calibrated uni § E
over the whole part of Giotto’s inward journey towards close H-b, 32 7 B
approach. Y_ 36+ L

Fig[d presents the integrated brightness of the scatte ; .
light, Z(r,, \) (Wherer characterises the location of a poin ;\-‘/'4-0 ] B
within the coma), as a function of the distaneeof the probe — 44 - L
to the nucleus. The data on the right of the figure correspao §7 1
to the probe entering the outer coma (onset of the dust co — '4-8‘_ i
was at~ 10° km), while the points on the left correspond t¢ 55 | L

T T T T T T T T T

the last data before closest approach. Data are retrieved fi UL UL L
. 30 32 34 36 38 40 42 44 46 48 50
phase angley, of 73 mlthree wavelepgths, referred to as blue logy,] Distance from nucleus (km) ]
green and red respectively. The calibrated measured brightriess
is extracted every 273 km along the Giotto trajectory, althougfy. 1. The OPE integrated brightness as a function of the distancg,
beyondr = 5000 km, the data were binned to improve signal tthe probe to the nucleus. We present data for pre closest approach, and
noise, with bin widths 0f-550 km, increasing te-10000 km for filter wavelengths of 442nm (blue), 576 nm (green) and 718nm
in the outer coma. To obtain the calibrated integrated brighkted)- The integrated brightness is extracted every 273km along the
ness from the cometary coma, a background contribution is sgeto trajectory, although beyond= 5000 km, the data were binned
tracted. Backaround values used were obtainedf.0® km to improve signal to noise. Background subtraction is performed using
) 9 brightness values obtainedsat- 4 10% km.
from the nucleus, before the encounter.
The total brightness received by OPE at a tinfeperating
at a given phase angle;,, and wavelength\), is Z (¢, a, A).
This total is produced by an integration of tleeal brightness wherex is the distance from the spacecraft measured along the
contributionsz; (r, o, A) within the OPE conical field of view. Jine of sight, and thus;(r, o, \) represents the contribution
Thus, for a measurement taken at timeve can write of a ‘slice’ of the conical field of view perpendicular to this
line of sight, at distance. The scattering contribution depends
o0 on the solar irradiance at the Sun—comet distaRdgiven by

2(t, . A) = /O a(r, o, A) dz (D) 5,(\)/R? whereS, ()) is the solar irradiance at 1 AU), the spa-
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tial density of the scattering particles, and the scattering praproughout the encounter, and thus returned directly compara-

erties of the particles such that ble fluxes before and after the closest approach. As this post-
- encounter data will no doubt be of use in subsequent modelling

Z(t, a,\) = / 5020‘3 n(r) 22 o(r, @, \) dz (2) (eventhough no OPE data is available for this period) we will
o RPu concentrate exclusively on the data returned from the DID 4

. : : . . front shield piezoelectric sensor (hereafter referred to as the
wheren(r) is the spatial density of particles, which have SOMS, b data)

scagenngfftjhnctmrm(tr,a,fA)I. tities that th tical bi Near closest approach telemetry was lost due to a nutation
ne ot the most usetul quantities that the optical probing y,q spacecraft associated with a large impact event. Thus

tg{chmque retums, Its tthi Iocatl tt_)rlghtn(;atss.tﬁ etween twoﬁcrc}) NS§% actual data leads to two separate reliable ‘partial fluences’
utive measurements taxen at timeand,, the spacecraft Nas o ineq while the probe was further than 2900 km from the

travelled distancé., (equal tovg (t> —t1) wherevg is the rel- nucleus, A ‘total fluence’ was nevertheless reconstructed by

ative velocity of Giotto). It is seen that for a steady state Comgt’tempting to account for the missing telemetry (McDonnell et
where the spatial density of particles is increasing as the spa&e—lggl)

crafttravels along its trajectory towards the nucleus region, then The DID system gave the number of dust impacts per data

the local brightpess contribution is. apprpximately given by t athering interval (which was 1.133s), which when combined
simple subtract!on of two consecutive brightness measurem 18, the effective sensing area, produces dust flux rates which
(Dumont, 1972; Levasseur-Regourd, 1996) such that are adirect measure of the local spatial dust density in the coma.

- _ The sensor had a detection mass threshold, although signals
alr, o) ~ (2t 0 A) = Z(t, @ M /L ®) from impacts could also be ‘binned’ according to their signal
wherer is the mean position corresponding to the mid tim&rength, such that 3 separatfectivemass thresholds could
between measurementgaandt2_ Becausethe local brightnesége identified. Bin 1, 2 and 3 had effective mass thresholds of
is effectively a measurement of the scattering contribution {7 10~ '?kg,1.310~'* kg and7.7 10~ '? kg respectively. Fig.]2
particlesnearthe spacecraft, then it allows a direct comparisoiows the flux of particles returned from 3 sensitivity bins, from
with local particle spatial density measurements returned Bgth before (top graph) and after (lower graph) closest approach.
dust impact data.

The polarisation is another important diagnostic measure-
ment of the physical properties of the scattering dust particl§s
(albedo, size distribution, porosity), although it is still difficult™
to deconvolve the influence of these different factors (see #&preliminary comparison had been done by Nappo etal. (1989)
example Levasseur-Regourd et al. 1996). The polarisatiorfas distances to the nucleus of less than 7000 km. They had no-
retrieved from the ratio of the difference over the sum of twiiced that the radial gradients for both data sets were compara-
polarised components of the brightness &tf80m one another. ble, with power law indices approximately equal+@.9. On
At the Halley encounter, because of the stray light constraintise much wider distance range now available, it is indeed clear
the polarisation was retrieved once per rotation by using apptbat the slopes may be steeper below 7000 km, whereas when
priate combinations of the three available clock sectors. considering the whole sampled coma (up® km) the overall
regression leads approximately to 2 law. We now compare
the data in detail.

Fig[3a presents the OPE local brightness, deduced by sub-
The Dust Impact Detection System (DIDSY) was designed ti@action between consecutive measurements of the integrated
measure the flux of impacting dust particles in the mass raQPE data. We have taken a mean of the blue and green chan-
10~19 kg to > 107° kg, and comprised several sensors (Maels as the local data follow virtually identical trends. Beyond
Donnell 1986; McDonnell 1987). Unlike OPE, DIDSY could- = 5000 km (nucleus distance) the data are binned to improve
potentially return comparable data before and after closest amnal to noise. Fig.J3b presents DID data (bin 1) before clos-
proach to the nucleus. est approach, which will be used for direct comparison with

Three piezoelectric sensors (DID 2, DID 3 and DID 4) werthe OPE local brightness (F[d. 3a). The DID data have been
mounted on the front shield. DID 2 and DID 3 could operatemoothed to allow easier comparison with large scale trends in
independently or measure in coincidence, and cycled betwdla data.
these modes automatically, although before closest approachFig.[da shows both the OPE local brightness and the DID
the behaviour became erratic for a few seconds and then settled, with an arbitrary shift applied to the DID flux to allow the
in a non-preferred mode, making comparison of pre-encountkata to overlay for comparison. Note that in the 8000—30000 km
and post-encounter fluxes difficult. Similarly, the data from thregion, the data are relatively featureless and the slopes agree
Capacitor Impact Sensor (CIS) and the Impact Plasma and Meell. Fig.[4b shows the plot again, but the flux is replaced with
mentum sensor (IPM) do not allow easy comparison betwegre flux multiplied byr? which accentuates the variation in the
pre and post-encounter fluxes. However the front shield Do data sets. A horizontal line in this plot would be indicative
4 piezoelectric sensor operated independently and nominaifya simpler—2 dependence. We have indicated when Giotto

Comparison of the data

2.2. Data on the dust spatial distribution (DIDSY)
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. . . Fig. 3. a The OPE local brightness. This is deduced by subtraction
.F'g' 2. The dUSt. flux obtalneq from thg Dl,D 4 sensor. Signals frofgey,een consecutive measurements of the integrated OPE brightness
Impacts were k_)lnned a_ccordmg to their signal strength, su_ch th"’_‘ I[8ng the trajectory, and represents the contribution from the volume
sgparate statistically vall_d effective mass thresholc{g could be |d1e0nt|f|8 space (near the spacecraft) of lengith- 273 km. We have taken a
Bins1,2and §[1Oad effective massthresholdsmo kg,.1.3 10 mean of the blue and green channels as the local data follow virtually
!(g and7.7 .10 kg re_specnvely. The bins are cumulat_we, and so 3Wentical trends. Beyond = 5000 km (nucleus distance) the data are
impact registered in Bin 3 W.OUId also be cou'nted in Bin 1 and 2. Blﬂnned to improve signal to noise. Note that as background subtraction
3 post closest approach registered only one impact, and is not Shngrhot needed (i.e. it is implicit in the consecutive subtraction), errors

are smaller than with the integrated brightnds3he DID flux data,
before closest approach. The data have been smoothed to allow easier

passed the shadow terminator plane (i.e. when Giotto passecoiaparison with large scale trends in the data.
the sunward hemisphere with respect to the nucleus).

It is seen in Fig. ¥ that below 2000 km, a steep increase, al-
ready noticed in the raw data (Levasseur-Regourd et al., 198@)een 3000 and 6000 km, and then rises sharply between 6000
is displayed in the local OPE brightness. Note that this incresmed 8000 km. This dip in the DID flux is unexpected, espe-
in brightness appears correlated with the crossing of the termially when uncorrelated with the OPE local brightness. In the
nator plane, i.e. at this time Giotto was passing into the sunw&@00 km to 30000 km region, the agreement between the two
hemisphere with respect to the nucleus (with angle between tiaa sets is remarkable.
trajectory and the terminator plane being®L7This brighten- In the outer region (beyond 35000 km) the two data sets do
ing may be due to several mechanisms: a sharp increase inrtbeappear to follow a simple power law. Although the signal
spatial density of very small, or very large cometary particlés noise in this region is relatively poor, it is hard to ignore the
i.e. those particles not registered by the DID sensors; a chaaggarent correlation in the trends between the two data sets. The
in the dust optical properties, such as increasing albedo caudath behave similarly with a steep increase in the 30000 km to
by some icy particles near the nucleus; a change in the illurBB000 km region, followed by a decrease, and another increase,
nation characteristics of the region, caused by the sunlit sidecalusing a rather striking feature followed by both experiments.
the nucleus adding to the scattered contribution. These pointsThe trends observed in the OPE and DID data from the
will be discussed further. 2000 km (crossing of the terminator) to the’4@n (outer coma)

Beyond 2000 km, the mean radial gradient in the OPE datggion are fairly consistent, although mechanisms for the OPE
is approximately-2 as might be expected. Relative to the OPBrightening below 2000 km, the DID flux ‘dip’ between 3000
data, the DID data shows a ‘dip’ in the 3000 to 8000 km regioand 8000 km, and the variation in the outer coma, need to be
In this dip, the DID flux follows a gradient of around3 be- identified.
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4. Conclusions

Fig. 4. aThe OPE local brightness compared with the DID flux. The . . .
DID data have been shifted to overlay the OPE data. For clarity, er have performed a comparative analysis of the characteris-
bars (given in Fig. 3) are not shown.The same plot, but the flux is tics of the dust within the coma of comet Halley, as deduced

replaced with flux multiplied by? which accentuates the variation infrom unique in situ data obtained during the Giotto spacecraft

the 2 data sets. A horizontal line in this plot would be indicative of ancounter in 1986. It is found that the Optical Probe Experi-

simpler—2 dependence. ment and the Dust Impact Detection System data are remark-
ably consistent. Possible explanations were identified for the
enhancement of the OPE brightness below 2000 km nucleus

The OPE experiment also offered the opportunity of obtaifiStance (relative to the local spatial dust density given by the
ing the polarisation along the line of sight. The evolution of thg!D data). The difference identified in the data trends in the
polarisation with distance from the nucleus is shown in [ig.3p00 and 8000 km region may in part be attributed to the fact
(foramean of the blue and green channels). In general, the polBAt only a fraction of the light detected by OPE will be due
isation value slowly increases with increasing distance. Becati@gcattering from particles in the mass regime detected by the
of the empirically determined inverse relationship between pB!D sensors. Striking features followed by both experiments
larisation and albedo (Umov law), this could indicate that tH€yond 30000 km nucleus distance still need to be explained.
albedo of the particles is decreasing as the distances to the Hif¢ unique combination of the OPE and DID in situ data, now
cleus increases. The significant changes in the polarisation tr@ffg" an excellent opportunity for modellers to derive realistic
which occur at below 2000 km (crossing of the terminator) ag@nstraints of the physical properties of cometary dust.
above 30000 km probably indicates that the physical properties )
ofthe scattering particles are changing drastically over these tifg"0V/édgementsive would like to thank the staff at the Interna-

. . N . tional Space Science Institute, Switzerland, for being so helpful during
regions. The change in polarisation occurring above 30000k I stay, and allowing this work to proceed smoothly and efficiently.

appears to be correlated with the striking feature noticed in the, g acknowledges support of the French ATP R¥aiogie. NMcB

OPE and DID outer coma data. ' _ acknowledges the financial support of the UK Particle Physics and
It may indeed be suggested that the scattering particles ha¥gonomy Research Council.

a higher albedo in the < 2000 km region. This could be con-

sistent with the idea of small, icy particles, which quickly loose

their volatiles near to the nucleus (i.e. they suffer a reductionfgferences

albedo). However the increase of the OPE brightness compagghont R., 1972, Intensitet polarisation de la luraie solaire diffuse

to the DID trend (in Fid.}4) is almost an order of magnitude, par un volume is@ de matre interpladtaire. C.R. Acad. Sci.

and it seems unlikely that a higher albedo could expédlirof Paris, 275B, 765-768
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